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ear colleagues, dear readers,
D this issue of the journal focuses on bio-

informatics. In the last decade, a rapid
improvement of methods for decoding ge-
nomes resulted in an information explosion
of such a power that genetics has become the
largest source of data not only in world sci-
ence, but also in all other aspects of human
activity, including social networks. Studies
looking into the human genome become more
and more intensive common with the advent of
large international projects. As of August 14,
2020, the 1000 Genomes Project (https://www.
internationalgenome.org/) had sequenced
3202 genomes. The 100,000 Genomes Project
(https://www.genomicsengland.co.uk/about-
genomics-england/the-100000-genomes-
project/) has sequenced the genomes of 85,000
patients with rare diseases/cancer.

Asof July 31, 2020, the 1000 Bull Genomes
Project (http://www.1000bullgenomes.com)
had sequenced the genomes of more than
5000 animals in 200 cattle breeds and species.
This resulted in the identification of more than
155 million genetic variants (SNPs and small
deletions/insertions). As of August 1, 2019,
the sheep genome sequence project Sheep-
GenomesDB (https://sheepgenomesdb.org)
had sequenced the genomes of 935 animals
in 69 breeds and found more than 50 million
genetic variants. As of November 9, 2020,
the 1000 Goat Genome Project (http://www.
goatgenome.org/vargoats_data_access.html)
had collected data on 127,852,473 genetic
variants identified in 1159 animals in 101 goat
breeds.

Marker-oriented and genomic breeding
as well as genomic editing called for the
deciphering of the genomes of the main ag-
ricultural plants: wheat, maize, barley, rice,
soybean, common bean, potato, a wide range
of vegetables and fruits and others (http://
plants.ensembl.org/species.html; http://www.
plantgdb.org/prj/GenomeBrowser/). A large
project seeking to study genetic variation in
rice based on the sequencing of a 3000-strong
collection of accessions from 89 countries
(the 3,000 Rice Genomes Project. Gigasci-
ence.2014;3:7.DOI 10.1186/2047-217X-3-7)
has achieved completion. One of the ongo-
ing projects is 10KP, a whole genome plant
sequencing plan started in 2018 and aiming

OT PEOAKTOPA / FROM THE EDITOR

at the complete sequencing of 10,000 plants in the main
clades of embryophytes, green algae and protists (with the
exception of fungi) (Cheng S., Melkonian M., Smith S.A.,
Brockington S., Archibald J.M., Delaux P.M., Li F.W., Melko-
nian B., Mavrodiev E.V.,, Sun W., Fu Y., Yang H., Soltis D.E.,
Graham S.W., Soltis P.S., Liu X., Xu X., Wong G.K. 10KP:
A phylodiverse genome sequencing plan. Gigascience. 2018;
7(3):1-9. DOI 10.1093/gigascience/giy013). The genomes
sequenced to date include more than 36,000 whole viral
genomes (https://www.ncbi.nlm.nih.gov/genome/browse/#!/
viruses/), 163,645 whole bacterial genomes and 1886 whole
Archaeal genomes (https://gold.jgi.doe.gov/distribution).
More than 2590 fungal genomes have been sequenced under
the 1000 Fungal Genomes Project (https://mycocosm.jgi.doe.
gov/pages/fungi-1000-projects.jsf).

A tremendous wealth of protein sequence and annotation
data been collected. The Universal Protein Resource (UniProt,
https://www.uniprot.org/) is a database containing the descrip-
tions of 563,082 experimentally confirmed primary protein
structures; the TTEMBL database (https://www.uniprot.org/
statistics/ TrEMBL) contains more than 190 million amino acid
sequences obtained by automated computer-aided genome an-
notation. Progress in methods for the physical and chemical
studies of proteins has resulted in a fast-paced accumulation
of data on their spatial structure (174,507 entries in the Pro-
tein Data Bank (PDB), https://www.rcsb.org/). Of invaluable
importance is the information on protein structure contained
in the mass spectrometry database Chemdata.nist.gov (https://
chemdata.nist.gov/) including the descriptions of more than
100 million mass spectra of chemical peptides and metabolites
from a range of tissues, biological liquids and cells.

At present, KEGG Pathway (manual annotation), STRING
(https://string-db.org/), GeneMANIA (https://genemania.org/),
Pathway Commons (https://www.pathwaycommons.org/) and
other resources contain more than 70,000 gene regulatory net-
works, signal transduction pathways and metabolic pathways
reconstructed to date.

As far as medicine is concerned, it will benefit from the
gigantic bodies of data on human genetic variation: dbSNP
(https://www.ncbi.nlm.nih.gov/) contains more than 72 million
entries with human SNPs (of which ~24,000 are associated
with various diseases) and Ensembl (http://www.ensembl.
org/Homo sapiens) contains more than 667 million entries
with human SNPs.

The information explosion in genetics has become quite a
challenge, for the rates at which genomic data are accumulated
are well ahead of the rates at which these data can be analyzed
in a computer-aided manner, and so most genome projects
end up in formal assemblies with very rough annotations
(or without them) (https://gold.jgi.doe.gov/). This suggests
the fundamental importance of information technologies
and bioinformatics for the storage, processing and analysis



of genomic data for the benefit of addressing fundamental
and applied problems in genetics, medicine, pharmacology,
agriculture, biotechnology and biosafety.

The understanding and practical use of tremendously large
bodies of exceptionally complex genetic experimental data
asked for modern information technologies, efficient methods
for computer-aided analysis of big data and mathematical
modeling of biological systems and processes at different
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hierarchical levels of organization of living systems — from
genomes, genes, proteins, metabolic pathways and gene
regulatory networks, including cells and tissues, to whole
organisms, populations and ecosystems. In this issue, the
reader will find papers on such aspects of bioinformatics as
computer-aided genomics and transcriptomics, computer-
aided systems biology, computer-aided evolutionary biology
and automated analysis of plant phenotypes.

Nikolay A. Kolchanov,

Scientific Editor of the issue,

Full Member of the Russian Academy of Sciences,
Academic Advisor, the Institute of Cytology and Genetics
of the Siberian Branch of the Russian Academy of Sciences
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Abstract. The most popular model for the search of ChlIP-seq data for transcription factor binding sites (TFBS)
is the positional weight matrix (PWM). However, this model does not take into account dependencies between
nucleotide occurrences in different site positions. Currently, two recently proposed models, BaMM and InMoDe,
can do as much. However, application of these models was usually limited only to comparing their recognition
accuracies with that of PWMs, while none of the analyses of the co-prediction and relative positioning of hits of dif-
ferent models in peaks has yet been performed. To close this gap, we propose the pipeline called MultiDeNA. This
pipeline includes stages of model training, assessing their recognition accuracy, scanning ChlP-seq peaks and their
classification based on scan results. We applied our pipeline to 22 ChIP-seq datasets of TF FOXA2 and considered
PWM, dinucleotide PWM (diPWM), BaMM and InMoDe models. The combination of these four models allowed a
significant increase in the fraction of recognized peaks compared to that for the sole PWM model: the increase was
26.3 %.The BaMM model provided the main contribution to the recognition of sites. Although the major fraction of
predicted peaks contained TFBS of different models with coincided positions, the medians of the fraction of peaks
containing the predictions of sole models were 1.08, 0.49, 4.15 and 1.73 % for PWM, diPWM, BaMM and InMoDe,
respectively. Thus, FOXA2 BSs were not fully described by only a sole model, which indicates theirs heterogeneity.
We assume that the BaMM model is the most successful in describing the structure of the FOXA2 BS in ChIP-seq
datasets under study.
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TPAHCKPUIIIIVOHHBIX (AaKTOPOB C MCIIOJIb30BaHMIEM
aJIbTEPHATUBHBLIX de novo Mmopeseii Ha nipuMepe FOXA2
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AHHOTayuumA. B HacToALWee Bpema camoi pacnpoCTPaHEHHON MOLENbIO NMOMCKa CalTOB CBA3bIBAHWA TPAHCKPWI-
LMOoHHbIX dpakTopos (CCTO) B nukax ChiP-seq ABnAeTcA No3nuMoHHan BecoBaa maTpumua (position weight matrix,
PWM). Ho ata mogenb He yuynTbiBaeT B3aUMOCBA3M MeXAy YacTOoTaMu BCTPEY HYKNeoTUAOB B Pa3HbiX NO3MLMAX
CCT®, nostomMy He cnocobHa rapaHTMpOBaTb OnpefeneHrie BCeX BO3MOXHbIX CTPYKTYPHbIX BapuaHToB CCTO.
Ha ceropHAWHWI feHb y>Ke nNpepoXKeHbl afbTepHaTUBHble Mogenu, Hanpumep BaMM u InMoDe, koTopble yun-
TbIBaIOT TaKve B3auMocCBA3U. OAHAKO NPYMEHEHNE STUX MoLenel 06bIYHO CBOAMIOCH K CPaBHEHUIO UX TOYHOCTM C
TOYHOCTbIO TPaanLMoHHo moaenu PWM, Toraa Kak aHanu3 COBMECTHOW BCTPEYAEMOCTU N OTHOCUTESIbHOMO pac-
nonoxkeHuss CCTO pasHbix MoAenen B NMKax He Npou3Boaucs. B Hawel paboTte mMbl Npeanaraem KoHBenep npo-
rpamm MultiDeNA, no3Bondtowumin coyeTtatb pasHble Mogenu de novo nomcka CCTO ana BbIABNEHNA CTPYKTYPHOW
reteporeHHocT CCT® B gaHHbIX ChlIP-seq. Pa3paboTaHHbIVi KOHBeep BKIOYAET 3Tanbl MOCTPOEHWSA MOAENEN Ha
OCHOBE 3alaHHOro Habopa MMKOB, OLLEHKM TOYHOCTY Pacno3HaBaHWA MoAeNe C MOMOLLbIO NEPEKPECTHbIX TECTOB,
Bblbopa noporos, ckaHnpoBaHus nukos ChIP-seq 1 knaccudurKaLmio NMKOB No pe3ynbTaTam ckaHupoBaHua. C npu-
MEHEHNEeM KOHBelepa Hamu NpoBefeH aHanus 22 skcnepumentos ChiP-seq ana TO FOXA2 ¢ nomolbio YeTbipex
mogenei: PWM, diPWM, BaMM 1 InMoDe. MNoka3aHo, 4To couyeTaHne MoAesell No3BoNAET CyLLeCTBEHHO YBENNUYNTD
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obLiee KONMYECTBO PACNO3HAHHBIX MUKOB (Ha 26.3 %) Mo CpaBHEHWIO C NprMeHeHreM Tonbko PWM; npu aTom oc-
HOBHOW BK/aj B pacrno3HaBaHue BHecna mogenb BaMM. B 3HaunTenbHom fone NMKOB pa3Hble MOAENN pacno3HaoT
cosnapatowme CCTO; ogHako ana mogenenn PWM, diPWM, BaMM un InMoDe mefaHbl oy NMMKOB, KOTOpble CO-
nepxann CCTO Tonbko ogHoM mogenu, coctasunm 1.08, 0.49, 4.15 1 1.73 % cooTBeTCTBEHHO. Takum obpasom, co-
BoKynHocTb CCT® FOXA2 He onuncbiBaeTcA NOHOCTbLIO TOSIbKO OAHOWN MOAENbIO, UTO CBUAETENbCTBYET O HANNUUN

CTPYKTYpHOW reteporeHHocTy B CCTO y FOXA2.

KnioueBble crioBa: caiiTbl CBA3bIBAHUA TPAHCKPUNUMOHHBIX dakTopos (CCTD); de novo nonck CCT®; ChIP-seq;

reteporeHHocTb CCTO.

Introduction

Transcription factors (TFs) are proteins that can recog-
nize certain regions of genomic DNA (TF binding sites,
TFBS) (Lambert et al., 2018). The main function of TFs
is to increase or decrease a level of gene transcription
(Latchman, 2001). The key stage of the regulation of gene
expression is TF binding to DNA. This binding initiates
a chain of molecular events that ensure the assembly and
regulate the activity of the pre-initiation complex of RNA
polymerase II, both through direct or indirect contacts with
the components of this complex, and through the involve-
ment of various modifying chromatin and remodeling
proteins. As a consequence, local changes in the structure
of chromatin allow the transcription initiation (Iwafuchi-
Doi, 2019; Srivastava, Mahony, 2020). Therefore, one of
the most important tasks of modern molecular biology is
to identify genomic TFBSs.

Currently, the ChIP-seq technique is widely used to
solve this problem (Farnham, 2009; Park, 2009). This
technique is based on the chromatin immunoprecipitation
with antibodies to an investigated TF with consequent
high-throughput sequencing of precipitated DNA. Primary
ChlIP-seq data processing identifies DNA regions, or peaks,
in which a target TF was directly or through intermediate
proteins binds DNA (Furey, 2012). However, lengths of
peaks are usually equal to hundreds of bp, but a length of
TFBS does not exceed 20-25 bp (Levitsky et al., 2007;
Kulakovskiy et al., 2018). Thus, the next stage of the bio-
informatics processing of ChIP-seq data is to search exact
positions of TFBS in peaks. To date, many tools have been
developed to solve this issue, the overwhelming majority
of them are based on the model of position weight matrix
(PWM) (Stormo, 2000), including such popular ones as
ChIPMunk (Kulakovskiy, Makeev, 2009) and Homer
(Heinz et al., 2010). It is no exaggeration to say that the
use of different implementations of the PWM model are
included in almost every pipeline of ChIP-seq data process-
ing (Lloyd, Bao, 2019).

The application of the standard PWM-based approach
to the processing of ChIP-seq data showed that for most
TFs about a half of peaks did not contain detected PWM
hits (Worsley Hunt, Wasserman, 2014; Gheorghe et al.,
2019). Traditionally, this was associated with the main
disadvantage of PWM, the hypothesis of independence
of nucleotides frequencies in different positions of TFBS,
which is not always true. This may negatively affect the
recognition accuracy (Benos et al., 2002; Keilwagen, Grau,
2015). Therefore, alternative models of TFBS recognition

have being developed. They took into account dependencies
between nucleotides occurrences in a site model (Mathelier,
Wasserman, 2013; Yang et al., 2014; Siebert, S6ding, 2016;
Eggeling et al., 2017; Gheorghe et al., 2019). Thus, the
simplest alternative model was the dinucleotide position
weight matrix (diPWM), it took into account dependences
between adjacent nucleotides (Zhang M., Marr, 1993;
Kulakovskiy et al., 2013). On the other hand, models such
as BaMM (Siebert, S6ding, 2016) and InMoDe (Eggeling
et al., 2017) have been proposed. They were constructed
using Markov chains, which took into account dependences
of positions using the concept of Markov chain order, i.e.
a length for which nucleotide frequencies can be mutually
dependent (an order usually does not exceed 5 nt).
Authors of these alternative models proved that their
models might outperform in recognition accuracy the
standard PWM. However, these models were not applied
to solve the problem of incomplete recognition of TFTS
in ChIP-seq peaks. We assume that this problem is par-
tially related to the structural heterogeneity of binding
sites of TFs, and the number of recognized peaks can be
significantly increased with the combination of different
models together. In this case, the ChIP-seq peaks contain
both predicted TFBS with application of a sole model, or
with two models, etc. (Ignatieva et al., 2004; Levitsky et
al., 2014, 2016). Earlier, we used the training sample of
53 known TF sites of the FOXA subfamily and analyzed
ChIP-seq data of FOXA2 (Wederell et al., 2008; Wallerman
et al., 2009) with alternative models ChIPMunk (PWM)
(Kulakovskiy, Makeev, 2009) and SiteGA (Levitsky et al.,
2007) with experimentally fitted model’s thresholds (EMSA
experiment, electrophoretic mobility shift assay, shift in
electrophoretic mobility analysis). We showed that both
models together found FOXAZ2 sites in more than 95 % of
peaks (Levitsky et al., 2014). This conclusion was consis-
tent with the absence in literature any data about indirect
interaction of this well-studied TF with genomic DNA.
The given example indicates that combination of alter-
native models with PWM model for analyzing ChIP-seq
data is promising. However, until now there has been
no systematic research on this topic. Alternative models
of TFBS search are not widely used, despite that about
20 years ago it was proved that there is a dependence of
the nucleotide frequencies in different positions in TFBS
(Bulyk et al., 2002). As the indicator of the popularity of
different models, we use the number of citations of papers
devoted to specific de novo TFBS searching programs for
ChIP-seq data analysis. Thus, at the end of 2020, papers
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devoted to the implementation of the PWM model MEME,
HOMER and ChIPMunk (Bailey, Elkan, 1994; Heinz et al.,
2010; Kulakovskiy et al., 2010; Machanick, Bailey, 2011)
have the total number of citations over 6000. However,
papers devoted to alternative models BaMM, InMoDe
and diChIPMunk (Kulakovskiy et al., 2013; Siebert, S6-
ding, 2016; Eggeling et al., 2017; Kiesel et al., 2018) have
about 50 citations. Moreover, specific studies of individual
ChIP-seq experiments were usually analyzed only with the
standard PWM model. This situation we explain as follow.
First, the PWM model is understandable and anyone can
simply interpret it. Second, advantages of alternative mo-
dels are insufficiently understandable. E. g., hardly anyone
thought that alternative models were able systematically to
find out TFBS of a different structure.

In this paper, we propose the pipeline that combines
four de novo models of TFBS search, namely ChIPMunk/
diChIPMunk implementations of PWM/diPWM (Ku-
lakovskiy et al., 2010, 2013), and the Markov models
InMoDe (Eggeling et al., 2017) and BaMM (Siebert, S6-
ding, 2016). The pipeline evaluates the recognition accu-
racy of these models, selects their thresholds and classifies
ChIP-seq peaks by comparing respective scan results. This
approach expands the understanding of TFBS structural
diversity, especially in cases when the PWM model is un-
able to find TFBS in a peak. We applied the pipeline for
22 ChIP-seq datasets for TF FOXA2.

Materials and methods

For the analysis we used the set of preprocessed 22 ChIP-
seq datasets for TF FOXA2 in the bed format from the
ReMap database http://remap.univ-amu.fr/ (Cheneby et al.,
2020), see the Table. Only the best 4000 peaks we used for
analysis in each sample (see below).

The input of our pipeline includes a dataset of ChIP-seq
peaks with notation of genome version (mm10 or hg38) and
the list of available TFBS search programs (PWM, diPWM,
BaMM, InMoDe). The notation of genome version allows
selection of the list of promoters in the fasta format (5'-re-
gions of protein-coding genes, 2000 bp upstream transcrip-
tion start sites). This promoter dataset is required for con-
cordant threshold selection for all models. The total sizes
of these samples were 19795/19991 genes for the human/
mouse genomes (GRCh38.p13/GRCm38.p6 versions). We
used the reference genome to extract nucleotide sequences
of the peaks.

Pipeline for searching heterogeneity of TFBS. We
have developed the MultiDeNA pipeline (multiple de novo
analysis, https://github.com/ubercomrade/MultiDeNA) to
search TFBS in ChIP-seq data with several de novo models.
This pipeline allows obtaining the classification of ChIP-
seq peaks, which is used to estimate the structural diversity
of TFBS. The pipeline currently uses ChIPMunk (PWM),
diChIPMunk (diPWM), BaMM, and InMoDe models, as
well as the bedtools (Quinlan, Hall, 2010) and TomTom
(Gupta et al., 2007) support programs. The schematic
diagram of the program pipeline is shown in Fig. 1. The

AHanus CTpyKTYpHOW reTeporeHHocTy cantos FOXA2 2021
Ha OCHOBe aflbTepHaTVBHbIX Mofeneli de novo nouncka 25.1
The list of ChIP-seq experiments used in our study
No. GEO/ Cell line/tissue Treatment TomTom
ENCODE ID

5 GSE92491 BJ1-hTERT Mimosine +
6 ........ GSE90454 ........... B“hTE RT .................. _ ....................... + ...............
7 ........ ENCSROBOXEY leer ........................... _ ....................... + ...............
8 ........ ENC5R31ONY| leer ........................... _ ....................... + ...............
9 ........ ENCSROOOBN, Hesz ...................... R + ...............
10 ...... GSE90454 ........... B“hTE RT .................. _ ....................... + ...............

11 ....... ERP 004206 ......... Hg .............................. _ ....................... + ...............

12 ...... GSE92491 ........... B“hTE RT .................. MI m Osme ........ _ ...............

13 ...... GSE90454 ........... Ker CT ......................... _ ....................... + ...............

14 ...... GSE90454 ........... B“hTE RT .................. M, m Osme ........ S

15 ...... GSE90454 ........... B“hTE RT .................. MI m Osme ........ + ...............

16 ...... GSE90454 ........... B“hTE RT .................. MI m osme ........ + ...............

17 ...... GSE90454 ........... B“hTE RT .................. GATA4 .............. _ ...............

18 ...... ERP008682 ......... Pancreas .................... CARN1618 ....... + ...............

19 ...... GSE90454 ........... B“hTE RT .................. M, m Osme ........ S

20 ...... GSE92491 ........... B“hTE RT .................. CD-“ ................. + ...............

21 ....... GSE90454 ........... Hesz ...................... _ ....................... _ ...............

22 ...... GSE92491 ........... B“hTE RT .................. FOXA2 .............. _ ...............
and GATA4

coexpression

Note: GEO/ENCODE - unique identifier of databases (GSE*/ENC*). TomTom —
result of filtering data using TomTom software (see “Comparison of found TFBS
with known ones using TomTom tool”). (+)/(-) — the frequency matrix built
on the basis of the TFBS found by ChIPMunk (PWM) is significantly similar
(p-value <0.001)/not similar (p-value>0.001) to the frequency matrix of the
FOXA2 TFBS from HOCOMOCO FOXA2_HUMAN.H11MO.0.A.

pipeline includes the following steps: (1) data preparation,
(2) building of a model, (3) model accuracy assessment,
(4) threshold selection and search of TFBS in ChIP-seq
peaks with the fixed thresholds and (5) classification of
ChIP-seq peaks according to results of TFBS recognition.
Each stage of the program pipeline is described below.
Preparing initial data for analysis. The preparation of
the data included the sorting of peaks according the value
—10-log;, (p-value) that characterized the peak quality.
This value was previously calculated for each peak by the
MACS program (Zhang Y. et al., 2008). The pipeline of
ReMap database (Cheéneby et al., 2020) used this program
to process raw ChIP-seq data. For each ChIP-seq dataset,
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Input data

Input parameters

Internal program files

Model 1
Model N

ChlIP-seq peaks
in bed format

Regerence genome
for sequence
extraction

List of promoters
in fasta format
formm10 and hg38

Genome version
mm10/hg38

Y

2. Choose best 4000 peaks

Prepare ChlIP-seq peaks
1. Sort peaks by quality (-10-log10 (p-value))

3. Extract of sequences from the reference genome

Analysis of the accuracy ¢
of trained models
(ROC curve calculation,

A

Build models on ChIP-seq peaks

optional) _I

Model 1

|_|

Model 2

|_| Model N |_

Choose a theshold for trained models
based on false discovery rate

A

!

Search for TFBS in ChiIP-seq peaks
by models with a given threshold

—| Profile 1 |—|

Profile 2

|—| Profile N |—

Analysis of results

« Classificate of ChIP-seq peaks based on the results
of TFBS recognition by different de novo models
« Compare of TomTom models with known PWMs (optional)

Fig. 1. The scheme of MultiDeNA workflow.

we took in analysis top-scoring 4000 peaks. Next, nucleo-
tide sequences of the peaks we extracted from the genome
using bedtools (Quinlan, Hall, 2010).

Training de novo models and assessing the TFBS recog-
nition accuracy. In order to recognize TFBS in peaks, it is
necessary to build de novo models. The PWM and diPWM
models we build with ChIPMunk and diChIPMunk, respec-
tively (Kulakovskiy et al., 2010, 2013).The construction
of alternative models we carry out with BaMM (Siebert,
So6ding, 2016) and InMoDe (Eggeling et al., 2017).

To improve the recognition accuracy of PWM model,
we selected it optimal length by the cross-validation pro-
cedure. We used the same length for the construction of
other models. This procedure included the following steps:
(1) to divide the ChIP-seq dataset randomly into the training
(90 % of the peaks) and the control (remaining 10 % of
the peaks) samples; (2) to build a model with the training
sample; (3) to get recognition scores of a model with the
control sample to calculate true positive rate (TPR); (4) to
generate the sample of random sequences by shuffling of
nucleotides in the control sample; (5) to get scores of a
model with the sample of random sequences to calculate
the false positives rate (FPR); (6) repetition of steps 1-5
several times; (7) to calculate the ROC-curve (receiver ope-

rating characteristic). We compared different models with
the pAUC value (partial area under curve), we calculated it
as the part of the area under ROC curve for all FPR values
less than 0.001 (McClish, 1989; Siebert, Soding, 2016).
The method described above for choosing the optimal
PWM length was developed earlier (Levitsky et al., 2007;
Kulakovskiy et al., 2013). The accuracy of all models we
assessed with the same approach.

Next, a model can be applied to a nucleotide sequence
with the same length as a model site. The result of applying
this model is the recognition score. The larger score points
to the higher probability of estimated nucleotide sequence
to be a functional TFBS.

Threshold selection for models according to false posi-
tive rate estimates. To compare the results of TFBS search
of different models correctly, it is necessary to set thresholds
for all models uniformly. We set these thresholds for all
models according the fixed FPR. To calculate this FPR,
we use the negative sample, which included 5'-regions of
protein-coding genes (2000 base pairs from transcription
start sites).

We calculate FPR as follows. The scores of a model
we determine for each site in the negative sample at each
position and DNA strand. Then, the FPR for each unique
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Number of sites
above the threshold = 14898

Total number of TFBS
in promoters =78412612

N
o
o
o
(=]

AHanus CTpyKTYpHOW reTeporeHHocTy cantos FOXA2 2021
Ha OCHOBe aflbTepHaTVBHbIX Mofeneli de novo nouncka 25.1
60000 -
N
(o)}
Il
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£ 40000 °
5 3 Number of sites above the threshold _ 19.104
é = Total number of TFBS in promoters '
=)
p=4

10 15 20 25
Scores

-20
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Fig. 2. The approach of threshold selection for a model through estimation of false positive rate with the whole-genome pro-

moter dataset.

score threshold we calculate as the ratio of the total count of
predicted TFBS, for which the score is the same or higher
than this threshold, to the total number of positions in the
sequence sample available for such TFBS. We choose for
recognition of TFBS in peaks thresholds for all models
respecting the FPR 1.9-104. An example of choosing a
threshold for PWM for the GSE92491 dataset is shown
in Fig. 2.

Classification of ChIP-seq peaks based on the results of
TFBS recognition by different models. After threshold se-
lection for all models, we search TFBS in ChIP-seq peaks.
Further, these peaks we classify into fractions depend-
ing on the presence/absence of sites of different models
(PWM, diPWM, BaMM, InMoDe). We use two types of
classification. One of them take into account the location
of TFBS of different models in a peak, and another did not
(see previously developed method, Levitsky et al., 2014,
2016). In particular, we carry out for each pair of models
the classification of peaks with taking into account positions
of TFBS of different models. Totally, there are six pairs
of models: PWM and diPWM, PWM and BaMM, PWM
and InMoDe, BaMM and diPWM, BaMM and InMoDe,
InMoDe and diPWM. If a peak includes TFBS of a single
model only, then this peak we classify as the peak of the
corresponding model. If there are only two different models
with hits in a peak, then two outcomes are possible (Fig. 3).

In the first case, if there is at least one pair of sites from
two models that has at least one common position, then such
peak we classify as the “intersection”. Otherwise, if a peak
contains sites of different models, but these sites are not
intersected, then a peak is classified as “no intersection”. If
sites are absent in a peak, then we classify it as “no sites”.
Such classification of ChIP-seq peaks for the two models
can be represented as the pie chart (Fig. 4).

The classification of peaks, without taking into account
positions of sites of different models we carry out as fol-
lows. We identify following groups of peaks: peaks with

a
Intersection of sites is present ..tacTCAGCATGTTTATTTAAAATAGAC...
Model 1
Intersection of sites is absent
..CaCAGCTATATTTACACTGTACCacc..ttg cce..
N

Model 1 Spacer

Fig. 3. The example of classification for two ChlIP-seq peaks containing
sites of two various models (Model 1, Model 2). Colors mark options of
intersected (a) or not intersected sites (b).

Peaks with sites
1 of Model 1 only

Peaks with sites
of Model 2 only

: Peaks without sites

Peaks with intersected
sites of Model 1
and Model 2

Peaks without
intersected sites
of Model 1 and Model 2

Fig. 4. Peak classification for two models (Model 1, Model 2) with taking
into account the intersection of TFBS.

sites of one model only, peaks containing sites of all models,
and also several groups of peaks respecting combination
of various models.

Comparison of found TFBS with known ones using
TomTom tool. To assess whether a predicted site mat-
ches to known FOXA2 sites, we use the TomTom motif
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comparison program (Gupta et al., 2007). This program
is designed to assess the similarity between nucleotide
frequency matrices. For each PWM model, we construct
a nucleotide frequency matrix based on the sites it find.
Next, using TomTom, we evaluate the similarity of this
matrix to the frequency matrix of the FOXA2 from the
HOCOMOCO database (ID HOCOMOCO FOXA2
HUMAN.H11MO.0.A, Kulakovskiy et al., 2018). If the
p-value of the matrix comparison is below 0.001, then a
ChIP-seq dataset we consider as enriched with FOXA2
BS (see the Table).

Statistical data analysis. Data analysis and visualiza-
tion we perform in the Python 3.8 programming language
in the Jupyter environment using the numpy, matplotlib,
seaborn, and statannot packages. The distributions of peak
fractions respecting to various models we compare with the
Mann—Whitney U-test, corrected for multiple comparisons
(Bonferroni approach).

Results

Filtering data based on TomTom’s motif comparison

To ensure that the trained models find sites correspond-
ing to known FOXA2 sites we apply the filter based on
the TomTom program. For this, we build the frequency
matrices respecting a trained model and we compare it
with the known matrix of FOXA?2 from the HOCOMOCO
database. This procedure left only 16 ChIP-seq datasets out
of total 22 (see the Table), therefore, these 16 sets we use
in further analysis.

Classification of ChIP-seq peaks without taking

into account the intersection of TFBS positions

found by different de novo models

The main result of MultiDeNA pipeline is the classification
of peaks. It allows establishing how the models are related
to each other in terms of their ability to identify TFBS in
peaks. We used two types of peak classification. The first
one takes into account an intersection of positions of pre-
dicted TFBS of different models, the second one did not
take it into account (see “Classification of ChIP-seq peaks
based on the results of TFBS recognition by different mo-
dels”). The example of results classification for GSE90454.
FOXA2.KerCT dataset is given in Fig. 5.

Let us consider in more detail the classification of ChIP-
seq peaks based on the results of the TFBS search with four
models without taking into account site positions. It can
be seen that all models jointly recognized 88.35 % of the
peaks (3534 out of 4000, the sum of all areas within the
Venn diagram, see Fig. 5, a, b). The overlap fraction of all
models amounts 34.25 % (1370 out of 4000 peaks). Two
non-PWM models BaMM and InMoDe make the signifi-
cant contributions to peak recognition. They totally add
34.55 % of all peaks (696+647+39 = 1382 out of 4000).
This fraction is almost the same as the overlap fraction of
all models (1370). The BaMM model makes the largest
independent contribution to recognition of sites, it adds

Analysis of the structural heterogeneity of FOXA2 sites
with alternative de novo motif search models

17.4 % of the peaks (696), in contrast to other models that
add 0.525 % (21), 0.975 % (39) and 0.2 % (8) (PWM,
InMoDe and diPWM respectively).

To assess the structural diversity of the TFBS, we build
logos for peak fractions “only PWM?”, “only diPWM”,
“only BaMM?”, “only InMoDe” and “all models” (see
Fig. 5, ¢). All logos contain the GTAAACA consensus.
However, the “only PWM?”, “only diPWM” and “only
InMoDe” fractions have the higher occurrence of GT than
AT at the first two nucleotides of the consensus. It can
also be noted that the 5'-ends of all logos are diverse in
nucleotide content.

Classification of ChIP-seq peaks with taking

into account the intersection of TFBS positions

found by different models

The classification of peaks described above (without taking
into account the positions of the TFBS) does not take
into account positions of sites in peaks. To consider this
circumstance we classify peaks with taking into account
positions. We perform this for each pair of models (PWM—
diPWM, PWM-BaMM, PWM-InMoDe, diPWM-BaMM,
diPWM-InMoDe, InMoDe—-BaMM). The results of the
classification of peaks for GSE90454. FOXA2.KerCT are
shown as the pie charts in Fig. 6.

All pairs of model combinations have very small frac-
tion of “without intersection” peaks, ranging from 0.3 to
6.9 %. On the other hand, all cases were characterized by
the large fraction of peaks “with intersection” (BaMM-—
InMoDe 53.6 %, PWM—diPWM 44 .4 %, diPWM-BaMM
41.0 %, PWM—-BaMM 37.3 %, diPWM-InMoDe 35.4 %,
PWM-InMoDe 31.6 %). This fraction is larger for me-
thodologically close pairs of models BaMM-InMoDe and
PWM—diPWM (see Fig. 6). The fraction of the peaks with
TFBS found with only a single model is the highest for
BaMM model. In pairs of models PWM-BaMM, diPWM-
BaMM, and InMoDe-BaMM, BaMM contributes greatly
(39.2, 36.4 and 26.8 %, respectively).

Evaluation of the recognition TFBS accuracy

by different models for FOXA2

To compare the recognition accuracy of different models we
calculate pAUC values from ROC curves obtained with the
cross-validation procedure (see “Training de novo models
and assessing the TFBS recognition accuracy”) (Fig. 7, a).
According to the results obtained, the values of the pAUC
medians for the PWM, diPWM, BaMM and InMoDe mo-
dels are 8.0E—4, 8.1E—4, 7.3E—4, and 5.6E—4, respectively.
The differences between pAUC values were not significant
(p > 0.05) for paired comparisons of PWM, diPWM, and
BaMM, but the InMoDe model has significantly less values
than any other model (p < 0.05).

Comparison of fractions of peaks with TFBS found
by each model with that for all models. To investigate
contributions of different models to the efficiency of TFBS
search and to evaluate the overall result of several mo-
dels, we determine fractions of peaks containing at least
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Fig. 5. The classification of peaks of the GSE90454.FOXA2.KerCT ChIP-seq dataset according to prediction results of all four models.
(a) Table, (b) Venn diagram, (c) Logo for fraction of the peaks respecting to predictions of sole models and that for the overlapping fraction of all models.

PWM and InMoDe diPWM and InMoDe BaMM and InMoDe
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Fig. 6. Classification of the GSE90454.FOXA2.KerCT ChIP-seq dataset with taking into account intersection of TFBS positions
respecting to different models.
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Fig. 7. The distribution of quartiles for recognition measures. The bottom part of the box denotes the minimum value of parameter; the top part de-
notes the maximum value of parameter. (a) Values of pAUC for all models. (b) Fractions of peaks recognized with a single models (PWM, diPWM, BaMM,
InMoDe) and with all models together (Total). (c) Fractions of peaks contained only TFBS recognized with a single model.
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one TFBS for each sole model and those for all models
together (see Fig. 7, b). The medians of recognized peaks
fractions are 47.3, 46.4, 65.8, and 54 % for sole PWM,
diPWM, BaMM and InMoDe, respectively. The median
of recognized peaks fraction of joined results of all four
models’ case is 73.6 %. Consequently, together, all models
add 26.3 % peaks containing TFBS to the fraction of sole
PWM model, which is consistent with the earlier obtained
result of using two fundamentally different PWM and
SiteGA models (Levitsky et al., 2014). At the same time, the
median values respecting fractions for the PWM, diPWM,
and InMoDe models significantly lower (p < 0.05) than
that obtained by combining all models. Thus, the approach
using the combination of different models allows better
identification of peaks with TFBS for FOXA2 than that
using only one model. However, for BaMM, the fraction of
recognized peaks did not statistically differ (p > 0.05) from
the result obtained by combining the four models. Hence,
the BaMM model makes the main contribution to the re-
cognition of FOXA?2 peaks and, among the other models
this model better describes the structure of FOXA?2 sites.
However, the rest three models add 7.8 % of the peaks to
the BaMM result, which proves the effectiveness of using
different models together.

Comparison of fractions of peaks containing TFBS
found by single models. As it is shown above, the com-
bination of different models increases the number of peaks
with TFBS. Hence, each model recognizes TFBS that others
do not. To assess the independent contributions of all mo-
dels to the search for TFBS, we determine the fractions of
peaks containing TFBS of only one model (see Fig. 7, ¢).
As one can see, each model (PWM, diPWM, BaMM,
InMoDe) is able to find TFBS that other models do not

find. The medians of peaks containing TFBS respecting a
single model are 1.08, 0.49, 4.15, and 1.73 %, respectively
for PWM, diPWM, BaMM, and InMoDe. At the same time,
the results for BaMM are significantly different (p < 0.05)
from those for both PWM and diPWM. It also confirms
the assumption that the BaMM model better recognizes
FOXAZ2 sites. However, each model contributes to site re-
cognition. Consequently, each model reveals certain struc-
tural variant of TFBS.

Cross-validation test for PWM models

with participation of their own training dataset

and other ChIP-seq datasets

To estimate the dependence of specificity of various models
for different ChIP-seq datasets as a function of a selection
of particular dataset as the training sample, we performed
the cross-validation test as follow. The accuracy of each
PWM model we assessed not only within the same ChIP-
seq training dataset, but also for the rest 15 datasets (control
datasets). For the case of training dataset, we performed
several iterations to divide the total training sample into
90 % of the peaks that we used to build a model, and
the remaining 10 % of the peaks we used to estimate the
performance. For each case we calculated the accuracy
estimate pAUC (see “Training de novo models and as-
sessing the TFBS recognition accuracy”), the results we
presented in the form of the heatmap (Fig. 8). The heatmap
shows that only in three cases ENCSROOOBRE.A-549,
ENCSRO00BNI.Hep-G2 and ERP008682.pancreas other
models have very low pAUC scores, and for five cases
GSE90454.A-549, ENCSRO66EBK.Hep-G2, GSE90454.
KerCT, ENCSRO80XEY.liver and ENCSR310NY Lliver,
all models have high pAUC values.
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Discussion

Based on all data obtained, we conclude that the joint use
of alternative models allows us to expand the number of
detected peaks containing TFBS relative to application of
sole PWM.

This result can be explained by the presence of different
structural types of TFBS of FOXAZ2. This is in agreement
with experimental data obtained for a number of other TFs,
including members of the FOX family. Thus, it was shown
that HOXB13 and FOXC?2 are able to bind with the same
affinity to completely different sequences CAATAAA/
TCGTAAA (Morgunova et al., 2018) and GTAAACA/
ACAAATA (Chenetal., 2019), respectively. It was recently
found that TF FOXN3 is able to bind to two fundamentally
different types of TFBS, which had different lengths (Ro-
gers etal., 2019). In addition, small changes in the structure
of'the TFBS depend on the cooperative interaction between
TFs (Morgunova, Taipale, 2017). Hence, we propose that
FOXAZ2 also can bind to different structural types of BS.

To take into account all the TFBS structural types, the
only PWM model for site recognition may not be enough,
this problem partially was solved using several PWMs (Bi
etal., 2011; Mitra et al., 2018) or using alternative models
(Mathelier, Wasserman, 2013; Yang et al., 2014; Siebert,
Soding, 2016; Eggeling et al., 2017; Gheorghe et al.,
2019). However, previously alternative models were usu-
ally compared with PWM only in terms of the recognition
accuracy (Siebert, Soding, 2016), or according the number
of recognized TFBSs (Samee et al., 2019). In the current
study, we took in analysis FOXA2 ChIP-seq data. We
compared not only the accuracy and the number of peaks
recognized, but also we estimated independent contribu-
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tions of each model and assessed the joint contribution for
all pairs of models, and also we tested positions of hits in
peaks for each pair of models. The results for the accuracy
assessment (see Fig. 7, a) showed that the InMoDe model
had the lowest accuracy relative to other models, and the
BaMM, diPWM and PWM models were comparable in
accuracy. In terms of expanding the total fraction of peaks
with TFBS, the BaMM model performed the best, since
this model found the largest fraction of peaks with TFBS
that other models do not find. Nevertheless, all alternative
diPWM, BaMM and InMoDe models allow expanding the
pool of recognized TFBS relative to sole PWM, but PWM
also makes an independent contribution to the total number
of peaks with recognized TFBS.

Conclusion

We have developed the pipeline MultiDeNA, which allows
uniform processing of ChIP-seq data using different TFBS
models. Currently, it can be used to build PWM, diPWM,
InMoDe, BaMM models. MultiDeNA includes the steps
of preparing data, building models, evaluating recognition
accuracy, scanning peaks, combining results, and analyz-
ing them. The developed pipeline of programs processed
datasets from the ReMap database, including 22 ChIP-seq
experiments for TF FOXA2. We have shown that com-
bined use of different models allows increasing the total
fraction of recognized peaks up to 73.6 % (relative to sole
PWM model, the fraction of recognized peaks increased
by 26.3 %). We have shown that different models tend to
recognize the same sites of FOXA?2 in the large fraction
of peaks, thereby revealing the most common structural
type of TFBS in these peaks. Also, each model found
TFBS that other models did not predict. The BaMM model
performed the best with 4.15 % of peaks containing only
its sites, versus 1.08, 0.49, 1.73 % for PWM, diPWM and
InMoDe, respectively. We proposed that the heterogeneity
of sites for FOXA2 is revealed only if two or more models
are applied. The diPWM model showed worst result in
sole application in comparison with other models (diPWM
recognized TFBS in 46.4 % of the peaks). The best model
for the FOXAZ2 sites was BaMM; it found TFBS in 65.8 %
of the peaks. Hence, we assumed that the BaMM model
could better describe BS for FOXAZ2.
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Abstract. Whole genome and whole exome sequencing technologies play a very important role in the studies of the ge-
netic aspects of the pathogenesis of various diseases. The ample use of genome-wide and exome-wide association study
methodology (GWAS and EWAS) made it possible to identify a large number of genetic variants associated with diseases.
This information is accumulated in the databases like GWAS central, GWAS catalog, OMIM, ClinVar, etc. Most of the va-
riants identified by the GWAS technique are located in the noncoding regions of the human genome. According to the
ENCODE project, the fraction of regions in the human genome potentially involved in transcriptional control is many times
greater than the fraction of coding regions. Thus, genetic variation in noncoding regions of the genome can increase the
susceptibility to diseases by disrupting various regulatory elements (promoters, enhancers, silencers, insulator regions,
etc.). However, identification of the mechanisms of influence of pathogenic genetic variants on the diseases risk is difficult
due to a wide variety of regulatory elements. The present review focuses on the molecular genetic mechanisms by which
pathogenic genetic variants affect gene expression. At the same time, attention is concentrated on the transcriptional level
of regulation as an initial step in the expression of any gene. A triggering event mediating the effect of a pathogenic genetic
variant on the level of gene expression can be, for example, a change in the functional activity of transcription factor bind-
ing sites (TFBSs) or DNA methylation change, which, in turn, affects the functional activity of promoters or enhancers. Dis-
secting the regulatory roles of polymorphic loci have been impossible without close integration of modern experimental
approaches with computer analysis of a growing wealth of genetic and biological data obtained using omics technologies.
The review provides a brief description of a number of the most well-known public genomic information resources contain-
ing data obtained using omics technologies, including (1) resources that accumulate data on the chromatin states and the
regions of transcription factor binding derived from ChIP-seq experiments; (2) resources containing data on genomic loci,
for which allele-specific transcription factor binding was revealed based on ChIP-seq technology; (3) resources containing
in silico predicted data on the potential impact of genetic variants on the transcription factor binding sites.

Key words: transcription regulation; genetic variability; pathogenic genetic variants; transcription regulatory regions; tran-
scription factor binding sites (TFBSs); genomic databases.
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I'eHOMHasI I3SMEHUIMBOCTbD B PEryISITOPHBIX paﬁOHaX I'€eHOB,
daCCoOIMMpPOBaHHAsI C 3a00/IeBaHISIMU Ue/I0BeKa: MeXaHV3Mbl BAUSHIS
Ha TPAaHCKPUIILNIO I'eHOB I IIOJIHOI'€HOMHDBbIE I/IH(I)OpMaI_U/IOHHbIe
pecypcChl, OﬁeCHe‘II/IBaIOH_U/Ie ncdiaengoBaHMe 3TUX MEXAaHM3MOB
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1 DepepanbHblii MCCNeRoBaTENbCKUI LeHTP VHCTUTYT ymtonorum n reHetnkn Cnbrpckoro otaeneHnsa Poccuinckolt akagemmnm Hayk, HoBocnbupck, Poccns
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AHHoTauuA. NONHOreHOMHbIe U NOIHO3K30MHbIe TEXHOMOMMN CEKBEHUPOBAHUA UrPaloT BaXKHYIO POJb B UCCIeLoBaHU-
AX FEHETUYECKMX acreKkToB MaToreHe3a pasfinyHbiX 3aboneBaHuii. LLinpokoe nprmeHeHre METOLOB MONHOFEHOMHOTO 1
NOMHO3K30MHOIO aHanM13a accouynaumii No3BonAeT MAeHTUOULMPOBaTb MHOXECTBO BapUAHTOB FEHOMHOW U3MEHUMBOCTY
('), accounnpoBaHHbIX € 3aboneBaHMAMN. DTa MHPOPMaLMA HakanneaeTcs B 6a3ax gaHHbix GWAS central, GWAS catalog,
OMIM, ClinVar 1 gp. BonbLUMHCTBO BapUAHTOB, UAEHTUOULMPOBAHHbIX METOANKOV NOTHOF@HOMHOMO aHaNn3a accoumaLmin,
pacnonaraeTcsi B HEKOAMPYIOLWMX 06MacTAX reHoma yenoseka. Mo gaHHbiM npoekta ENCODE, fonsa yyacTKOB B reHoMe
yenoseka, NOTEHUMaNbHO 3a4eNCTBOBaHHbIX B PEryNALMM TPAHCKPUMLMKU, BO MHOTO Pa3 NPeBbILIAET SO0 KOAMPYOLNX
obnacteit. Takum 06pa3om, reHOMHasA N3MEHUYMBOCTb B HEKOAMPYIOLLMX 06NacTAX reHoMa MOXET MOBbILATb Npefpacmno-
NOXEHHOCTb K 3aboneBaHuAM, Hapyllas GYHKLUMOHNPOBaHME Pas3fIUHbIX PEryIATOPHbIX S1eMEHTOB (MPOMOTOPOB, 3H-
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[eHOMHasA M3MEHUMBOCTb B PErYIATOPHbIX PaioHaX reHoB
uenoBeKa: BIUsHWE Ha TPAHCKPUMLMIO 1 6a3bl AaHHbIX

XaHCepoB, yyacTKoB, onpeaensiowyx 3D cTpyKTypy XxpoMaTuHa 1 T. A.). OfHaKo nAeHTUGUKALUA MEXaHN3MOB BIVAHNSA
naToreHHbIx BapvaHToB I Ha pycK pa3BnTuA 3aboneBaHuWin 3aTpyaHeHa BBUAY 6OMbLIOrO pa3HOO6Pa3nsA perynaTopHbIX
aneMeHTOB. B 0630pe paccmMoTpeHbl MONEKYNIAPHO-TeHETNYECK/IE MEXaHU3Mbl BAIMSIHVA NaTOreHHbIX BapuaHToB MM Ha sKc-
npeccuio reHoB. [py 3TOM BHYMaHWe COCPefoTOUEHO HA TPAHCKPUMLMOHHOM YPOBHE Peryiaumm Kak KiodyeBol cTagum,
3anycKaloLLei NocsieoBaTeNIbHOCTb 3TanNoB SKCNpeccum Noboro reHa. MNyckoBbIM COObITMEM, ONMOCPEAYIOLUM BIAIHWE Na-
TOreHHOro BapuviaHTa [/l Ha ypoBEeHb SKCMPECCU reHa, MOXeT bbITb, Hanprmep, 3MeHeHne GpYHKLMOHANbHOWM aKTUBHOCTU
CaiTOB CBA3bIBAHNA TPAHCKPUMLMOHHbIX GpaKTOPOB 1M YpoBHsA MeTunupoBaHus [HK, uto, B cBolo ouepefp, oTpaxaeTcs
Ha QYHKLMOHANbHOW aKTUBHOCTY MPOMOTOPOB UM SHXaHCEPOB. BbisiBneHne perynatopHbix 3G GpeKkToB nonmmopdHbIx J10-
KyCOB HEBO3MOXKHO 6€3 TECHOI MHTErpaLnmn COBPEMEHHbIX SKCMepYIMeHTaIbHbIX MOAXOA0B C KOMMbIOTEPHBIM aHANN30M
60/bLUNX MACCUBOB FrEHETUYECKUX AaHHbIX, MOMyYaeMblX Ha OCHOBE OMUKCHbIX TEXHONOMMA. B 0630pe KpaTko onucaHbl
Havboree N3BeCTHble OTKPbITbIE MOMHOreHOMHbIE MHGOPMALIMOHHBIE PECYPCbI, COfepKaLlMe JaHHbIe, NMoJTyYeHHble Ha OC-
HOBE OMUKCHbIX TEXHOJIOMMIA, B TOM YMC/IEe: PeCcypCbl, HaKamnnmBaiLye CBeAeHNs O COCTOAHMMN XPOMATMHA U yYacTKax ero
CBA3bIBAHVA C TPAHCKPUMLUOHHBIMK (aKTopamu, BbIsIBNIEHHbIMM C MomMoLybto TexHonornn ChiP-seq; pecypcbl no reHom-
HbIM JIOKYCaM, A1l KOTOPbIX Ha ocHoBe AaHHbiX ChIP-seq BbiABNEHO annenb-cneundpryHoe CBA3bIBaHNE C TPAHCKPUMLNOH-
HbIMU paKTOpamK; a TakxKe pecypcbl, cofepraLlme npeAckasaHHble in silico faHHble 0 NoTeHLManbHOM BAVISIHAW FeHOMHOM
MN3MEHUYMBOCTMN Ha CaliTbl CBA3bIBAHWA TPAHCKPUMUMOHHbIX GaKTOPOB.

KnioueBble cfioBa: perynayms TpaHCKPUNLUY; FreHOMHas N3MEHUYMBOCTb; NaTOreHHble FreHOMHbIE BapWaHTbl; PalioHbl, pery-
nUpytoLre TPaHCKPUMNLMIO; CaiiTbl CBA3bIBAHWSA TPAHCKPUMLMOHHBIX $aKTOPOB; FeHOMHbIE 6a3bl JaHHbIX.

Introduction

At present, largely due to the widespread use of the technology
of genome-wide and exome-wide association study (GWAS
and EWAS), a large number of polymorphisms associated
with diseases have been identified. For example, GWAS
central (https://www.gwascentral.org/) contains information
on more than 70 million associations between ~3.2 million
SNPs and 1451 diseases or phenotypic characteristics (Beck
et al., 2020). Experimental datasets of comparable volume
have been accumulated in a number of other databases on
genotype-phenotype associations (GWAS catalog, OMIM,
ClinVar, HGMD, PheGenl, EGA, GAD, dbGaP).

Currently, a large amount of experimental data has been
obtained about the disease-associated genetic variants (GVs),
but the molecular mechanisms underlying these associations
are extremely poorly understood. This is due to the fact that
only arelatively small proportion of pathogenic GVs is located
in the coding regions of the human genome, changes in the
nucleotide sequence of which disrupt the structure and func-
tion of proteins. A huge mass of polymorphic loci associated
with diseases is located in non-coding regions of the genome
(introns, 5’- and 3'-flanking regions of genes, intergenic re-
gions). For example, according to GWAS data, ~90 % of the
total number of variants associated with diseases are located
in noncoding regions of the human genome (Maurano et al.,
2012; Farh et al., 2015).

It is known that non-coding regions of the genome contain
regions that perform a wide range of regulatory functions:
promoter regions, enhancers, negative regulatory elements,
nuclear matrix attachment regions, regions that determine
the structure of topologically associating domains (TADs),
and other features of 3D organization of genome (Mathelier
etal., 2015; Meddens et al., 2019; Ibrahim, Mundlos, 2020).
The proportion of regions in the human genome potentially
involved in the transcriptional regulation is extremely high.
According to the ENCODE project, the chromatin regions
corresponding to the peaks of transcription factor (TF) binding
identified by the ChIP-seq occupy ~8.1 % of the total genomic
DNA (ENCODE Project Consortium, 2012), which is sig-
nificantly higher than the proportion of coding regions of the
human genome (~1.2 %). Considering that not all known TFs

and not all cell lines were studied in the ENCODE project,
an obviously larger fraction of genomic DNA is involved in
the interaction with TFs. The total length of human genome
regions with enhancer-associated chromatin features also
significantly exceeds the total size of the coding regions: for
example, in only one cell type studied (HI-ES), enhancer
regions occupy ~3.2 % (Roadmap Epigenomics Consortium
etal., 2015).

Studies aimed at identifying the mechanisms of the influ-
ence of pathogenic GVs on the predisposition to diseases are
carried out very actively, which is reflected in a number of
review publications (Mathelier et al., 2015; Merkulov et al.,
2018; Smith etal., 2018; Wang et al., 2019; Vohra et al., 2020).
The most discussed effect of pathogenic GVs is a change in
the binding activity of TFBSs (Lewinsky et al., 2005; Chen L.
et al., 2013; Claussnitzer et al., 2015; Mathelier et al., 2015;
Gorbacheva et al., 2018). It has also been shown that polymor-
phic loci can be associated with alteration of DNA methylation
patterns (Howard et al., 2014; Kumar D. et al., 2017; Rahbar
etal.,2018; Schmitz et al., 2019) and modifications of histone
proteins (Kilpinen et al., 2013; Visser et al., 2015; Zhang et al.,
2018; Cong et al., 2019), with structural change in chromatin
loops (Visser et al., 2015; Zhang et al., 2018) and, as one of
the manifestations of this process, with changes in the TADs
structure (Cong et al., 2019; Mei et al., 2019). Examples of
such effects will be discussed below (Table 1).

The effects of genetic variants on the functional
activity of transcription factor binding sites

The key role in the transcriptional regulation is played by
transcription factors — proteins that can specifically bind to
DNA of'the regulatory regions of genes and to initiate the tran-
scription complexes formation. The human genome contains
more than 1500 genes encoding TFs (Wingender et al., 2013).
TF binding sites, as a rule, have a length of 10-25 nucleotides
(Levitsky et al., 2014; Kulakovskiy et al., 2018).

Nucleotide substitutions, as well as short insertions/dele-
tions at polymorphic loci, can disrupt TFBSs or create them
de novo (see Table 1), and this, in turn, can have both negative
and positive effects on the level of gene transcription (Chen L.
etal., 2013; Gorbacheva et al., 2018). Such GVs (and the cor-
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Genetic variants in the regulatory regions of genes:

effects on transcription and genomic resources

Table 1. Examples of polymorphic loci associated with pathologies and mechanisms of their action on the gene expression level

Mechanism

Reference

rs928413(G) allele creates a binding site for the
transcription factor CREB1 leading to increased
expression level of /L33

Gorbacheva et al.,
2018

rs1421085(C) variant disrupts a conserved motif for
the ARID5B repressor, which leads to derepression
of a potent preadipocyte enhancer and a doubling
of IRX3 and IRX5 expression

Claussnitzer et al.,
2015

The allele G of rs2001389 weakens the CTCF bind-
ing activity of DNA, eliminating TAD boundary and
altering 3D chromatin structure, and it is related to
the lower expression of a putative antioncogene
MFSD13A

Individuals that have rs174537(T) allele exhibited

a higher level of DNA methylation at CpG sites
located within regulatory region of FADS cluster,
which led to a decrease in transcriptional activity of
FADST and FADS2

Howard et al.,
2014

The rs612529(T) allele facilitates binding of the tran-
scription factor PU.1, that acts as docking site for
DNA demethylases. In carriers of pathogenic vari-
ant C, the interaction of PU.1 with DNA is disrupted,
as a result, the methylation level of the VSTM1 pro-
moter is elevated, and this is accompanied by a
downregulation of VSTMT expression

Kumar D. et al.,
2017

CGG repeat expansion disrupts the structure of
TAD, that includes FMR1. In individuals with muta-
tion-length CGG triplet repeats, the 5-boundary
region of TAD is ablated (this region is hypermethy-
lated and its CTCF occupancy is lost). As a result,
one subTAD dissolves. FMR1, which is normally
associated with the downstream TAD, shifts to

the upstream TAD. In this case, FMRT promoter is
hypermethylated, and FMR1 expression is down-
regulated

Sunetal., 2018

rs7873784(C) allele creates a binding site for trans-
cription factor PU.1, a known regulator of TLR4
expression. Functional PU.1 binding site augments
the enhancer activity of TLR4 3'-UTR that leads to
increased TLR4 expression

Korneev et al.,
2020

Disease Polymorphic locus  Localization
or pathology
Atopic asthma rs928413 IL33 promoter region
A—-G
Obesity rs1421085 Intron of the FTO gene
T—C which contains the
regulatory region of
the IRX3 and IRX5 genes
(the distance between
rs1421085 and TSSs of IRX3
and IRX5 is ~517,000 and
~1,164,000 bases)
Pancreatic rs2001389 The boundary of TAD
cancer A—G located on chromosome 10
Disturbances  rs174537 An enhancer region
of lipid G—oT of the FADS cluster
metabolism
Atopic rs612529 VSTM1 promoter region
dermatitis T—C
Fragile X CGG repeat expan-  The 5"-untranslated region
syndrome sion. Healthy of FMR1 gene
individuals harbor
between 5 and
55 copies of the
CGG repeats,
affected patients
harbor more than
100 copies
Rheumatoid  rs7873784 The 3"-untranslated region
arthritis and G—C of TLR4 gene
type-2
diabetes
mellitus
Breast cancer  rs4321755 Enhancer region of MRPS30
C—-T and RP11-53019.1 genes

The risk allele rs4321755(T) creates a GATA3 binding
motif within an enhancer, resulting in stronger
binding of GATA3 and chromatin accessibility,
thereby activating interaction between the enhan-
cer and MRPS30/RP11-53019.1 divergent promoter
and increasing the expression of MRPS30 and
RP11-53019.1 genes

Zhang et al., 2018

responding polymorphic loci) that affect the transcriptional
activity of genes are usually called regulatory variants (Ku-
mar S. etal., 2017; Guo, Wang, 2018; Merkulov et al., 2018).

Pathological (that is, associated with a disease) can be both
an allelic variant of the DNA sequence containing a disrupted
TFBS (Lewinsky et al., 2005; Chen L. et al., 2013; Clauss-
nitzer et al., 2015; Kumar D. et al., 2017; Mei et al., 2019)
and an allelic variant, leading to creation of TFBS de novo

20

(Gorbacheva et al., 2018; Zhang et al., 2018; Korneev et al.,

2020) (see Table 1).

Pathological GVs, affecting the binding activity of TFBSs,

can be located not only in promoter regions, but also in regula-
tory regions located at considerable distance from transcrip-
tion start sites (TSSs) of genes: enhancers (Lewinsky et al.,
2005; Zhang et al., 2018; Meddens et al., 2019), regulatory
regions with repressive function (Claussnitzer et al., 2015),
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and TAD boundary regions (Mei et al., 2019) (see Table 1).
For example, the rs1421085 T—C substitution associated
with obesity impairs the functioning of the negative regula-
tory region controlling expression of the /RX3 and /RX5 genes
(Claussnitzer et al., 2015). The rs1421085 locus is located in
the intron of the F70 gene (Fig. 1) at a considerable distance
from the transcription start sites of /RX3 and /RX5 (~520,000
and ~1,164,000 bases). Normally, the DNA region containing
allele T interacts with a repressor factor ARID5B, leading
to a decrease in transcriptional activity of /RX3 and /RX5
genes. In carriers of the mutant variant of the DNA sequence
(allele C), the binding site of the ARIDS5B repressor factor is
disrupted, which causes an excessively high expression of the
IRX3 and IRX5 genes and activates adipogenesis (Claussnitzer
etal., 2015).

Occasionally a nucleotide substitution at a polymorphic
locus disrupts the TFBS and this, in turn, affects the functional
activity of the TAD (see Table 1). This effect was found in
the case of A—G (1s2001389), associated with the risk of
pancreatic cancer (Fig. 2). The rs2001389 locus is located in
the region that determines the structure of chromatin loops
within the TAD. This TAD contains 91 genes and is formed
by spatially adjacent chromatin regions (Mei etal., 2019). The
DNA region containing the risk allele G is characterized by a
reduced ability to interact with CTCF, which in this case acts
as a structural protein of chromatin. Normally, CTCF binding
ensures the functioning of one of the regions that determines
the structure of chromatin loops within the considered TAD.
The pathogenic allele G alters the activity of CTCF binding
motif within TAD boundary disrupting the stability of corre-
sponding 3D structure of chromatin. As a result, the expres-
sion of the genes within this TAD is impaired. In this case,
the greatest decrease in MFSD13A expression is observed.

The effects of genetic variability on DNA
methylation and gene transcriptional activity

DNA methylation doesn’t change the nucleotide sequence
and is the addition of a methyl group to the fifth carbon atom
of cytosine (Angeloni, Bogdanovic, 2019). An increase in
the level of DNA methylation, as a rule, leads to a long-term
inactivation of the expression of genes lying in the methylated
region, since, according to the generally accepted concept,
methylation of a DNA region facilitates recruiting protein
complexes, containing histone deacetylase (HDAC) (Jones
et al., 1998; Nan et al., 1998). DNA methylation can also
decrease the ability of some TFs to interact with DNA: it is
known that CTCF factors and factors from the ETS family
have such sensitivity to methylation (Wang et al., 2019). In
contrast, another transcription factor, ZFP57, binds only to
methylated DNA (Quenneville et al., 2011). Thus, cytosine
methylation can activate different mechanisms of gene tran-
scription regulation, and not always an increase in the methy-
lation level of the regulatory DNA region is associated with
a decrease in the expression of the corresponding gene (Izzi
et al., 2016; Wang et al., 2019).

Genetic variability affects significantly the methylation of
DNA regions that have regulatory potential. Thus, a genome-
wide analysis of the methylation patterns of DNA collected
from 24 subjects from Norfolk Island genetic isolate (Benton
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Fig. 1. Disruption of the binding site caused by T—C substitution
(rs1421085) weakens ARID5B repressor binding to the regulatory region
of the IRX3 and IRX5 genes. As a result, the level of expression of IRX3 and
IRX5 is increased.
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Fig. 2. Disruption of the CTCF binding site caused by the nucleotide sub-
stitution (rs2001389) eliminates one of the boundary regions that deter-

mine the TAD structure. As a result, the tumor suppressor gene MFSD13A
expression is downregulated.

Pathogenic variant
(pancreatic cancer)

The contacts between chromatin regions within the TAD are shown with
brown lines. Interrogation points in the bottom figure indicate the lack of data
on the new structure of TAD.
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Fig. 3. Disruption of the PU.1 binding site caused by the T—C (rs612529)
nucleotide substitution reduces the activity of demethylases (for exam-
ple, Tet2) that maintain the VSTMT promoter region in an active state, and
therefore VSTMT expression is downregulated.

Pathogenic variant
(Atopic dermatitis)

etal.,2019), identified 12,761 regions containing at least two
CpG dinucleotides and having an allele-specific methylation
level. In most cases (98 %), regions with allele-specific me-
thylation level are co-localized with single nucleotide variants
presented in dbSNP (Benton et al., 2019).

This study (Benton et al., 2019) also analyzed the location
of allele-specific methylation regions relative to the set of
polymorphic loci associated with human diseases extracted
from the GWAS catalog database. It turned out that polymor-
phic loci associated with diseases overlap with regions of
allele-specific methylation twice more often than it would be
expected by chance. This means that the change in methyla-
tion levels due to genetic variability is one of the factors that
increase the risk of disease.

As an example, consider the rs174537 (G—T) polymor-
phic locus located in the enhancer of the FADS! and FADS?2
genes encoding fatty acid desaturases 1 and 2. The T variant
of the rs174537 locus is associated with an increased risk of
pathological disturbances of lipid metabolism (see Table 1).
It was shown that individuals that have rs174537(T) allele
had a higher methylation level of the regulatory region of the
FADSI and FADS? genes in human liver (Howard et al., 2014),
which led to the suppression of the transcriptional activity of
FADSI and FADS?.

Occasionally, in one of the allelic variants, DNA demethy-
lation occurs, initiated by TF binding to DNA (see Table 1).
For example, such a mechanism was revealed for rs612529
T—C. This locus is located in the promoter region of the
VSTM1 (Fig. 3). The low expression of ¥'STM1 in monocytes
provokes the development of atopic dermatitis. In this cell
type, the promoter region containing the protective variant T
interacts with the transcription factor PU.1 more actively

Genetic variants in the regulatory regions of genes:
effects on transcription and genomic resources

than the other one containing variant C. PU.1 initiates DNA
demethylation by recruiting DNA demethylases (for example,
Tet2). As a result, carriers of the T allele have completely
demethylated VSTM1I promoter, and VSTMI expression is
activated. In carriers of pathogenic variant C, the interaction
of PU.1 with DNA is disrupted, as a result, methylation level
of the VSTM 1 promoter is elevated, and this is accompanied
by a decrease in VSTM1 expression (Kumar D. et al., 2017).

The effects of the genetic variability

on the chromatin states and chromatin

spatial organization

Pathogenic GVs may impaire the chromatin state (Kilpinen
et al., 2013). There are cases when the presence of a patho-
genic GV was accompanied by a change in the patterns of
histone modification and the appearance (or disappearance)
of DNase I hypersensitive sites (McVicker et al., 2013; Visser
et al., 2015; Zhang et al., 2018; Cong et al., 2019). In these
cases, allele-specific contacts between promoters and enhan-
cers were identified, the number of which correlated with the
activity of the enhancer regions.

There are also known cases when structural variations of
the genome (insertions, deletions, duplications, inversions,
translocations longer than 50 nucleotides) lead to a change
in the spatial organization of chromatin, thereby disrupt-
ing the expression of genes associated with pathological
processes (Sun et al., 2018; Ibrahim, Mundlos, 2020). For
example, the expansion of CGG trinucleotide repeats in the
5'-untranslated region (5'-UTR) of the FMR gene, associated
with the fragile X syndrome, disrupts the structure of TAD,
that includes FMRI (Fig. 4, see Table 1). Normally, FMR1 is
very close to the 5'-boundary region of TAD (in Fig. 4, this is
TADI). The DNA region corresponding to this 5'-boundary
is hypomethylated and is occupied by CTCF. In individuals
with mutation-length CGG triplet repeats (more than 100),
this boundary is ablated (this region is hypermethylated and
its CTCF occupancy is lost). As a result, TAD1 dissolves and
the boundary of the other TAD (in Fig. 4 it is designated as
TAD?2) shifts to the 3'-region of FMRI. Therefore, FMR1 is
within the TAD2, which normally does not contain this gene.
In this case, FMRI promoter is hypermethylated, and FMR1
expression is inactivated (Park et al., 2015; Sun et al., 2018).

To study molecular-genetic mechanisms of the effect of ge-
nome variability on the 3D chromatin structure, it is necessary
to reconstruct the spatial genome organization. The following
basic levels of the 3D genome organization have been identi-
fied: (1) regulatory DNA loops that bring together promoters
and enhancers; (2) topologically associating domains (TADs),
within which DNA regions have more contacts with each
other than with neighboring domains; (3) A and B compart-
ments corresponding to transcriptionally active and condensed
chromatin; and finally (4) chromosome territories (Fishman
et al., 2018; Hansen et al., 2018). Disruption of 3D contacts
between promoters and enhancers within the TAD, caused, for
example, by chromosomal rearrangements, can significantly
affect the transcriptional activity of a gene, increasing risk of
diseases (Lupiafiez et al., 2015).

The Institute of Cytology and Genetics SB RAS has de-
veloped an experimental computer approach for prediction
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Fig. 4. With an increase in the number of CGG triplet repeats in the 5-un-
translated region of the FMR1 gene, the DNA region corresponding to
the TAD1 boundary region is hypermethylated. This leads to impaired
binding of CTCF factors and disrupts a barrier function of the boundary
region.

The brown lines show the contacts between chromatin loops within TADs.

physical contacts between promoters and enhancers within
the 3D chromatin structure (Fishman et al., 2018; Belokopy-
tova et al., 2020; Belokopytova, Fishman, 2021). The ap-
proach is based on the following information: (1) cell type;
(2) cell-specific localization of enhancers in the linear genome
(from the ENCODE database); (3) transcriptional activity of
promoters (from RNA-seq experiments); (4) boundaries of
chromatin loop extrusion (based on ChIP-seq mapping of
CTCF occupancy in a definite cell type); (5) orientation of
CTCEF binding motifs (based on motif prediction pipeline);
(6) A or B chromatin compartment (according to Hi-C experi-
ments). Analysis of these data using the original 3DPredictor
program (Belokopytova et al., 2020), developed on the basis
of machine learning algorithms, allows to predict the frequen-
cies of physical contacts between promoters and enhancers in
the 3D genome structure with an accuracy that exceeds the
accuracy of other known prediction methods.

The 3DPredictor was used to analyze the 3D genome struc-
ture in homozygous DelB/DelB mice that have a deletion of
the 1.5 Mb genomic region containing Epha4. This deletion
is accompanied by the appearance of additional contacts be-
tween Pax3 gene and Epha4 enhancer region, altering Pax3
expression and leading to brachydactyly. Mice with the De/B/
DelB genotype are a genetic model of human pathology ac-
companied by limb malformations (Lupiaiiez et al., 2015).
Testing 3DPredictor on this model has demonstrated the high
efficiency of the program: in homozygous DelB/DelB mice,
ectopic contacts between the Pax3 gene and Epha4 enhan-
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cers cluster were predicted (Belokopytova et al., 2020), and
these predictions were in good agreement with the experi-
mental data.

Genetic variability: combined analysis

of heterogeneous big biological and genetic data
As noted above, many polymorphic loci associated with dis-
eases are located at a considerable distance from the coding
regions of genes (ENCODE Project Consortium, 2012; Mau-
rano et al., 2012). Additional studies are needed to identify the
molecular-genetic mechanisms of the influence of such GVs
on the predisposition to diseases. The purpose of such studies
is to clarify the regulatory role of GVs. A typical example is
the work (Zhang et al., 2018), which made it possible to find
a functionally active regulatory variant rs4321755 associated
with the risk of breast cancer. The rs4321755 locus is located
in a distant enhancer that regulates the expression of the
MRPS30and RP11-53019.1 genes (see Table 1). It turned out
that in the presence of the pathogenic variant rs4321755(T),
anew GATA3 binding site is created. The transcription factor
GATA3 increases the functional activity of the enhancer, this
leads to the formation of more contacts between the enhancer
and the divergent promoter of the MRPS30 and RP11-53019.1
genes, and increased expression level of these genes. To iden-
tify this functionally significant regulatory variant, the authors
developed an integrated experimental computer method based
on a combined analysis of heterogeneous big biological and
genetic data, including: (1) data on allele-specific expres-
sion obtained from RNA-seq in combination with data on
haplotypes; (2) expression quantitative trait loci (eQTL);
(3) genomic distribution of DNAse I hypersensitive sites;
(4) localization of ChIP-seq peaks from ENCODE and GEO
databases; (5) localization of regulatory motives predicted by
computer programs. Similar scenarios for integrated experi-
mental computer research have been implemented in the other
studies (Chen C.-Y. et al., 2014; Claussnitzer et al., 2015; Zhao
etal., 2019; Li et al., 2020).

This kind of research became possible due to (1) the deve-
lopment of modern high-throughput experimental approaches
that allow producing data of different types on a genome-wide
scale (parallel high-throughput sequencing, ChIP-seq, 3C,
Hi-C, ChIA-PET techniques, DNAse I footprinting, bisulfite
sequencing, etc.); (2) development of public information
resources accumulating such experimental data. Table 2 pro-
vides a brief description of information resources containing
genomic data obtained on the basis of omics technologies and
used to study the mechanisms by which GVs alter the level of
transcription. These resources present (1) the human genome
annotation (GENCODE); (2) genome variability in human po-
pulations (HapMap, 1000 Genomes Project, IGSR, dbSNP);
(3) GVs associated with diseases (GWAS central, GWAS
catalog, ClinVar, HGMD, OMIM, etc.); (4) modifications
of the chromatin (ENCODE, NIH Roadmap Epigenomics
Mapping Consortium); (5) expression quantitative trait loci
(GTEx project, eQTL databases, exSNP, etc.); (6) profiling
of transcription factor binding events by ChIP-seq (Cistrome
Data Browser, GTRD, ReMap); (7) allele-specific binding
of TFs, identified using ChIP-seq data in combination with
the data on the genotypes of the studied cells (AlleleDB,
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Table 2. Information resources on genomic data obtained on the basis of the modern high-performance experimental methods

Information resource

Description

Reference quality human gene annotations created by merging the
results of manual and computational gene annotation methods

https://www.genome.gov/10001688/
international-hapmap-project
ftp://ftp.ncbi.nlm.nih.gov/hapmap/

A map of haplotype blocks of the human genome and the specific
SNPs that identify the haplotypes (tag SNPs)

1000 Genomes Project
(1KGP)

https://www.ncbi.nlm.nih.gov/
variation/tools/1000genomes/

Genetic variants (single nucleotide polymorphisms, insertions/dele-
tions, structural variants) and genotypes identified in individuals
from 26 populations

International Genome
Sample Resource (IGSR)

Combining 1000 Genomes Project data with the other large
datasets generated on 1000 Genomes samples by projects such as
GEUVADIS, who generated RNA-Seq data on the 1000 Genomes
European samples and the YRI population, and ENCODE, who have
carried out extensive assays on the NA12878 cell line

https://www.ncbi.nlm.nih.gov/snp/

Human single nucleotide variations, microsatellites, and small-
scale insertions and deletions along with population frequency,
publication, molecular consequence, and genomic and RefSeq
mapping information for both common variations and clinical
mutations. The human data in dbSNP include submissions from the
SNP Consortium, variations mined from genome sequence as part
of the human genome project, and individual lab contributions of
variations in specific genes, mRNAs, ESTs, or genomic regions

GWAS central (Genome-wide
association studies central)

Allele and genotype frequency data, genetic association significance
findings. GWAS central gathers datasets from public domain projects,
and also encourage direct data submission from the community

GWAS catalog (Genome-wide
association studies catalog)

Data on associations between polymorphic loci and phenotypic
traits extracted from the published GWA studies

OMIM (Online Mendelian
Inheritance in Man)

A compendium of human genes and genetic disorders and traits,
with particular focus on the molecular relationship between genetic
variation and phenotypic expression. OMIM is based on the peer-
reviewed biomedical literature

A public archive of reports of the relationships among human varia-
tions and phenotypes

HGMD (The Human Gene
Mutation Database)

http://www.hgmd.cf.ac.uk/ac/
index.php

PheGenl (The Phenotype-
Genotype Integrator)

https://www.ncbi.nlm.nih.gov/gap/
phegeni

Phenotype-oriented resource that merges GWAS catalog data with
several other databases (Gene, dbGaP, OMIM, eQTL and dbSNP)

EGA (The European
Genome-phenome Archive)

Data on the relationship between genotypes and phenotypes
obtained by various experimental methods (GWAS, exome
sequencing, whole-genome sequencing, single-cell sequencing,
genotyping)

dbGaP (The database of
Genotypes and Phenotypes)

Data and results from studies that have investigated the interaction
of genotype and phenotype in humans. Such studies include
genome-wide association studies, medical sequencing, molecular
diagnostic assays, as well as association between genotype and
non-clinical traits

ENCODE (The Encyclopedia
of DNA Elements)

http://genome.ucsc.edu/ENCODE/
https://www.encodeproject.org/

Genome-wide profiles of histone modifications, genome-wide DNA
methylation profiles, regions of TF binding derived from ChIP-seq
experiments, interactions between genomic loci, genomic distribu-
tion of DNAse | hypersensitive sites, expression data for more than
300 cell types

NIH Roadmap Epigenomics
Mapping Consortium

http://www.roadmapepigenomics.
org/

Human epigenomic data (DNA methylation profiles, histone modi-
fications, chromatin accessibility, etc.). Annotation of the human
genome in accordance with the classifications of chromatin states
(15, 18, 25-state models)
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End of Table 2

Information resource URL Description

Genotype-Tissue Expression https://www.gtexportal.org/home/ Expression and eQTL data in 54 human cell types with a healthy
(GTEX) project phenotype

eQTL databases https://www.hsph.harvard.edu/ Expression quantitative trait loci derived from lymphoblastoid cell lines
liming-liang/software/eqtl/

exSNP http://www.exsnp.org/ eQTL data from six cell types (LCLs, B cells, monocytes, brain, liver, and
skin) integrated with SNPs in disease risk loci from GWA studies of seven
common human diseases

eQTL Catalogue https://www.ebi.ac.uk/eqtl/ Cis-eQTLs and splicing QTLs from all available public studies on human
.................................................................................................................. (including GTEx project data) | e
eQTL Browser http://eqtl.uchicago.edu/cgi-bin/  eQTLs identified in recent studies in multiple tissues
gbrowse/eqtl/

Cistrome Data Browser http://cistrome.org/db/#/ The ChIP-seq, DNase-seq and ATAC-seq data: (1) genomic regions inter-
acting with TFs, (2) DNase | hypersensitive sites, (3) the binding locations
of modified histone proteins. The data has been assigned statuses accord-
ing to six quality control criteria

Gene Transcription https://gtrd.biouml.org/#! A collection of ChIP-seq experiments aimed at finding TF binding sites
Regulation Database (GTRD) in the human and mouse genomes

ReMap (Global map http://remap.univ-amu.fr/ A collection of ChIP-seq, ChIP-exo, DAP-seq experiments from public
of regulatory elements) resources (GEO, ENCODE, ENA). Chromatin regions in contact with TFs,

transcriptional coactivators, and chromatin remodeling factors

AlleleDB http://alleledb.gersteinlab.org/ Genomic annotation of cis-regulatory SNVs associated with allele-specific
binding and expression derived from RNA-seq and ChIP-seq data
of 383 individuals from the 1000 Genomes Project

AlleleSeq http://alleleseq.gersteinlab.org/ Allele-specific binding of six TFs (cFos, cMyc, JunD, Max, NfkB, CTCF)
identified using variation data for NA12878 from the 1000 Genomes
Project as well as matched, deeply sequenced RNA-Seq and ChIP-Seq data
sets generated for this purpose

HaploReg https://pubs.broadinstitute.org/ Annotation of polymorphic loci within haplotype blocks that were de-
mammals/haploreg/haploreg.php fined using LD information from the 1000 Genomes Project. Annotation
includes: (1) chromatin state and protein binding annotation from the
Roadmap Epigenomics and ENCODE projects, (2) sequence conservation
across mammals, (3) the effect of GVs on regulatory motifs, (4) the effect
of GVs on expression from eQTL studies

SNP2TFBS http://ccg.vital-it.ch/snp2tfbs/ Genetic variants from 1000 Genomes Project, which, according to in silico
predictions, affect the similarity of TFBSs with weight matrices

rSNPBase http://rsnp3.psych.ac.cn/index.do  SNP-related regulatory elements (TF binding regions, TADs, mature
miRNA regions, predicted miRNA target sites, etc.), SNP-related regulatory
element-target gene pairs, SNP-based regulatory networks

rVarBase http://rv.psych.ac.cn/ Annotation of polymorphic loci (including copy number variations). Anno-
tation includes (1) chromatin state, (2) related regulatory element (CpG is-
lands, matched TF binding sites, miRNA target sites, etc.), (3) target genes

UCSC Genome Browser https://genome.ucsc.edu/ Data is integrated based on a graphical interface that allows visualizing
genome sequences along with a large number of annotations and features
(positions of transcripts, GC percent, chromatin states, histone marks, con-
tacts between chromatin regions, expression, genetic variability, etc.). Data
can be retrieved in text format via special Table Browser program

Ensembl Genome Browser  https://www.ensembl.org/ Data is integrated based on a graphical interface that allows visualizing
index.html genome sequences along with a large number of annotations and
features (positions of transcripts, GC percent, chromatin states, genetic
variability, etc.). Tables of Ensembl data can be downloaded via the highly
customizable BioMart data mining tool

GEO (Gene Expression https://www.ncbi.nlm.nih.gov/gds The largest public repository that archives and freely distributes compre-

Omnibus) hensive sets of microarray, next-generation sequencing, and other forms
of high-throughput functional genomic data submitted by the scientific
community

* GENCODE reference gene annotations for the human and mouse genomes are also available through the UCSC Genome Browser (https://genome.ucsc.edu/)
and the Ensembl genome browser (https://www.ensembl.org/index.html).
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Fig. 5. The view of the human genomic region (chromosomal coordinates chr9: 117,703,000-117,725,000) displayed by the
Genome Browser of the University of California, Santa Cruz, USA (UCSC Genome Browser, https://genome.ucsc.edu/).

(1) transcripts of the TLR4 gene, displayed according to the GENCODE v32 release; (2) DNase | hypersensitivity peak clusters derived from
assays in 95 cell types (as a part of the ENCODE project); (3) transcription factor binding derived from a large collection of ChIP-seq experi-
ments performed by the ENCODE project; (4) levels of enrichment of the H3K27Ac histone mark across the genome as determined by a
ChlIP-seq assay on 7 cell lines from ENCODE (H3K27Ac is the acetylation of lysine 27 of the H3 histone protein, and it is often found near
regulatory elements); (5) short genetic variants from dbSNP release 153. The yellow vertical line marks the position the SNP rs7873784
located in the 3"-UTR of TLR4 gene and associated with development of rheumatoid arthritis and type 2 diabetes (see Table 1). According
to (Korneev et al., 2020), the G—C substitution at the rs7873784 locus creates PU.1 binding site, that increases the activity of the enhancer

located in the 3'-UTR of the TLR4 gene.

AlleleSeq); (8) the effects of genetic variability on TFBSs
predicted in silico by computer programs (HaploReg,
SNP2TFBS, rSNPBase, rVarBase).

A separate category of information resources includes:
(1) the genome browser of the University of California, Santa
Cruz, USA (UCSC Genome Browser, https://genome.ucsc.
edu/) and (2) the genome browser of the Ensembl database
which is a joint research project of the European Bioinforma-
tics Institute and the Wellcome Trust Sanger Institute (Ensembl
Genome Browser, https://www.ensembl.org/index.html).
These genome browsers integrate data on genome sequences
and its features obtained by different research groups using
a wide range of experimental methods (Lee et al., 2020; Yates
etal., 2020). The websites of these browsers provide access to
the primary DNA sequences and genome annotations for many
organisms (including vertebrates and several other model spe-
cies). Browser’s graphical interfaces allow to obtain scalable
maps of genomic regions and to visualize interactively a large
number of annotations and features (for example, positions
of transcripts, positions of GVs, chromatin regions interact-

ing with TFs detected by ChIP-seq experiments, data on ge-
nome-wide mapping of DNase I hypersensitive sites, etc.)
(Fig. 5).

The websites of the UCSC Genome Browser and Ensembl
Genome Browser provide access to software tools for extrac-
tion data as text files: UCSC table browser (https://genome.
ucsc.edu/cgi-bin/hgTables) and BioMart data mining tool
(https://www.ensembl.org/info/data/biomart/index.html).

Information resources on allele-specific binding

of transcription factors and on the effects

of genetic variants on TFBSs predicted in silico

As noted above, the influence of pathogenic GVs on gene
expression is often mediated through a change in the func-
tional activity of TFBSs. In this regard, information resources
that include whole genome data on allele-specific binding of
TFs, identified based on the ChIP-seq method, can be ex-
tremely useful. A range of approaches have been developed
to identify allele-specific binding of TFs (Rozowsky et al.,
2011; Reddy et al., 2012; Waszak et al., 2014; Younesy et
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al., 2014). These approaches are based on the analysis of the
ChIP-seq data in combination with the sequencing data, which
allow to find heterozygous loci within a single genome and to
phase genotypes of the studied cells. Thus, for each type of
cells examined, its own set of genomic loci interacting with
a specific transcription factor in an allele-specific manner
can be identified. For example, in (Cavalli et al., 2016a), the
ChlIP-seq data for 55 TFs in the HepG?2 cells and 57 TFs in the
HeLa-S3 cells were analyzed. In HepG2 cells, 3001 genomic
loci with allele-specific signals were found, and 712 loci were
found in HeLa-S3 cells. The authors note the pronounced
tissue-specific nature of allele-specific TF binding: of the
entire set of identified loci, only 34 were found in both cell
lines (Cavalli et al., 2016a).

The data on allele-specific binding of TFs are collected in
the following information resources: AlleleDB (http://alleledb.
gersteinlab.org/) (Chen J. et al., 2016), AlleleSeq (http://
alleleseq.gersteinlab.org/) (Rozowsky et al., 2011) (see Table 2),
as well as in the supplemental files to publications (Cavalli et
al., 2016a, b, 2019; Shi et al., 2016).

Studies aimed at identifying allele-specific TF binding
made it possible to estimate the number of genetic variants
that affect the binding of a particular transcription factor to
DNA in a particular cell type. The average number of such
events registered for a single transcription factor can range
from 19 to 37 for cells with a normal karyotype (GM 12878,
H1-hESC) and from 12 to 55 for cancer cell lines (SK-N-SH,
K562) (Cavalli et al., 2016a, b).

When generating hypotheses on the mechanisms that medi-
ate the effect of GVs on disease risk, one can also use the data
on the effects of genetic variants on the functional activity of
TFBSs predicted in silico. Such information is accumulated in
specialized databases: HaploReg (https://pubs.broadinstitute.
org/mammals/haploreg/haploreg.php) (Ward, Kellis, 2012),
SNP2TFBS (http://ccg.vital-it.ch/snp2tfbs/) (Kumar S. et al.,
2017), rfSNPBase (http://rsnp3.psych.ac.cn/index.do) (Guo,
Wang, 2018), rVarBase (http://rv.psych.ac.cn) (see Table 2).

Conclusion

A significant proportion of pathogenic genetic variants asso-
ciated with diseases are located in non-coding regions of the
human genome. Such genetic variants can with a high degree
of probability disrupt functional activity of regulatory regions
that control the transcriptional activity of genes. The examples
of the mechanisms of influence of pathogenic genetic variants
on gene expression considered in this review confirm this
possibility. The studies that have made it possible to identify
these mechanisms are complex and are based on the analysis
of big heterogeneous genetic data. The online omics data re-
sources provide ample opportunities for such research. Further
development of experimental techniques and bioinformatics
methods for analyzing the data obtained with the help of this
techniques, as well as an increase in the set of investigated cell
types, will significantly expand these possibilities.
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Abstract. De novo transcriptome assembly is an important stage of RNA-seq data computational analysis. It allows the
researchers to obtain the sequences of transcripts presented in the biological sample of interest. The availability of ac-
curate and complete transcriptome sequence of the organism of interest is, in turn, an indispensable condition for fur-
ther analysis of RNA-seq data. Through years of transcriptomic research, the bioinformatics community has developed
a number of assembler programs for transcriptome reconstruction from short reads of RNA-seq libraries. Different as-
semblers makes it possible to conduct a de novo transcriptome reconstruction and a genome-guided reconstruction.
The majority of the assemblers working with RNA-seq data are based on the De Bruijn graph method of sequence
reconstruction. However, specifics of their procedures can vary drastically, as do their results. A number of authors re-
commend a hybrid approach to transcriptome reconstruction based on combining the results of several assemblers in
order to achieve a better transcriptome assembly. The advantage of this approach has been demonstrated in a number
of studies, with RNA-seq experiments conducted on the lllumina platform. In this paper, we propose a hybrid approach
for creating a transcriptome assembly of the barley Hordeum vulgare isogenic line Bowman and two nearly isogenic
lines contrasting in spike pigmentation, based on the results of sequencing on the lonTorrent platform. This approach
implements several de novo assemblers: Trinity, Trans-ABySS and rnaSPAdes. Several assembly metrics were examined:
the percentage of reference transcripts observed in the assemblies, the percentage of RNA-seq reads involved, and
BUSCO scores. It was shown that, based on the summation of these metrics, transcriptome meta-assembly surpasses
individual transcriptome assemblies it consists of.
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AHHOTaLusA. PEKOHCTPYKUUA TpaHCKpUNTOMa de novo — BaxkHaA cTagus 6UOMHGOPMATNYECKOrO aHanm3a AaHHbIX
RNA-seq, KoTopas no3BonAeT NoslyuynTb NOCEe[0BATENIbHOCTY TPAHCKPUITOB, NMPUCYTCTBYIOLMX B U3yyaeMom brosno-
rmyeckom obpasue. Hanmnume TOYHONM 1 MOSHOW NOCNeA0BaTENbHOCTM TPAHCKPUINTOMa OpraH13mMa, B CBOIO ouepefb,
ABNAETCA HEOOXOAMMbIM YCNIOBUEM ANA JanbHelwen paboTbl ¢ gaHHbIMKM RNA-seq. BuorHpopmatnyecknm coobue-
CTBOM ObIfIO CO34aHO MHOXECTBO MPOrpPaMm-COOPLUMKOB ANA PEKOHCTPYKLMM TPAHCKPUITOMA U3 KOPOTKMX NpoyTe-
Huii RNA-seq. CO0pLLMKI NMO3BOAAIOT MPOBOAUTL KaK de Novo PEKOHCTPYKLMIO TPAHCKPUINTOMA, TaK 1 PEKOHCTPYKLMIO,
OCHOBaHHYI0 Ha KapTMpPOBaHWUN KOPOTKMX NpouteHnit RNA-seq Ha nocnefoBaTtesibHOCTb pedepeHCHOro reHoma opra-
Hy3Ma. BonblurHCTBO de novo cbopLymKoB, paboTaowmx ¢ AaHHbIMU RNA-seq, MPUMEHSIOT TEXHOJOTMIO PEKOHCTPYK-
uuu nocnefosatenbHoOCcTeln metoaoM rpacdos e bpéiHa. OgHako AeTanu nx paboTbl MOTYT CYLLECTBEHHO Pa3nnyaTbes,
NO3TOMY Pas3nNyYmnA MOTyT BCTPeYaTbCA U B pe3ynbTaTax. HekoTopble aBTOpbI peKoMeHAYI0T Af1A nonyyeHus 6onee non-
HOW 1 KayeCcTBEHHOW COOPKM MCNONb30BaTb rMOPUAHYI0 COOPKY TPAHCKPUMNTOMA — NMOAXOA, OCHOBAHHbIN Ha KOM6U-
Haummn pe3ynbTaToB paboTbl HECKONbKMX cOOpLIMKOB. [penmyLLecTBoO Takoro nogxoga 6u110 NpoAeMOHCTPMPOBaHO
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yJ'Iy‘—ILIJeHI/Ie KayecTBa C60pKI/I de novo
TPAHCKPMNTOMOB AYMEHA Ha OCHOBe I'VI6pVI,EI,HOI'O nogxona

B pAAe UccnefoBaHMii MO aHanm3sy TpaHCKpunTomMoB Ha nnatdopme lllumina. Hamu npepgnoxeH rubpufHblin noaxon
no cosfaHuto cbopok TpaHCKpMnToMa AuMeHsa Hordeum vulgare n3oreHHoOM nHUKM Bowman v ABYX NOYTN N30TEHHbIX
NIMHWUIA, NONYYeHHbIX Ha OCHOBe Bowman 1 KOHTPaCTHbIX NO OKpacKe KoJsloca, NCNosb3yA AaHHble, MOJlyYeHHble npu
cekBeHupoBaHUM matpuyHon PHK Ha nnatdopme lonTorrent. B gaHHOM noaxofe NPUMEHAIOTCA HECKONbKO MHANBU-
AyanbHblx cooplymkoBs: Trans-ABYSS, rnaSPAdes 1 Trinity. Bbinn oueHeHbl HeKOTOpble NMoKasaTenu, XxapakTepusyioLmne
MOJIHOTY U TOYHOCTb COOPKM: AONA OOHAPYKEHHbIX B COOPKE U3BECTHBIX TPAHCKPUMTOB AUMEHS, [ONA 3afeCTBOBaH-
HbIX B cOOpKe npouteHuii n3 6nbnmotek RNA-seq, 3HaueHue Kputepua BUSCO. Mo coBOKYMHOCTY 3TWX NoKasaTtenemn
MeTacbopKM EMOHCTPUPYIOT Hosee BbICOKOE KayeCTBO MOTyYeHHOro TPAHCKPUMTOMA MO CPaBHEHWIO C UHANBUAYaSb-

HbIMU CcOopLYMKaMMU.

KnioueBble cnoBa: RNA-seq; TpaHCKPUNTOMIKA; de Novo peKoHCTPYKLMA TpaHCKpunToma; lonTorrent.

Introduction

Next generation massively parallel sequencing technology
applied to RNA (RNA-seq) is a method of choice in modern
transcriptomics researches. It involves several steps: extraction
of total mRNA of a biological sample, fragmentation of mRNA
and simultaneous sequencing a large number of obtained short
fragments (Engstrom et al., 2013; Hrdlickova et al., 2017).

De novo transcriptome assembly from sequenced frag-
ments is one of the most important stages of transcriptome
profiling experiment (Chang et al., 2014). It allows researcher
to obtain sequences of mRNA molecules from the studied
sample. Presently there are two main approaches to tran-
scriptome sequences reconstruction from short read libra-
ries — so-called OLC method (Overlap—Layout—Consensus)
and de Bruijn graph method (Li et al., 2012; Schliesky et
al., 2012). OLC method is based on pairwise alignment of
reads and construction of oriented graphs where each node
is one read. Overlaps between reads represent edges of the
graph. This method is more suitable for contig assembly from
a relatively smaller number of long reads with large overlap-
ping regions, and thus is more frequently used to assemble
sequences obtained with Saenger sequencing method or third
generation sequencing methods (Cui et al., 2020).

The other method is based on construction of de Bruijn
graph in which nodes are represented by k-mers — nucleotide
sequences of given length k. Next, all paths on the graph that
comprise sequences of short reads in RNA-seq libraries are
marked. Then, all paths on the graph that contain continuous
sequences of overlapping reads are marked. Thus, sequences
of contigs consisting of short reads from the libraries are
obtained. This method is implemented in several assemblers,
namely Trinity (Grabherr etal., 2013), Trans-ABySS (Robert-
sonetal.,2010), SOAPdenovo-Trans (Xie et al., 2014), Oases
(Schulz et al., 2012).

An important parameter for de Bruijn graphs-based assem-
blers is k—length of k&~-mers used in de Bruijn graph construc-
tion. k-mers are words located in the nodes of de Bruijn graph.
This parameter can be set by user prior to starting assembler
program. Increasing k results in higher precision of assembly,
but at the same time it makes it more computationally diffi-
cult (Fu et al., 2018). At larger £, the assembler might fail to
detect a limited intersection between the reads, if its size is
smaller than k. Often the following strategy is used: several
preliminary assemblies are conducted at different values of £,
then assemblies are combined, and redundancy reduction is
performed, which results in a final de novo transcriptome as-
sembly (Wang, Gribskov, 2017).

Since a large number of transcriptome de novo assemblers
have been developed to date, researches were dedicated to
answering the question of performance and precision of
these programs. Reviews comparing different transcriptome
assemblers usually mention Trinity, SOAPdenovo-Trans,
Velvet-Oases among the best and most popular tools (Jain et
al.,2013; Honaas et al., 2016; Wang, Gribskov, 2017). Trinity
distributive, aside from the assembler itself, includes a large
number of utilities for assembly quality assessment, removal
of poorly represented contigs and other manipulations with
the de novo assembly. SOAPdenovo-Trans is mentioned as
the program fitting for large plant transcriptomes de novo as-
sembly (Paya-Milans et al., 2018).

Given the diversity of modern assemblers, none of them are
perfect and capable to satisfy all the requirements for com-
pleteness and quality of the assembly. Thus, it was proposed
that implementing several de novo assemblers followed by
creating of a single ‘meta-assembly’ may further increase
sensitivity and precision of transcriptome sequences recon-
struction (Cerveau, Jackson, 2016). Meta-assembly is then
defined as a junction of all the de novo assemblies obtained
with different tools after redundancy reduction. Redundancy
reduction is a procedure of removal every contig that is a sub-
string of at least one other contig in a given set. This approach
was earlier tested for transcriptome assembly of non-model
species using three assemblers — Trinity, Trans-ABySS and
rnaSPAdes (Evangelistella et al., 2017). Furthermore, attempts
were undertaken to obtain meta-assembly of transcriptome
based on genome-guided assemblies (Venturini et al., 2018).

However, to the best of our knowledge, no attempts were
made to evaluate performance of this approach on data ob-
tained with lonTorrent sequencing platform. Meanwhile, lon-
Torrent platform, although being less popular than Illumina,
is still in demand in biological researches, including studies
of microbial metagenomes (Lee et al., 2019), interspecific
diversity of earthworms (Shekhovtsov et al., 2019), transgenic
rat lines (Biirckert et al., 2017), sequencing plant genomes
(Salina et al., 2018). Furthermore, studies on comparison of
[llumina and IonTorrent platforms have been performed that
show IonTorrent reads having somewhat lower quality and
precision that Illumina reads, and have greater discrepancy
of read lengths (Lahens et al., 2017).

This research aims to create a computational pipeline based
on transcriptome meta-assembly creation using de novo as-
semblers Trinity, Trans-ABySS and rnaSPAdes, as well as ge-
nome-guided version of Trinity based on reference genome.
Computational pipeline was tested on transcriptome assembly
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of Hordeum vulgare L. barley isogenic line Bowman and
nearly-isogenic lines iBwA/m with partial albinism of the spike
and BLP with partial melanism of the spike. It was observed
that quality of the transcriptome assemblies performed with
different tools vary; however, in general they complement each
other. Highest quality is observed for the transcriptome meta-
assembly, which outstrips individual assemblies based on a
number of metrics that characterize overall assembly quality.

Materials and methods

Short read libraries. Libraries of H. vulgare isogenic line
Bowman and two nearly isogenic lines: iBwAlm (characte-
rized by spike partial albinism) and BLP (characterized by
partial melanism of the spike) transcriptome were used. The
data was obtained from NCBI SRA database BioProjects
PRINA342150 (libraries of NIL i:BwA/m and isogenic line
Bowman) and PRINA399215 (libraries of NIL BLP and
isogenic line Bowman).

In PRINA342150 experiment, transcriptomes of NIL
i:BwAlm, based on isogenic line Bowman, plants lemma and
line Bowman, taken as a control, plants lemma were compared
(Shmakov et al., 2016). For each of the lines three biological
replicates were taken. Thus, in this experiment six short read
libraries were sequenced. We will refer to this experiment as
‘alm experiment’ in further text.

In PRINA399215, transcriptomes of NIL BLP, based on
Bowman isogenic line, plants lemma and isogenic line Bow-
man, taken as a control group, plants lemma were compared
(Glagoleva et al., 2017). We will refer to this experiment as
‘blp experiment’ in further text.

All libraries were obtained by sequencing using IonTorrent
platform. The libraries then underwent filtration procedure,
during which adapter sequences were removed using Cut-
Adapt software version 1.9.1 (Martin, 2011), reads with mean
quality score below 20 and lengths below 50 or above 270 were
removed using Prinseq-lite software version 0.20.4 (Schmie-
der, Edwards, 2011). Table 1 lists metrics of the libraries used
in this research.

Table 1. Metrics of the libraries implemented in the work

Improving the quality of barley transcriptome
de novo assembling by using a hybrid approach

Transcriptome reconstruction. In this work, three tran-
scriptome assemblers were used: Trinity (Grabherr et al.,
2013) version 2.2.0, Trans-ABySS (Robertson et al., 2010)
version 2.0.1 and rnaSPAdes (Bushmanova et al., 2018)
version 3.12.0. All three tools were listed among the best in
performance and quality in a number of researches dedicated
to comparison of transcriptome de novo assemblers (Honaas
et al., 2016; Lafond-Lapalme et al., 2017; Fu et al., 2018;
Holzer, Marz, 2019).

Libraries from the two experiments were processed in-
dependently. Individual transcriptome assemblies obtained
with each of the software tools were reconstructed as follows.

Trinity assembler was run with default parameters; all six
libraries belonging to the respective experiment were given as
input files. While running SPAdes assembler, likewise, all six
libraries belonging to the respective experiment were given as
input files. When launching SPAdes assembler, options ‘—ion-
torrent’ and ‘—only-assembler’” were specified.

Trans-ABySS assembly was conducted for each of the lib-
raries separately, with resulting assemblies combined using
transabyss-merge tool from Trans-ABySS software package.
This assembly was performed with default parameters, with
k-mer size equal to 32. In the same way, assemblies were
conducted with k-mer sizes of 48 and 64. Thus, three de novo
assemblies were obtained with Trans-ABySS, differing by
k-mer lengths. Next, the three assemblies were combined with
transabyss-merge. Resulting assembly was further used as
an individual de novo transcriptome assembly obtained with
Trans-ABySS software.

Additionally, genome-guided transcriptome assembly was
performed using Trinity software. First, short read libraries
were mapped to barley genome. Mapping files in the SAM
(sequence alignment/mapping) format were then concatenated
using merge tool from samtools software package version 1.6
into a single alignment file combining mapping of all six lib-
raries belonging to respective experiment. This file, together
with the six libraries from the respective experiment, were
processed with Trinity tool in genome-guided transcriptome

Experiment Line Library Raw size Clean size Read mean length

PRJNA342150 ........... | BWA/mA|m_‘|459639538749'|2 .......................... 16694 ......................................
A|m_230564132372255 .......................... 19952 ......................................
A|m7357946445332600 .......................... 18147 ......................................
BowmanAbOW]41225992450068 .......................... ]7549 ......................................
AbOW240235012356572 .......................... 12656 ......................................
Abow36887599652326620158 ......................................

PRJNA399215 ........... B |_p .......................... B |p_13533143 .......................... 13”442 .......................... 18539 ......................................
B|p_24710362 .......................... 1687289 .......................... 15696 ......................................

B|p_34070591 ........................... 1864073 .......................... 14602 ......................................

Bowman ................. B bow1 .......................... 1769 261 ............................. 438702 .......................... 16466 ......................................
BbOW23740926 .......................... 1092191 ........................... 19948 ......................................
Bbow35253524236403420900 ......................................
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assembly mode, with a specified parameter of maximal intron
length of 500 000 nucleotides.

In order to remove redundancy of assemblies, tr2aacds.pl
tool from software package Evidential Gene (Gilbert, 2019)
version 20.05.2020 was implemented. Each of the individual
assemblies was processed with this software. Thus, three
non-redundant transcriptome de novo assemblies and one
non-redundant genome-guided transcriptome assembly were
obtained. We will further refer to the de novo assemblies as
short versions of respective software names: abyss, spades
and trinity assemblies constructed using Trans-ABySS,
rnaSPAdes and Trinity, respectively. We will further refer
to genome-guided transcriptome assembly as GG (short of
genome-guided).

In order to create an optimal meta-assembly of the transcrip-
tome, individual assemblies were concatenated into one file,
which was then processed with tr2aacds.pl tool for redundancy
removal. It should be noted that only contigs containing open
reading frames are considered, as tr2aacds.pl only uses contigs
with predicted open reading frames with length above thres-
hold value for further analysis. Figure 1 illustrates main stages
of non-redundant meta-assembly construction.

Thus, for each of the two experiments, four individual as-
semblies were created: spades and trinity assemblies, con-
sisting of six short libraries belonging to the respective ex-
periment; abyss assembly performed for each of the libraries
separately with three different k-mer length values, which
were later combined into a single abyss transcriptome as-
sembly using transabyss-merge script; genome-guided GG
transcriptome assembly performed on six libraries belonging
to the respective experiment and alignment file combined
from six libraries alignments to the barley genome. Finally,
four individual assemblies for each of the experiments were
combined into the barley transcriptome meta-assembly.

Transcriptome assemblies quality assessment. In order
to analyze qualities of assemblies, each one was processed
with the following tools: BUSCO (Simado et al., 2015) ver-
sion 3.0.2 for completeness assessment based on presence of
characteristic sequences for plants; TransRate (Smith-Unna
et al., 2016) version 1.0.3 for contigs annotation and com-
pleteness of known barley genes presence in the assembly.
Then, comparison of CDS lists detected by TransRate in each
individual assembly was performed. Based on overlapping of
the lists of CDS detected in each assembly, Venn diagrams il-
lustrating the part of each individual assembly in the structure
of meta-assembly were drawn.

Next, contigs of two meta-assemblies of barley transcrip-
tome belonging to two experiments were aligned to the H. vul-
gare genome using naQUAST software (Bushmanova et al.,
2016). rnaQUAST counts several characteristics of assembly
mapping to genome, and allows the user to evaluate the as-
sembly’s quality based on these characteristics. Specifically,
this tool divides the contigs into three groups: contigs mapped
to the reference and interlocking with known annotated genes;
contigs mapped to the genome but lacking significant overlaps
with the known annotated genes; and contigs with no homo-
logy to the known genome. We will further refer to this last
group of contigs as ‘new contigs’.

Transcriptome assemblies’ quality comparison. In order
to compare the assemblies’ quality numerically, an approach
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|Clean short read libraries |—>| Mapping |
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Evidential gene
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Evidential gene
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Fig. 1. Pipeline of individual de novo barley transcriptome assemblies and
barley transcriptome meta-assembly acquisition.

suggested in the Holzner and Marz publication (Hdlzner,
Marz, 2019) was implemented. This method is to normalize a
selected number of parameters that reflect de novo transcrip-
tome assembly quality using the following formula:
; R} —min(}7)
7~ max(V?) — min(V7) >

where R J’ is a value of parameter / for the transcriptome assem-
bly j before normalization, N; is this parameter’s value after
normalization, V7 is a vector of all values of the parameter
for all k de novo transcriptome assemblies before normaliza-
tion: V7 = (V},...,V}). Thus, after normalization each of the
parameters takes a value from 0 to 1 for each of the de novo
assemblies. Next, for each of the assemblies all the normalized
parameters are summed, and assemblies are sorted based on
the summed values of normalized parameters. The assembly
with the highest value of summed normalized parameters is
considered to have the highest quality.

To compare individual assemblies and meta-assemblies of
barley transcriptome obtained while working with the short
read libraries belonging to two experiments, seven parameters
characterizing different aspects of transcriptome assemblies
were used: (1) N50; (2) median of contig lengths distribu-
tion; (3) number of BUSCO genes detected in the assembly
(both complete and fragmentary genes); (4) percentage of
contigs with homology to known barley CDS detected us-
ing TransRate; (5) number of barley CDS that contigs from
de novo assembly are homologous with; (6) amount of barley
CDS with at least 95 % of the lengths covered with aligned
contigs; (7) percentage of short reads from the library that
was used in construction of the de novo assembly that were
mapped back to the assembly using kallisto software.

Parameters 1 and 2 reflect distribution of contig lengths.
Parameters 3, 4, 5 and 6 show completeness of the tran-
scriptome assembly. Parameter 7 shows completeness of the
transcriptome assembly and how fully were the libraries used
in the process of assembly construction.
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Results

alm experiment

For barley line i:BwA/m and control isogenic line Bowman
four de novo assemblies of lemma transcriptome, and one
meta-assembly consisting of the four individual assemblies
were obtained. Table 2 lists results of de novo transcriptome
assembly of barley lines i:BwA/m and Bowman, including
common for the two lines meta-assembly.

Transcriptome meta-assembly of lines i:BwA4/m and Bow-
man obtained from de novo assemblies created with rnaSPAdes,
Trans-ABySS and Trinity and genome-guided Trinity assem-
blies, consists of 169232 contigs before redundancy removal.
Non-redundant meta-assembly consists of 68414 contigs with
total length of 46440750 bases. Longest contig consists of
9920 nucleotides, mean contig length is 678.8 nucleotides,
N50 is 936 nucleotides. Redundancy removal reduced meta-
assembly size to 40.4 % of initial.

Coverage of contigs with short reads from the libraries
was estimated for individual assemblies and meta-assembly
of transcriptome using pseudo-alignment technique. It was
observed that the highest percentage of reads was mapped to
the abyss transcriptome assembly, while the lowest — to the
spades assembly. 61.47 % of all the short reads were mapped
to the meta-assembly of the transcriptome (see Table 2).

Search of known annotated barley CDS in transcriptome
assemblies was carried out using TransRate software tool.
Results of CDS identification for the assemblies are listed in
the Table 3.

The highest amount of known CDS (29790) was detected
in meta-assembly of transcriptome. Moreover, the highest
amount of CDS with coverage no less than 95 % was detected
in meta-assembly. However, the highest percentage of contigs
that show homology to known barley CDS was detected for the

Improving the quality of barley transcriptome
de novo assembling by using a hybrid approach

spades assembly —90.3 %. In meta-assembly this metric is only
62.7 %, which is lower than in any of individual assemblies.

Furthermore, in order to estimate contribution of each of
the assemblers into the transcriptome meta-assembly structure,
overlapping of CDS lists detected in individual assemblies
was counted. Resulting overlaps are illustrated in Figure 2.
As seen from Figure 2, 7191 barley CDS were detected in
all four individual assemblies; 9305 CDS were detected in
three out of four assemblies. 14615 CDS were detected in
only single individual assembly, out of which the largest
amount (5173) were detected only in trinity assembly, the
lowest amount (2086) — only in spades assembly. The big-
gest intersection of CDS lists were observed between trinity
assembly and GG assembly — 18258 CDS.

In contigs of each of the assemblies open reading frames
(ORF) were predicted. ORF detected in the contigs of meta-
assembly encode 58636 protein products with lengths equal to
or greater than 30 amino acid residues. These protein products
were used then to evaluate integrity of the assemblies using
BUSCO software, which is shown in Figure 3. Transcriptome
meta-assembly contains more complete BUSCO sequences
than any individual transcriptome assembly, and less frag-
mented and absent BUSCO sequences. This suggests that
meta-assembly has higher quality and integrity.

blp experiment
For RNA-seq libraries from blp experiment, individual tran-
scriptome assemblies and transcriptome meta-assembly were
obtained, and quality comparison of the assemblies was per-
formed. Table 4 lists main parameters of the assemblies.
Resulting transcriptome meta-assembly of barley lines
Bowman and BLP consists of 133070 contigs. After redun-
dancy removal meta-assembly contains 32466 contigs with
total length of 25184753 nucleotides. Thus, redundancy re-

Table 2. Characteristics of barley de novo transcriptome assemblies in alm experiment

Assembly Assembly size, contigs
‘Redundant | Non-redundant
abyss .................................. 7 0501540806 ..........................
Spades ................................. 22649 ............................ 19181 ..........................
mm ty ................................. 2 67 2 01 ............................ 5 2 oo 5 ..........................
GG451309 ........................... 5 7240 ..........................
Metaassemmy .................. 16923263414 .........................

Table 3. Numbers of barley CDS detected in de novo transcriptome assemblies in alm experiment

Assembly Contigs
dEtectEd% ...................
ab y 55 ........................................ 3 0 5 30 ...................................... 0 748 .............
Spade 5 ..................................... 17 3 23 ....................................... 0 903 .............
mmty ....................................... 3 5 5 47 ...................................... 0 584 .............
GG ............................................ 3 3 6 3 5 ...................................... 0 576 .............
Metaasse mb|y ....................... 4 28 3 7 ...................................... 0 527 .............

N50 Mean length Reads mapped, %
1076 723.6 67.08
1130 1072.65 39.13
976 741.19 64.97
766 594.82 61.37
936 678.82 61.47
CDS detected p_95
22420 2542
14989 644
27173 1779
26978 2240
29790 3073
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GG

trinity

Fig. 2. Venn diagram illustrating overlaps of CDS lists detected in indi-
vidual transcriptome assemblies in alm experiment.

moval reduced assembly size to 24.4 % of initial size. Also,
it is worth noting that meta-assembly in blp experiment has
a higher N50 value than any of the individual assemblies it
consists of. 72.1 % of short reads from blp experiment libraries
were mapped back to the transcriptome meta-assembly. For
this indicator, meta-assembly is behind GG assembly (77.6 %),
but ahead of three other individual assemblies.

Search of known barley CDS was carried out in transcrip-
tome de novo assemblies of barley lines under investigation
using TransRate software. Results of the search are shown
in Table 5. As can be seen from Table 5, from as low as
19848 contigs in spades assembly to as much as 29412 con-
tigs in GG assembly show homology to known barley CDS.
Meanwhile, the highest amount of barley CDS were detected

YnyulieHune Kauecta cbopkm de novo 2021
TPaHCKPVNTOMOB AYMEHA Ha OCHOBE r’MOPUAHOro Noaxoaa 25.1
1.00
Type
[ fragm
0.75 = full

. missing

0.25

GG Total

abyss

spades trinity

Fig. 3. BUSCO criterion of completeness of transcriptome assembly in
alm experiment.

in trinity assembly, however, the highest amount of bar-
ley CDS with no less than 95 % length covered with contigs
is detected in transcriptome meta-assembly — 1825 CDS.
Percentage of contigs from the assembly for which homolo-
gy to known CDS was detected is 74.5 % in meta-assembly
which is lower that in any individual assembly except for
trinity assembly.

Search of overlaps between lists of CDS detected in indi-
vidual assemblies was performed, and contribution of indi-
vidual assemblies into meta-assembly structure was evalu-
ated (Fig. 4). 9742 CDS were detected in all four individual
transcriptome de novo assemblies. 8656 CDS were detected
in only one of individual assemblies, of which the largest
amount — 3554 were unique for abyss assembly, lowest

Table 4. Characteristics of barley de novo transcriptome assemblies in blp experiment

Assembly Assembly size, contigs N50 Mean length Reads mapped, %

‘Redundant | Non-redundant
Gabyss 214465 34087 606 49032 6875
‘spades 31453 a0 1046 8246 825
ity 116897 3433 g1  e615 6655
. 122304 39319 o76 70783 7755
Metwassemoly 133070 3dse 106 7T PO
Table 5. Numbers of barley CDS detected in de novo transcriptome assemblies in blp experiment
Assembly Contigs CDS detected p_95

‘detected %

Gabyss 25804 o7 18981 124
‘spades 19848 o813 16818 w07
Cwnity 2793 0663 21885 1478
. 29412 o748 19047 1597
Meta-assembly 24194 o74s 19665 185
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GG trinity

Fig. 4. Overlaps between CDS lists detected in individual transcriptome
assemblies in blp experiment.

amount — 1289 were unique for GG assembly. The highest
amount of common CDS is between GG and trinity as-
semblies — 17281 CDS were detected in both of these as-
semblies.

Transcriptome assemblies’ integrity estimation were carried
out using BUSCO tool (Fig. 5). Meta-assembly was shown
to have higher completeness than any of the individual as-
semblies, as it has the highest amount of complete BUSCO
sequences detected and lowest amount of BUSCO sequences
non-detected. In total 57.6 % of all BUSCO sequences from
embryophyte set were detected in non-redundant meta-
assembly as completely or partially.

Comparison of de novo assemblies’ quality

Seven metrics of individual de novo assemblies and meta-
assembly were evaluated in order to assess quality of the as-
semblies. These metrics indicate lengths of contigs in de novo
assemblies (N50 and median of lengths distribution), presence
of known barley CDS in the de novo assembly (percentage
of contigs with homology to known barley CDS, amount
of detected CDS and amount of CDS with at least 95 % of
length covered) and genes characteristic to vascular plants
(BUSCO completeness criterion), and fullness of libraries
short reads implementation in the assembly creation (per-
centage of pseudo-aligned reads). Values of these metrics
were normalized and brought into the range of values from 0
to 1 (Holzner, Marz, 2019), then sums of normalized metrics
were taken for each of the individual assemblies and for the
meta-assembly. The largest values of the sums show the most
optimal transcriptome assembly (Table 6).

As can be seen from the Table 6, highest values of nor-
malized metrics are attributed to the transcriptome meta-
assemblies in both experiments. This, together with highest
amount of detected genes characteristic to vascular plants
detected with BUSCO software, and highest amounts of fully
reconstructed barley CDS indicates that meta-assemblies
created by combining of individual de novo transcriptome
assemblies and redundancy removal outstrip individual as-
semblies by quality.

Improving the quality of barley transcriptome
de novo assembling by using a hybrid approach

1.00 Type

0 fragm
M full

0.75 B missing

0.25

abyss GG spades Total trinity

Fig. 5. BUSCO criterion of transcriptome assembly completeness in
blp experiment.

Table 6. Summarized values of normalized quality metrics
for de novo transcriptome assemblies
in experiments alm and blp

Assembly

alm experiment
(lines i:-BWAIm and Bowman)

blp experiment
(lines BLP and Bowman)

Discussion

In this work, an approach to de novo transcriptome recon-
struction based on creation of meta-assembly from several
individual assemblies was tested. It was observed that tran-
scriptome meta-assemblies have higher integrity judging
by a number of criteria such as amount of detected BUSCO
fragments, amount of barley CDS to which contigs in tran-
scriptome assembly show homology, and percentage of
pseudo-aligned to the assembly reads from RNA-seq libraries.
Thus, it could be concluded that aforementioned approach to
transcriptome de novo reconstruction based on creation of
several individual assemblies followed by their combining
into meta-assembly increases quality of de novo reconstructed
transcriptome.

Comparison of several aligners showed that rnaSPAdes tool
reconstructs fewer contigs, while Trans-ABySS reconstructs
the highest amount of contigs. Trinity assembler reconstructs
comparable quantities of contigs when run in two modes —
de novo and genome-guided. At the same time, redundancy
removal reduces sizes of Trans-ABySS assemblies most se-
verely — in alm experiment 94.3 % of all contigs reconstructed
by Trans-ABySS were removed, in blp experiment — 83.7 %.
In the case of spades assembly, 15.3 and 22.4 % of all the
contigs were removed, respectively. In trinity assemblies
on average 80.5 and 70.6 % of contigs were removed, in
genome-guided assemblies — 87.3 and 67.8 % of contigs,
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respectively. Genome-guided assemblies have the highest
sizes after redundancy removal in both experiments, spades
assemblies — the lowest.

Spades reconstructs the largest contigs of all individual
assemblers, which is indicated by highest N50 values and
medians of contig lengths distribution. Lowest N50 value in
alm experiment was observed in GG assembly, in blp experi-
ment — in abyss assembly.

The highest completeness of all individual assemblies
according to BUSCO criterion in alm experiment is attri-
buted to trinity assembly. In blp experiment it is attributed to
GG assembly. The lowest completeness according to BUSCO
criterion is attributed to spades assembly in alm experiment
and abyss assembly in blp experiment.

Conclusion

To conclude, in the two experiments difference in performance
of the de novo transcriptome assemblers is observed, despite
IonTorrent short read libraries being used in both experiments,
and reconstructed transcriptome belonging to the same orga-
nism — H. vulgare barley. This suggests that implemented as-
semblers are sensitive to the input data, and their performance
can vary depending on the data used.

However, on both accounts transcriptome meta-assemblies
created from combined individual assemblies have higher
quality than all individual assemblies, which indicates the
effectiveness of the approach to de novo transcriptome recon-
struction as building of meta-assemblies combining results of
several individual de novo transcriptome assemblers.
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The auxin signaling pathway to its PIN transporters:
insights based on a meta-analysis of auxin-induced transcriptomes
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Abstract. Active polar transport of the plant hormone auxin carried out by its PIN transporters is a key link in the for-
mation and maintenance of auxin distribution, which, in turn, determines plant morphogenesis. The plasticity of auxin
distribution is largely realized through the molecular genetic regulation of the expression of its transporters belonging
to the PIN-FORMED (PIN) protein family. Regulation of auxin-response genes occurs through the ARF-Aux/IAA signaling
pathway. However, it is not known which ARF-Aux/IAA proteins are involved in the regulation of PIN gene expression
by auxin. In Arabidopsis thaliana, the PIN, ARF, and Aux/IAA families contain a larger number of members; their vari-
ous combinations are possible in realization of the signaling pathway, and this is a challenge for understanding the
mechanisms of this process. The use of high-throughput sequencing data on auxin-induced transcriptomes makes it
possible to identify candidate genes involved in the regulation of PIN expression. To address this problem, we created
an approach for the meta-analysis of auxin-induced transcriptomes, which helped us select genes that change their ex-
pression during the auxin response together with PINT, PIN3, PIN4 and PIN7. Possible regulators of ARF-Aux/IAA signal-
ing pathway for each of the PINs under study were identified, and so were the aspects of their regulatory circuits both
common for groups of PIN genes and specific for each PIN gene. Reconstruction of gene networks and their analysis
predicted possible interactions between genes and served as an additional confirmation of the pathways obtained in
the meta-analysis. The approach developed can be used in the search for gene expression regulators in other genome-
wide data.

Key words: Arabidopsis thaliana; auxin; PIN-FORMED; auxin-response genes; meta-analysis; gene network.
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[IoMCK YYaCTHMKOB CUTHAJIBHOTO YT ayVKCUHA
K ero TpaHcrnoprepam PIN Ha ocHOBe MeTaaHain3a
TPAaHCKPUIITOMOB, MHAYIIVIPOBAHHBIX aYKCMTHOM
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1 DepepanbHblii NCCNEROBATENbCKUI LEeHTP UHCTUTYT ymutonornm n reHetrkn Cbrpckoro otaeneHns POCCMInCKol akafeMmnm Hayk,
HoBocnbupck, Poccus
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AHHOTaLUA. AKTVBHbIA MONAPHbLIA TPAHCMOPT FOPMOHa PacTEHWUIA ayKCMHA, OCYLLeCTBAEMbI ero TpaHcnopTepa-
MU, — KJtoyeBoe 3BeHO B GOPMMPOBaHMMN U NOAAEPKAHNN pacpefenieHna ayKCrHa, KOTOpoe, B CBOIO oyepefb, onpe-
fenaet mopdoreHes pacteHua. [NacTMYHOCTb pacrnpefeneHns aykcuHa B OONbLUOW CTemneHW peanusyeTcsa yepes
MONEKYNAPHO-TeHETUYECKYIO Perynaumio UM sKcnpeccun TpaHcnopTepos cemenctea PIN-FORMED (PIN) 6enkos. Pe-
rynAaumna aykCMHOM 3KCMPeccum YyBCTBUTESIbHbIX K HeMy reHoB npoucxoauT Yepe3 ARF-Aux/IAA-3aBUCUMbIA CUTHaNb-
HbI NyTb. OfHaKo Heu3BecTHO, Kakne ARF-Aux/IAA 6enku yuacTBytoT B perynaumm ayKCMHOM sKkcnpeccun reHos PIN.
Y Arabidopsis thaliana cemeiicta 6enkoB PIN, ARF 1 Aux/IAA MHOrOUMCIEHHbI, BO3MOXHbI Pa3finyHble KOMOMHaLMK
npeacTaBuUTENen STUX CEMENCTB B peann3auny CUrHanbHOro NyTu, YTo CO34aeT CIOKHOCTb 1A NOHUMAHMWA MeXaHn3-
MOB 3TOro npouecca. /icnonb3oBaHmne AaHHbIX BbICOKOMPOU3BOANTENBHOIO CEKBEHUPOBAHMWA TPAHCKPUMNTOMOB, UH-
AyumpoBaHHbIx aykcmHom (RNA-Seq), aenaeT BO3MOXHbIM O6Hapy»KeHVe reHoB-KaHAMAATOB, yYacTBYOLMX B peryns-
umn skcnpeccum 6enkos PIN. Mbl pa3paboTtanu anroputv MeTaaHanm3a ayKCUH-MHAYLMPOBAHHbIX TPAHCKPYNTOMOB,
C MOMOLLbI0 KOTOPOro 0TOOPany reHbl, U3MeHALLME CBOK SKCMPECCHIO B OTBETE Ha ayKCUH BMmecTe ¢ PINT, PIN3, PIN4,
PIN7, n npefckasany Bo3amoxHble perynatopbl ARF-Aux/IAA cirHanbHoOro nyTu Ans Kaxgoro v3 anddepeHumanbHo
akenpeccupytowmxca PIN. TpyMeHAs cpaBHUTENbHBIN aHanm3, Mbl onpeaenunu obwme 1 crneumdmnyHble acnekTbl B
perynaTopHbIX KOHTYpax, nccnegyembix PIN. PEKOHCTPYKLMA FreHHbIX CeTel 1 X OLeHKa NoKasann BO3MOXHble B3au-
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Meta-analysis of transcriptomes to reveal the participants
of the auxin signaling pathway to its PIN transporters

MOAENCTBMA MeXy reHaMU U NMOCYXXWN AOTMONHUTENbHBIM NOATBEPXKAEHNEM GOMbLUMHCTBA CUFHAJbHBIX NMyTeid, No-
NyYeHHbIX B MeTaaHanm3e. C MOMOLLbIO KOMMJIEKCHOTO NOAXOAA Mbl MPeAcKasany, YTo perynauma aykCMHOM SKcnpec-
cum PIN nponcxoput yepes Heckosibko ARF-Aux/IAA perynaTopHbIX KOHTYPOB, ONOCpefoBaHHbIX KOMOUHaumen ARF4,
ARF10 v 1AA4, 1AA12,1AA17,IAA18 n IAA32. YacTb 13 HUX ABNAIOTCA crneynduyHbiMmU Npu GopMUPOBAHNN ayKCMHOBOMO
OTBeTa C yuacTmem otgenbHbix 6enkoB PIN, Toraa Kak gpyrvie — o6wmmm gna Heckonbkux 6enkos PIN. Pa3paboTaHHbIi
anropuTM MeTaaHanm3a MoOXHO MPUMEHATb /1A peLeHnA APYTnX 3a4a4 NoVCKa PerynaTopoB SKCNPEeCCUn reHoB C Npu-

Brie4yeHnemM NONTHOreHOMHDbIX faHHbIX.

KntoueBble cnoBa: Arabidopsis thaliana; aykcuH; PIN-FORMED; ayKcuH-perynupyemble reHbl; MeTaaHann3 nosHoreHoM-

HbIX AaHHbIX; reHHble CETU.

Introduction
The key role of auxin in regulation of plant growth and deve-
lopment is a well known fact (Mroue et al., 2018). A significant
part of auxin is synthesized in the shoot apical meristems and
then transferred to the root, providing there the development
of lateral and adventitious roots, as well as the maintenance of
the stem cell niche in the root apical meristem. At the cellular
level, auxin role in physiological process is carried out by its
concentration-dependent effect on cell division and elonga-
tion rate (Campanoni, Nick, 2005). Therefore, the formation
and maintenance of auxin concentration gradients plays a
vital role in morphogenesis. For example, in experiments on
root decapitation, it was shown that auxin distribution with a
concentration maximum located at a certain distance from the
new root tip can be formed again in a few hours (Grieneisen
et al., 2007; Mironova et al., 2010). In this case, the regene-
ration of meristem and normal root functioning occurs only
after recovery of auxin distribution pattern (Xu et al., 2006).
The PIN-formed (PIN) family genes, which encode eight
transmembrane transporter proteins in Arabidopsis thaliana,
carry out auxin efflux from the cell (Weijers et al., 2001; Pe-
trasek, 2006). PIN1-4, PIN7 transporters are polar localized on
the cell plasma membrane, thereby the directed auxin flows are
formed in the tissue. For example, at the individual cells level
in A. thaliana root tip auxin fluxes forms hormone distribution
with maximum in quiescent center (QC), which maintains the
stem cell niche in the root (Feraru, Friml, 2008). In most cases,
the PIN function is fundamental in formation and maintenance
of auxin distribution. It was shown experimentally that there
is a complex network of auxin-dependent regulation for PIN
expression, which includes positive and negative feedbacks
(Gelder et al., 2001; Friml, 2004; Sauer et al., 2006; Vieten
et al., 2007). In the article of A. Vieten et al. (2005) it was
experimentally shown that treatment with exogenous auxin
leads to an increase in PINs transcription in the root, and the
optimal auxin concentration for maximum increase differs for
each of these genes. Later we showed that transcriptional and
posttranscriptional regulation of PINI expression by auxin
have distinctive features (Omelyanchuk et al., 2016). At the
transcriptional level, an increase in PIN/ expression occurs
in a wide range of exogenous auxin concentrations, while the
PIN1 protein level changes nonlinearly, increasing with rais-
ing from low auxin concentration to medium, and then further
increase in auxin concentration leads to PIN1 level decreasing.
The major mechanism of auxin-dependent genes regula-
tion occurs through the ARF-Aux/IAA signaling pathway
(Ulmasov et al., 1997). When auxin is absent, ARF tran-
scription factors are bound by Aux/IAA co-repressors. Upon

entering the cell, auxin interacts with TIR1 receptor, which
forms SCFTR! ubiquitin ligase complex together with other
proteins (Dharmasiri et al., 2005; Kepinski, Leyser, 2005).
Further, this complex binds to Aux/IAA proteins, regulating
their degradation in 26S proteasome (Calderon-Villalobos et
al., 2010; Hayashi, 2012). Thus, ARF transcription factors
activate or suppress transcription of auxin response genes.
In A. thaliana genome, 29 Aux/IAA and 23 ARF genes were
found; their expression in different cell types is various, creat-
ing sufficient molecular complexity to provide a variety of
auxin responses (Remington et al., 2004; Teale et al., 2006).
However, it is not known which ARF-Aux/IAA proteins are
involved in auxin regulation of PIN expression. It is only
known that ARF binding sites were found in promoters of all
PINs with bioinformatics methods (Habets, Offringa, 2014).

Reconstruction of the auxin signaling pathway to its PIN
transporters is challenging for direct solution by experimental
methods. Here, we carried out a meta-analysis of auxin-
induced transcriptomes in order to obtain a list of genes that
significantly change expression together with P/Ns in response
to auxin. A complex approach, including a comparative analy-
sis of these lists and gene networks reconstructed based on
those lists, predicted the participants in the ARF-Aux/IAA
signaling pathway involved in P/N expression regulation by
auxin. Thus, the common signaling pathways for PINI, PIN3,
PIN7 are mediated by combination of ARF4 with [4A412 and
IAAI1S8. At the same time, the specific auxin regulation for
individual PINs is probably carried out by other proteins of
ARF-Aux/IAA signaling pathway. For example, our results
showed that ARF'10 and IAA32 were present only in the list
of genes, which significantly change expression along with
PIN4. In addition, we noted the genes that are associated
with post-transcriptional regulation of PINs activity in the
candidate genes list.

Materials and methods

Information used in the meta-analysis. In this study, publicly
available data on A4. thaliana auxin-induced transcriptomes
(microarrays and RNA sequencing) were used. Most of the
data were previously presented in (Cherenkov et al., 2018).
The summary table of the data has been expanded by the in-
formation from (Omelyanchuk et al., 2017). As a result, we
took the results of 22 experiments for the meta-analysis. Genes
were considered differentially expressed (DEG) if the p-value
(according to Benjamini—Hochberg) was less than 0.05. The
sets of experiments (Supplementary 1)! for each PIN were al-

1 Supplementary materials 1-3 are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2021-25/appx1.pdf
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located according to the algorithm we developed (see section
“Results. Meta-analysis algorithm”). Work with the summary
table and lists of data was carried out using standard methods
of Excel (filters, conditional formatting).

Gene networks reconstruction. Based on lists of DEGs,
gene networks were reconstructed using the String resource
(https://string-db.org/) (Szklarczyk et al., 2019). String creates
gene networks using user-specified criteria, combining the
genes according to the following types of links: experimentally
determined (e.g. affinity chromatography), databases (an edge
retrieved from the data in databases), textmining (genes found
together in publications), co-expression (the same expression
patterns of mRNA), neighborhood (calculated based on the
proximity of the distance between genes in different genomes),
gene fusion (hybrid genes formed in the course of evolution
from previously independent genes as a result of chromosomal
rearrangements), co-occurrence (presence or absence of linked
proteins across species), protein homology. Each link has its
own score, calculated through the String algorithms.

Results

Meta-analysis algorithm

Stage 1: data collection. We form a summary table of all pub-
licly available microchip experiments and RNA sequencing
data on the topic of interest. In our case, this is information
about differentially expressed genes in response to auxin treat-
ment for A. thaliana. The collected data can be geterogenous,
for example, our meta-analysis contains data from 22 experi-
ments, containing two samples types (root, whole seedling),
three development stages (3-, 5—7-, 10—12 dag seedlings), five
time intervals of treatment (0.5—1 h, 2—4 h, 6-8 h, 12-24 h),
six types of auxin and its concentrations (0.1; 1; 5; 10 uM
IAA; 10 uM NAA; 10 uM IBA).

Stage 2: selection of the experiments appropriate to the
task. In the summary table obtained at Stage 1, we find the
experiments, in which there was a change in gene expression,
for which we are looking for regulators. In accordance with
our issue, it is known that A. thaliana has eight PIN trans-
porters. We found PINI (in five experiments), PIN3 (in eight
experiments), PIN4 (in one experiment) and PIN7 (in six
experiments) differentially expressed in these auxin-induced
public transcriptomes.

Stage 3: identification of genes that change their expression
under auxin influence along with PIN genes. Separately, for
each PIN we selected only those DEGs that changed exclu-
sively in experiments where this PIN changes expression,
and in other experiments DEG was absent. Thus, we identify
genes potentially involved in PIN regulation by auxin. There
also may be genes that are direct targets of auxin gradient
changes due to PIN proteins activity. For each studied PIN, a
table is formed that contains information about activation of
suppression of each DEG under auxin treatment. The DEG is
marked in the table only if it is differentially expressed along
with PIN in at least one experiment.

Stage 4: the formation of DEGs lists that significantly
change expression together with PIN. We used the binomial
distribution to determine the number of experiments, in which

2021
25.1

MeTaaHann3 TPaHCKPUNTOMOB AJ1A MOUCKa YYaCTHUKOB
CUrHaNbHOro NyTu aykcnHa K ero PIN TpaHcnopTepam

the gene is a DEG along with PIN, to consider this event
non-random (p > 95 %). For each gene list, the significance
threshold differs according to amount of experiments, in which
a certain PIN is differentially expressed (see Stage 2). In our
case, for PIN3 DEG is considered significant if its expression
changes occur in three or more experiments, for PIN/ and
PIN7 — in two or more experiments. Since P/N4 is differen-
tially expressed only in one experiment, the list of DEGs that
change expression along with PIN4 will not vary from Stage 3.

Stage 5: identification of common and specific gene groups.
Comparing DEG lists from previous stage with each other we
highlight genes found in several lists, i.e. common for P/Ns,
and also mark genes found only in one list, thereby identify-
ing genes that specifically change expression together with
a certain PIN.

Stage 6: gene networks reconstruction. Using prepared lists
of DEGs from Stage 4, we create gene networks for each PIN
and reconstruct interactions between all genes of each list. The
connectivity of this network reflects the gene set, for which
one of interaction types available in the String database has
been found (textminig, co-expression, co-occurrence, etc.).

Stage 7: analysis of gene networks composition. First of all,
we pay attention to genes for which links to the genes under
study are found in String, paying attention to the type of the
interaction. Then from the ontologies list we select biological
process that are related to the studied issue. In our study, we
chose the auxin-activated signaling pathway.

Using the meta-analysis algorithm described above, we
obtained several candidate genes, which regulate PIN expres-
sion with a high probability. Next, we describe the results
of the reconstruction of auxin signaling pathway to its PIN
transporters.

Meta-analysis of auxin-induced transcriptomes

Initially, the collected auxin-induced transcriptomes contained
more than 20 thousand DEGs that change expression in re-
sponse to auxin treatment. Among these DEGs, there were
four members of PIN family: PINI, PIN3, PIN4, PIN7. After
performing the meta-analysis algorithm described above, we
selected four lists of DEGs, jointly changing the expression
with PINI, PIN3, PIN4, PIN7, respectively (Supplemen-
tary 2). In total, expression of 531 genes significantly increased
and 236 genes decreased their expression jointly with PINs
(Fig. 1). Together with PINI, the expression of 378 genes
was significantly altered, of which 375 genes increased the
expression level in auxin response similar to PINI. For the
rest of PIN genes, the difference in number of suppressed and
activated potential regulators was not so great.

Then, we compared the lists with each other and determined
common DEGs for several PINs and specific DEGs to each
PIN gene. Twelve groups of genes were obtained: specific
auxin-activated genes and specific suppressed genes were
found for each PIN, as well as two groups of auxin-activated
genes common for (PINI, PIN3, PIN7) and (PINI, PIN7);
two groups of suppressed genes by auxin, common to (PIN3,
PIN7) and (PINI, PIN3). Activated and suppressed PIN4
potential regulators don’t overlap with those for other PINs.
Since among potential regulators of PIN activity there were
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Fig. 1. Twelve groups of genes identified in meta-analysis that signifi-
cantly change their expression together with PINT, PIN3, PIN4 and PIN7.

1 - auxin activated genes; 2 — auxin inhibited genes.

participants of auxin signaling pathway, we searched for them
in the lists (see Supplementary 2) and described to which DEG
groups they belong.

Prediction of auxin-dependent regulators

of PIN gene expression

Since the meta-analysis predicted auxin-dependent regulators
of PIN gene expression, we isolated genes for transcriptional
and post-transcriptional regulation in DEG lists. We searched
for possible transcriptional regulators only among ARF trans-
cription factors and IA A proteins. Possible post-transcriptional
regulators have been identified among members of known
protein families that affect the PIN protein localization on
cell membrane.

Possible regulators of PIN expression

at the transcriptional level

As a result of meta-analysis, we found that ARF'4 and I4A12,
14A18 are the common potential regulators for (PINI, PIN3,
PIN7). IAA4 has been identified as a specific regulator for
PINI, while ARF10 and IA432 presumably mediated auxin
response for PIN4. In addition, /4417 was found in a group
of genes that change their expression with PINI/ and PIN7.
Interestingly, we didn’t find transcription factors of Aux/IAA
family among specific regulators of PIN3 and PIN7, but we did

Meta-analysis of transcriptomes to reveal the participants
of the auxin signaling pathway to its PIN transporters

find regulators belonging to other transcription factors fami-
lies. Therefore, there are obvious differences in ARF-Aux/IAA
sets for studied PIN genes, which may also cause differences
in dose-dependent regulation of these transporters by auxin.

Possible regulators of PIN polar localization

According to the published data, PIN proteins circulate
between plasma membrane and cytoplasm in vesicles. This
process is regulated by BIG, GN, ARF1 proteins and AGC,
PID kinases families, and their functioning is controlled by
auxin (Dhonukshe, 2011). Moreover, the polar localization
of PIN proteins is also influenced by ABCB1, ABCB19 and
ROPGEF protein family (Pan et al., 2015). In the course of
data meta-analysis, among DEGs in response to auxin treat-
ment we found a downregulation of B/G4 and ROPGEF 11 in
gene lists that change expression jointly with PIN7 and PIN4,
respectively. An upregulation was noted for WAG2 (member
of AGC kinase family) in the group of genes that change their
expression along PINI and PIN7.

In addition, in our opinion, it is interesting that RGF6/GLV'1/
CLEL6 RNA of signal peptide was upregulated in response
to auxin in experiments where activity of PINI and PIN7 is
increased. Another peptide from RGF/GLV/CLEL family,
RGF8/GLV6/CLEL2, was increased in experiments where
only PIN7 changed expression.

Thus, the formation of auxin response for (PINI, PIN3,
PIN7) group is due to common signaling pathways mediated
by ARF4 and 14412, IAA18. Additionally, there are ARF-
Aux/IAA specific paths for PINI and PIN4. Also among the
known auxin-sensitive genes affecting PIN polar localization,
we found downregulation of BIG4 and ROPGEF 11, which
probably contributes to specific responses of PIN7 and PIN4,
respectively.

Reconstruction of gene networks

We used the lists of DEGs for each PIN and reconstructed
gene networks, which made it possible to evaluate described
DEG interaction and, most importantly, how all these DEGs
can affect PIN expression activity. As a result, we obtained
the connected networks, in which interactions with PIN genes
were found, only for PINI, PIN3 and PIN7. The meta-analysis,
from which gene lists for network reconstruction were made,
provides significance in itself, so we used a linkage threshold
of 0.4. Since we are interested in reconstruction of auxin sig-
naling pathway, we noted only this biological process in String.
Notably, most links are formed based on automatic analysis
of the articles texts. In the gene network reconstructed based
on DEGs that change expression along with PIN1, 12 genes
related to the activation of auxin signaling pathway were
found (Supplementary 3). At the same time, [AA12, [AA17
(AXR3), WAG2, AUX1 were directly associated with PIN1,
the other genes of auxin response were associated with PIN1
indirectly (Fig. 2). It can also be noted that AIL6/PLT3 and
AVP1, which are related to the auxin-regulated organ deve-
lopment in Arabidopsis, were directly associated with PIN1
(Krizek, 2011). These genes can be attributed to genes that
are direct targets of auxin gradient changes under PIN action.
Among these genes, the links between PIN1 and AIL6 and
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Fig. 2. A fragment of the gene network, containing genes associated
with PIN1T and genes related to the auxin signaling pathway.

Red circles denote genes traditionally related to the auxin signaling pathway.
Grey - genes identified in meta-analysis, for which direct or indirect links to
PIN1 were found in String. The color of the link reflects what kind of data String
used for the creation of interaction. Yellow links are based on textmining;
black — on co-expression data, blue — on protein homology, pink — on protein-
protein interactions.

WAG?2 were constructed based on co-expression data of RNA
sequencing experiments.

Reconstructed gene network for DEGs that alter expression
jointly with PIN3 contained eight genes traditionally related
to auxin signaling pathway (see Supplementary 3). Direct
interactions to PIN3 have been found for AUX1, TAA12
and SAURO. In the gene network for PIN7, fourteen genes
belonged to traditional auxin signaling pathway. At the same
time PIN7 directly interacts with IAA12, TAA17 (AXR3),
AUXI1, LPRI1 and WAG2 (see Supplementary 3). In addi-
tion, PIN7 had direct links with ABCG33, NFA6, PHOTI,
YUC2, YUCSH, related to other biological processes controlled
by auxin. Reconstruction of gene networks is an additional
verification of the fact that regulation of PIN expression by
auxin likely occurs with participation of IAA12 and IAA17.
It should be noted that the absence of direct connections with
PINs for the rest of predicted by meta-analysis ARF-Aux/IAA
regulators does not exclude them from the list of candidates
for experimental verification in the future.
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Discussion

Phytohormones are actively involved in the processes of plant
growth and morphogenesis. The action of auxin in these pro-
cesses is well studied and it is based on the changes in auxin
distribution in tissues (Mroue et al., 2018). Consequently,
auxin concentration is a limiting factor in determining cell
fate. Proteins-transporters of the PIN family play an important
role in the realization of the morphogenetic action of auxin,
since they create directed fluxes of this hormone in tissues and,
thus, mediate the formation of auxin concentration gradients
(Vanneste, Friml, 2009).

An important aspect in the process described above is
the presence of positive and negative feedback loops in the
mutual regulation of auxin efflux from the cell through PIN
functioning and the number of these transporters controlled
by auxin. The regulation of auxin-sensitive genes expres-
sion is mediated by two proteins families. The first family is
ARF transcription factors, which bind to AuxRe site in the
promoter of the auxin-sensitive gene and act as an activa-
tor or repressor of gene expression (Ulmasov et al., 1997).
In some sources, only ARF5-ARF8, ARF19 are supposed
to be activators of expression, but there is no experimental
confirmation of this (Guilfoyle, Hagen, 2007). The second is
the Aux/IAA corepressors, which in the absence of auxin are
associated with ARF.

Previously, it was reported, that PIN1—4, PIN7 expression
was downregulated in axr3/iaal7 and solitary-root-1(slr-1)/
iaal4 mutants (Vieten et al., 2005) and PIN1 expression is
regulated by ARFS transcription factor (Wenzel et al., 2007),
which interacts with IAA12 (Hamann, 2002). In the present
work, using computer methods of meta-analysis for genome-
wide data and gene networks reconstruction, we predicted the
details of the auxin signaling pathway to its PIN transporters.
The results indicate that there are common mechanisms for
PIN1, PIN3, PIN7 and PIN1, PIN7 transcription regulation by
auxin, as well as specific mechanisms for PIN expression regu-
lation by auxin. By the common mechanism for PIN1, PIN3,
PIN7, we predict the activation of their expression through
ARF4-1AA12, ARF4-1AA1S, and for PINI and PIN7 — ad-
ditionally through ARF4-IAA17. Specific mechanisms are
implemented via ARF4-IAA4 and ARF10-IAA32 for PINI
and PIN4, respectively. The interactions between these ARFs
and IAAs have been experimentally confirmed (Paponov et
al., 2008). Recently, it was shown that salinity downregulates
PIN expression and leads to stabilization of IAA17 (Liu et
al., 2015). Moreover, this type of stress causes a decrease in
the size of root apical meristem due to a decline in auxin ac-
cumulation, mediated by PIN1, PIN3, PIN7 downregulation.
In our data, in auxin-induced transcriptomes, an increase in the
expression of PINI and PIN7 is accompanied by an increase
in IAA17 expression.

For signal peptides of the RGF/GLV/CLEL family, it was
previously noted that during gravitropism they change the
auxin gradient in the hypocotyl and root (Whitford et al.,
2012). At the root, this is due to regulation of PIN2 protein
localization by peptides of this family. It was shown that
peptides GLV3 and, possibly, GLV6 and GLV9, are secreted
from the cortex and endodermis and pass into the outer layers
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to regulate PIN2 localization. The GLV1 peptide is not ex-
pressed in the root, but is present in the hypocotyl, where it also
changes the auxin gradient during gravitropism, both during
overexpression and loss of function upon mutation (Whitford
etal., 2012). According to our data, RGF/GLV/CLEL peptides
are involved in the signaling pathway that regulates PIN1 and
PIN7 protein localization, and possibly indirectly affect the
increase in the expression of these PIN genes. Overexpression
or treatment of GLV 1 leads to lengthening of the root and its
apical meristem due to the fact that the zone of cell division
in the root increases, i. e., cells later proceed to differentiation
(Fernandez et al., 2013). This transition is also associated
with a change in auxin distribution, which is formed by its
transporters.

Conclusion

Thus, created algorithm for the meta-analysis of genome-wide
data was applied to finding participants and reconstructing
the auxin signaling pathway to its transporters. We were able
to reveal that auxin controls PINI, PIN3, PIN7 expression
both through common regulators and specifically, while for
PIN4 only specific regulators have been identified. We found
published experimental data that partially support our assump-
tions. As a result of computer research, we have nominated
new candidates for experimental verification.
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Abstract. Phylostratigraphic analysis is an approach to the study of gene evolution that makes it possible to de-
termine the time of the origin of genes by analyzing their orthologous groups. The age of a gene belonging to an
orthologous group is defined as the age of the most recent ancestor of all species represented in that group. Such
an analysis can reveal important stages in the evolution of both the organism as a whole and groups of functionally
related genes, in particular gene networks. In addition to investigating the time of origin of a gene, the level of its
genetic variability and what type of selection the gene is subject to in relation to the most closely related organisms
is studied. Using the Orthoscape application, gene networks from the KEGG Pathway, Human Diseases database
describing various human diseases were analyzed. It was shown that the majority of genes described in gene net-
works are under stabilizing selection and a high reliable correlation was found between the time of gene origin and
the level of genetic variability: the younger the gene, the higher the level of its variability is. It was also shown that
among the gene networks analyzed, the highest proportion of evolutionarily young genes was found in the net-
works associated with diseases of the immune system (65 %), and the highest proportion of evolutionarily ancient
genes was found in the networks responsible for the formation of human dependence on substances that cause
addiction to chemical compounds (88 %); gene networks responsible for the development of infectious diseases
caused by parasites are significantly enriched for evolutionarily young genes, and gene networks responsible for
the development of specific types of cancer are significantly enriched for evolutionarily ancient genes.
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1 DepepanbHblii NCCNEROBATENbCKUI LEeHTP VHCTUTYT umtonoruv n reHetrkn Cbrpckoro otaeneHns POCCMInCKol akageMmnm Hayk,
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2 HoBocrbrpcKmii HaLoHanbHbI NCCefoBaTeNbCKUIA FOCYAAPCTBEHHbIN yHUBepcuTeT, HoBOCM6MpCK, Poccna
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AHHoTayua. Qunoctpaturpadryecknin aHanms — 3To NOAXOH K UCCNef0oBaHNIO SBONIOLUY FeHOB, NO3BOJAIOWMA
onpenennTb BpeMs BO3HVKHOBEHVA FeHOB 3a cYeT aHanun3a GuioreHeTnYeckrx AepeBbeB opraH1M3MoB, obnagato-
LMX OPTONIOMMUYHBIMU K UCCriefyeMoMy reHamu. Takol aHasnm3 MOXET OTKPbITb BaXkHble 3Tarbl B 9BOOLNY Kak Op-
raHu3ma B Liefiom, TaK v rpynn GpyHKUMOHaNbHO CBA3AHHbIX FEHOB, B YaCTHOCTY FeHHbIX ceTell. B gononHeHne K
nccnefoBaHnio BpeMeHy BO3HVKHOBEHNA FeHa M3y4aeTca YPOBEHb €ro reHeTMYeCko M3MEHUYMBOCTU 1 TO, KaKOMY
TNy oT6opa NoABEPKEH FreH MO OTHOLEHUIO K Hanbonee 6NM3KOPOACTBEHHBIM opraHu3Mam. C noMoLLbio Npu-
noxeHus Orthoscape 6binv NpoaHanM3MpPoBaHbl reHHble ceTn 13 6a3bl AaHHbIX KEGG Pathway, Human Diseases,
accouumnpoBaHHble € 3a6oneBaHNAMM YenoBeKa. BbiABNeHo, YTo 60NbLIMHCTBO reHOB, OMMCAHHbIX B FEHHbIX CETAX,
noaBepXKeHbl CTabunmsnpyoemy otbopy, obHapyKeHa BblCOKaA AOCTOBEPHAA Koppenaunsa mexay BpeMeHem
BO3HUKHOBEHMSA reHa U YPOBHEM FeHETUYECKON M3MEHUMBOCTU, KOTOPOI OH MOABEPKEH, — YEM MOJOXKE reH, TeM
BblLLe YPOBEHb reHeTNYECKOW N3MEHUMBOCTY. Bblf1o Tak»Ke NoKasaHo, YTo CpeAn NPOoaHaNM3NPOBAHHBIX FeHHbIX ce-
Tel Hanbonbluaa AonA SBONOLNOHHO MOSIOAbIX FEHOB 0OHapYXeHa B CeTAX, CBA3aHHbIX C 3a601eBaHNAMN UMMYH-
HoW cmcTembl (65 %), @ 9BONOLMOHHO APEBHNX FEHOB — B CETAX, OTBETCTBEHHbIX 338 GOPMMPOBaHKE 3aBUCUMOCTEN
yenosekKa OT BeLLeCTB, Bbi3bIBAOLWYX NPUBbIKAHNE K XUMUYECKUM coefjMHeHMAM (88 %); reHHble ceTu, CBA3aHHbIe
C pa3BuUTNEM NHOEKLMOHHbBIX 3a60/1€BaHINIA, BbI3BaHHbIX NMapa3utamu, OCTOBEPHO oboraLleHbl SBOSOLMOHHO MO-
NoAblMy FeHaMW, a FeHHble CeTU, OTBETCTBEHHbIE 3a pa3BUTUE CrieLndnUYecKrX TUMOB paka, — SBOJTIOLMOHHO ApeB-
HUMK reHamm.

KnioueBble cnoBa: aBonouns; unoctpaturpadus; opTonor; reHHasa ceTb; BO3pacT reHa.
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Introduction

The study of key factors that influence to the development
of diseases is one of the most important research areas in
both medicine and biology (Stepanov, 2016). It is known that
the formation of phenotypic traits that provide the adapta-
tion of organisms to environmental conditions is controlled
not by individual genes, but by gene networks — groups of
coordinately functioning genes and their products (RNA,
proteins, metabolites, etc.) (Kolchanov et al., 2013). The
task of highlighting the key structural features of networks,
network elements, and their numerical description arises.
One of the important characteristics in evolutionary bio-
logy is the age of a gene. The age of a gene belonging to an
orthologous group is defined as the age of the most recent
ancestor of all species represented in this group (Liebeskind
etal., 2016).

Modern methods of analysis make it possible to evaluate
the evolutionary characteristics of genes, in particular, phy-
lostratigraphic analysis, a methodology proposed in 2007
by T. Domazet-LoSo, which allows to determine the age
of a gene using a special index. The index is derived from
analysis of orthologous genes and comparison of the position
of organisms whose genes are considered in the analysis on
a phylogenetic tree (Domazet-Loso et al., 2007).

There are many software tools to work with gene networks.
Some of them focus on reconstructing networks based on
data from biological databases: String (Szklarczyk et al.,
2019), GeneMANIA (Montojo et al., 2010). The others have
extensive functionality for visualizing network elements
and identifying its structural features: Cytoscape (Shan-
non et al., 2003), yEd (https://www.yworks.com/products/
yed). Cytoscape has an advantage that in addition to its ex-
tensive capabilities of constructing networks, layouting and
painting their elements and analyzing structural features, it
allows users to write their own applications in Java. It makes
possible for community to implement any functionality and
plug in to Cytoscape. For example, well-known tools String
and GeneMANIA for networks reconstruction from the list
of genes based on extracting interactions from biological
databases have their own plugins in Cytoscape and allow
to use their functionality by combining it with the capabili-
ties of Cytoscape and its other plugins. Also, the plugins
allow to import networks from databases, for example,
Pathway Commons (Cerami et al., 2011) or KEGG Pathway
(Kanehisa et al., 2017), without hard parsing the formats of
network representation.

The results of gene network analysis by one of such appli-
cations — Orthoscape (Mustafin et al., 2017), are presented in
this paper. Orthoscape can analyze the evolutionary features
of genes in gene network. It has been shown that most of
the genes described in gene networks are under influence
of stabilizing selection. A high reliable correlation has been
found between the time of occurrence of a gene and the level
of its genetic variability — the younger the gene, the higher
the level of genetic variability is. Among the gene networks
analyzed, the highest proportion of evolutionary young
genes was detected in the networks associated with immune
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diseases (65 %), and the highest proportion of evolutionary
ancient genes was detected in the networks responsible for
the substance dependencies (88 %); gene networks respon-
sible for the development of infectious diseases caused by
parasites are significantly enriched in evolutionary young
genes, and gene networks responsible for the development
of specific types of cancer are significantly enriched in
evolutionary ancient genes.

Materials and methods

Input data. Gene networks from KEGG Pathway, Human
Diseases are used in this work. These networks are divided
into 11 categories (with total number of 80 networks): neuro-
degenerative diseases (5 networks), cardiovascular diseases
(5 networks), immune diseases (8 networks), endocrine and
metabolic diseases (6 networks), infectious diseases: bacte-
rial (10 networks), infectious diseases: viral (9 networks),
infectious diseases: parasitic (6 networks), drug resistance:
antineoplastic (4 networks), cancers: overview (7 networks),
cancers: specific types (15 networks), substance dependence
(5 networks).

The data required for the analysis, such as lists of ortholo-
gous genes, nucleotide sequences of genes and amino acid
sequences of the proteins they encode, protein domains,
taxonomic information about organisms whose genes were
considered in the analysis were also taken from the KEGG
database.

Software used. The analysis was performed using the Cy-
toscape software package (Shannon et al., 2003). CyKEGG
Parser plugin was used to import networks from the KEGG
Pathway (Nersisyan et al., 2014). Orthoscape plugin was
used to perform phylostratigraphic analysis and analysis
of so called divergence index — the index of evolutionary
variability (Mustafin et al., 2017).

Methods for estimation the evolutionary characteris-
tics of genes. Orthoscape allows to estimate two evolutio-
nary characteristics of genes. The first one is phylostrati-
graphic age index (PAI). This index shows how far from the
root of the phylogenetic tree is the taxon reflecting the age of
the gene, 1. e., the taxon where the studied species diverged
from the most distant related taxon in which the ortholog of
the studied gene was found. Thus, the more PAI of the gene,
the younger it is (Fig. 1). KEGG Orthology service is used
in Orthoscape to calculate PAI, which makes it possible to
consider orthologous genes among all homologs.

Figure 1 shows examples of determining the age of
a gene and the phylostratigraphic index, using human genes.
On the left (a) the case when the most distant organism in
which the ortholog of the studied gene was found is the
bonobo is shown. The node most distant from the root of
the phylogenetic tree that is common to H. sapiens and
P. paniscus (bonobos) is Hominidae. It corresponds to the
phylostratigraphic index is equal to 13. On the right () is the
gene whose ortholog was found in M. domestica (gray short-
tailed opossum), the most distant node is Mammalia, and the
phylostratigraphic index of the gene is equal to 7. Since the
PAI in example (a) is larger than the PAI in example (), we
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Fig. 1. The example of PAl determination for two Homo sapiens (human) genes.

a - the example of evolutionary young gene is hsa:1029, most distant from the studied organism in which the orthologous gene was found Pan paniscus (bono-
bo); b - the example of evolutionary older gene is hsa:1030, most distant from the studied organism in which the orthologous gene was found is Monodelphis
domestica (gray short-tailed opossum). We can conclude that the gene on example (a) is evolutionary younger than the gene on example (b). The scale on the left
shows the PAl index, which corresponds to the depth of a node in the phylogenetic tree (see Table 1 for details).

can conclude that the gene in example (a) is evolutionary
younger than the gene in example (b).

An important characteristic for the phylostratigraphic
analysis is the list of taxonomic units describing the stages
of divergence on the phylogenetic tree. Table 1 shows the
complete list of taxa used in the analysis to determine the
phylostratigraphic age index of H. sapiens genes, as well as

Table 1. The list of taxons used in phylostratigraphic analysis
of H. sapiens genes

2 Metazoa 665 (Maloof et al., 2010a)
3 Chordata 541 (Maloof et al., 2010b)
4 (Craniata 535 (Maloof et al., 2010b)

the approximate evolutionary age of these taxa in millions of

years from our time. It should be noted that the discussions

on this topic are ongoing and there are different data of the
age; the values in the table reflect approximate estimates.
Orthoscape also allows to estimate divergence index (DI).

DI shows the type of selection to which the gene is in-
fluenced. This index is calculating based on the dN/dS ratio,
where dN reflects the rate of nonsynonymous substitutions
between the sequences of analyzed gene and its orthologous
gene (the substitutions changing the amino acid encoded)
and dS — reflects the rate of synonymous substitutions (the
substitutions without changing the amino acid encoded).
The index value from 0 to 1 indicates that the gene is under
stabilizing selection, value is equal to 1 indicates neutral
evolution, and greater than 1 indicates a driving selection.
The analysis of this index makes sense only when comparing
closely related organisms, because it can’t take into account
multiple substitutions in the same position, which will be
inevitably accumulated when comparing the evolutionary
distant organisms. Calculation of dN/dS takes place in two
phases:

1. Alignment of original sequences. To align the sequences,
the Needleman—Wunsch algorithm is used. The task is
to align aminoacid sequences and nucleotide triplets
correspond to them and remove the gaps from the result.

2. Aligned sequences are given as input to the PAML (phy-
logenetic analysis by maximum likelihood) (Yang, 2007)
software. Various methods are used to calculate dN/dS.
They take into account different positions of triplets,
their frequency of occurrence, and other factors. There
are Nei—Gojobori (Nei, Gojobori, 1986), Yang & Nielsen
(Yang, Nielsen, 2000), LWLS85 (Li, 1985), LWLm (Li,
1993), LPB93 (Pamilo, Bianchi, 1993) methods imple-
mented in PAML. To count DI, Orthoscape uses LPB93
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method. The formula to count DI is based on dN/dS for
every gene-ortholog pair

Zin: 1a’na’sl-
DI :n—’
where dnds; — dN/dS value for gene and i-th ortholog;

n —number or orthologous genes.

Results and discussion

The analysis of evolutionary characteristics

of gene networks

80 networks from KEGG Pathway, Human Diseases were
analyzed using Orthoscape software. First of all, PAI and DI
values for genes in network have been calculated. Based on
these data, PAI values for every network have been calcu-
lated (Table 2) as an average PAI value of genes involved in
network. Finally, PAI of the category of diseases has been
calculated as an average of PAI value of networks from this
category. The same metrics have been calculated for DI.

There are big PAI variations are observed among the
analyzed 80 networks: from 0.44 (i.e., in “Nicotine addic-
tion” gene network, the most of the genes are evolutionary
ancient) to 6.38 (i.e., in “Asthma” gene network, the most
of the genes are evolutionary young). The DI variation is
usually within 0<DI<1 interval, i.e., within stabilizing
selection interval; however, the level of variability of genes
involved in different networks also varies greatly, from 0.16
to 0.64. The diseases “Asthma” and “Nicotine addiction” are
the most exuding according to the PAI and DI indices. In the
“Asthma” network, evolutionary young and variable genes
prevail, and in the “Nicotine addiction” network, evolutio-
nary ancient and conservative genes prevail. Fig. 2 shows
the result of PAI analysis for the “Asthma” and “Nicotine
addiction” networks, and Fig. 3 shows the DI results of the
same networks.

The most part of genes in the “Asthma” network (Fig. 2, a)
are evolutionary young (colored in green and yellow), with
origin on Vertebrata level. On the contrary, in the “Nicotine
addiction” network (Fig. 2, b) all genes have been identified
as evolutionary ancient, with origin from the cellular life
form (Cellular organisms) to multicellular (Metazoa) stages.

Analysis of the DI indicates that almost all the genes
involved in the “Asthma” network (see Fig. 3, @) are more
evolutionary variable than the genes involved in the “Nico-
tine addiction” network (see Fig. 3, b), whose genes are
very conservative.

Let’s take a look at the estimations of PAI values for
11 disease categories (see Table 2). The most segregated
networks are from 4 categories. High PAI and DI values is
characteristic of Immune diseases (8 networks) and Infec-
tious diseases: Parasitic (6 networks). Low PAI and DI value
is characteristic of cancers: specific types (15 networks) and
substance dependence (5 networks).

Genes from the categories above, as well as the complete
set of 1436 genes, were divided into two groups: 1) a group
of evolutionary ancient genes with PAI <5 (the age of the
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genes corresponds to the period of evolution from Cellular
organisms to Chordata); 2) a group of evolutionary young
genes with PAI > 5 (the age of the genes corresponds to the
period of evolution from the Craniata to modern humans).

Contingency tables were created and Fisher’s exact test
was used to assess whether the difference in the partitioning
of genes into groups in the category from the partitioning in
the full list of genes was significant (Table 3).

The average PAI of all 1436 genes studied was equal to
2.49. The results from Table 3 show that gene networks from
category Immune diseases have not only the highest value of
the PAI (5.21), but also a significantly different distribution
of'the proportion of evolutionary young and ancient genes in
comparison with such proportion among all genes analyzed
(the last row of the Table 3).

The part of evolutionary young genes in Immune di-
seases category is 65 %. The most part of genes origin was
at vertebrata stages (Vertebrata and Euteleostomi taxa),
that corresponds to modern data about the development of
specific immunity: it exists in cartilaginous fish (sharks and
rays) and, therefore, appeared at least 400—500 million years
ago. These fishes have genes related to the genes of the /g
variable region (IgV), or T-cell receptor (7cR) genes. At the
same time, even more primitive vertebrates, the roundworms
(hagfish and lampreys), do not have an acquired immunity
system; they have neither /g} nor TkR genes (Galaktionov,
2015). The analysis also revealed a small fraction of evo-
lutionary ancient genes in the Immune diseases category.
This is consistent with the knowledge that some functions
of the immune system originated as early as in unicellular
organisms, such as the ability to phagocytose; cells with the
T-lymphocyte marker first discovered in ringworms and the
histocompatibility system — in sponges (Khaitov, 2009). On
the contrary, the highest proportion of evolutionary ancient
genes is characteristic of the “Substance dependence”
diseases category, which includes genes responsible for
addiction to chemicals (88 %). Most of the genes consi-
dered are involved in nervous system function, including
neurotransmitter function.

The infectious diseases parasitic category, which includes
genes associated with infectious diseases caused by parasites
(53 % of the evolutionary young genes), has a significant
difference in the proportion of evolutionary ancient and
evolutionary young genes from that among all the genes
analyzed. In the case of the infectious diseases parasitic
category, the high proportion of evolutionary young genes
can be directly related to the high proportion of evolutionary
young genes and the high evolutionary variability of genes
found in the Immune diseases category. It is infectious di-
seases that are one of the most important drivers of immune
system evolution. At the same time, infectious diseases of
different nature and the immune system co-evolve in the
process of forming mechanisms to fight each other (Sasaki
et al., 2000; Khakoo, 2004; Zheleznikova, 2014).

It should be noted, that there is a significant excess of the
proportion of ancient genes over young genes compared
to their distribution (ancient/young) in the full sample of
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Table 2. Average values of PAl and Dl indices for genes involved in gene networks

from the KEGG Pathway, Human Diseases database

No. Network* PAI DI

No. Network* PAI DI

41 Epithelial cell signaling in Helicobacter pylori ~ 2.27  0.20
infection?

35 AGE-RAGE signaling pathway in diabetic 252 0.28
complications®

36 ..... Hepat|t|sB5 ...................................................................... 250 ...... 027

37 Non-alcoholic fatty liver disease® 244 027 |

38 EGFRtyrosine kinase inhibitor resistance® 243 020

39 ..... A|Zhe|merd|sease10 ........................................................ 242 ...... 026

40 Fluid shear stress and atherosclerosis® 240 026 |

75 Basal cell carcinoma’ 1.20 0.23
76 ..... Morphmeadd.ct.onﬂ106 ...... 016 .....
77 Maturity onset diabetes of theyoung® 104 019
78 Choline metabolismincancer* 103 019
79 ..... Amphetam|neadd|ct.on” ...................................... 075 ...... 013 .....
80 ..... N|cot|neadd|ct.on” ................................................ 044 ...... 016 .....

* Category 1 — immune diseases; 2 — infectious diseases parasitic; 3 — infectious diseases bacterial; 4 — cancers overview; 5 — infectious diseases viral; 6 — drug
resistance antineoplastic; 7 — cancers specific types; 8 — cardiovascular diseases; 9 — endocrine and metabolic diseases; 10 - neurodegenerative diseases; 11 — sub-

stance dependence.
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Fig. 2. Gene networks schemes of diseases “Asthma” (a) and “Nicotine addiction” (b) taken from the KEGG Pathway, Human Disease database
with PAl values.

Gene coding the proteins in these networks are shown as rectangles with gene name, the color reflects the gene age. The genes colored in blue and cyan
correspond to the most evolutionary ancient taxa, green and yellow correspond to evolutionary younger in compare with taxa colored in blue.

genes analyzed in cancers specific types category, which  tionary young genes and (2) substance dependence with the
includes genes associated with carcinogenesis. This resultis  highest proportion of evolutionary ancient genes (Fig. 4).
consistent with the current ideas that gene networks involved Figure 4 shows the PAI distributions for 13 networks
in cancer development processes were formed during the (8 immune diseases networks and 5 substance dependen-
stages of multicellular organisms origin (Domazet-LoSo, ce networks) as “violin plot” graphs. The lower and upper
Tautz, 2010). points of each graph show the minimum and maximum
Let us consider two categories of diseases in more details: ~ PAI values, the orange star shows the median PAI values,
(1) immune diseases with the highest proportion of evolu-  and the width of the graph for each position on the ordinate
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Fig. 3. Gene networks schemes of diseases “Asthma” (a) and “Nicotine addiction” (b) taken from KEGG Pathway, Human Disease database with DI values.

Gene coding the proteins in these networks are shown as rectangles with gene name, the color reflects the gene variability level. In the upper right part of
the graph of each network placed the color scheme for DI. The scale for each network is individual, and even the most variable genes involved in the “Nicotine
addiction” network have minimal variability compared to genes involved in the “Asthma” network.

axis (i.e. for each PAI) shows the proportion of genes with  distributions of substance dependence varies in the range
that particular PAI. The median for distributions of immune (0, 1) (Cellular organisms and Eukaryota), and the distribu-
diseases varies in the range (5, 7) (from Vertebrata to Mam-  tions themselves have a character expressed in increasing
malia), and the distributions themselves have a character  the number of genes with a corresponding PAI value as PAI
expressed in decreasing the number of genes with a cor-  decreases. These distributions are fundamentally different
responding PAI value as PAI decreases. The median for =~ when comparing the proportion of evolutionary ancient and
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Table 3. The results of the Fisher’s exact test comparing the distribution of evolutionary ancient and evolutionary young genes

among all genes described in the human disease gene networks from KEGG Pathway, Human Diseases,

and among genes within the same category

KEGG Pathway, Human Diseases category Genes PAI p-value

“evolutionaryancient  evolutionaryyoung

| m mune d,sease 5 .............................................................. 56 ......................................... 1 06 ......................................... 5 21 .................... 3 84><1 0_15 .........
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Fig. 4. Distribution of PAl among eight networks from category immune diseases (blue) and five networks from category substance dependence
(marked in red).
Plots are visualized with R package vioplot, script is created by Orthoscape.

evolutionary young genes, as shown also by Fisher’s exact 0401
test with p-value = 4.4 x 1016, 035}
Figure 5 shows the distribution of PAT among all the genes o030k

involved in the 80 gene networks considered from the KEGG
Pathway, Human Diseases. This distribution has two peaks.
The left peak includes genes formed early in evolution (from
the emergence of cellular organization of life to chordates),
and the right one includes genes formed at subsequent stages
of evolution (vertebrates to placentals). There were more
evolutionary ancient genes than evolutionary young ones.
Figure 6 shows the distribution of DI among all the genes
involved in considered gene networks from the KEGG Path-
way, Human Diseases. The DI analysis makes it possible
to estimate what type of selection the genes are influenced.
However, it only makes sense when the sequences of the
analyzed genes are compared with the orthologous genes

Fraction
o
N
o
;

Cellular organisms
Eukaryota
Metazoa
Chordata
Craniata
Vertebrata
Euteleostomi
Mammalia
Eutheria
Euarchontoglires
Primates
Haplorrhini

PAI

of evolutionary close organisms. To calculate dN/dS, hu-
man gene sequences were compared with the sequences of

Fig. 5. Distribution of PAl among all genes involved in the considered
gene networks from the KEGG Pathway, Human Diseases.
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Fig. 7. Scatter plot for mean values of PAl and DI indices for 80 gene networks from KEGG Pathway, Human Diseases database.

The figures of different forms and sizes show the different diseases categories.

orthologous genes of other hominids; if there were several
orthologs, the average value of dN/dS was used as the DI.
Only 38 of the 1,436 genes had DI values > 1 (nine of them
fall into one category, immune diseases). The vast majority
of genes included in studied gene networks evolved in the
mode of stabilizing selection (DI < 1).

It was interesting to study the relationship between PAI
and DI for the 80 gene networks we studied. Figure 7 pre-
sents the results of this analysis in a single graph, taking into
account the categorization of diseases. Figures of different
colors and sizes indicate different disease categories.

The analysis showed that there is a large significant cor-
relation between PAI and DI with the value of the correlation
coefficient (r = 0.876, p-value < 1.8 x 102). It means there
is a relationship between the average evolutionary age of

genes in gene networks and the level of their genetic vari-
ability: the less the evolutionary age of genes, the greater
the level of their genetic variability. This agrees well with
the fact that evolutionary ancient genes are involved in key
processes for organism functionality; they are a subject to
many restrictions by other genes and molecular-genetic
systems organization peculiarities, so they are not characteri-
zed by high variability. On the contrary, evolutionary young
genes provide adaptation to modern life conditions and are
characterized by higher variability.

Conclusion

Phylostratigraphic analysis is a modern methodology that
allows genome-wide estimation of gene ages based on data
on the similarity of genetic sequences and the origin of or-
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ganisms. Together with information on what type of selection
a gene is subject to as a unit of heredity, the results of the
analysis allow us to estimate the role of certain genes in the
evolution of the gene networks of an organism.

Analysis of gene networks from the KEGG Pathway,
Human Diseases database shows several trends. The vast
majority of the genes involved in the gene networks studied
evolved in the mode of stabilizing selection (DI < 1). There
is significant (r = 0.876, p-value < 1.8 x 10-26) correlation
between the average evolutionary age of genes in gene
networks and their level of genetic variability: the lower
the evolutionary age of genes, the greater the genetic vari-
ability is. Some categories of gene networks are especially
distinguished by the proportion of evolutionary young and
evolutionary ancient genes. The highest proportion of evo-
lutionary young genes (65 %) was found in gene networks
from immune diseases category. The highest proportion
of evolutionary ancient genes (88 %) was found in gene
networks from substance dependence category.

It is also shown that gene networks responsible for the
functioning of infectious diseases caused by parasites are sig-
nificantly enriched with evolutionary young genes, and gene
networks responsible for the development of specific cancer
types are significantly enriched with evolutionary ancient
genes. Such results indicate an active process of adaptation
of the human immune system to emerging threats. In addi-
tion, the genes involved in chemical addictive diseases have
a minimum number of substitutions, i.e., such genes are as
conservative as possible. Separate work can be carried out
in this direction, with expansion of the original networks
thanks to the classifiers and databases currently available.
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Abstract. Progress in genome sequencing, assembly and analysis allows for a deeper study of agricultural plants’
chromosome structures, gene identification and annotation. The published genomes of agricultural plants proved
to be a valuable tool for studing gene functions and for marker-assisted and genomic selection. However, large
structural genome changes, including gene copy number variations (CNVs) and gene presence/absence variations
(PAVs), prevail in crops. These genomic variations play an important role in the functional set of genes and the gene
composition in individuals of the same species and provide the genetic determination of the agronomically impor-
tant crops properties. A high degree of genomic variation observed indicates that single reference genomes do not
represent the diversity within a species, leading to the pangenome concept. The pangenome represents informa-
tion about all genes in a taxon: those that are common to all taxon members and those that are variable and are
partially or completely specific for particular individuals. Pangenome sequencing and analysis technologies pro-
vide a large-scale study of genomic variation and resources for an evolutionary research, functional genomics and
crop breeding. This review provides an analysis of agricultural plants’ pangenome studies. Pangenome structural
features, methods and programs for bioinformatic analysis of pangenomic data are described.

Key words: agricultural plants; genomes; pangenomes; genes; evolution; bioinformatics analysis; computational
pipelines.
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1 DepepanbHblii NCCNEROBATENbCKUI LeHTP UHCTUTYT ymutonoruv n reHetrkn Cbrpckoro otaeneHns POCCMNCKON akaeMmnm Hayk,
HoBocnbupck, Poccus

2 KypuaToBCKUIA reHOMHbIN LeHTp VIHCTUTYTa umTonorum n reHetkun Cnbrnpckoro otaeneHna Poccminckoin akagemumn Hayk, Hosocnbnpck, Poccus

@ pronozinartem95@gmail.com

AHHoTayusA. CeKBeHMPOBaHVE FreHOMa OpraHv3Ma — BaXKHbli 3Tamn B ero reHeTVYecKkux mccnepoBaHusax. Pac-
WrdpoBKa reHOMHOI NOCe0BaTeNbHOCTY OTKPbIBAET LUNPOKME BO3MOXHOCTY AJ1si U3yUeHWs CTPOEHUA CTPYKTY-
pbl XPOMOCOM, pacnpefeneHns NOBTOPEHHDBIX 1 KOAUPYIOLWMX NOCeA0BaTeIbHOCTEN, MAEHTUOMKALMUM 1 aHHOTa-
Lmm reHoB. Mpun nccnefoBaHUM CENbCKOX03ANCTBEHHbIX PACTEHWI 3TO NO3BOJIAET aHANM3UPOBaTh QYHKLMMN FEeHOB,
pa3pabaTbiBaTb MapKepbl A MOMCKa accoumaumin ¢ peHoTUNMYeCKUMU Npr3Hakamu. Mpu peleHnmn 3Tix 3agay
reHoM Bufa YyacTo NpeACTaB/ieH Nocief0BaTeNbHOCTbIO OQHOMO OpraH13Ma (Tak HasblBaeMblM pedepeHCHbIM re-
HoMoM). B nocnepHee Bpems, ofiHaKo, NOABAAETCA MHOTO CBUAETENbCTB B MOJb3Y TOTO, UTO 6OMbLUME CTPYKTYPHbIE
M3MeHEHVA reHoMa, BKloUas BapriaLym Yncna Konvin reHoB 1 BapriaLlyin Hanuums/oTCyTCTBUA reHoB, Npeobnaga-
10T B CE/IbCKOXO3ANCTBEHHbIX Ky/IbTypax, UrpatoT KoUeBYIo POJib B FeHETUYECKOM onpefeneHnr arpOHOMMYECKN
Ba>KHbIX MPU3HAKOB 1 NMPUBOAAT K 3HAUNTENbHbIM BapraLnamM GyHKLMOHaNbHOro Habopa reHoB 1 FreHHOro CoCTaBa
y NpeacTaBuTenelt ogHoro Braa. Takme CTPyKTypHble Bapuaummy He MOryT GbITb NpefcTaBneHbl Ha OCHOBE OAHON
nuWwb pedepeHCHO NocnefoBaTeNbHOCTY 1 ONUCHIBAOTCA NCXOAA U3 KOHUeNnuuy naHreHoma. MaHreHom — 31o
nHbopmaLua o NoNHOM Habope reHOB TaKCOHa, Cpear KOTOPbIX MOXXHO BbIAeNUTb HAbop YHMBEPCANbHbBIX FTEHOB,
obLWMX Ans BCex NpeAcTaBUTesnel TakcoHa, U BapuabesbHbIX reHOB, KOTOpble ABAATCA YaCTUUHO WU MOJTHOCTbIO
cneyndUUHBIMK ANst ero npeacTaBuTeneil. AHanu3 NaHreHoMoB AaeT 6onee TOYHOe MOHVMaHUe reHeTUYeCKoro
pa3Hoobpa3usa reHopoHAa. TeXHONOrMY CEKBEHMPOBAHUA 1 aHanM3a NaHreHoOMOB MO3BOMAT 0becneynTb BO3-
MOXXHOCTb MacLUTabHOro M3yuyeHrs reHOMHbIX BapraLyi, [OCTYN K 6onee WMPOKOMY CNEKTPY FreHOMHbIX JaHHbIX
B CENEKUMOHHbIX MPOrpamMmmMax 1 NMomoryT YyCKOPUTb CeNeKUMIo KyNbTYPHbIX PacTeHWid Anf CO3AaHUA COPTOB CO
CTabusIbHO BbICOKOW YPOXKANHOCTbBIO 1 YCTONUMBOCTbIO K CTpeccam. B paboTe npeacTtaBneH KpaTkuii 063op uccine-
[0BaHUA NaHreHOMOB CEJIbCKOXO3ANCTBEHHBIX PACTEHMIA, OMMCAHbI KX CTPYKTYPHbIE 0COGEHHOCTU, METOAbI U MPO-
rpaMmbl 6IOMHPOPMATUYECKOTO aHaNK3a NaHFEHOMHbIX [aHHbIX.
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Introduction

The genome sequence is the basis for a chromosome structure
studying, a distribution of repetitive and coding sequences, and
genes identification and annotation (Bragina et al., 2019). The
different species genomes information allows a comparative
phylogenetic analysis to study relationships among species,
their origins, and evolutionary features (Marchant et al., 2016;
Wendel et al., 2016). In agricultural plants, all these allows to
assess the impact of a genetic variability on a gene function,
to identify the genes responsible for the most valuable traits
in crops (Schnable et al., 2009; Wing et al., 2018).

A single organism chromosome sequences serve as the basis
(“reference” genome) for studying other genomes of the same
species. The number of sequenced, assembled and annotated
plant reference genomes increases every year (Bragina et al.,
2019). The Ensembl Plants database version 48 (September
2020) contains 93 assembled and annotated plant genomes
(Howe et al., 2020). Based on the reference genome sequenc-
ing and the sequencing of the same species representatives
genomes (usually based on short-reading technology), genetic
variability analysis, the study of the genome single-nucleotide
polymorphisms (SNPs) and large structural variants (SVs) are
performed. The large structural variants are the most difficult
to identify using a short-read sequencing, but due to the third-
generation sequencing technologies (Li et al., 2018), the SVs
identification is becoming more accessible and reliable. There
is a growing evidence that structural variations, including copy
number variations (CNVs) and presence/absence variations
(PAVs), are prevalent in crops and lead to significant varia-
tions in gene content between individuals of the same species
(Springer et al., 2009; Hirsch et al., 2014; Li et al., 2014; Lu
etal., 2015; Zhao Q. et al., 2018).

Genomes and pangenome

For a more efficient analysis and description of the genetic
diversity, the concept of “pangenome” was proposed (Tettelin
etal., 2005). The pangenome represents the information about
the complete set of genes in a biological cluster (taxon), such
as species, among which one can distinguish a set of universal
(core) genes that are common to all organisms, and a set of
unique (variable) genes that are partially shared or individu-
ally specific (Tettelin et al., 2005). Until recently pangenome
studies have been focused on finding genes presence or ab-
sence in organisms to determine the universal or unique set
of genes.

The concept of the “pangenome” was proposed in (Tettelin
etal., 2005) for the Streptococcus agalactiae bacterial species.
To date, there are several definitions of this term, wich are
based on two main concepts: a function based and a structure
based (Tranchant-Dubreuil et al., 2018). The structural concept
considers the pangenome as complete set of taxon genomic
sequences. Within this concept, taxon members genomic se-
quences (of the same species or genus) are compared with each
other and on this basis their common unique (non-redundant)
set of DNA fragments of the same length (100 bp or more,
depending on the species) is determined. These sequences
describe the structure of the pangenome (Snipen et al., 2009;
Alcaraz et al., 2010).

Crop pangenomes

The second pangenome concept is based on its functional
representation. In this case, the pangenome can be described
as a set of all genes for particular taxon representatives (Plis-
sonneau et al., 2018). However, for a large number of related
organisms, such a set is degenerate, because they contain a
large number of genes with a high level of similarity in pri-
mary structure, and, consequently, in function. Pangenome
redundancy can be eliminated by combining similar gene
sequences into functional families (Sun et al., 2016). In this
case, the representative genes of the same functional family in
different organisms are considered as one sequence in terms
of function.

The set of organisms in pangenome analysis usually limited
to a single species. However, some authors use a broader in-
terpretation of the pangenome. For example, V.V. Tetz (2003)
considers the pangenome as a complete genes set of all living
organisms, viruses and mobile elements.

Pangenome structural features

Pangenome genes can be divided into two groups according
to their occurence in different organisms (Golicz et al., 2016).
The first group includes genes that are found in all members
of the taxon. This group of genes is called the universal set
or core gene set. The second group of genes includes genes
that occur in a part of the taxon. This genes group is called
indispensable, accessory or variable genes. Among the sec-
ond genes group, the unique genes that are present only in
the single individual are of particular interest. Universal and
variable genes represent the functional core and the diversity
of species members, respectively.

From an evolutionary perspective, universal genes are
mostly responsible for vital functions and they tend to be
conserved within a species. In contrast, variable genes and
their specific part, unique genes, contribute to the diversity
of the species, enabling them to adapt to different environ-
mental conditions. The proportion of unique genes in the
studied crops pangenomes ranges from 8 to 61 % (Tao et
al., 2019). However, the resulting size of the unique genome
is likely to be underestimated due to the inability of current
strategies and technologies to detect all functional changes
in genes.

Based on the sequence of one genome it is impossible to
determine, which genes are common to all species members.
However, each new sequence can be assigned to a universal
or variable part of the pangenome. The more taxon genomes
are sequenced, the more unique genes are found. This results
to a pangenome size increasing with an increase in the ge-
nomes number. However, for a universal genes set, increasing
genomes number leads to the opposite result: some universal
genes may be absent in other species members. As a result, the
pangenome size — the set of all the different species genes —
increases, while the estimated size of the universal genes set
tends to decrease (Golicz et al., 2016; Wang et al., 2018). This
relation is shown schematically in Fig. 1. Each point on the
graph corresponds to an estimate of the genes number in the
pangenome for a set of k£ genomes (taken randomly from the
full sample of N genomes under study). With & increasing, the
estimate of the total pangenome genes number increases (red
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Fig. 1. The pangenome size and the universal gene number dependence
on the number of sequenced genomes.

line), and the unique genes number decreases (blue dashed
line). Examples of dependencies for real pangenomes can be
found at https://pangp.zhaopage.com. Thereby, the organisms
sample sizes significantly affects the pangenome size estima-
tion and the universal gene proportion in it.

In addition to the sequenced genomes number, the pange-
nome unique gene size and proportion is also influenced by
many factors. The choice of a sample for analysis is one of
them: (1) wild and cultivated species together will give a larger
pangenome with a higher percentage of unique genes than
only cultivated plants (Montenegro et al., 2017; Zhao Q. et al.,
2018); (2) the ploidy level, mode of reproduction, bottlenecks
during domestications, etc. A plant species with higher levels
of ploidy and outbreeding and reduced diversity because of
domestication tend to have a higher percentage of unique
genes (Tao et al., 2019).

It can be assumed that the addition of an unlimited number
of new genomes to the pangenome could lead to its unlimited
growth. However, the gene diversity studies in crop species
have shown the number of unique genes decrease as the
number of sequenced samples increases. This suggests that,
given a certain number of taxon representatives, the inclu-
sion of additional genomes in the pangenome will no lead to
a further increase in its genes number. Such pangenomes are
called “closed”. The “closed” pangenome was found in tomato
(Gao et al., 2019), corn (Hirsch et al., 2014), rice (Wang et
al., 2018), soybeans (Li et al., 2014), sunflower (Hiibner et
al., 2019), Brachypodium distachyon (Gordon et al., 2017),
Brassica napus (Hurgobin et al., 2018) and Brassica oleracea
(Golicz et al., 2016).

However, there are also “open” pangenomes, in which the
total genes number grows with each new sample added. Open
pangenomes are specific for microorganisms, for example
for the wheat leaves septoria fungal pathogen Zymoseptoria
tritici (Plissonneau et al., 2018). The bacterium Paenibacillus
polymyxa pangenome also belongs to the open type (Zhou et
al., 2020).

If organisms from the population are randomly selected,
the pangenom type can be estimated by plotting the number
of found genes in each new genomic sequence (Fig. 2). The
pangenome genes number reaching a plateau after analysis
of certain genomic sequences number characterizes “closed”
pangenomes (see Fig. 2, blue dashed line). The “open” pange-
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Fig. 2. The dependence of the genes number in the pangenome (Y-axis)
from the number of sequenced taxon representatives (X-axis) for two
pangenome types: open and closed.

For open genomes, number of genes raise monotonically, for closed - reaches
a plateau.

nomes are characterized by a constant increase in size when
new genomes are added (see Fig. 2, red line).

The comparison of the pangenome size and the universal
and variable pangenome parts for some plant species is shown
in (Supplimentary 1)'. The data obtained demonstrates the
number of samples for pangenome analysis varies from three
(B. rapa) to three thousand (Oryza sativa). The genes number
in pangenomes varies from 35 thousand in diploid rice to
128 thousand in hexaploid bread wheat. The proportion of
universal genes ranged from 41 % in Medicago truncatula
to 84 % in B. rapa.

Pangenome functional features

Researches show that universal genes are responsible for
fundamental cellular processes, while variable genes are as-
sociated primarily with functions that can give an advantage
in different environmental conditions. Thus, Brachypodium
distachyon pangenome analysis demonstrated universal gene
set annotations are enriched with terms such as “glycolysis”,
“steroid”, “glycosylation”, “co-enzyme” (Gordon et al., 2017).
Variable genes sets annotations were most of all enriched
with terms “protective function”, “development”. In the same
work, it was shown the nonsynonymous/synonymous substitu-
tion rate ratio in variable genes are higher than in universal
genes. In addition, the universal genes orthologs in rice and
sorghum were found to be more conservative than orthologs
of the variable genes set. Universal genes expression level is
generally higher than variable genes (Gordon et al., 2017).
Similar results were obtained in the soybeans (Li et al., 2014;
Liu et al., 2020), cabbage (Golicz et al., 2016), and wheat
(Montenegro et al., 2017) pangenomes analysis.

The analysis of several agricultural plant pangenomes
showed (Tao et al., 2019) that (1) the variable genes sequen-
ces are more mutable than universal genes; (2) the nonsyn-
onymous substitution rate ratio is higher in variable genes;
(3) variable genes are characterized by a wide function diver-
sity; (4) the variable and universal genes functional charac-
teristics are different, the variable genes are more related to
the response to environmental factors, receptor activity and

1 Supplementary materials 1-3 are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2021-25/appx2.pdf
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signal transduction, the universal genes are more related to
basic cellular functions. Thus, the universal genes represent
the conservative core of the pangenome (and species, respec-
tively), while the variable genes represent its mutable part
(both in terms of function and in terms of primary structure
and expression patterns).

Pangenomes and pantranscriptomes

The transcriptome analysis is another gene set analysing me-
thod in several members of a taxon. The transcript nucleotide
sequences (mainly mRNA), their expression levels estimation
and the isoforms presence can be obtained by high-throughput
sequencing (RNA-seq), which is significantly cheaper than the
genome sequencing. Transcriptomic data allows estimating
genes presence in the genome only if they are expressed in a
plant tissue or organ. Thus, a set of transcripts cannot repre-
sent the full genome gene composition, but it is possible to
obtain an approximate estimation (especially if a transcripts
set from different tissues at different stages of development is
analyzed). In this case, the transcriptome assembly requires
significantly less computational resources, and the current
methods allow obtaining it with high quality.

A study of the 503 inbred maize lines pantranscriptome
revealed genetic diversity in protein-coding genes: more
than 1.5 million single-nucleotide variations were found,
and mutations associated with plant development traits (tim-
ing of several growth phases) were identified (Hirsch et al.,
2014).

M. Jin et al. (2016) also analysed the 368 inbred maize
lines pantranscriptome. The analysis identified more than
two thousand sequences that were not represented in the
maize reference genome, including genes responsible for the
biotic stress response. Variations that are associated with the
gene expression level (eQTL) were analysed. The analysis’
results were projected to metabolic networks, which allowed
to specify their functioning mechanisms.

Y. Ma et al. (2019) analysed 288 barley transcriptome
sequencing experiments. Among the collected transcripts,
about 30 % showed no similarity to the reference genome. The
results of the pantranscriptome analysis revealed that pathogen
resistance genes are more numerous in wild-grown barley, and
such genes were subjected to greater selection pressure during
domestication compared to genes in other species.

Pangenome construction methods

The pangenome bioinformatic analysis can be divided into

the following main steps:

1. The pangenome sequence assembling.

2. The conserved and variable genomic sequences regions
identification.

3. Genes identification/prediction and functional annotation.

4. Polymorphisms identification.

5. Storage, rapid access and visualization of the pangenomic
data.

The following pangenome assembly strategies exist: as-
sembly-alignment; metagenome approach; mapping-assembly
(Golicz et al., 2016; Hurgobin, Edwards, 2017; Tranchant-
Dubreuil et al., 2018).

Crop pangenomes

Assembly-then-map. This strategy consists of each taxon
separately de novo assembly, followed by sequences align-
ment with each other as well as with the reference genome to
decrease redundancy and identify a set of common and vari-
able sequence regions. Several software packages have been
developed for the genome assembly: Velvet (Zerbino et al.,
2008), SOAPdenovo (Xie etal.,2014), ALLPATHS (Butler et
al., 2008) and MaSuRCA (Zimin et al., 2013). This approach
is time-consuming and computationally intensive. The de novo
assembly strategy has been used for the pangenome analysis
of cultivated soybean (Li et al., 2010), wild soybean (Li et
al.,2014), rice (Wang et al., 2018), B. oleracea (Golicz et al.,
2016) and Medicago truncatula (Zhou et al., 2020).

Metagenomic-like approach. This strategy consists to
all sequenced fragments from different taxon representa-
tives combining into one pool and the de novo assembling
pangenome sequences from these fragments. Each assembled
contig is then assigned to a particular genome by the sample
original reads alignment to the metagenomic assembly and
then contig coverage is evaluated. This method allows low-
coverage sequencing results to be handled. The metagenomic
approach has been used to analyse the genome of rice (Yao et
al., 2015) and tomato (Gao et al., 2019).

Map-then-assembly. This strategy uses one complete
genome assembly (reference sequence) as the basis for the ge-
nome assembly of the other taxon members (guide assembly).
The reads from a single species are mapped to the reference
genome, and not mapped reads are discarded and assembled
separately. The reference genome sequence is complemented
with new sequences, and the samples are compared with the
reference genome. This method reduces the time required
to construct a pangenome. If a genomic segment is found in
more than one sample, the segment will be integrated from
the first sample while the de novo method creates two com-
plete genomes. This strategy has been used in the sunflower
pangenome analysis (Hiibner et al., 2019).

It should also be noted, that in a number of studies, the
researchers did not use the genomic sequences assembly, but
aligned short reads to a reference genome. This approach al-
lows assessing the SNP and phenotypic plants characteristics
relations. Methods based on the short reads alignment are
also described, which allows the identification of structural
rearrangements, duplications and gene losses (Zhao et al.,
2013). The alignment method was used in the maize pantran-
scriptome analysis (Hirsch et al., 2014), in the assessment of
CNV’s changes in the potato pangenome analysis (Zmienko
et al., 2014).

Pangenome analysis

and annotation methods

Based on a comparison of sequences, genome annotation
allows identifying gene sequences in taxon representatives’
genomes, to determine orthologous genes and universal and
variable genes families. Several software packages are de-
signed for pangenomes automatic annotation. They perform
the main steps of the pangenome sequence analysis and an-
notation. The capabilities of a number of these programs are
briefly described below.
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PGAP (Zhao Y. et al., 2012) performs large-scale gene
search, functional annotation, orthologous gene clusters onto-
logy term enrichment, species evolution analysis, pangenome
structural analysis, and the universal and variable pangenome
parts identification. In the updated version of this program,
PGAP-X (Zhao Y. et al., 2018), methods for presentation
and visualization of pangenome analysis results are further
developed.

PpsPCP (Tahir ul Qamar et al., 2019) was developed for
a pangenome PAV identification. The analysis is based on a
full-genome taxon and a reference genome sequences com-
parison in several rounds with sequential correction of both
gene set and gene alignment sites in the reference genome.
As a result, a pangenome gene set is created by combining
the individual genome sequences with the reference genome
and their annotation.

BPGA (Chaudhari et al., 2019) provides a wide range of
pangenome analysis opportunities: gene clustering based on
sequence similarity, orthologs presence/absence analysis, the
pangenome and its universal part sizes plotting, phylogenetic
tree reconstruction, metabolic pathway and functional annota-
tion analysis, GC composition deviation assessment, various
statistical pangenome characteristics calculation, and several
other features.

panX (Ding et al., 2018) aims to identify orthologous genes
clusters. The sequence comparison clustering, verification and
refinement of cluster composition based on evolutionary dis-
tance analysis and phylogenetic reconstruction, and assesses
the association between the gene composition of individual
taxon members and their phenotypes are used.

Pan4Draft (Veras et al., 2018) is designed to improve
pangenome annotation by adding sequence information on
unfinished genomes. An annotation and assembly to the
chromosome level in these genomes is incomplete, but their
sequences contain genomic DNA fragments and provide
valuable information about the species genome diversity.
Information about plant pangenome analysis methods and
software for processing and analysis of plant pangenome are
provided in Supplementary 2 and 3.

Pangenomic data use perspectives

Currently, the research field of the crop pangenomes sequenc-
ing and analysis is developed rapidly and provides more and
more information about genetic variations and new genes.

One of the fundamental problems in the crop pangenomes
study is to evaluate the genetic diversity of their cultivated
representatives as well as wild relatives. This analysis allows
us to establish the origin and evolution of cultivated plants, to
estimate the breeding process impact on the genetic structure
of varieties. Thus, the pangenome analysis helps to answer a
number of important questions about patterns of the genome
evolution at species level, about mechanisms of the genes
de novo origination, the gene functions diversity and their
associations with phenotypic traits of plants.

One of the important directions of the crop pangenome
research is the wild relatives’ genome sequencing and analy-
sis. It is supposed that wild relatives of cultivated plants may
contain a pool of genes related to adaptation of organisms
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to environmental conditions, response to biotic stresses; i.e.
those genes that may have been lost by cultivated plants as
a result of artificial selection (bottleneck effect) (Goncharov,
Kondratenko, 2008; Goncharov, 2013; Purugganan, 2019).
The discovered genes can be further used to create new geno-
types that are more resistant to pathogens, pests and abiotic
stress. Thus, the study of agricultural plant pangenomes has
not only a fundamental aspect, but is also important in terms
of practical breeding.

Conclusion

A better understanding of genetic diversity, combined with
advanced sequencing technologies and high-throughput phe-
notyping can facilitate trait analysis to identify useful genetic
mutations. In addition, it allows to access a wider range of
genetic resources helps to select the best strategies in breed-
ing programmes and ultimately accelerates crop breeding to
develop varieties with consistently high yields under stressful
conditions.

Pangenomic studies offer a wider understanding of the crop
gene pools genetic diversity than genome resequencing studies
and thus can be extremely useful for the crop improvement.
Nevertheless, the knowledge obtained through pangenomic
researches requires integration with QTL/GWAS and genome
resequencing studies to identify important genes and alleles
to be used in an effective breeding strategy.
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Abstract. Determining the quantitative content of chlorophylls in plant leaves by their reflection spectra is an impor-
tant task both in monitoring the state of natural and industrial phytocenoses, and in laboratory studies of normal and
pathological processes during plant growth. The use of machine learning methods for these purposes is promising,
since these methods allow inferring the relationships between input and output variables (prediction model), and
in order to improve the quality of the prediction, a researcher may modify predictors and selects a set of method
parameters. Here, we present the results of the implementation and evaluation of the random forest algorithm for
predicting the total concentration of chlorophylls a and b from the reflection spectra of plant leaves in the visible and
infrared wavelengths. We used the reflection spectra for 276 leaf samples from 39 plant species obtained from open
sources. 181 samples were from the sycamore maple (Acer pseudoplatanus L.). The reflection spectrum represented
wavelengths from 400 to 2500 nm with a step of 1 nm. The training set consisted of the 85 % of A. pseudoplatanus L.
samples, and the performance was evaluated on the remaining 15 % samples of this species (validation sample).
Six models based on the random forest algorithm with different predictors were evaluated. The selection of control
parameters was performed by cross-checking on five partitions. For the first model, the intensity of the reflection
spectra without any transformation was used. Based on the analysis of this model, the optimal ranges of wavelengths
for the remaining five models were selected. The best results were obtained by models that used a two-point esti-
mation of the derivative of the reflection spectrum in the visible wavelength range as input data. We compared one
of these models (the two-point estimation of the derivative of the reflection spectrum in the range of 400-800 nm
with a step of 1 nm) with the model by other authors (which is based on the functional dependence between two
unknown parameters selected by the least squares method and two reflection coefficients, the choice of which is
described in the article). The comparison of the results of predictions of the model based on the random forest al-
gorithm with the model of other authors was carried out both on the validation sample of maple and on the sample
from other plant species. In the first case, the predictions of the method based on a random forest had a lower
estimate of the standard deviation. In the second case, the predictions of this method had a large error for small
values of chlorophyll, while the third-party method had acceptable predictions. The article provides the analysis of
the results, as well as recommendations for using this machine learning method to assess the quantitative content
of chlorophylls in leaves.

Key words: random forest; remote methods; leaf optics; pigments.
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AnHoTauuma. OnpepeneHrie KOIMYeCTBEHHOTO CofepKaHnaA XopodUNoB B NINCTbAX PACTEHNIA MO UX CNEeKTpaM OT-
paXkeHnA — Ba)kHas 3afjaya Kak Npy MOHUTOPUHIE COCTOAHMA eCTECTBEHHbIX U MPOMBbILLNIEHHbIX GUTOLEHO30B, TaK U
B 1aGOPaTOPHbIX NCCNef0oBaHNAX HOPMAsIbHbIX 1 MATONOMMUYeCKMX NPOLIECCOB B XOAe POCTa pacTeHus. MprmeHeHne
INA 3TUX Leneil METOL0B MALUMHHOMO 06yUYeHNA ABAAETCA NePCMNEKTVBHBIM, MOCKOJIbKY OHU NMO3BONAIOT «<aBTOMATU-

© Urbanovich E.A., Afonnikov D.A., Nikolaev S.V., 2021
This work is licensed under a Creative Commons Attribution 4.0 License


http://www.bionet.nsc.ru/vogis/

E.A. Yp6aHoBuy, [.A. ApOHHUKOB

C.B. Hukonaes

OnpepeneHne KONMYECTBEHHOTO COAePKaHUA
XNOPOPUINOB B IMCTbAX MO CMEKTPAM OTPaKEHMUA

YyecKm» CTPOUTL peluatoLye npaBuia ANla NoayyeHna pesynbrata (MoAenb NpeAckasaHuns), a nccneposatento (Ana
MOBbILIEHUA KayecTBa MpefcKasaHus) ocTaloTcAa MoandUKauma NpefKTOpoB 1 BbIGOP MHOXECTBa MapameTpoB
meTofa. B cTaTbe NpriBefeHbl pe3ynbTaThl MOCTPOEHNA pPeLlaloLnX NpPaBua anroputMom clyyaiHoro neca (random
forest) ona npefckKasaHWsa CyMMapHOI KOHLEHTpaLmMm xnopoduios a v b no cnekTpam oTpa)eHUs NCTbEB pacTe-
HWI B BUAMMOM 1 H$pakpacHom (MK) arnanasoHax asimH BonH. Habop AaHHbIX B3AT U3 OTKPbITbIX CTOYHNKOB. OHYK
BKJ/toYanu 276 o6pa3uoB nncTbes 39 BULOB pacTeHuid. Mpu 3Tom 181 obpaseL, nonyyeH Npv aHamse nnucTbes 6eso-
ro kneHa (Acer pseudoplatanus L.). CnekTp oTpaeHua npefcTaBneH B AnanasoHe 400-2500 HM ¢ warom 1 Hm. Oby-
YeHune npomncxoamno Ha 85 % obpasuos A. pseudoplatanus L., oueHKa KauecTBa NpeAckasaHua — Ha ocTaBimxca 15 %
o6pa3uoB 3T0ro BrAa (BanuaaumoHHas BbibopkKa). MocTpoeHo wecTb Mofenen Ha OCHOBE anroputma CiyyaHoro
neca c pasHbiMu npeankTopamu. Mogdop ynpaenaowmx napameTpos OCyLLECTBAANN MPU NMOMOLLM NePeKPeCcTHON
NPOBePKM Ha NATY pa3breHunax. NpearKTopamy NepBo MOAeNV BbICTyNany MMeoLWMeCc 3Ha4eHNA No CnekTpy oT-
paxkeHnA 6e3 kKakon-nmbo 06paboTKM C Halel CTOPOHbI. [locne npoBefeHWA aHanM3a 3Tol Mogenu 6biIn BbibpaHbI
AvanasoHbl ANVH BOJIH NPEANKTOPOB AJ1A OCTaBLUMXCA NATU MoAenen. Jlyuwmne npeackasaHna MMelT MOAeNN C pas-
HOCTHOW MPOV3BOAHON CNeKTpa OTPaxeHna B BUAVMOM AnanasoHe AvH BonH. Mogenb ¢ nepBon Npovn3BOAHOM
cneKkTpa oTpakeHuns B AnanasoHe 400-800 HM ¢ warom 1 HM 6panu Ana cpaBHEHUs C MOAENbIO APYrvX aBTOPOB. DTOM
MoZesbto BbICTynaeT PyHKLMOHaNbHaA 3aBUCMMOCTb C ABYMA HEV3BECTHbIMM NapameTpamu, MoAovpaeMbiMy MeTO-
[IOM HaUMeHbLLUNX KBafApaToB, 1 ABYMA KO3dduULMeHTamy OTparkeHNs, BbIGOP KOTOPbIX OMMCbIBAETCA B HAaCTOALLEN
ctatbe. CpaBHeHMe pe3ynbTaToB NpefckasaHnii MoAenu C NPUMEHeHNeM airopuTma cJly4anHoro fieca NpoBOANN
KaK Ha BannpaLmnoHHoM BbIGOpKe KieHa, Tak 1 Ha BbIGOpKe 13 ApYrixX BUAOB pacTeHunin. B nepBom cnyyae npeackasa-
HWA MeToAa Ha OCHOBE CJTyHYaHOrO fleca MeN MeHbLLYIO OLIeHKY CPpefHEKBafpaTNYeCKoro OTK/IOHeHUA. Bo BTopom
cryyae nNpeAckasaHna 3Toro MeToaa 6biny ¢ 60MbLIOK OLIMBKON NPY ManbiX 3HAYEHUAX XIIOPOGMNa, B TO BPeMs Kak
CTOPOHHUI METOA Men npremnemMble npeackasaHna. B ctatbe npnBoAATcA aHann3 pesynbTaToB 1 pekoMeHaaunm
Mo MPUMEHEHMIO 3TOr0 MeTOAa MALUMHHOTO 0OyUYeHNA 1A OLEHKN KONMYeCTBEHHOTO CoAepKaHua xnopodunios
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Introduction
Pigments are low-molecular-weight compounds that give
color to plant organs and play an important role in their life,
performing photosynthetic, protective and metabolic func-
tions. In terrestrial plants, the most well-known pigments are
chlorophylls (which provide the green color of plant organs
and play a crucial role in photosynthesis), carotenoids (which
give red and yellow color, also participate in photosynthesis),
anthocyanins (which give a purple color, perform protective
functions), as well as a number of other compounds (Croft,
Chen, 2018). Photosynthetic pigments, chlorophylls and caro-
tenoids, attract the most attention from researchers; they have
different absorption spectra and perform different functions
in the process of photosynthesis, which is due to structural
differences between the molecules of these substances.
Chlorophyll in plants is represented by two types of mole-
cules, a and b, which have structural differences and differ
in their light-absorbing properties (Du et al., 1998). It allows
photosynthetic organisms to collect sunlight at different
wavelengths to maximize the light energy available for pho-
tosynthesis. Changes in the concentrations of photosynthetic
pigments are closely related to the physiological state of plants.
For example, when the leaves of plants wither, there is a rapid
decrease in the concentration of chlorophylls compared to
carotenoids, thereby increasing the ratio of carotenoids to
chlorophylls causes the leaves to turn red and yellow (Croft,
Chen, 2018). The content of pigments, in particular chloro-
phylls a and b, can thus serve as an indicator of the state of
plants during normal growth and during the development of
infections, as well as stress, photosynthetic activity, metabolic
disorders, etc. (Mtodzinska, 2009). The need to determine
the physiological state of plants often arises in the course of
solving many scientific and practical problems, so methods for
assessing the content of pigments in plant organs and tissues
are constantly being developed and improved.
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Quantitative and qualitative information about pigments
can be obtained using chemical methods (Lichtenthaler, 1987;
Porra et al., 1989; Wellburn, 1994). However, for many tasks,
a more convenient approach is to use remote methods based
on the light reflection spectra from the plant leaf (Horler et
al., 1983; Curran et al., 1990; Gitelson et al., 2001, 2003).
The reflectivity of the leaf in the optical and infrared (IR)
wavelengths (400-2500 nm) depends on various biochemical
and physical factors, including the content of chlorophyll and
other leaf pigments, nitrogen, water, as well as on the internal
structure of the leaves and the characteristics of their surface
(Croft, Chen, 2018). Plant pigments are characterized by the
absorption of electromagnetic radiation in the visible (400—
700 nm) and near-IR (1300-2500 nm) wavelength ranges. The
absorption of the leaf components in the near-infrared region
in the range of 750—1300 nm is low, since in this wavelength
range there is an intense reflection from the components of
the internal structure of the leaves. Thus, the reflection coef-
ficient in the near-IR range depends on both the concentration
of enzymes and the structure of the leaf. All these facts make
it possible to use remote observation methods in both the
visible and near-infrared wavelength ranges to monitor the
physiological state of plants (Merzlyak et al., 2003; Alt et al.,
2020).

One of the approaches to estimating the content of chlo-
rophylls from the reflection spectrum is to select empirical
dependencies (indices) between the reflection coefficients at
certain wavelengths, the choice of which is also an important
part of the method, and the content of chlorophylls (Horler
et al., 1983; Curran et al., 1990; Gitelson et al., 2001, 2003;
Suo et al., 2010; Nikolaev et al., 2018). The success of such
a “classical” approach directly depends on the depth of our
understanding of the physics of the process.

Currently, machine learning methods are often used to
predict the characteristics of biological objects (Doktor et
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al., 2014; Feng et al., 2020). Their advantage is that usually a
complex nonlinear dependence on many variables can be ap-
proximated with the necessary accuracy by machine learning
methods. In simple cases, the data is fed to the program input
without any processing, however, the accuracy of the predicted
parameter will be quite high. Each machine learning method
has its own ways to improve the accuracy of the prediction, for
example, by varying the control actions. There are also ways
to transform the input data to improve the result. Thus, in the
analysis of spectra, the calculation of the derivative makes
it possible to eliminate additive components and highlight
such characteristic features of the spectrum as the positions
of maxima, minima, and points.

The aim of our research was to develop a machine learning
method using a random forest algorithm to predict the total
concentration of chlorophylls ¢ and b in plant leaves from
the values of the reflection spectra in the visible and infrared
wavelength ranges. The accuracy of the prediction is evaluated
in comparison with the results obtained from the analytical
functional dependence, and the advantages and disadvantages
of both approaches are determined.

Materials and methods

Experimental data. The characteristics of the leaf reflec-
tion spectra at different concentrations of chlorophylls a
and b were downloaded from the EcoSIS database (ecosis.
org), set angers2003 (Jacquemound et al., 2003; Féret et al.,
2008). 276 leaf samples of 39 plant species were examined.
181 samples are the leaves of sycamore maple (Acer pseudo-
platanus L.). The data on the reflection spectrum are presented
in the range of 400-2500 nm with a step of 1 nm. The ASD
FieldSpec spectrum radiometer is used for this purpose; the
pigment concentrations were determined by the Lichtenheler
method and are presented in units of measurement of pg/cm?
(see details in (Jacquemound et al., 2003; Féret et al., 2008)).

Mathematical statement of the problem. Let there be a
general set of R§™" of all possible reflection coefficients of
plant leaves for given wavelengths A and Ch/&*"— the values
of the sum of the concentration of chlorophylls ¢ and b cor-
responding to R{™". We have an R, — subsample of R$*" and
Chl — values of the sum of the concentration of chlorophylls
a and b corresponding to R,. It is required to construct the
functional f: R§*"— Chl&" from the set (R), Chl). Moreover,
since this idealized functional cannot be implemented, we get
an approximating functional:f: Ry — Chl.

Building a prediction model using the random forest
method. The random forest (RF) method was chosen for con-
structing the functional (Breiman, 2001; Hastie et al., 2009).
It allows you to get the accuracy of the prediction of the target
function, as a rule, higher than in the case of linear regression
methods. The idea of the algorithm is to apply an ensemble
of decision trees. Each decision tree in this ensemble sets a
piecewise constant function, which is obtained by minimizing
the loss function (for example, the mean square of the devia-
tion). The algorithm combines two main ideas: the Breiman
bagging method (Breiman, 1996) and the random subspace
method proposed by T.K. Ho (1998). In our work, we used the
implementation of the random forest method from the sklearn
library (scikit-learn.org) of the Python language.

Determination of the quantitative content
of chlorophylls in leaves by reflection spectra

To predict the chlorophyll concentrations by the random
forest method, several models that differed in the input data
sets were taken. First, each set was characterized by an interval
of wavelengths, the intensity of reflection at which was taken
into account. In total, several sets of intervals were considered:
400-2450, 400-800 nm, and a combined set of two intervals
of 500-600 and 680—740 nm. Second, the models differed in
the type of input data. These included the values of the inten-
sity of the reflection spectra at certain wavelengths (base data
type), the values of the first derivatives of the spectral curves
for the same wavelengths (der data type), and the values of
the second derivatives (der2 data type). Some models were
based on only one data type, while others shared multiple data
types. Such combinations were marked with a summation sign
(for example, base+der).

In this paper, six models have been considered. They are
designated as RF-(X-Y)-Z, where (X-Y) —intervals of wave-
lengths, Z —type data model: RF-(400-2450)-base (the intensi-
ty of the spectrum in intervals of wavelengths 400-2450 nm);
RF(400-800)-base (the intensity of the spectrum in intervals
of wavelengths 400-800 nm); RF(400-800)-base+der (in-
tensity spectrum and the first derivative in the intervals of
wavelengths 400-800 nm); RF(400-800)-der (first derivative
in the intervals of wavelengths 400-800 nm); RF(400—800)-
der+der2 (first and second derivatives in the interval of wave-
lengths 400-800 nm); RF(500—600; 680—740)-base+der+der2
(intensities, first and second derivatives in the wavelength
ranges 500-600 and 680740 nm).

As an approximation of the derivative of the spectral curves,
the first-order finite difference with a change equal to 1 was
used, which was calculated by the formula D; = R; — R;_;. In
this calculation, there is no derivative for the first value. For
simplicity, the finite difference is referred to the derivative
throughout the text. The second derivative was calculated as
the derivative of the derivative of the spectral curve.

When configuring the random forest algorithm, the follow-
ing control parameters were selected:

* max_depth: [2, 3,4, 5, 6] — the maximum depth of the tree;

« max_features: [2, 7, sqrt, log2, auto] — the number of
features that the partition is searched for (auto — all features);

* n_estimators: [5, 10, 15, 30, 40] — the number of trees in
the random forest ensemble;

» random_state: 20200605.

The specified parameters of the algorithm were selected by
cross-checking on five samples of the same size obtained from
a randomly mixed initial training sample. Four subsamples
were used for training the model, and the fifth one was used
for testing it. To determine the best control parameters, the
test results (mean square deviation of the target indicator —
mse) were averaged between models with the same control
parameters (i. €., obtained during cross-validation) and sorted.
The control parameters for which the average mse is the mini-
mum are the best. As the final model, one of the five models
with the best control parameters is selected, which has the
minimum mse when tested among the models obtained by
the cross-validation method.

The maximum depth of the trees is chosen to be 6, which
gives 2° = 64 intervals for partitioning the parameter space,
despite the fact that the sample length taken to build the model
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is 123. The depth increasing could lead to overfitting. The
number of trees in the forest (up to 40) may seem redundant
for 123 sample values, but the parameters of each of the
decision trees were selected on different subspaces (since the
random subspace method is used), and the dimension of the
features was always greater than the number of elements in
the sample.

It should be noted that the algorithm implemented in the
sklearn library allows us to obtain the informativeness of each
of the model features and select the most informative ones
for the obtained decision rules (Breiman, 2001; Hastie et al.,
2009; Louppe et al., 2013).

Construction of empirical functional dependencies. As a
functional of ]‘: R,— Chl we additionally chose an empirical
dependence from the work (Gitelson et al., 2003) (the GGM
method, which we named after the authors’ surnames), rep-
resented by the expression

Chl:w[———]-R B, !
13}L RNIR NIR B ( )

where Chl is the total concentration of chlorophylls a and b;
R, is the reflection coefficient at the wavelength A; Ry is the
reflection coefficient in the near-infrared range (for example,
at a wavelength of 800 nm); a and B are selected in such a
way as to minimize the selected loss function. A.A. Gitelson
and co-authors (2003) recommend choosing wavelengths
from the range A € [525; 555] U [695; 725]. According to the
authors, the advantage of this algorithm is that the Ryr coef-
ficient “corrects” the influence of the plant tissue structure
on the reflection spectrum and allows us to extend the found
function to plants with different leaf structure.

The comparison of methods for predicting the concen-
tration of chlorophyll. The sycamore maple sample from the
angers2003 data set was randomly divided into a training and
avalidation sample in the ratio of 85:15. For the methods used
in this work for predicting the random forest algorithm (RF)
and functional dependence (GGM), the optimal parameters
are selected on the training sample. The quality control of the
algorithms is carried out on a validation sample represented
by a sycamore maple and on a sample of non-maple samples.
The following metrics were used to evaluate the accuracy of
predicting chlorophyll concentrations: mse, mean absolute
error (mae), and determination coefficient R2. The formulas
for calculating metrics are as follows:

_1z

mse = 3 2(x; — )%
_1z

mae = E%|x,»f)?,-|,

S~ )2

R2=1-— —}1 ,
X(x;—X;)?
T

where x is the true values; ¥ is the predicted values; # is the
number of samples, and X is the mathematical expectation
for the true values. In terms of optimization, mae and R? are
equivalent. The coefficient of determination R? is conve-
nient because it is a dimensionless value usually in the range
[0; 1], the value of R% < 0 shows that the arithmetic mean X
has a better result than the predictions of the constructed
model).
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Results

Selection of parameters for the functional dependence
method. For the GGM prediction on the training sample,
we selected the coefficients o and B of equations (1), as well
as the values A so as to maximize the value of R2. The value
Anir = 800 nm is selected as the wavelength in the near-
infrared range. To get the coefficients o and 3, we took a linear
model based on the least squares method (the LinearRegres-
sion class from the sklearn.linear model package). For each
A € [400; 800] with a step of 1 nm, a specific type of GGM
curve was found. The coefficients of determination R? for
the predictions of the obtained models are shown in Fig. 1.
The highest coefficient of determination was achieved at the
wavelength A = 705 nm. The result is consistent with the
recommended range A € [525; 555TU [695; 725] (Gitelson et
al.,2003). The RF method is compared with the GGM model
obtained at this wavelength A = 705 nm.

Results of constructing an algorithm based on the ran-
dom forest method. The characteristics of the accuracy of the
prediction of chlorophyll concentrations (the values of the mse,
mae, R? parameters) for all six models in the test sample are
shown in the table. The RF-(400—800)-der and RF-(400-800)-
der+der2 methods demonstrated high prediction accuracy. As
the best of them, the RF-(400—800)-der method was selected
as having a smaller number of input parameters.

The selection of wavelengths, the reflection coefficients for
which were taken as input features for predicting chlorophyll
concentrations by the random forest method, was carried out
on the basis of the first model (RF-(400-2450)-base). This is
due to the fact that at first it was not known whether the entire
spectrum was needed, or only a part of it was necessary, and
which one. As mentioned earlier, the RF algorithm allows you
to evaluate the information content of the features the training
took place on. After configuring the control parameters of the
RF-(400-2450)-base model, we took the obtained parameters
to re-train the models on five training samples (from cross-
validation). For these five models, we identified 10 features
with the greatest contribution to the prediction. The results
are shown in Fig. 2: the vertical lines represent the combined
set of wavelengths, the spectrum intensities for which make
the most significant contribution to the prediction accuracy
(26 wavelengths out of 10-5 = 50 possible if the values did
not intersect). Interestingly, the most significant features lie in
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Fig. 1. Determination coefficients of the obtained GGF models
at A € [400; 800], which were calculated on the training sample.
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Results of a random forest model trained on different sets of input features

No. Random forest model Number of input features
1 .............. R F(4o 0 _2450)ba5e .................................. 2 051 .............................
2 .............. R F(4oo_3oo)base4o1 ...............................
3 .............. R F(4o 0 _300) base +de r ................................................................
4 .............. R F(4o 0 _300) der ...........................................................................
5 .............. R F(4o 0 _300) der+der2 .................................................................
6 RF-(500-600;680-740- 101+100+99+61+60-+59 = 380
base+der+der2

Note. The numbers in the description of the feature indicate the range of wavelengths. Additional characteristics of the features: base - reflection spectrum;
der —values of the first derivative of the spectrum; der2 - values of the second derivative of the spectrum. The values with the worst accuracy are shown in italics,

and the values with the best accuracy are highlighted in bold.
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Fig. 2. Characteristics of the reflection spectrum of sycamore maple
pigment samples used for model training.

The lines show: the average value of the intensity of the reflection spectrum
Ry, (Y-axis) for different wavelengths (X-axis); the value of the first derivative
of the average intensity; the value of the second derivative. The values of
the derivatives are normalized to the interval [0; 1]. Vertical lines indicate the
wavelengths whose spectrum intensities make the greatest contribution to
the prediction accuracy of the RF-(400-2450)-base model.

the visible range; most of these features are in the wavelength
range of 500-600 and 680—-740 nm. On this basis we have
formulated the wavelengths of the input characteristics for
the remaining five models for predictions by random forest
(see above).

Comparison of the accuracy of the RF and GGM
methods. The results of the comparison of the methods for pre-
dicting chlorophyll concentrations by the RF-(400-800)-der
and GGM methods and their experimentally measured values
at different concentrations are shown in Fig. 3 and 4. For
sycamore maple samples (the type taken to fit the parame-
ters), the RF-(400-800)-der method shows a better result
compared to the GGM method: \msey= 3.01 pg/cm? ver-
sus \mseggy = 3.21 pg/em?. When testing the methods on a
sample of plant leaves from other species, the GGM functional
dependence method has an advantage \mseggy, = 6.31 pg/cm?
versus \mseg = 12.97 pg/cm?. The GGM method shows high
accuracy at low concentrations of chlorophyll, while the RF
method shows a large error at these values. However, in the
range of chlorophyll concentrations above 20 pug/cm?, the
RF-(400-800)-der algorithm has the best result: \msey,=
=5.91 pg/em? versus \mseggy = 7.01 pg/em?.

Further analysis revealed that for samples with a chlorophyll
concentration of less than 7 pg/cm?, the reflection coefficients

Fig. 3. Comparison of true and predicted values of chlorophyll concentra-
tion in sycamore maple leaf tissues for validation sampling.
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~ | o Prediction by the RF-(400-800)-der method .‘:‘;
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S 60 o0 o
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Fig. 4. Comparison of true and predicted values of chlorophyll concentra-
tion in leaf tissues of not related to sycamore maple samples.

R, (maximum of the reflection spectrum) and R, (minimum
of the reflection spectrum) are visually significantly different
from all the others (Fig. 5, points in the upper right quarter).
The predictions for these samples have a significant error.
However, it was not possible to find out what the differences
in the reflection spectrum are related to: these samples do not
differ from the rest either in the surface density of the leaf or
in the equivalent water thickness for the leaf (Jacquemound
et al., 2003). Six out of ten plant species from these samples
also have samples with normally predicted values. Further
analysis of the causes of the anomalous spectrum is difficult,
since the data are taken from open sources, and the measure-
ments themselves were carried out more than 17 years ago.
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Fig. 5. Scattering diagram of reflection coefficients Rggq versus Rssg,
with selected categories by chlorophyll concentration (less than/more
than 20 mcg/cm?) and by plant type (Acer pseudoplatanus L. or other).

Discussion

Many studies on the application of reflection spectra to
estimate pigment concentrations involve neural networks
(Golhani et al., 2018), while the decisions founded on tree-
based methods are also common in machine learning research
tasks. We used the decision tree method to predict chlorophyll
concentrations in plant leaves and compared the results with
the functional dependence method. We have found the ranges
of the spectrum, the intensity of reflection in which most
strongly affects the accuracy of the prediction by the random
forest method.

The range of 690—750 nm in the literature is called the red
edge of photosynthesis (Curran et al., 1990; Gitelson et al.,
2003; Croft, Chen, 2018), and the neighborhood of 550 nm,
where the maximum of the chlorophyll reflection spectrum
is located, is known as the green edge (Gitelson et al., 2003).
As it can be seen from Fig. 2, in our study, these regions
contain the most important predictors for the random forest
method. The choice of a narrower wavelength range of the
visible spectrum (400—800 nm) as input features compared to
the full source data (4002450 nm) improved the quality of
the model. The explanation is that after dividing the sample
into subspaces, some of them are less suitable for training,
and the trees trained on these values introduce an error in the
total result. The greatest effect was achieved with the use of
derived spectral dependences.

The random forest RF method performed well when work-
ing with sycamore maple samples, while the functional de-
pendence of GGM performed well when working with dif-
ferent plant species. This is due to the greater generalization
ability of the GGM method, as it has fewer configurable
parameters. However, the lower accuracy of the RF method
on samples from other plant species is partly due to the small
size of the training sample and the fact that only one species is
represented in it. For example, the best results of the random
forest method were achieved with a tree depth of 5 or 6, and
this requires a minimum of 32 or 64 objects of the training
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sample, while the functional method (1) requires a minimum
of two points (preferably a point at small values of chlorophyll
and a point at large values). Apparently, this feature of the RF
method can be eliminated by using more training data with
samples from different plant species.

Nevertheless, the procedure for selecting parameters for
the RF method showed that the most significant features for
prediction lie in the visible region, but the influence of the plant
structure was not taken into account in this method. Along
with this, in the functional dependence (1), the structure of
the plant tissue is taken into account by the Ry;; member. If
the experiment is performed with different plant species (see
Fig. 4), then at low values of chlorophyll, the structure of the
plant begins to play a significant role.

Interestingly, both methods work in the range A € [525;
5551U[695; 725]. Both methods work on the decline of the
derivative of the reflection spectrum, as it is shown in Fig. 2.

The word “random” in the name of the method “random
forest” can lead to the idea that when you change the ran-
dom parameter used by the algorithm, you can get radically
different results. We believe that with reasonably selected
control parameters, a reasonable division into training and
test samples, this probability is low. In our case, 625 models
were built for each set of input features (a search of a set of
125 combinations of control parameters, and 5 cross-checked
models for each combination). In addition, it follows from the
above table that the RF-(400-800)-base+der, RF-(400-800)-
der, RF-(400-800)-der+der2 methods have similar results
(and, importantly, have less mse compared to the GGM me-
thod), which indirectly confirms that the results will not change
dramatically.

Conclusion

The random forest method is one of the algorithms for
constructing functional dependencies using machine learn-
ing methods. Therefore, it can be used for mass automatic
construction of functions that connect the observed features
with the desired ones in monitoring tasks. The results of this
work have shown that it is advisable to use the random forest
algorithm (and similar ones) in the task of determining the con-
tent of chlorophyll in a plant leaf if there is a large sample, at
least 32 elements, represented by a wide range of chlorophyll
concentrations, while the structure of the leaf tissue changes
slightly (for example, the application of the algorithm only on
those plants on which it was trained). In other cases, it is better
to give preference to methods based on empirical dependencies
(such as the GGM method discussed here).
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Automatic morphology phenotyping of tetra- and hexaploid
wheat spike using computer vision methods
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Abstract. Intraspecific classification of cultivated plants is necessary for the conservation of biological diversity,
study of their origin and their phylogeny. The modern cultivated wheat species originated from three wild diploid
ancestors as a result of several rounds of genome doubling and are represented by di-, tetra- and hexaploid species.
The identification of wheat ploidy level is one of the main stages of their taxonomy. Such classification is possible
based on visual analysis of the wheat spike traits. The aim of this study is to investigate the morphological charac-
teristics of spikes for hexa- and tetraploid wheat species based on the method of high-performance phenotyping.
Phenotyping of the quantitative characteristics of the spike of 17 wheat species (595 plants, 3348 images), including
eight tetraploids (Triticum aethiopicum, T. dicoccoides, T. dicoccum, T. durum, T. militinae, T. polonicum, T. timopheevii,
and T. turgidum) and nine hexaploids (T. compactum, T. aestivum, i:ANK-23 (near-isogenic line of T. aestivum cv.
Novosibirskaya 67), T. antiquorum, T. spelta (including cv. Rother Sommer Kolben), T. petropavlovskyi, T. yunnanense,
T. macha, T. sphaerococcum, and T. vavilovii), was performed. Wheat spike morphology was described on the basis
of nine quantitative traits including shape, size and awns area of the spike. The traits were obtained as a result of
image analysis using the WERecognizer program. A cluster analysis of plants according to the characteristics of the
spike shape and comparison of their distributions in tetraploid and hexaploid species showed a higher variability of
traits in hexaploid species compared to tetraploid ones. At the same time, the species themselves form two clusters
in the visual characteristics of the spike. One type is predominantly hexaploid species (with the exception of one
tetraploid, T. dicoccoides). The other group includes tetraploid ones (with the exception of three hexaploid ones,
T. compactum, T. antiquorum, T. sphaerococcum, and i:ANK-23). Thus, it has been shown that the morphological
characteristics of spikes for hexaploid and tetraploid wheat species, obtained on the basis of computer analysis of
images, include differences, which are further used to develop methods for plant classifications by ploidy level and
their species in an automatic mode.

Key words: wheat spike morphology; wheat; phenomics; image processing; computer vision; machine learning;
biotechnology.
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Automatic morphology phenotyping of tetra-
and hexaploid wheat spike using computer vision methods

OT Tpex ANKMX AUMITONAHbIX NPeAKOB B pe3ynbTaTe rmépuan3aumnn 1 HeCKONbKNX payHAOB YABOEHNA FrEHOMOB 1
npencTaBneHbl An-, TeTpa- 1 rekcanionaHbIMu Bugamu. Mostomy ngeHTMdrKauma nnovaHoOCTI NWEHUL 1 onpege-
NeHune NX reHOMHOTO COCTaBa ABMAIOTCA OAHUMM N3 OCHOBHbIX 3TaMnoB VX KnaccudukaLumm Ha OCHOBE Br3yanbHOro
aHanmsa GeHoTUNNYECKNX NPr3HaKoB Konoca. Llenb paboTbl — nccnegoBaHme Mophonormyecknx xapakTepucTuk
KONOCbeB NOMVMIONAHbIX BUAOB MLWEHWULbI METOAAMU BbICOKOMPOU3BOANTENBHOrO GeHOTUNNPOBaHUA. BbinonHe-
HO peHOTUNMPOBaHKE KONTMYECTBEHHbIX XapaKTePUCTMK Konoca 17 BUgoB nieHnubl (595 pacteHunin, 3348 nsobpa-
eHuin), BKNtoYas BoceMb TeTpannoungHbix: Triticum aethiopicum, T. dicoccoides, T. dicoccum, T. durum, T. militinae,
T. polonicum, T. timopheevii, T. turgidum v peBATb rekcannongHbix: T. compactum, T. aestivum (B TOM Yncie U30reH-
Has NMHUA copta HoBocnburpckas 67 AHK-23), T. antiquorum, T. spelta (Bkntovas ctapogasHuii copt T. spelta Rother
Sommer Kolben), T. petropavlovskyi, T. yunnanense, T. macha, T. sphaerococcum, T. vavilovii. Mopdonorus konoca
oncaHa Ha OCHOBe [ieBATY KONTMYECTBEHHbIX NPU3HAKOB, BKoYatoLwyx ¢opmy, pasmep 1 ocTUCTOCTb. MprsHakm
6bIIM MONyYeHbl B pe3ynbTaTe aHanm3a UmdpoBbix 306paxkeHnii ¢ nomolybto nporpammbl WERecognizer. Knactep-
HbI aHanNM3 pacTeHnii Mo XapakTepucTkam GopMbl KOOCa U CPaBHEHME VX pacrnpefeneHun y TeTpa- 1 rekca-
NAOUAHbIX BUAOB NMOKa3anum 6onee BbICOKY0 BapnabenbHOCTb MPU3HAKOB Y reKCanaonaHbIX BUAOB MO CPaBHEHNIO
c TeTpannoungHbiMu. Mpw 3TOM camu BUAbI B MPOCTPAHCTBE XapakTepuCTUK Kosloca GOopMUpYIoT fiBa KnacTepa.
K nepBomy OTHOCATCA NpenMyLLeCTBEHHO rekcannongHble BUbl, 3@ UCKSTIOYEHEM OAHOTO TETPaNIONLHOTO, AVNKO-
pactywero T. dicoccoides, Ko BTOPpOMY — TeTparnionfHble, 3a UCKNIOYEHEM Tpex rekcannoungHblx, I. compactum,
T. antiquorum, T. sphaerococcum, v i:AHK-23. Moka3aHo, YTo Mopdonornyeckme xapakTepucTmkn Konocbes Ass
rekca- v TeTpanionfHbIX BUAOB, MOJTyYeHHble Ha OCHOBE KOMMbIOTEPHOTO aHann3a n3obpakeHnii, BeMOHCTPUPYIOT
pasnunuma, KOTopble B AasibHENLWeM MOTYT 6bITb UCMONb30BaHbI AN1A Pa3paboTKm MeToAMKMN SPEKTUBHON Knaccu-
duKaLmm pacTeHniA Mo NIOUAHOCTU U UX BUAOBOW MPUHAASIEXHOCTI B aBTOMaTUUYECKOM peXnMe.

KnioueBble cnosa: nweHuua; mopdonorna Konoca; GeHoMmnka; 06paboTka N306paxKeHNIN; KOMMbIOTEPHOE 3PEHUE;

MalWnHHOE o6yquV|e; 6UOTEXHONOTUN.

Introduction

A number of important issues, including aspects of the ef-
fective conservation of the biological diversity of cultivated
plant species, the study of their origin, and their phylogeny,
presupposes a detailed development of intraspecific clas-
sifications (Dorofeev et al., 1979; Goncharov, 2011). The
producing of such classifications, reflecting the phylogenesis
and genetic structure of species, should be considered the
main goal of modern taxonomy (Hammer et al., 2011). When
developing the classification of cultivated plants, the most
complete description of all existing large and small forms
(taxons) is assumed (Sinskaya, 1969). On the one hand, this
is determined, by the convenience of using such a division in
experimental work, on the other hand, it is also determened
in the breeding and testing of cultivated plants.

The success and effectiveness of research work is often
associated with the detailing and completeness of the ex-
perimental study, which depends on what the material is and
how much it should be studied. In this regard, it is extremely
important that the natural differentiation of one or another
genus, the relationship between species, are reflected with
high accuracy by a detailed taxonomy (Dorofeev, 1985). It
should be noted, that for most of the plants important for
agriculture, the volumes of the genus and species have not
been unambiguously described yet (Rodionov et al., 2019).

A serious problem in the taxonomy of cultivated plants
is the aspect of taxa agregation vs. fragmentation, and in
cases of cultivation it manifests itself especially in contrast
(Golovnina et al., 2009; Goncharov, 2011). At the same
time, the effective use of taxonomy of cultivated plants in
the work of researchers causes certain difficulties. Both di-
chotomous tables (Dorofeev et al., 1979; Goncharov, 2009)
and ideographic manual book (Zuev et al., 2019) require
certain skills; therefore, the producing of a database and
software that allows the identification of species by digital

images is a very promising direction. The development of
these methods is mainly based on technologies for analyz-
ing digital images of plant organs within the framework of
computer phenomics (Afonnikov et al., 2016; Zhang et al.,
2019; Demidchik et al., 2020; Yang et al., 2020).

Wheat is one of the world’s most important food crops.
The modern cultivated wheat species evolved from three
wild diploid ancestors as a result of their hybridization and
several rounds of genome doubling (polyploidization). Cur-
rently, cultivated wheat is represented by di- (2n =2x = 14,
APAD genome), tetra- (21 = 4x = 28, BBAUAUDD genome)
and hexaploid (2n = 6x = 42, BBAYA'DD genome) spe-
cies (Goncharov, Kondratenko, 2008). The main cultivated
species, bread wheat (7riticum aestivum L.), is a hexaploid
(genomic formula BBAYAYDD). The ploidy level is one of
the main taxonomic and classifying characteristics of wheat
species (Dorofeev et al., 1984; van Slageren, Payne, 2013).
It can be established by cytogenetic (Rodionov et al., 2020),
molecular methods, as well as by comparing the morpho-
logical characteristics of plants (Dorofeev et al., 1984). In
this work, we studied the morphological traits of the plant
spikes of tetraploid and hexaploid wheat species based on
the method of high-throughput phenotyping.

The aim of the research was to study the distribution of
morphological traits of spikes of tetra- and hexaploid wheat
species and compare their distributions.

Material and methods

Biological material. We studied 17 polyploid wheat species,
namely, nine hexaploids (7riticum compactum Host, T. aesti-
vum L., T. antiquorum Heer ex Udacz., T spelta L. (includion
of T_ spelta cv. Rother Sommer Kolben), 7. petropaviovskyi
Udacz. et Migusch., T yunnanense King ex S.L. Chen,
T. macha Dekapr. et Menabde, 7. sphaerococcum Perciv.,
T. vavilovii (Thum.) Jakubz.), the near-isogenic line ANK-23
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Table 1. Characteristics of the studied wheat species
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Species Total Ploidy List of vegetation
phOtos ............. p| ants .......... accessmns ..... ta b|e ............ pm ................

Tcompacmeost .................................... 472 ................... 101 ............... 10 ................... 177 .............. 295 ................ Hexap|0,d ....... |”8|X16 ....................

TaesnvumL .............................................. 456 ................... 80 ................ 8 ..................... 166 .............. 290 ................. ”19|X] . 6 | X18 X 14

Tanthuoru mHeeredeacz .................. 184 ................... 37 ................ 4 ..................... 11 6 .............. 68 ................... ||18)(14 .....................

Tspe/mL ................................................... 164 ................... 49 ................ 5 ..................... 40124 ................. |”8 .............................

Tpetropawo‘/SkyIUd acz et M,gusch ...... 374 ................... 75 ................ 6 ..................... 74 ................ 300 ................. ||17|X1 . 7 | X]g ..........

,ANK23 ..................................................... 50 ..................... 10 ................ 1 ...................... 14 ................ 36 ................... |X1 6 ............................

TyunnanensengeXSLChen .............. 191 .................... 43 ................ 3 ..................... 43148 ................. |X17|X18 ..................

TspelmcvROthersommerKOIben ........ 45 ..................... 9 .................. 1 ...................... 9 .................. 36 ................... |X16||18 ....................

TmaChaDekaprEtMenabde ................. 46 ..................... 10 ................ 1 ...................... 10 ................ 36 ................... |X17|X18 ..................

Tsphaemcoccumpercw .......................... 100 ................... 20 ................ 2 ..................... 20 ................ 80 ................... |X1 7 ............................

Tvav,/ov,,(Thum)Jakubz ....................... 15 ..................... 3 .................. 1 ...................... 312 ................... ”18 .............................

TaethloplcumJaksz .............................. 595 ................... 11 9 .............. 12 ................... 11 9 .............. 476 ................ Tetrap|o,d ....... X14 ............................

lecocco, des (Komex ASChers ............... 40 ..................... 8 .................. 1 ...................... 8 .................. 32 ................... |”6 .............................
et Graebn.) Schweinf.
lecoccum (SChrank)S chueb| ................ 41 ...................... 9 .................. 1 ...................... 9 .................. 32 ................... ”17 .............................

TdurumDesf ............................................ 275 ................... 56 ................ 5 ..................... 55 ................ 220 ................. ||16||17||19|X18

Tm,/,t,n a e Zhu k etM, g usc h .. ................... 40 ..................... 8 .................. 1 ...................... 8 .................. 32 ................... |X1 7 ............................

TpOlon ,Cum . |_ ........................................... 95 ..................... 19 ................ 2 ..................... 19 ................ 76 ................... ”16”19 .....................

Tnmopheev”(ZhUk)ZhUk ...................... 125 ................... 25 ................ 3 ..................... 25 100 ................. ||16|X18 ....................

Ttu ,g,dumL ............................................. 40 ..................... 8 .................. 1 ...................... 8 .................. 32 ................... ”15 .............................

of bread wheat cv. Novosibirskaya 67 and eight tetraploids
(T. aethiopicum Jakubz., T. dicoccoides (Korm. ex Aschers.
et Graebn.) Schweinf., 7. dicoccum (Schrank) Schuebl.,
T durum Desf., T. militinae Zhuk. et Migusch., T. poloni-
cum L., T. timopheevii (Zhuk.) Zhuk., T. turgidum L.); the
sample consists of spikes of 595 individual plants, which was
grown in nine vegetation seasons. The plants were grown in
2014-2019 in a greenhouse at the Shared Center ‘Laboratory
of Artificial Plant Cultivation’ of the Institute of Cytology
and Genetics SB RAS. A description of the material used
is given in Table 1.

It should be noted that none of the large genebanks of the
world have typical sets of wheat accessions (collections),
so them usually reflect either the researchers view on the
methods of selection of such sets (Palmova, 1935) or are
determined by the representativeness of the researchers
available material (Goncharov, Shumny, 2008). Standard
taxonomic descriptions of specimens are given in publicly
available databases on genebank websites (http://db.vir.
nw.ru/virdb/maindb).

Digital images obtaining. In this work we used two
protocols for receiving mature spikes photo. The first is
that the spike is placed on the glass of a light table, which
is located on a table with a blue top (background). The ca-

BMONHOOPMATUKA U CUCTEMHAA KOMMNbIOTEPHAA BUOJIOT A / BIOINFORMATICS AND COMPUTATIONAL SYSTEMS BIOLOGY

mera is fixed on a stand above the glass. With this method,
the front projection of the spike can be captured. Second,
the spike is held vertically in front of the blue background.
The spike is supported by clip that are placed on a tripod.
With this method, by rotating the spike about its axis, four
or more projections of the spike can be captured (Genaev
et al., 2018). According to the protocols, a ColorChecker
must be present in the photographs. It is needed for colour
normalisation and scaling. One plant in our dataset can cor-
respond to up to five pictures of its spike taken with different
protocols and in different projections. Examples of spikes
images (one for each species) are shown in Fig. 1. In total
3348 spike images in different projections were captured by
the two protocols, 2097 of them were of hexaploid species
and 1251 were of tetraploid species. Of these, 915 images
were obtained using the “on the table” protocol and 2433
“on the clip”.

Evaluation of spikes quantitative characteristics.
WERecognizer (Genaev et al., 2019) was used to estimate
spikes quantitative characteristics based on image analysis.
This program describes a wheat spike by geometric model
of two quadrangles based on image analysis (Fig. 2). The
geometry of this model is described by nine independent
parameters. The parameters x|, X0, ¥,1» Yy are for the

ul>
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Fig. 1. Spike images of hexaploid (a) and tetraploid (b) wheat species.

Automatic morphology phenotyping of tetra-
and hexaploid wheat spike using computer vision methods

1 - T. compactum; 2 - T. aestivum; 3 - T. antiquorum; 4 — T. spelta; 5 — T. petropavlovskyi; 6 - i:-ANK-23; 7 — T. yunnanense; 8 — T. spelta cv. Rother Sommer Kolben;
9 — T.macha; 10 - T. sphaerococcum; 11 - T. vavilovii; 12 - T. aethiopicum; 13 - T. dicoccoides; 14 - T. dicoccum; 15 - T. durum; 16 - T. militinae; 17 - T. polonicum;

18 - T. timopheevii; 19 - T. turgidum.

Yb2

Fig. 2. Wheat spike shape represents in the form of two quadrangles (Genaev et al., 2019).

The black horizontal line shows the spike centerline. Brown line - spike contour. Green lines — the quadrilaterals that approximate the spike contour. The spike
base - left dotted line. The figure for the upper quadrangle shows the main parameters that characterize spike geometry. Similar parameters are defined for

the lower quadrangle.

upper quadrangle; the parameters Xy, Xy, Yp1> Ypo are for
the lower quadrangle; the common parameter for the two
quadrangles is the ear length. The program additionally
calculates a number of general features of the shape and
size of the spike, as well as the characteristic of its awning.
Details of the feature extraction algorithm are given in
(Genaev et al., 2019).

In the present study, we used the model traits that we
selected as the most informative for predicting spike density

index in our previous study (Genaev et al., 2019), as well as
the general shape and spike trait characteristics. These traits
characterise a complex view of the morphology (phenotype)
of the spike by describing its shape (Circularity, Round-
ness), the physical dimensions of the ear body (Perimeter,
Rachis length) and the area of the awns (Awns area), the
traits obtained by approximating the ear by two quadrangles
are related to the width (x5, yy,,,,) and length (x5, y,,) of
individual segments of the ear (Table 2).
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Table 2. Description of the spike trait characters
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Features Description Dimension
Awns area Awns area mm?
Circularity The roundness index is equal to the ratio of the perimeter of a circle with an area equal to the Dimensionless
contour area to the perimeter of the contour. The index indicates how close the shape of the
contour is to that of a circle. The value varies from 0 to 1
Roundness The roundness index is equal to the ratio of the contour area to the area of a circle with a diameter
equal to the centreline of the spike
Perimeter Perimeter of ear contour without awns mm

Xp2 Quadrangle model parameter related to the length of the right (the bottom one in Fig. 2) centre

part of the spike

Ybm Parameter of the quadrilateral model. Average value of the height of the right (bottom)

quadrilateral

Data analysis. In order to estimate the distribution of
spikes in the feature space under study, we used a non-linear
t-SNE dimensionality reduction algorithm (t-distributed
stochastic neighbor embedding; Maaten, Hinton, 2008).
This method allows to visualize multidimensional data by
mapping objects in multidimensional space to a smaller
(two- or three-dimensional) space. The basic idea behind
t-SNE is to reduce the dimensionality of space while main-
taining the relative pairwise distances between objects. The
advantage of the t-SNE method is its tendency to localize
isolated, dense spatial structures of arbitrary geometry. The
t-SNE method was applied to ordinate images of spikes; the
images of each of the projections of a single ear were treated
as separate objects.

In order to assess the similarity of the quantitative charac-
teristics of spikes for different species, we used hierarchical
clustering (Johnson, 1967) of 17 wheat species according
to the traits obtained by averaging over all spikes of the
same species. Each species was characterized by a feature
vector of length 9. A value of 1— 7 was used as a metric for
the distance between species, where 7 is the value of the
Pearson correlation coefficient between the values of the
traits (Miillner, 2011). The linkage (UGMA algorithm) and
dendrogram functions from the SciPy library (Virtanen et
al., 2020) were used for clustering and dendrogram con-
struction.

To compare the variance of traits in plants belonging
to different ploidy types, we used F statistics (Snedecor,
Cochran, 1989), which evaluates the significance of diffe-
rences in the variance of two distributions. The data were
normalized by the StandardScaler function of the scikit-learn
library (Pedregosa et al., 2011). The test was performed in-
dependently for each of the nine traits described in Table 2.
In this test, one spike image per plant was used, obtained in
the “on the table” projection protocol.

Results and discussions

The mean, median, standard deviation and variance of the
nine features calculated for the 17 wheat species are pre-
sented in the Supplementary 11.

Let’s review the distribution of spikes in our sample of
plants according to the characteristic “area of the spikes”.
The higher this parameter, the more awns were identified
for the spike in the image. According to this characteristic,
spikes of hexaploid wheat can be conditionally divided into
three classes: awned (parameter value above 90), moderately
awned (parameter value from 30 to 90), and awnless (para-
meter value below 30). The species 7. compactum, T. spelta,
T. petropaviovskyi and T. vavilovii are considered awned
according to this criterion. 7. aestivum, T. yunnanense,
T macha are moderately awned. The awnless ones are 7. an-
tiquorum, 1:ANK-23, T. spelta cv. Rother Sommer Kolben,
and 7. sphaerococcum (see Supplementary 1). These data
agree well with the appearance of the spikes (see Fig. 1, a).
Thus, representatives of hexaploid wheat show considerable
diversity in the presence/absence of awns.

If the classification above is applied to tetraploid wheat,
only representatives of 7. militinae (mean value of the pa-
rameter 24.09 mm?) can be assigned to the awnless category.
Four species can be classified as moderately awned: T dicoc-
coides, T. polonicum, T. timopheevii and T. turgidum. Three
species are considered awned: 7. aethiopicum, T. dicoccum,
T durum. In general, the representation of awned species
(specimens) in tetraploid species is significantly higher than
in hexaploid species.

Analysis of such characteristic as spike length shows that
spikes can also be divided into three classes: length less than
60 mm (short), from 60 to 90 mm (medium) and more than
90 mm (long). According to this classification, the hexaploid

1 Supplementary materials 1-4 are available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/SupplPronozinA_Engl.pdf
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Fig. 3. Length (a) and perimeter (b) distribution of a wheat spike in tetraploid (blue) and hexaploid (orange) wheat species.

wheat species T. spelta, T. petropaviovskyi and T. vavilovii
can be classified as long spikes, T aestivum, T. yunnanense,
T spelta cv. Rother Sommer Kolben and 7. macha to medium
spikes, and T compactum, T. antiquorum, T. sphaerococcum
and the near-isogenic lineage ANK-23 to short spikes. The
boundary between species characterized by long and me-
dium spikes is rather conditional. For tetraploid species we
did not find any species which according to this parameter
would fall into the category of long-boned. The medium-
sized category could include 7. aethiopicum, T. dicoccoides,
T. polonicum, T. turgidum, the short spike category — 7. di-
coccum, T. durum, T. timopheevii and T. militinae.

The spike length distribution of the samples studied
for hexaploid and tetraploid species is shown in Fig. 3, a.
The Fig. 3, b shows the distribution of the parameter also
characterizing the size of the spikes — the perimeter of the
contour of the body of the spike in the image.

Fig. 3 shows that the distributions of both parameters in
hexaploid wheat are more scattered, while the variability of
these traits in hexaploid wheat is higher mainly due to the
higher frequency of occurrence of ears with high values of
these traits.

The distribution of the analyzed ears images in the space
of nine features was visualized using the t-SNE method,
resulting in a two-dimensional parameter space (compo-
nents 1 and 2). The results of the transformation are shown
in Fig. 4. In the resulting diagram, each point represents one
of the analysed images of the spike. In Fig. 4, a the dots are
coloured according to the type of ploidy of the plant (blue
colour corresponds to tetraploid wheat species, orange to
hexaploid ones). In Fig. 4, b the colour and shape of each
dot corresponds to a particular wheat spike image.

The diagram in Fig. 4, a shows that the areas occupied
by hexa- and tetraploid wheat species strongly overlap on
the graph. This means that the spikes of these two groups
are quite similar in their characteristics. This is consistent
with the results presented in the Supplementaries 1 and 2
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as well as in Fig. 3. However, it should be noted that in the
diagram in Fig. 4, a samples of hexaploid species occupy
a larger area, primarily due to the predominance of the
corresponding points in the right part of the diagram. One
can see that orange dots (hexaploid wheat) predominate in
the area with values of component 1 more than —20, this
predominance is even more pronounced in the upper right
corner of the diagram (values of component 1 less than 0
and component 2 more than 20). This means that a number
of spike trait characteristics have some values for hexaploid
species specific only, but not for tetraploid ones. This agrees
well with the result shown in Fig. 3. In particular, such areas
may correspond to large values of the parameters “peri-
meter” and “ear length”.

The diagram in Fig. 4, b shows that the areas occupied by
samples of the different species overlap considerably. For
example, 7 aestivum and T. durum species overlap across the
entire plot area (dotted line). At the same time, it should be
noted that the images of spikes belonging to the same wheat
species occupy mostly compact areas on the graph. At the
same time, there are species for which the spike samples are
divided into several clearly visible clusters according to their
characteristics. Such species include 7. compactum (small
blue circle, component 1 from —60 to 0, component 2 from
—60 to 0) and T. petropavlovskyi (purple triangle, compo-
nent 1 from —20 to 0, component 2 from 40 to 80).

Fig. 1 shows that hexaploids are represented by plants with
two characteristic types of spikes: long and thin (7. aestivum,
T spelta, T. petropavlovskyi, T. yunnanense, T. spelta cv.
Rother Sommer Kolben); short and rounded (7. compactum,
T. antiquorum, i:ANK-23, T. sphaerococcum, T. macha,
T. vavilovii). In Fig. 4. b the group of plants with short and
rounded spikes is located in the component 2 value range
from —80 to 0 (lower part of the graph). Plants with long
and thin spikes have component 2 values between 0 and 80
(upper part of graph). In Fig. 4, a, these two groups of plants
correspond roughly to the two clouds of dots in hexaploid
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Fig. 4. Clustering of spike digital images of individual genotypes by the t-SNE method, obtained on the basis of quantitative traits from Table 2.

a-blue color corresponds to tetraploid wheat species, orange — hexaploid; b - the color and shape of each point corresponds to a specific type. The blue polygon
marks the area occupied by T. aestivum and T. durum species. Clustering is called automatic partitioning into clusters. The automatic arrangement on the plane

and in space is called ordination.
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Fig. 5. Results of the hierarchical cluster analysis for nine signs of a wheat spike.

Blue squares correspond to tetraploid.

wheat at the top and bottom of the graph, which overlap
slightly in the central part of the graph. Thus, the diagrams
in Fig. 4 provide a clear indication of the diversity of spikes
in their characteristics within and between species.

To characterize in more detail the similarity of morpho-
metric characteristics of spikes in different wheat species, we
conducted a hierarchical cluster analysis for them based on a
comparison of the mean values of the studied traits. (Fig. 5).

Fig. 5 shows that the wheat species were divided into
two clusters (highlighted in red and green). The first cluster
(red) predominantly includes tetraploid species (shown in
blue rectangles near the terminal tree nodes). However, wild
tetraploid wheat species 7. diccocoides is not included in
this cluster, while among hexaploid species, 7. compactum,
T. antiquorum and T. sphaerococcum differing from all other
species by compact spike shape, i.e. having the shortest
spike of all studied hexaploid wheat species are included
in it. It should be noted that in the work of A. Zatybekov
et al. (2020), using economically important traits, samples
of six tetraploid species were clustered arbitrarily, i.e. ir-
respective of their species identity. It is important to note,
that remaining hexaploid species were clearly divided by
spike length into two clusters of medium (7. macha, T. aes-
tivum, and T. yunnanense) and long spikes (7. vavilovii,
T. petropaviovskyi, and T. spelta).

T spelta and T. spelta cv. Rother Sommer Kolben (a Ger-
man landrace) occur in the same cluster. This allows us to
conclude that the “species” shape of spike during long-term
wheat breeding did not change for a long time (in this case,
more than fifty years) and may be successfully used for
classification of the species.
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It should be noted that the only wild tetraploid loose
spike species in the genus, 7. dicoccoides, has fallen to the
hexaploids. While hexaploid wheat species with compact
ear type — T compactum, T. antiquorum, T. sphaerococcum
and human-made near-isogenic line ANK-23 of spring bread
wheat cv. Novosibirskaya 67 (Koval, 1997) — were included
into tetraploid species. The latter leads to the conclusion that
although near-isogenic lines are produced on a particular
(specific) species, nevertheless, their species identity should
be treated with caution.

Let’s take a look at 7. petropaviovskyi. The species was
founded at the Chinese Pamir — route of the Great silk
road. According to the results of the study of gliadins, all
accessions of this species were very similar to such hybrid
combination obtained from crossing bread wheat with
T. polonicum (Watanabe et al., 2004). The authors of the
“Cultural Flora of the USSR” also considered a possible
hybrid origin of this species (Dorofeev et al., 1979). In ad-
dition, T petropavlovskyi also resembles bread wheat in a
number of taxonomic traits (Goncharov, 2005). Previously,
R.L. Boguslavsky (1982) described hybrids from cross-
ing T. aestivum with T. polonicum produced by CIMMYT
breeders as subspecies of 7. petropavlovskyi ssp. mexicana
Bogusl. Based on the above, we considered it appropriate to
conbided T’ petropavlovskyi as the subspecies of T. aestivum:

Triticum aestivum ssp. petropavlovskyi comb. et stat.

nov. (Udacz. et Migusch.) N.P. Gontsch. — T’ turanicum

Jakubz. convar. montanostepposum Jakubz. f. aristiforme

Jakubz. 1959. Bot. Zhur. 10:1428, nom. illig. — T_ petro-

paviovskyi Udacz. et Migusch. 1970. Vestn. Sel skokhoz.

Nauki. 9:20.
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Table 3. Results of using F statistics to confirm the hypothesis of a significant difference in the variance of two distributions

Features F-statistics p-value Hexaploid Tetraploids Average Average
dispersion dispersion hexaploids tetraploids
Awnsarea0376 ........................ 1000 ........................ 1415376384875 .................... 1 60643 ..................
CIrCUIantymdeX .............. 11880065095908070178 ........................ O 181 ...................
Roundness ....................... 1828 ........................ 1”0e_07 ................ 131207180141 ......................... 0 172 ..................
Penmeter ......................... 157047109_05 ................ 10800688 ....................... 218124 .................... 1 85015 ..................
Rachls|ength3500 ........................ < 1e_15 .................... 132003777413659280 ..................
Xu23928 ........................ < 1e_15 .................... 133603405383736853 ..................
Xb24437 ........................ < 1e_15 .................... 133103005400436726 ..................
yu24275 ......................... < 16_1524910583 ............................. 3 8444171 ...................
me .................................... 10810248069506430225 ........................ 0 246 ..................

Note. Significant dispersion differences are shown in bold.

Typus: described by an accession from China “Origin:
China, Xinjiang Province, village Kurlia, K-48376,
1957. A.M. Gorsky exp[edition]. Reproduction of
Central Asia, Tashkent, Central Asian Station of VIR.
08. VII. 1969, Collected/defined: R.A. Udachin &
E.F. Migushova” in St. Petersburg (WIR!). (The her-
barium specimens of the type and paratype of Triticum
aestivum ssp. petropavlovskyi are given in the Supple-
mentaries 3 and 4).

Note that the results presented in Fig. 3 and 4, a show that
hexaploid species have a greater variability in spike shape,
size and awnness characteristics. Therefore, we hypothesized
that the spike trait characteristics of hexaploid species may
have a higher variation than those of tetraploid species. To
test this assumption, we compared the variance of the esti-
mated parameters using an F-distribution (Table 3).

The results presented in Table 3 show that the variance of
most of the characters for hexaploids and tetraploids have
significant differences (p < 0.05). At the same time, the
significant differences in variance were not found for such
traits as y,,, (quadrangle model parameter), Awns area and
Circularity index. It is interesting to note that for all signifi-
cant differences, we observe a higher variance in hexaploids
than in tetraploids. Thus, the analysis showed that hexaploid
species show higher diversity in spike morphometric trait
characteristics compared to tetraploid species.

The data represent plants of 17 wheat species: 9 hexa-
ploids (T compactum, T. aestivum, T. antiquorum, T. spelta
(including T spelta cv. Rother Sommer Kolben), 7. petro-
paviovskyi, : ANK-23 (near-isogenic line of bread wheat cv.
Novosibirskaya 67), T. yunnanense, T. macha, T. sphaero-
coccum, T. vavilovii) and 8 tetraploids (7. aethiopicum, T. di-
coccoides, T. dicoccum, T. durum, T. militinae, T. polonicum,
T. timopheevii, T. turgidum). The results of their clustering
are presented so that the colour and shape of each dot cor-
responds to a particular species (see Fig. 5).
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It is well known that genome doubling as a result of du-
plications (autopoploidy) or hybridization and subsequent
polyploidization (alloploidy) leads to marked changes in
plant phenotype (Finigan et al., 2012; Romanov, Pimonov,
2018; Rodionov et al., 2019). These changes in plants occur
both at the cellular level (Liu et al., 2018) and at the organ
level (Robinson et al., 2018). In many cases, in plants, an
increase in ploidy leads to an increase in cell and organ
size (Comai, 2005; Williams, Oliveira, 2020), increasing
resistance to stress (Tan et al., 2015). Currently, researchers
suggest that there are four types of molecular mechanisms
of such variability: 1) increased gene/allele dosage, 2) in-
creased genetic diversity, 3) altered genetic regulation, and
4) epigenetic rearrangements of the genome (Chen, 2007;
Finigan et al., 2012).

The analysis of morphological characteristics of spikes
of hexaploid (2n = 6x = 42) and tetraploid (2n = 4x = 28)
wheat has shown, that most of spike characteristics have
significantly higher variation in wheat with higher spike
ploidy. Our results are in agreement with the ideas about the
influence of ploidy on plant phenotype variability.

Conclusion

A large-scale analysis of the spike digital images of
595 plants of 8 tetra- and 9 hexaploid wheat species was
carried out. Nine quantitative traits describing the shape,
size and awnedness of the spike were studied. The variability
among the above genotypes was studied and it was shown
that two clusters are formed in the spike characteristic space.
The first cluster includes mainly hexaploid species (with
the exception of wild tetraploid species 7. dicoccoides).
The second cluster includes tetraploid species (with the
exception of three hexaploid species with compact spike
shape — T. antiquorum, T. sphaerococcum, and near-isogenic
line ANK-23). Analysis of variance of these characters in
hexaploid and tetraploid wheats showed a significant in-
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crease in variance for six of nine characters in the sample of
hexaploids, i.e. greater ploidy level gives more variability
in quantitative characters of spike morphology.

Thus, it is shown that morphological trait characteristics
of spikes of hexa- and tetraploid species, obtained on the
basis of computer image analysis, demonstrate the diffe-
rences, which can be used in the future to develop a method
of classification of plants by ploidy level and their species
affiliation in automatic mode.
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Abstract. The paper presents the results of sensitivity-based identifiability analysis of the COVID-19 pandemic
spread models in the Novosibirsk region using the systems of differential equations and mass balance law. The
algorithm is built on the sensitivity matrix analysis using the methods of differential and linear algebra. It allows
one to determine the parameters that are the least and most sensitive to data changes to build a regulariza-
tion for solving an identification problem of the most accurate pandemic spread scenarios in the region. The
performed analysis has demonstrated that the virus contagiousness is identifiable from the number of daily
confirmed, critical and recovery cases. On the other hand, the predicted proportion of the admitted patients
who require a ventilator and the mortality rate are determined much less consistently. It has been shown that
building a more realistic forecast requires adding additional information about the process such as the number
of daily hospital admissions. In our study, the problems of parameter identification using additional informa-
tion about the number of daily confirmed, critical and mortality cases in the region were reduced to minimizing
the corresponding misfit functions. The minimization problem was solved through the differential evolution
method that is widely applied for stochastic global optimization. It has been demonstrated that a more general
COVID-19 spread compartmental model consisting of seven ordinary differential equations describes the main
trend of the spread and is sensitive to the peaks of confirmed cases but does not qualitatively describe small
statistical datasets such as the number of daily critical cases or mortality that can lead to errors in forecasting.
A more detailed agent-oriented model has been able to capture statistical data with additional noise to build
scenarios of COVID-19 spread in the region.
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AHHoOTauuAa. Pa3paboTaH anroputm aHanmsa YyBCTBUTENIbHOCTU U MAEHTUOULIMPYEMOCTU MaTeMaTUUeCcKmx
mMogenein pacnpocTtpaHeHus anugemun COVID-19 B HoBocnbrpcKoi 0651acT, OCHOBAHHBIX Ha cucTemMax and-
depeHUmanbHbIX YpaBHEHUI 1 3aKoHe AencTByowmx Macc. OCHOBY anroputma COCTaBAeT aHanu3 mMaTpuLbl
YYBCTBUTENbHOCTU MeTogamun anddepeHUranbHON 1 NMMHEHOW anrebpbl, NOKasblBalowWen CTeNeHb 3aBUCH-
MOCTV HeU3BECTHbIX MapameTPOB MOAENEe OT 3aflaHHbIX U3MepeHuid. B pesynbtate paboTbl anroputMa Bbl-
ABNAIOTCA HavMeHee 1 Hanbonee YyBCTBUTENbHbIE K M3MEPEHMAM MapameTpbl, YTO CMOCo6CTBYeT NOCTpoe-
HUIO PerynapusyioLero anroputMa pelleHns 3agaun naeHTnenkaumm napameTpoB Ana noctpoeHus bonee
TOYHbIX CLieHapueB Pa3BUTUA SNUAEMUU B PervioHe. AHann3 YyBCTBUTENIbHOCTY MaTeMaTUUYeCKMX MoAenen
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pacnpocTpaHeHus KopoHaBupycHon nHbekumm COVID-19 nokasan, 4to napaMeTp KOHTarMo3HOCTU BUpYycCa
YCTOMYMBO OMpefenaeTcs no KONMUYECTBY eXe[HEBHO BbiABNAEMbIX 3a00NEBLUNX, KPUTUYECKUX U BbleymnB-
LmMxcs 605bHbIX. C APYroi CTOPOHbI, NPOrHO3Mpyemasn fONA FOCMUTANIM3MPOBaHHbIX OOJIbHbBIX, HAXOAALMXCA
B KPUTMYECKOM COCTOAHMUN 1 Tpebytowwmx nofgknoueHns annapata VBJ1, a Takxke Ko3bdprUmneHT cmepTHOCTH
onpenenAlTCA ropasfo MeHee ycTonumso. Ana noctpoeHnsa 6onee peanncTMYHOrO NPOrHO3a HeobXOANMO
[06aBWTb fONONHUTENbHYIO MHOPMaLMIo O Npouecce (Hanpumep, O KOMYeCTBe eXeAHEBHbIX CllyYaeB ro-
cnuTanmu3aumm). 3agaun YyToYHeHUA AeHTUGULMPYEMbIX NapameTpoB Mo AOMONHWUTENbHOW UHOpMaLmuy o
KOMMYEeCTBE BbIABJIEHHBIX, KPUTUYECKMX 11 CMEPTESIbHbIX CllyyaeB B HoBocmbupckoi obnacty 6binv cBefjeHbl
K 3afja4amMm MUHMMM3aLMM COOTBETCTBYIOLLMX LieneBbiX GyHKLMOHaNO0B. 3aaada MUHMMU3aLun Gbina peLleHa ¢
nomMoulbto MeToaa andpdepeHLnanbHOM SBOIIOLUN, WIMPOKO UCMOSb3YeMOro B 3aayax CTOXacTUYeCKO rio-
6anbHo onTMM3aumu. NokasaHo, uto 6onee obLas KamepHasa MOAESb, COCTOALLAA U3 CEMU OObIKHOBEHHbIX
anddepeHLnanbHbIX ypaBHEHWI, ONMCbIBAET OCHOBHYIO TEHAEHLNIO PacnpoCTpaHeHNA KOPOHaBUPYCHOW MH-
deKumn, YyBCTBUTESIbHA K MNKaM BbIABNEHHbIX CJTy4aeB, OAHAKO HEKaueCTBEHHO ONKMCbIBaeT HebobLUne cTaTu-
CTUKYM (KOSIMYECTBO eXXeHEBHbIX KPUTNUYECKIMX, CMEPTESIbHBIX CIIyUYaEeB), YTO MOXKET NMPVBOAUTD K OLUIMOOYHbBIM
BblBOfAaM. bonee nogpobHas areHTHO-OpPUEHTNPOBAaHHAA MaTeMaTMYeCcKasa MOLENb, yUnTbiBatoLLan NoBeAeH e
OTAEeNbHbIX areHTOB, NMO3BONAET YNaBAVBaTh HEOOJbLUME WYMbl B JaHHbIX U CTPOUTb CLIeHApWK Pa3BUTHA pac-
NPOCTPaHeHNA SNMAEMUN B PErMOHE.

KnioueBble cnoBa: UyBCTBUTENIBHOCTb NapaMeTPoB; NAEHTUPNLMPYEMOCTb; OObIKHOBEHHbIe AnddepeHLmnanb-
Hble ypaBHeHNs; obpaTHble 3apaun; snuaemuonorus; COVID-19; nporHo3nposaHue; HoBocnbupckasa obnactb.

Introduction

Many mathematical models in biology (epidemiology, im-
munology, pharmacokinetics, systems biology), medicine
(tomography), physics and chemistry (meteorology, chemical
kinetics), as well as sociology are described by systems of
differential equations, whether they be ordinary (Kermack,
McKendrick, 1927), partial (Habtemariam et al., 2008), or
stochastic differential ones (Lee et al., 2020). Coefficients in
these equations characterize specific features of simulated
processes under given conditions. To build an adequate mathe-
matical model, one needs to refine the coefficients of the equa-
tions based on the known parameters of the process and any
additional information available about it. For example, when
considering epidemiological problems, the parameters such
as the infection transmission rate in the region; the critical
case rates depending on comorbidities, age, and other demo-
graphic factors; the proportion of asymptomatic carriers/latent
infection cases, etc., are unknown or approximately derived
based on statistical data. These parameters are often sensitive
to the measurements prone to errors (rounding, instrument,
and human factor errors), which leads to unstable solutions
of parameter identification problems.

Identifiability analysis of the differential equation systems
modeling biological, medical, and physical processes is an im-
portant step to undertake before developing computational
algorithms (Bellu et al., 2007; Raue et al., 2010, 2014; Miao et
al.,2011; Kabanikhin et al., 2016; Voropaeva, Tsgoev, 2019).
A classification of identifiability types distinguishing between
structural identifiability, practical identifiability, and sensiti-
vity analysis is presented in (Krivorotko et al., 2020a). The
authors also analyze the systems of ordinary differential equa-
tions (ODE) describing epidemiological and immunological
processes in terms of practical identifiability and parameter
sensitivity to measurement errors.

A detailed review of methods and case studies of structural
identifiability analysis in biological problems described by

ODE systems may be found in (Miao et al., 2011; Kabanikhin
et al., 2016). The model structure being as follows:

% =g(t,%,q), te(0,T),x(t)e CL(RN), geRE,
x(0) =Xx,, (1)
x; () = fio ie{l, ., M}, k=1,..,K,

The analysis based on this model makes it possible to verify
the uniqueness of the solution ¢ of the parameter identification
problem and the initial conditions of model X, (or their part)
based on available measurements f;,, while also providing
recommendations on adding new information and modify-
ing the conditions of the parameter identification problem to
ensure the uniqueness of the solution.

In the present paper, the analysis of the semi-relative sensi-
tivity of the mathematical models to describe epidemiological
and social processes is presented. This approach, proposed
in (Adams et al., 2004) for analyzing ODE systems, shows
the degree of parameter sensitivity to measurements and
identifies lacking/excessive measurements based on a cer-
tain reference set of parameters for solving the stated pa-
rameter identification problem. Two mathematical models
of the spread of the new coronavirus infection caused by
the SARS-CoV-2 virus described by ODE systems are used
as examples. A regularization algorithm for numerical solu-
tion of the parameter identification problem is developed for
SEIR compartmental model and agent-based model using the
statistical data from public sources. The modeling results and
the scenario of COVID-19 spread in the Novosibirsk region
are presented.

Parameter sensitivity analysis

in systems of ordinary differential equations
Sensitivity analysis is used for identifiability assessment of
the unknown parameters of the model represented by ODE
system (1) before developing a numerical solution algorithm

BMONHOOPMATUKA U CUCTEMHAA KOMIMbIOTEPHAA BUOJIOTUA / BIOINFORMATICS AND COMPUTATIONAL SYSTEMS BIOLOGY 83



O.l. Krivorotko, S.I. Kabanikhin
M.l. Sosnovskaya, D.V. Andornaya

for the parameter identification problem. These methods do
not require real experimental data, but the number of measure-
ments and their time may be a necessity. Sensitivity analysis
for a mathematical model is performed with regard to a set
of nominal parameters g*, whose values are taken from the
literature or statistical data available.

Sensitivity analysis methods are based on a sensitivity
matrix. Assume that #,<¢,<...<f, are the fixed times of
measurements f;, . Then, the sensitivity matrix coefficients for
parameter vector ¢* are calculated as:

BCIAGY Wy @

6qj Y

where, f;,i =1, ..., M, is the ith entry of the measurement
function vector, and q;s j=1, ..., L, is the jth entry of the
parameter vector.

Thus, the sensitivity matrix is determined as follows:

Sij(t)

st $1(8)

S s0)
Swwa™| b witd|

St St

The sensitivity matrix is calculated using the conventional
sensitivity function:

_ox.
qu(t) - aqj(t), J 1, ,L

When the first equation from (1) is differentiated with re-
spect to ¢;, each vector function Sq; should satisfy the Cauchy
problem as follows:

. og, - 0 —
8,0 =323 (6:9).9) 5, (0 + 25 (15 (139).9),
g5 ox 9j 0q;
% ! 3)
5, (1) = 20
420" oq;°
J
So, sqj(t) is obtained by numerically solving the Cauchy
problem.

First, the assessment is performed for the parameters g,
to which the model’s solution is most sensitive. These para-
meters, in turn, are defined by calculating semi-relative sen-
sitivity. Here, sensitivity is considered a time function on the
interval of interest. To obtain a general measure of parameter
sensitivity of the solution, a time norm (over space L,) is de-
rived for each state/parameter combination and the obtained
scalar quantities are ranked to identify the most sensitive pa-

of (1) g
k
0q,

, the less the effect
2

rameters. The lower the value

of g, on f;. This general measure will be referred to as semi-
relative sensitivity.

The orthogonal method is then used for sensitivity analysis.
The idea of the method suggested in (Yao et al., 2003) is to
investigate linear dependencies of the columns of sensitivity
matrix S. In such a way it will be possible to assess parameter

Sensitivity and identifiability analysis
of COVID-19 pandemic models

sensitivity to the input data and parameter interdependence
at the same time.

Sensitivity analysis of COVID-19 spread models

The feature of currently developed COVID-19 spread models

is that they analyze the behavior of asymptomatic cases and the

effect of the incubation period on the epidemiological situation

in the regions. Several open-source suites (Gomez et al., 2020;

Tuomisto et al., 2020; Wolfram, 2020) and web services have

been developed for modeling COVID-19 spread scenarios:

» ona global scale: https://covid19-scenarios.org/ (University
of Basel, Switzerland);

* in Moscow, the Novosibirsk region, and some European
countries: https://covid19.biouml.org/ (Institute of Compu-
tational Technologies, SB RAS, Novosibirsk);

* in Almaty, the Republic of Kazakhstan: http://covid19.
mmay.info/almaty/?fbclid=IwAR20yx7F4AMdWRqwUD
zripUK291WAvoyCSkDPafgpj25ummay23e7o0FHBdXg.
Two fundamental approaches to epidemic propagation mo-

deling may be distinguished:

1. Compartmental approach (top-down modeling). Here,
the interaction between the agents within the population
grouped by similar attributes (susceptible group, (a)symp-
tomatic carriers, hospital admission cases, critical cases,
etc.) is described using the mass balance law within the
compartmental model first suggested in 1927 (Kermack,
McKendrick, 1927). Agents are distributed in time de-
pending on the assigned transition probabilities between
groups such as infection probability, virus contagiousness,
mortality rate, etc.

2. Agent-based approach (bottom-up modeling) is based on
studying the interactions between individuals and their
effect on global parameters (e.g. virus contagiousness,
mortality rate, severe case probability, etc.). Agent-based
models are characterized by random graphs whose arc
lengths describe the probabilities of transition to different
agent states.

The parameters of transition between groups or agent
states are often unknown or broadly defined. For instance,
the incubation period of the disease according to WHO data
varies from 2 to 14 days, which complicates the analysis of the
model and the building of adequate disease spread scenarios.

Let us consider two breakdowns of the population of a par-
ticular age (e. g., ages 20-29) into groups. The transition into
different agent states in the course of the disease caused by
the SARS-CoV-2 virus is presented in Fig. 1. These models
do not take into account such factors as sex segregation, an-
nual birth and mortality rates (since the modeling interval of
less than a year is analyzed), vaccination, passenger traffic,
and comorbidities, which affect the probabilities of transition
to different agent states. Our goal here is to demonstrate the
correlation between dependences of similar parameters on the
same measurements and recommend what parameters can be
determined consistently and based on what measurements.

The ODE system (1) describing COVID-19 spread in the
population is divided into 10 groups (Kerr et al., 2020) based
on the mass balance law and is expressed as follows:
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Fig. 1. Agent-state diagram in (a) the COVASIM package (Kerr et al., 2020) and (b) the SEIR-HCD model (Unlu et al., 2020).
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_ dH 1 B
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ar c ”H (- = C(f) — (), with the initial conditions:
ap _ p C(t) S(0) =Sy, E£(0) = E, 1(0) = I, R(0) = R,
dt crl
g H(0) = Hy, C(0) = C,, D(0) = D,

with the initial conditions:
S(O) = S()7 E(O) = EO) 1(0) =
R(0) =R, H(0) = H, M(0) =

1y, A(0) = A, Sym(0) = Sym,,,
M,, C(0) = C,, D(0) =D,.

Model (4) characterizes a class of agent states for an age
group within the agent-based model (see Fig. 1, a).

The equation system for the SEIR-HCD model, where the
population is divided into 7 groups (Krivorotko et al., 2020b;
Unlu et al., 2020), is composed in a similar fashion:

Here, S(f) is a susceptible agent at time ¢, E(¢) — a nonconta-
gious infected (not transmitting the virus), /(¢) — a contagious
infected (transmitting the virus), A(f) — an asymptomatic
case, Sym(t) — a symptomatic case, H(f) — a severe case,
C(f) — a critical case (requiring a ventilator), M(¢) — a mild
case, R(f) —arecovered case, and D(¢) —a mortality case. The
averaged parameters of models (4) and (5) for the Novosibirsk
region are presented in Table 1 (Lauer et al., 2020; Verity et
al., 2020; Wolfel et al., 2020).
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Table 1. Averaged parameters used in models (4), (5) for the Novosibirsk region (Kerr et al., 2020; Unlu et al., 2020)

Parameter Description Value/interval
T1 ....................... D a ys before recovery forasym ptoma t,c andm, | d . ca Ses .......................................................................................... 6 _” .......................
Tz ....................... D a ys before recovery forsevereand . c r,t,ca|cases .................................................................................................... 12_17 ....................
psym ................... P rOb ab|||tyof Symptom expre 55|0nafter|nfec t,on ................................................................................................... 0 6 .........................
P Probability of a symptomatic case becoming a severe one (requiring hospital admission) 00072
P Probability of a severe case becoming a critical one (requiring aventilato) 000036
a ....................... P rOb ab|||ty0f V, rustra ns m|55|onto CO nta ct a g ents .................................................................................................. ( 001 0025) ..........
E(O) .................... | n,t,a|qu ant,ty . ofmfecte d agents, n ; thepo pu|at,0n ................................................................................................ ( 1 100) ..................
)" Vandex selfsolation index descrbing the complancewith sl solation rinciiesnthe popuiion 05
on a scale from 0 (lack of isolation) to 5 (complete isolation)
R Contagion probability between the asymptomatic and susceptible groups (g >> @) oy
R Contagion probability between the infected and susceptible groups linked with virus contagiousness ~~ (0,1)
and social factors
[3 ........................ R ecovery p rOba b|||tyfor mfected . c a Ses W|thoutcomp||cat|0n 5 .............................................................................. ( 0 1) ......................
e | Proportion of admitted critical-state patients requiring aventitator | oy
“ ....................... P robab,htyofcovm19re|atedmorta|,ty ................................................................................................................. ( 005) ...................
T ........................ |_ a tent penod . m days (de|ay m vm on : ,50| a t,on) ......................................................................................................... 2 .............................
tmc ..................... | nCUba t,onpe nod, n ; d ays ............................................................................................................................................ 2 _14 ......................
tmf ..................... | nfecn On pemdmda ys ............................................................................................................................................... 2 5_14 ...................
thosp ................... H osp,tahzat.onpenod,ndays4_5 ........................
tcm ..................... D a ys onavenmator ...................................................................................................................................................... 10_20 ....................

Table 2. Semi-relative sensitivities of various model (4) states
to the parameters sorted in descending order

: o S [ L [ J | |
Note that the coefficients £, bt > Dosp> Lories T 5 T1 5 T

at the respective agent states in models (4) and (5) describe

the delay in transition between states (Likhoshvai et al., 2004). Variable, Parameter, g, oF (D) »
Consider the following equation (5): H? x
k 2
dl _ 1 1
al _ _1 E )—— [ B) s
&~ PO Linf ®, R(®) E(0) 8.9-10°
where coefficient £,! (in the linear approximation) indicates o 7.6-10'
Fhe delay of 7, days before the trgnsmon from non-contagious Do) £0) 6.7.10-14
infected group E(?) to contagious infected group /(¢), and coef- e
ficient fti;} — that the agent stays in the contagious infected ... e 60710

group for the infection period of Liny days.
Mathematical model 1 (see the diagram in Fig. 1, a). As-

sume that additional information on recoveries and deaths on  order are presented in Table 2. The lower the value GAY) g >
fixed days is available for the mathematical model (4): 94, 2

R(t)=R,,D(t)=D,, k=1, ...,225. (6)
Here, R, is the number of recovered agents on day &, D, is
the number of disease-related deaths on day 4.

The model analyzes the semi-relative sensitivity of two un-
known parameters, i.e. contagiousness o and initial quantity
of asymptomatic cases £(0) in the model (4) to the measure-
ments (6). It will allow us to determine the possibility of
consistent identification of the unknown parameters based on
the data available for an adequate representation of epidemio-
logical situation in the region. The sensitivities of parameters
(g = (a, £(0)), k=1, 2, to measurements (f;) = (R, D),i=1,2,

of(t) ,«
£ g
0q,

represented by norm and sorted in descending

2

the less the effect of g, on f,.

Figure 2 demonstrates how sensitive function %q*
g, k
changes in time depending on the parameter. Thus, parameters
o and E(0) within the model (4) are less sensitive to vari-
able D(f) and are therefore not identifiable by the mortality
data alone. On the other hand, these parameters are sensitive to
function R(7), and, as a result, are recovered more consistently
based on the recovery data.

Mathematical model 2 (see the diagram in Fig. 1, b). Let
us now investigate the SEIR-HCD mathematical model (5).
Assume that additional information on diagnoses, critical
cases, and mortality on fixed days is available:
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Fig. 2. Sensitive function ﬁqk for model (4) for the period from 12.03.2020 to 09.09.2020 (182 days).
k

aq

I(tk) =(1 _bk)fka C(tk) = Cka D(tk) = Dka
te(ty, 1), k=1,...,205,

where b(¢) € [0, 1] is the proportion of asymptomatic carriers
in the diagnoses, f; — the daily number of diagnoses on day £,
C, — the number of critical cases on day £.

Parameters g = (0, o, B, €40, 1, EO)T R are considered
unknown. To analyze the semi-relative sensitivity of the pa-
rameter vector ¢ to measurements (7) within the mathemati-

(7

cal model (5), we derive ﬁg(t) gt ()=(LC.D)i=1,23,
9k
of(¢t
and analyze the values g’( ) q;|| (Table 3). Consistency of
qr 5

identifying parameters f, &,,, and u as the result of solving
the inverse problem barely depends on the available measure-
ments of the number of infected carriers /(7); however, it is not
the case for the more sensitive coefficients a,, o, £,

AU

0q,

in time depending on the parameter. The more the parameter
changes in time, the higher its sensitivity to the measurements
analyzed, and the more consistently it is identified.

In Fig. 4, the results of parameter sensitivity analysis for the
model (5) at various iterations of the orthogonal algorithm are
presented (see the description of the algorithm in (Krivorotko
et al., 2020a)). Iterations of the orthogonal algorithm, whose
total number is one less than the dimension of the unknown
parameter vector (i. e. the number of columns in the sensitivity
matrix), are plotted along the horizontal axis, and the norms of
perpendiculars for the obtained transformations of sensitivity
matrices — along the vertical axis. It was shown that the con-
tagion between the asymptomatic and susceptible groups a,,

Figure 3 shows how sensitive function g; changes

the contagion between the infected and susceptible groups o,
linked with virus contagiousness and social factors, and the
initial quantity of infected carriers and the agents in incubation
period £, turned out to be the more identifiable parameters.
The ranking of the parameters obtained via sensitivity analysis

Table 3. Semi-relative sensitivities of various states
of the model (5) to parameters, sorted in descending order

Variable, f; Parameter, g, of(t) «
[5l,
/ ....................................... (.1. E .................................... 2 8651014 ...................
/ ....................................... (.1. R 2 396 .i.b.i.‘i ...................
/ ....................................... E 0 .................................... 13541014 ...................
c ..................................... (.1. E .................................... 2 3861012 ...................
c ..................................... (.1. — 19961012 ...................
c ..................................... E 0 .................................... 15441012 ...................
D ..................................... (.1. E .................................... 7 1101011 ....................
D ..................................... (.1. o 5 94710” ....................
D ..................................... E 0460110” ....................
C ..................................... 8 HC4833'|04 .....................
c ..................................... B ..................................... 3 4 28 104 .....................
D ..................................... 8 HC .................................. 3 041104 .....................
D ..................................... u ..................................... 2 982104 .....................
D ............................................................................ 2 1 64104 .....................
c ..................................... u ..................................... 3 695102 .....................
/ ....................................... [3 ..................................... 2 0 310_6 .....................
/ ....................................... 8 HC .................................. 161077 .......................
/ ....................................... u ..................................... 3 10_8 ..........................
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Fig. 4. Normalised perpendiculars for each parameter (different colors)
at the different iterations (7-5) of the sensitivity-based orthogonal algo-
rithm (5).

for the model (5) from the most sensitive to the least sensitive
is as follows: ay, £, o, €0, W, .

As a result of identifiability analysis, a conclusion can be
made that model parameters a,, £, and o, are the least sensi-
tive to data variations (errors), i.e. are more identifiable. In
other words, these parameters are identified more consistently
as a result of solving the inverse problem (5), (7). In turn, pa-
rameters &, |, and B are the most sensitive to measurement
errors, i. ., less identifiable (and have the lowest values of the
norms of perpendiculars in the sensitivity matrix). Hence, the
regularization algorithm should be developed to ensure the
consistent identification of sensitive parameters.

Mathematical modeling of COVID-19

spread in the Novosibirsk region

To build a COVID-19 spread model for the Novosibirsk re-

gion, the following publicly reported data were used:

(a) Number of people tested (including the number of diag-
noses f and proportion of asymptomatic carriers b(¢)),
recovered cases (R), and COVID-19 related deaths (D);

88

(b) Duration of incubation period ¢,,., latent period t, infec-
tion period Ling hospitalization period Uhosp> and duration
of ventilation 7, ;

(c) Recovery time for mild T, and severe 1, cases;

(d) Demographic profiles (population size and its age distri-
bution in the region);

(e) Average household size (2.6 people) in the Russian Fede-
ration in 2019, according to UN data (https://population.
un.org/Household/#/countries/840).

Additional information was regularly obtained from the
following websites:

* Ministry of Health of the Novosibirsk region: https://zdrav.

nso.ru/ (d).
» Federal State Statistics Service of the Novosibirsk region:
https://novosibstat.gks.ru/folder/31729 (c).

+ Stopcoronavirus website: https://cTonkoponasupyc.pd (a).

» World Health Organization: https://www.who.int (b).

The modeling was performed taking into account the mea-

sures to contain the COVID-19 spread (Table 4).

Solutions of inverse problems (4), (6) and (5), (7) were

reduced to misfit function minimization (Kabanikhin, 2008):

T
J(@) =X 2w Glejs ().

Here, s is the statistics used for data comparison (cumulative
diagnoses, critical cases, and mortality), w, — the weight co-
efficient, c/%, ¢/ — data (with subscript d) and model values
(with subscript m), T — the modeling interval in days, g — the
unknown parameter vector: ¢, = (B, E,)” for the inverse
problem (4), (6) and ¢, = (0z(7), a,(?), B, €y 1, E)T for the
inverse problem (5), (7). The absolute norm for computational
experiments was set as follows:

i k|
G1 = M
item; and the standard deviation was G,= (c’* — c,izs)z/ T.

, where M = max {c}*} was the normalization
t
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Table 4. COVID-19 containment measures in the Novosibirsk region to be used in the models (4), (5)

Containment measures

July 6, 2020 Opening of outdoor terraces in cafes and restaurants
September 1, 2020 Reintroduction of contact learning in schools and higher education institutions
September 28, 2020

institutions

Minimization of misfit function J(g) was implemented us-
ing the differential evolution method from the SciPy.Optimize
Python library. The general algorithm of global minimum
search was as follows:

1. Creation of the initial generation {Z} eB,i=1...N.
2. Creation of a new generation:

* Mutation:

For all ¢, € B three random vectors were selected as fol-
lows: v},5, v, € B, (v, #4,,j = 1,2, 3).

Mutant vector: v = v, + F(v; —v3), F € [0, 2].

+ Crossover: trial vector 17 was calculated as follows:
vy, if rand < p,
“k:{qk,ifrandip, k=1...Nq.
3. Selection:
> {; ifJ(x)) < J (@),
! Z, else.

The results of COVID-19 spread modeling in the Novosi-
birsk region with the forecast up to December 10, 2020, are
presented in Fig. 5. The model was built using the agent-based
approach relying on the investigation of interactions between
individuals and their effect on global parameters. The model-
ing was performed using Covasim, a simulator for develop-
ing stochastic agent-based models. A detailed discussion of
the model structure may be found in (Kerr et al., 2020). We
also used the statistical data on diagnoses and deaths from
March 12 to October 23, 2020. The following misfit function
was minimized taking into account the identifiability analysis
results for the model (4), (6):

T
)= 7 2 (/5L +100- (D} - D).

Here, /7, f are cumulative diagnoses, and D!, D! are cumu-
lative deaths.

Modeling results /7 and statistics /) of cumulative and daily
diagnoses are presented in Fig. 5, a, b. Modeling results D!
and statistics D} of cumulative COVID-19 related deaths in
the Novosibirsk region are presented in Fig. 5, c. Note that
the second wave of the epidemic may be observed in the No-
vosibirsk region in mid-September in both the statistical data
and modeling results. Its growth will be insignificant (i.e. it
will not exceed 215 new daily diagnoses by mid-December,

Implementation of the face mask regime for all premises and restricted containment measures in educational

Cumulative diagnoses
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200} | i ’ i
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400 -
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0 !
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May-31 Jul-10  Aug-19 Sep-28 Nov-07 Dec-17

Fig. 5. COVID-19 spread model for the Novosibirsk region (solid blue line)
using the agent-based approach and statistical data (black dots) with
containment measures (vertical dashed lines).

2020) due to the introduction of stricter containment measures
from October 28.

The inverse problem (5), (7) was reduced to the minimiza-
tion of the following misfit function (Krivorotko et al., 2020b):

K
J(‘]z) :kz‘l (W1|§;1E(tk_1§qZ)*(lfbk)f}J +
+w,|Ct 4,) — Col + w3 D(t; 4,) =Dy ).

Infection rate parameters a,(f) and o,(¢) linked to virus
contagiousness and varying in time were represented as
piecewise constant functions depending on the interventions
(see Table 4).

Based on the identifiability analysis results for the model
(5), (7), more rigid restrictions were imposed for poorly
identifiable parameters (see Table 1). The result of solving
the inverse problem (5), (7) for the SEIR-HCD model for the
period from April 15, 2020, to October 3, 2020, is presented
in Fig. 6.
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Fig. 6. Modeling COVID-19 spread in the Novosibirsk region (solid blue line) from 15.04.2020 to 03.10.2020 and the statistical data (dashed black line)
for (a) daily confirmed cases f; and (b) the critical cases C; requiring a ventilator.

Note that although the rough mathematical model (with
ODE system of 7 equations) captures the general trend based
on the number of diagnoses (the peak of confirmed cases in the
region, see Fig. 6, a), it is still unable to qualitatively describe
highly variable statistics (critical cases requiring a ventilator,
see Fig. 6, b). Nonsmooth solutions in Fig. 6 result from the
use of the Yandex self-isolation index characterized by weekly
seasonality. In this case, smoothing would undermine the use
of the tool. A more detailed analysis of modeling and fore-
casting of COVID-19 spread in the Moscow and Novosibirsk
regions is presented in (Krivorotko et al., 2020b). This case
requires the agent-based approach capable of detailed descrip-
tion of small statistical datasets.

Conclusions

In the present study, sensitivity-based identifiability analysis
has been performed for the COVID-19 pandemic spread
models based on systems of differential equations. The algo-
rithm is based on the analysis of the sensitivity matrix using
the differential and linear algebra apparatus, which shows the
degree of dependence of the unknown model parameters on
the given measurements.

The analysis has shown that the virus contagiousness is
consistently identified based on the number of new daily diag-
noses, critical cases, and recoveries. On the other hand, the
predicted proportion of admitted critical state patients requir-
ing a ventilator and the mortality rate are identified much less
consistently. It has been demonstrated that developing a more
realistic forecast will require additional information about
the process such as the number of daily hospital admissions.

The identifiable parameters refinement problems have been
reduced to the minimization of the respective misfit func-
tions describing the proximity of the modeling data to the
statistics of the diagnoses, critical cases, and mortality in the
Novosibirsk region. The use of absolute and quadratic norms
as measures of deviation between the data and the modeling
results in the minimization procedures has not yielded any
significant differences in terms of analyzing the modeling
results. It has been shown that a rough compartmental model

of' seven ODEs describes the general trend of the coronavirus
infection propagation, as it is sensitive to peaks of confirmed
cases; however, it is unable to qualitatively describe smaller
statistics (daily numbers of critical cases #, and deaths), which
may lead to improper conclusions. A more detailed mathemati-
cal model using the agent-based approach, where a class of
agent states is expressed by a system of ten ODEs, will make
it possible to describe noisy statistical datasets in more detail
and build adequate scenarios of COVID-19 pandemic spread.
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Abstract. The assumption that chronic mechanical stress in brain cells stemming from intracranial hypertension,
arterial hypertension, or mechanical injury is a risk factor for neurodegenerative diseases was put forward in the
1990s and has since been supported. However, the molecular mechanisms that underlie the way from cell expo-
sure to mechanical stress to disturbances in synaptic plasticity followed by changes in behavior, cognition, and
memory are still poorly understood. Here we review (1) the current knowledge of molecular mechanisms regulat-
ing local translation and the actin cytoskeleton state at an activated synapse, where they play a key role in the
formation of various sorts of synaptic plasticity and long-term memory, and (2) possible pathways of mechanical
stress intervention. The roles of the mTOR (mammalian target of rapamycin) signaling pathway; the RNA-binding
FMRP protein; the CYFIP1 protein, interacting with FMRP; the family of small GTPases; and the WAVE regulatory
complex in the regulation of translation initiation and actin cytoskeleton rearrangements in dendritic spines of the
activated synapse are discussed. Evidence is provided that chronic mechanical stress may result in aberrant activa-
tion of mTOR signaling and the WAVE regulatory complex via the YAP/TAZ system, the key sensor of mechanical
signals, and influence the associated pathways regulating the formation of F actin filaments and the dendritic spine
structure. These consequences may be a risk factor for various neurological conditions, including autistic spectrum
disorders and epileptic encephalopathy. In further consideration of the role of the local translation system in the
development of neuropsychic and neurodegenerative diseases, an original hypothesis was put forward that one
of the possible causes of synaptopathies is impaired proteome stability associated with mTOR hyperactivity and
formation of complex dynamic modes of de novo protein synthesis in response to synapse-stimulating factors,
including chronic mechanical stress.
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WAVE regulatory complex; autism spectrum disorders; epileptic encephalopathy.

For citation: Khlebodarova T.M. The molecular view of mechanical stress of brain cells, local translation, and neuro-
degenerative diseases. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding. 2021;25(1):
92-100. DOI 10.18699/VJ21.011

MexaHn4YeCcKuin CTpecCC KJIETOK MO3ra, JIOKaJIbHad TpaHCIAIUA
n HeﬁpOﬂEPEHepaTI/IBHbIe 3a060/1IeBaHNSs:
MOJIEKVIIAPDHO-TeHETNYECKINE aCIIE€KThI

T.M. Xae6opapopal’ 2

1 DepepanbHblii NCCNEROBATENbCKUI LeHTP VHCTUTYT umtonorum n reHetrkn Cbrpckoro otaeneHns POCCMInCKoOl akageMmnm Hayk,
HoBocnburpck, Poccus

2 KypuaToBCKUIA FeHOMHbIN LeHTp VIHCTUTYTa umTonorum n reHetnkn Cnbrnpckoro otaeneHns Poccninckoii akagemun Hayk, HoBocnbupck, Poccus

@ tamara@bionet.nsc.ru

AHHoTauuA. Miges o ToM, UTO XPOHUYECKNIN MEXAHUYECKUI CTPECC, KOTOPbIN UCMbITbIBAIOT KETKU MO3ra Npu rno-
BbILLEHHOM BHYTPUYepernHOM AaBIEHUN, apTepranbHON MMAePTEH3NN U BCIeACTBYE TPaBMbl, MOXET ObiTb 0f-
HUM 13 GaKTOPOB PYCKA B Pa3BUTUN HeNPOAereHepaTUBHbIX 3ab01eBaHUil, NoABMIAch elle B 90-e rogbl NPOLWIOro
CTONEeTVA U NoaAepKMBaeTca B HacTosALlee Bpema. OfHaKo MONEKYNAPHO-TeHeTUYEeCKME MEXaHU3MbI peann3aumm
COObITUI, BEAYLUMX OT MEXaHNYECKOrO BO3AENCTBUA Ha KNETKM K HaPYLUEHWUIO NNAacTUYHOCTU CMHAMCoB 1 nocne-
ZylolemMy N3MeHeHMIo NoBeAeHUsA, KOTHUTBHBIX COCOBHOCTEN 1 MaMATY, He ACHbI. B HacToAwem o63ope pac-
CMOTpPEHbI CyLlecTBytoLMe faHHbIe O MONEKYNAPHO-TEHETUYECKX MEXaHM3MaX PEerynaummn oKabHOWM TpaHCA-
UMM 1 aKTUHOBOTO LMTOCKeneTa B akTUBMPOBAHHOM CMHAMCe, UrpaloLmx LeHTpanbHy ponb B GopMUpoBaHum
pPasnnUHbIX BUOOB MNACTUYHOCTU CMHAMCa Y AONTOBPEMEHHON MaMATW, U BO3MOXHbIX NYTAX BAUAHUA MeXaHu-
YeCcKoro cTpecca Ha ux coctosaHmne. O6cyxpaetca ponb mTOR curHanbHoro Kackapa, PHK-cBasbiBatowero 6enka
FMRP, 6enka CYFIP1, B3anmogeictaytowero ¢ FMRP, cemeictea manbix 'T®a3 n WAVE perynatopHoro Kommnekca
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MexaHunyecKkmni cTpecc, nokanbHaa TpaHCALNA
1 HelpofereHepaTUBHble 3aboneBaHns

B pPerynaummn nHuumMaLmnm oKanbHON TPaHCIALUN U NePeCcTPOoeK akTVHOBOIO LIMTOCKeneTa B AeHAPUTHbBIX WNMNK-
Kax akTMBMPOBaHHOro cuHanca. MpueoaAatca GakTbl, CBUAETENLCTBYIOWME O TOM, YTO B YC/IOBUAX XPOHNYECKOrO
MeXaHMYeCKoro cTpecca BO3MOXHa abeppaHTHan aktuauusa mTOR curHanbHoro kackaga n WAVE perynatopHoro
KOMIJIEKCa Yepe3 CEHCOP MeXaHNYeCKUX CUTHaNoB — perynatopHbii aktop YAP/TAZ, cnefcTBrEM KOTOPOM MOTYT
6bITb HapyLIEeHNA aKTUBHOCTN CUCTEMbI JTIOKaNbHOM TPAHCIALMUN, @ TaKkXKe CBA3aHHbIX C HAMU MEXaHU3MOB peryns-
Uy GopMmpoBaHnA F-akTUHOBBIX GUNAMEHTOB U CTPYKTYPbl AEHAPUTHBIX LWAMUKOB. TO MOXeT ObITb OfHON 13
NPVYMH Pa3BUTUA Pa3IMYHbIX HEBPOMOrMYECKMX NaTOOrWIA, BKOYaA ayTUCTUYeCKne paccTpPorCTBa 1 anwuen-
TUYeckyto dHuedanonatuio. BoickasbiBaeTca opurmHanbHas rmnoTesa, CorfacHO KOTOPOW OAHOM M3 BO3MOMHbIX
NPVYMH CUHANTOMATUI MOXET ObITb HapyLUeHNe CTabMNbHOCTU NPOTEOMa, CBA3AHHOE C r’MNepakTMBHOCTbIO MTOR
1 GopMMPOBaHMEM CITOXKHBIX AUHAMUYECKNX PEXMMOB CUHTe3a 6eIKOB de Novo B OTBET Ha CTUMYMALMIO CMHAaNCa,
B TOM YMCJIE U B YCIIOBUAX XPOHNYECKOTO MEXaHUYeCKoro cTpecca.

KnioueBble cnosa: cmHanc; mexaHoceHcop YAP/TAZ; mTOR; FMRP-3aBncmas TpaHCNALMA; CNIOXKHAA ONHAMUKS;
F-akTuH; WAVE perynatopHblii KOMNNEKC; PacCTPONCTBA ayTUCTUUYECKOrO CNeKTpa; anunentTnyeckas sHuedano-
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Mechanical stress

and neurodegenerative disorders

Mechanical signals are an important factor that determines the
fate of cells, including their proliferation, survival, and dif-
ferentiation, and takes part in tissue regeneration and wound
healing. Mechanotransduction involves the reception of these
forces and their conversion to biochemical and molecular
signals, in particular, triggering of signaling pathways and
expression of certain genes to allow cell adaptation to physi-
cal environment. There is ample evidence for the central role
of the transcription regulator YAP (yes-associated protein 1)
and its paralog TAZ (transcriptional co-activator with PDZ-
binding motif), collectively named YAP/TAZ, as mechanical
signal sensors and mediators (Dupont et al., 2011; Totaro et al.,
2018; Dasgupta, McCollum, 2019). Impaired interaction of a
cell and its environment causes aberrant YAP/TAZ activation
and eventually a variety of diseases: atherosclerosis, fibrosis,
lung hypertension, inflammation, muscle dystrophy, and can-
cer (Levy Nogueiraetal.,2015,2018; Yuetal., 2015; Panciera
etal.,2017; Hongetal., 2019; Zhu et al., 2020). Recent studies
indicate that mechanical stress may be among the causes of
neurodegenerative processes in the brain, e.g., Alzheimer’s
disease (Levy Nogueira et al., 2015, 2016a, b, 2018).

The assumption that chronic mechanical stress experienced
by brain cells exposed to intracranial hypertension, arterial
hypertension, or mechanical injury is a risk factor for Alzhei-
mer’s disease and other neurodegenerative conditions was put
forward as early as (Wostyn, 1994), and it is supported still
now (Levy Nogueira et al., 2018).

What facts point to the existence of mechanisms by which
mechanical stress influences nerve cell functions? First, it has
been found that YAP/TAZ, being the key sensor and media-
tor of mechanical signals, activates the mTOR (mammalian
target of rapamycin) signaling pathway (Tumaneng et al.,
2012; McCarthy, 2013; Hu et al., 2017). This pathway is the
central regulator of cap-dependent translation at a synapse.
This regulation supports the dynamic plasticity of the synapse
in response to external stimuli, and this plasticity underlies
learning and memory (Costa-Mattioli et al., 2009; Buffing-
ton et al., 2014; Rosenberg et al., 2014; Santini et al., 2014).
Disruption of these processes causes synaptic dysfunction
and various neuropsychic disorders (Trifonova et al., 2017).
YAP/TAZ activates mTOR by two mechanisms, illustrated

in Fig. 1: by stimulating the transcription of Rheb GTPase
(Ras homologue enriched in brain) (Hu et al., 2017), which
is an mTORCI kinase activator, and by inhibiting the transla-
tion of PTEN (phosphatase and tensin homolog) with miR29
microRNA, thereby inducing aberrant PI3K-mediated acti-
vation of mMTORC1 and mTORC?2 kinases (Tumaneng et al.,
2012; McCarthy, 2013).

Second, the actin cytoskeleton is the key mediator of me-
chanical signals (Seo, Kim, 2018). Its rearrangements in
dendritic spines contribute much to learning and long-term
memory formation (Basu, Lamprecht, 2018; Borovac et al.,
2018). They are controlled by Rho GTPases (Tapon, Hall,
1997), whose hypo- or hyperactivity results in dendritic spine
structure distortion, defective memory, and poor learnability.
It may also cause multiple neurodevelopment disorders of vari-
ous origins (Ba et al., 2013; Pyronneau et al., 2017; Zamboni
etal.,2018; Nishiyama, 2019). The function of Rho GTPases
at an activated synapse depends considerably on their de novo
synthesis, which is determined by mTOR activity (Briz et
al., 2015).

The activation of the mTOR signaling pathway by the YAP/
TAZ mechanosensor under mechanical stress (Tumaneng et
al.,2012; McCarthy, 2013; Hu et al., 2017) also promotes the
activation of the heteropentameric WAVE regulatory complex
(WASP family verprolin homologue) via S6K kinase and
RAC1 GTPase (Derivery et al., 2009) by inducing its break-
down into subcomplexes and interaction of WAVEI] with
Arp2/3 (Cory, Ridley, 2002; Millard et al., 2004; Abekhoukh,
Bardoni, 2014; Molinie, Gautreau, 2018). These processes re-
sult in aberrant actin polymerization and structural anomalies
of dendritic spines (see Fig. 1).

Thus, the pathways of the influence of mechanical stimuli
on nerve cell functioning may involve the activation of mTOR
signaling and rearrangements of the actin cytoskeleton in
dendritic spines, which, in turn, depend on the activity of
the local translation system at the synapse, controlled by
mTOR. Just the disturbances in the local translation system
at the synapse, including those caused by enhanced mTOR
activity (manifesting themselves as synapse plasticity aber-
rations in the form of imbalance between synapse excitation
and inhibition (Gobert et al., 2020)) are thought to be asso-
ciated with various neuropsychic conditions, including autism
spectrum disorders (ASDs), epilepsy, Parkinson’s disease,
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Fig. 1. Possible pathways of the effect of mechanical stress mediated by
mTOR signaling on the intensity of local translation and the formation of
actin cytoskeleton in dendritic spines of glutamatergic synapses in pyra-
midal cells of the hippocampus.

mGIuR - receptor protein; PIKE (PI3-kinase enhancer), Rheb (Ras homologue
enriched in brain), and Rac1 - GTPases; PI3K — phosphatidylinositol-3-kinase;
Akt - protein kinase B; TSC1/2 - tuberous sclerosis complex 1/2; mTOR (me-
chanistic target of rapamycin) - serine/threonine kinase; S6K1 — S6 kinase 1;
PTEN - phosphatase and tensin homolog; PP2A - protein phosphatase 2A;
YAP/TAZ - mechanosensor; WAVE-1 - WAVE-1 regulatory complex; Arp2/3 -
actin binding proteins. Proteins whose gene mutations are associated with
neurological disorders are shown in red. Green arrows indicate translation acti-
vation via PP2A phosphatase and actin polymerization via S6 kinase and Rac1
GTPase in response to synapse stimulation by glutamate. Red arrows indicate
possible mechanisms by which mechanical stress affects mTOR signaling.

and Alzheimer’s disease (Gkogkas, Sonenberg, 2013; Meng
et al., 2013; Won et al., 2013; Cai et al., 2015; Huber et al.,
2015; Pramparo et al., 2015; Klein et al., 2016; Martin, 2016;
Onore et al., 2017).

In this regard, the molecular mechanisms regulating local
translation and dynamic rearrangements of the actin cytoske-
leton in dendritic spines affected by this regulation enjoy close
attention (Bramham, 2008).

Local translation

and neurodegenerative disorders

There is convincing evidence that local cap-dependent trans-
lation in the postsynaptic space of a dendritic spine enables
its dynamic plasticity in response to external stimuli, which
underlies learning and memory (Huber et al., 2000; Costa-
Mattioli et al., 2009; Rosenberg et al., 2014; Santini et al.,
2014; Louros, Osterweil, 2016).

Numerous examples have been reported that impaired local
translation control at a synapse brings forth various neuropsy-
chic disorders, including ASDs, epilepsy, Parkinson’s disease,
etc. (Gkogkas, Sonenberg, 2013; Buffington et al., 2014; Klein
et al., 2016; Martin, 2016; Trifonova et al., 2017). Figure 2
illustrates the main regulatory events mediating the activation
of local protein synthesis in dendritic spines of glutamatergic
synapses of hippocampal pyramidal cells in response to the
stimulation of metabotropic glutamate receptors (mGIuR) on
the postsynaptic membrane of excitatory synapses by gluta-
mate. The local translation activity is controlled by the mTOR

Mechanical stress, local translation,
and neurodegenerative diseases
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Fig. 2. Schematic presentation of local translation regulation in dendritic
spines of glutamatergic synapses of hippocampal pyramidal cells in re-
sponse to synapse stimulation.

mGIuR - receptor protein; NLGNs, Shank, PSD95, HOMERI - postsynaptic
proteins; PIKE (PI3-kinase enhancer) and Rheb (Ras homologue enriched in
brain) - GTPases; PI3K - phosphatidylinositol-3-kinase; Akt - protein kinase B;
S6K1 — S6 kinase 1; TSC1/2 - tuberous sclerosis complex 1/2; mTOR (mecha-
nistic target of rapamycin) — serine/threonine kinase; FMRP (fragile X mental
retardation protein) — RNA binding protein; PP2A - protein phosphatase 2A;
H-RAS - GTPase; RAF1, MEK1/2, ERK1/2 and MNK1/2 - kinases; elF4E — factor of
translation initiation; 4EBP2 - 4E-binding protein; CYFIP1 - cytoplasmic FMRP
interacting protein 1. The proteinaceous products of genes whose mutations
are associated with neurological disorders are shown in red. Green arrows in-
dicate pathways of local translation activation via PP2A phosphatase and the
RAS/ERK signaling pathway. The red arrow indicates blocking via the mTOR
signaling pathway.

and RAS/ERK pathways (Huber et al., 2000; Darnell, Klann,
2013; Beggs et al., 2015; Chen, Joseph, 2015).

The key element in the regulation of local cap-dependent
translation at a synapse is the RNA-binding fragile X mental
retardation protein, or FMRP (Feng et al., 1997). It is the target
of S6 kinase and PP2A phosphatase, which are activated in
response to the stimulation of mGluR receptors (Narayanan
et al., 2007, 2008). When phosphorylated, it arrests transla-
tion by binding to mRNA, ribosomes, and the eIF4E transla-
tion factor (Brown et al., 1998; Napoli et al., 2008; Chen et
al., 2014). Dephosphorylation disrupts FMRP linkage to its
targets, resulting in, on the one hand, to accelerated mRNA
translation and, on the other hand, rapid degradation of FMRP
itself (Nalavadi et al., 2012). FMRP controls translation ef-
ficiency through RNA binding sites (Chen, Joseph, 2015). It
directly binds to the coding and 3’-UTR mRNA sequences
(Brown etal., 1998; Darnell et al., 2011) and to the L5 protein
of 80S ribosomes (Chen et al., 2014). In this way, it controls
transcription elongation and termination. Translation can also
be repressed in 3'-UTR by physical interaction of FMRP with
the 43-kDa TAR DNA-binding protein (TDP-43) (Majumder
etal., 2016).
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FMREP is also involved in translation regulation at its ini-
tiation step by interaction with the cytoplasmic FMRP-inter-
acting protein 1 (CYFIP1) (Napoli et al., 2008). The current
notions of mechanisms regulating translation by means of
FMRP (Napoli et al., 2008; Majumder et al., 2016) presume
the interaction of a single molecule of the protein with 3'-UTR
via TDP-43 and with translation initiation factor eIF4E via
CYFIP1. Thus, FMRP and CYFIP1 are the key regulators of
translation regulation at an activated synapse.

FMRP targets are mRNAs for proteinaceous components
of the mTOR signaling pathway (PI3K kinase, PTEN phos-
phatase, tuberous sclerosis complex 2 (TSC2 and mTOR),
PP2A phosphatase, receptor proteins (mGluR, NMDAR,
and AMPAR), proteins forming the postsynaptic membrane
(NLGN, SHANK, and PSD95), the ubiquitin-dependent
protein degradation system (E3 ubiquitin ligase), and its own
mRNA (FMR1) (Brown et al., 1998; Muddashetty et al., 2007;
Gross et al., 2010; Sharma et al., 2010; Darnell et al., 2011,
Ascano et al., 2012). Apparently, FMRP plays the key role in
dynamic proteome regulation at an activated synapse (Zukin
et al., 2009; lacoangeli, Tiedge, 2013).

It is known that mutations in genes encoding most of these
proteins result in synapse malfunction and various disorders.
Mutations in the gene for the SHANKS3 protein of the post-
synaptic membrane cause Phelan-McDermid syndrome; in
the gene for PTEN phosphatase, Cowden’s disease; for NF1,
type 1 neurofibromatosis; in the genes for GTPase, H-RAS,
RAF1, and MEKI1 kinase, Costello and Noonan syndromes;
TSC2-TSCI, tuberous sclerosis; FMRP, fragile X syndrome;
UBE3A ubiquitin-protein ligase, Angelman syndrome; and in
genes for neuroligins NLGN3/4 and neurexin NRXN1, typi-
cal autism (Trifonova et al., 2016). Mutations in the Shank3
gene and its abnormal expression are also considered to
cause autism, schizophrenia, and epilepsy (Pega et al., 2011;
Mei et al., 2016; de Sena Cortabitarte et al., 2017; Monteiro,
Feng, 2017; Fu et al., 2020). Mutations in the gene for PTEN
phosphatase often bring forth various neurological diseases:
macrocephaly, epilepsy, mental deficiency, and autism (Zhou,
Parada, 2012; Trifonova et al., 2016).

These data suggest that synapse malfunctions are related to
anomalies in local translation regulation. One of the possible
synaptopathy causes is disturbed proteome stability, which
hampers the formation of synapse plasticity and long-term
memory (Cajigas et al., 2010). Indeed, just poor proteome
stability is reported to be associated with autism and other
neuropsychic disorders (Klein et al., 2016; Louros, Osterweil,
2016).

It should be mentioned that the structure-functional or-
ganization of the system regulating FMRP activity includes
negative and positive feedback loops, which are instability
factors in molecular systems (Mackey, Glass, 1977; Decroly,
Goldbeter, 1982; Goldbeter et al., 2001; Bastos de Figueiredo
etal.,2002; Likhoshvai et al., 2013, 2015, 2016, 2020; Kogai
et al., 2015, 2017; Suzuki et al., 2016; Khlebodarova et al.,
2017).

These regulatory loops act in different time spans. They
are associated with rapid (ca. 1 min) translation activation of
FMRP-dependent mRNAs via PP2A phosphatase and its rather
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rapid (2—5 min) arrest via the activation of S6 kinase (Naraya-
nan et al., 2007, 2008). That is, the normal work of a synapse
is supported by fine dynamic interplay among components of
these signaling pathways at an activated synapse (see Fig. 2).

Analysis of dynamic features of the local translation system
shows that an increase in the rate and efficiency of FMRP-de-
pendent translation may induce instability in the local trans-
lation system, in particular, just in the physiological range of
its operation (Khlebodarova et al., 2018; Likhoshvai, Khle-
bodarova, 2019). This result suggests that the known cases
of ASDs related to the hyperactivity of the translation system
at synapses (Pramparo et al., 2015; Onore et al., 2017) stem
from proteome stability impairments associated with the
formation of complex dynamic patterns of receptor protein
synthesis in response to synapse stimulation (Khlebodarova et
al.,2018,2020). It is a brand-new insight into possible causes
of synaptopathies.

It should be added that the elevated activity of mTOR sig-
naling is a feature of not only ASDs but also other psychic
and neurological diseases: Alzheimer’s disease (Pei, Hugon,
2008), epilepsy (Wong, 2010), and even Down syndrome
(Troca-Marin et al., 2012). It is also presumed that elevated
mTOR activity causes early senescence and age-related neu-
rodegenerative conditions in humans (Johnson et al., 2013).

In this regard, the hypothesis that the high copy numbers of
rRNAs in some individuals are a risk factor for the develop-
ment of ASDs, schizophrenia, and mental deficiency appears
to be reasonable (Chestkov al., 2018; Porokhovnik, 2019;
Porokhovnik, Lyapunova, 2019) on the assumption that in-
dividual variations in copy numbers of rRNA genes correlate
with ribosome concentrations in a cell and the activity of the
translational machinery.

The actin cytoskeleton

and neurodegenerative diseases

The actin cytoskeleton structure determines the morphology
of dendritic spines in nerve cells. Its rearrangements by rapid
assembly of actin monomers (G actin) to filaments (F actin)
and inverse disassembly are essential for the formation of
synaptic plasticity and long-term memory (Penzes, Rafa-
lovich, 2012; Basu, Lamprecht, 2018). Disturbances in the
mechanisms regulating the formation of F actin filaments and
dendritic spine structure are thought to be associated with neu-
rodegenerative disorders: Alzheimer’s disease, schizophrenia,
and autism (Bamburg, Bernstein, 2016; Borovac et al., 2018;
Forrestetal.,2018; Ben Zablah et al., 2020; Lauterborn et al.,
2020). Fig. 3 illustrates the major regulatory events underly-
ing actin cytoskeleton rearrangements in dendritic spines of
glutamatergic synapses in hippocampal pyramidal cells, which
are activated in response to the action of glutamate on metabo-
tropic glutamate receptors mGluR and ionotropic glutamate
receptors NMDAR (N-methyl-d-aspartate receptor) on the
postsynaptic membrane of excitatory synapses.

The induction of actin filament formation and filament
stabilization at an activated synapse depends substantially
on the activity of cofilin and the WAVE regulatory complex,
which is controlled by S6K, LIMK1, and PAK1 kinases via
signaling pathways mediated by the RAS family of small
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Fig. 3. Schematic presentation of the regulation of actin cytoskeleton
formation in dendritic spines of glutamatergic synapses of hippocampal
pyramidal cells in response to synapse stimulation.

mGIuR, NMDAR - receptor proteins; H-RAS, RHOA, RAC1, CDC42 - RAS
GTPases; CakKMII, MEK1/2, RAF1, ERK1/2, S6K1, PAK1, ROCK, LIMK1 - kinases;
CYFIP1 - cytoplasmic FMRP interacting protein 1; WAVE-1 - WAVE-1 regulatory
complex; Arp2/3 - actin binding proteins; Cofilin — actin depolymerization
factor. The proteinaceous products of genes whose mutations are associated
with neurological disorders are shown in red. Green arrows indicate the path-
ways of actin polymerization regulation via mTOR and S6K1, black — via CaKMII
signaling.

GTPases: H-RAS, RhoA, Racl, and Cdc42 (Tapon, Hall,
1997; Rex etal., 2009; Ip etal., 2011; Chen etal., 2017; Schaks
et al., 2018). The operation of these signaling pathways at an
activated synapse depends greatly on fast de novo synthesis of
Rho GTPases (Briz et al., 2015). Arrest of protein synthesis in
dendritic spines of hippocampal cells completely suppresses
the stimulation of RhoA GTPase, cofilin phosphorylation,
and actin polymerization (Briz et al., 2015). A mutation in the
Fmrl gene, which encodes the FMRP protein, the key local
transcription regulator, completely suppresses the physiologi-
cal stimulation of GTPase Rac1 and its effector PAK1 kinase,
disrupting the stabilization of actin filaments at hippocampal
cell synapses (Chen et al., 2010).

Proceeding from the above, the activity of RAS GTPases
controlling the formation and stabilization of actin filaments
in dendritic spines depends directly on their de novo synthe-
sis, i.e., on the activity of mMTOR and FMRP-dependent local
translation. It is conjectured that unstable local translation
(Khlebodarova et al., 2018, 2020; Likhoshvai, Khlebodarova,
2019), also results in hypo- or hyperactivity of RAS, which,
in turn, causes aberrations in the structure of dendritic spines
and neurological disorders associated therewith (Ba et al.,
2013; Pyronneau et al., 2017; Zamboni et al., 2018; Nishiya-
ma, 2019).

Racl GTPase plays the key role in the regulation of the
heteropentameric WAVE regulatory complex. The activity
of this GTPase depends much on S6K and mTORI1 kinases.
Normally, the WAVE complex is inactive, but its interaction

Mechanical stress, local translation,
and neurodegenerative diseases

with Rac GTPase induces its dissociation into two subcom-
plexes: CYFIP1-containing and WAVE1-containing (Derivery
etal., 2009). The latter interacts with the Arp2/3 (actin-related
proteins) complex and induces actin polymerization, as in
Fig. 3 (Cory, Ridley, 2002; Millard et al., 2004; Abekhoukh,
Bardoni, 2014; Molinie, Gautreau, 2018).

The disintegration of the WAVE complex and aberrant
WAVEI] activation cause epileptic encephalopathy (Nakashi-
maetal., 2018; Zhang et al., 2019; Zweier et al., 2019; Schaks
et al., 2020). This may happen in cases of abnormal stoichio-
metric control of WAVE component synthesis (Abekhoukh
et al., 2017) or mutations disrupting the interaction between
WAVEI and CYFIP2 (Nakashima et al., 2018; Zhang et al.,
2019; Zweier et al., 2019; Schaks et al., 2020).

It should be noted that CYFIPI1, being one of the main
components of the WAVE regulatory complex, is also involved
in translation regulation at its initiation step by interaction
with the RNA-binding FMRP protein (Napoli et al., 2011).
Thus, the mechanisms regulating local translation and actin
cytoskeleton rearrangements in neural dendritic spines are
additionally interlinked via the CYFIP1 protein (De Rubeis
etal., 2013).

Conclusions

Analysis of presently available data shows the mechanisms
regulating the local translation system at synapses and dy-
namic rearrangements of the actin cytoskeleton in dendritic
spines of nerve cells, which play the central role in the for-
mation of various types of synapse plasticity and long-term
memory, are closely linked to each other and to the activity
of the YAP/TAZ mechanosensor. This sensor can indirectly,
via mTOR and S6K kinase, affect both translation efficiency
and the state of actin filaments in dendritic spines (Tapon,
Hall, 1997; Tumaneng et al., 2012; McCarthy, 2013; Reddy et
al., 2013; Briz et al., 2015; Hu et al., 2017; Seo, Kim, 2018).

It is well substantiated that mTOR hyperactivity and func-
tional aberrations in practically every component of the local
translation system and of the machinery controlling rearrange-
ments of the actin cytoskeleton in dendritic spines can cause
numerous neurodevelopment disorders of various origins (Pei,
Hugon, 2008; Wong, 2010; Johnson et al., 2013; Pramparo et
al., 2015; Onore et al., 2017; Pyronneau et al., 2017; Trifonova
etal.,2017; Nakashima et al., 2018; Nishiyama, 2019; Zhang
etal., 2019).

Theoretical analysis of the dynamic features of local transla-
tion system operation presented in (Khlebodarova et al., 2018,
2020; Likhoshvai, Khlebodarova, 2019) suggests that one of
the possible mechanisms of neurological disorders arising
under chronic mechanical stress is the abnormal hyperacti-
vity of mTOR and local translation at the synapse. It induces
the dynamic instability of de novo protein synthesis at the
activated synapse.

Thus, it is obvious that chronic mechanical stress may be
one of the risk factors for synaptopathies and neurodegene-
rative diseases because of mTOR hyperactivation, which
disturbs proteome stability, much needed for proper synapse
plasticity and long-term memory (Klein et al., 2016; Louros,
Osterweil, 2016).
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Computational analysis of spliced leader trans-splicing
in the regenerative flatworm Macrostomum lignano
reveals its prevalence in conserved and stem cell related genes

K.V. Ustyantsev, E.V. Berezikov®

Institute of Cytology and Genetics of Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
® eberez@bionet.nsc.ru

Abstract. In eukaryotes, trans-splicing is a process of nuclear pre-mRNA maturation where two different RNA mole-
cules are joined together by the spliccosomal machinery utilizing mechanisms similar to cis-splicing. In diverse taxa of
lower eukaryotes, spliced leader (SL) trans-splicing is the most frequent type of trans-splicing, when the same sequence
derived from short small nuclear RNA molecules, called SL RNAs, is attached to the 5’ ends of different non-processed
pre-mRNAs. One of the functions of SL trans-splicing is processing polycistronic pre-mRNA molecules transcribed from
operons, when several genes are transcribed as one pre-mRNA molecule. However, only a fraction of trans-spliced
genes reside in operons, suggesting that SL trans-splicing must also have some other, less understood functions. Re-
generative flatworms are informative model organisms which hold the keys to understand the mechanism of stem
cell regulation and specialization during regeneration and homeostasis. Their ability to regenerate is fueled by the
division and differentiation of the adult somatic stem cell population called neoblasts. Macrostomum lignano is a flat-
worm model organism where substantial technological advances have been achieved in recent years, including the
development of transgenesis. Although a large fraction of genes in M. lignano were estimated to be SL trans-spliced,
SL trans-splicing was not studied in detail in M. lignano before. Here, we performed the first comprehensive study of
SL trans-splicing in M. lignano. By reanalyzing the existing genome and transcriptome data of M. lignano, we estimate
that 30 % of its genes are SL trans-spliced, 15 % are organized in operons, and almost 40 % are both SL trans-spliced
and in operons. We annotated and characterized the sequence of SL RNA and characterized conserved cis- and SL trans-
splicing motifs. Finally, we found that a majority of SL trans-spliced genes are evolutionarily conserved and significantly
over-represented in neoblast-specific genes. Our findings suggest an important role of SL trans-splicing in the regula-
tion and maintenance of neoblasts in M. lignano.

Key words: flatworms; regeneration; splicing; trans-splicing; neoblasts; spliced leader; Macrostomum lignano.
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BruonH@opMalMOHHBIN aHa/IN3 CIIJIalic-INIepPHOro
TpaHC-CIIJIal/iCMHIa Y pereHepupVvIoOUIero II0CKOro YepBs
Macrostomum lignano 110Ka3saji ero rpeobéiagaHue

cpeny KOHCEPBATUBHbBIX '€HOB U T€HOB CTBOJIOBBIX KJIETOK

K.B. Ycrbsauues, E.B. BepesMKOB@

DepepanbHblii NCCNeRoBaTENbCKUI LeHTP MHCTUTYT yutonorum n reHeTnkn Cnbrpckoro otaeneHns Poccuitckol akagemmnmn Hayk, HoBocnbrpck, Poccus
&) eberez@bionet.nsc.ru

AHHOTauuA. TpaHC-CMNANCKHT Y 9YKapuoT — 3TO NPOLLeCcC co3peBaHmna AgepHbix npe-MPHK, korga aBe pasfinyHble mo-
nekynbl PHK coeguHATCA ¢ MOMOLLbIO CTPYKTYP CNIalNncoCoMbl MO MeXaHMU3MY, CXOXKeMy C LMC-CrnacMHrom. Y pas-
JINYHBIX TAKCOHOB HU3LLKX dYKapWOT Hanboree pacnpoCTPaHEHHbIN TN TPaHC-CMNaNcuHra — cnnanc-nuaepHbln (CI1)
TPaHC-CNNaNCUHT, NPV KOTOPOM OfMHAKOBasA NOC/EA0BaTENIbHOCTb, MPOMCXOAALLAA OT KOPOTKMX Manbix AafepHbix PHK
mMoneky”, HasbiBaeMbix CJ1 PHK, npucoeanHaeTca K 5'-KOHLaM pasfinyHbix HernpoLeccnpoBaHHbix npe-MPHK. OgHa n3
byHKumin CJT TpaHc-cnnaicmnHra COCTOUT B NPOLECCUPOBaHNM NOANLMCTPOHHbIX Monekyn npe-MPHK, TpaHckprnbupye-
MbIX C OMEPOHOB, KOrAa TPAHCKPUMLMA HECKOJIbKMX reHOB OCYLLeCTBAAETCA Kak ofjHa monekyna npe-mPHK. OgHako
NNLWb YaCTb reHOB, MOABEPraoLNXCA TPAHC-CMIANCKHTY, COOEPXKUTCA B ONEPOHaX, YTo roBOpuUT 0 ToM, UTo y CJT TpaHc-
CnnancyiHra JOMKHbI ObITb U Apyriie, MeHee n3ydeHHble, GyHKUMW. PereHepripytoLme nnockmne Yepsu ABAIOTCA WH-
bOopMaTVBHBIMY MOAENBHBIMY OPraHW3MamMm, XPaHALMMMN KIUN K MTOHMMaHMIO MeXaH3MOB PEeryaumMm CTBONOBbIX
KNeToK 1 nx anddepeHLMpPOBKIN BO BpEMA pereHepaLnm u npy romeoctase. /ix cnocobHOCTb K pereHepauumn — ciea-
cTBYE peneHna n anddepeHUMpPoBKN COMaTUYECKUX CTBOJIOBLIX KNETOK, Ha3biBaeMblX HeobnactaMu, KoTopble npu-
CYTCTBYIOT Y B3pOC/IbIX 0CO6ei. Macrostomum lignano — MopenbHblii NNOCKMIA YepBb, B NCCNEA0BAHUAX HAa KOTOPOM B
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nocnefHne roabl AOCTUTHYT CYLLECTBEHHbIN TEXHOIOTMYECKNIA MPOrpecc, BKoYas pa3paboTky MeToAa TpaHCreHesa.
Cnnaic-nmaepHbI TPaHC-CINANCKHT paHee He Bbin AeTanbHO usyyeH y M. lignano, XoTs N3BeCTHO, YTO 3HauuTeNbHasA
YyacTb reHoB M. lignano nofBepraeTca 3ToMy TUNy TpaHC-CMacuHra. B HactoAwel paboTte Mbl OCyLLeCTBUAN NepBoe
ob6wupHoe uccnegosaHve CJ1 TpaHc-cnnancrHra y M. lignano. NMoBTOpPHO NpoaHann3mMpoBas reHOMHbIE 1 TPaHCKPU-
TOMHble faHHble M. lignano, mbl oueHnBaem, uto 30 % ero reHoB noagepratotca CJ1 TpaHc-cnnancunry, 15 % pacno-
NOXKeHbl B OrepoHax, a noutn 40 % HaxoaAaTcA B onepoHax u npoxofat yepes CJ1 TpaHc-cnnancuHr. Mbl npoBenu ak-
HOTaLMIo 1 OxapakTepmnsoBanun nocnepaosatenbHocTb CJ1 PHK 1 KOHcepBaTVBHBIX MOTMBOB LMC- U TPAHC-CMIaiCUHTa.
O6Hapy»eHO, 4To BONbLUMHCTBO reHoB, nogsepratowmxca CJ1 TpaHC-CNNancuHry, SBOIIOLMOHHO KOHCEPBATUBHbI 1
3HauNTeNbHO NepenpeacTaBieHbl B reHax, cneumenyHbix ana Heobnactos. Halwm pesynbtaTtbl NpefnonaraoT BaXkKHY0
ponb CJ1 TpaHc-cnnancrHra B perynaumm ¢yHKUMOHUPOBaHUA HeobnacTtoB y M. lignano.

KnioueBble cnoBa: NIOCKME YepBY; pereHepaums; CrnaiCuHT; TpaHC-CnnancrHr; HeobnacTbl; cnnanc-nuaep; Macrosto-

mum lignano.

Introduction

Before being used as templates for protein production, majori-
ty of RNA molecules transcribed in the nucleus (pre-mRNA)
undergo three major modifications to become mature and
fully functional mRNA. This is called RNA processing and it
involves capping of the 5" end, polyadenylation of the 3" end,
and splicing. Two types of splicing are distinguished — cis- and
trans-splicing. During cis-splicing all the processing happens
with the same pre-mRNA molecule, resulting in the removal
of introns and merging of its exons. During trans-splicing, on
the other hand, two different pre-mRNA molecules expressed
from distinct genomic loci are joint into a new chimeric trans-
spliced mRNA (Lasda, Blumenthal, 2011).

Trans-splicing was originally discovered in trypanosomes
(Euglenozoa), where it was found that a short 39 bp leader
sequence was post-transcriptionally attached to the 5’ ends of
variant surface glycoproteins pre-mRNA (Boothroyd, Cross,
1982). Later, 5’ end addition of a 22 bp spliced leader (SL)
was also observed in Caenorhabitis elegans mRNA of actin
gene and some other genes (Krause, Hirsh, 1987). Now this
process is well known as SL trans-splicing. A distinct feature
of SL trans-splicing is that all such processed transcripts have
the same short SL sequence, or its variant, at their 5" ends. The
SL sequence is derived from an exon of a non-coding small
nuclear RNA molecule called SL RNA, which is ~100 nt in
length and has 2,2,7-trimethylguanosine cap at its 5’ end in-
stead of 7-methylguanosine cap, which is found in non-trans-
spliced mRNAs (Liou, Blumenthal, 1990; Lasda, Blumenthal,
2011). SL RNAs have a splicing donor site at the exon 3’ end,
while SL trans-spliced pre-mRNAs have a splicing acceptor
site at the 5’ end of their first exon. SL trans-splicing results
in removal of the 5’ non-exon pre-mRNA part called outron
(Lasda, Blumenthal, 2011). It is experimentally shown that
the only requirement for a gene to be predominantly SL
trans-spliced is an acceptor splicing site close to the 5’ end
of the first exon that is not complemented by a donor splic-
ing site upstream in cis (Conrad et al., 1993). Thus comes
another important feature of SL trans-splicing, namely that it
allows formation and resolving of operons — adjacent genes
transcribed as a single pre-mRNA from the same promoter
region (Blumenthal, Gleason, 2003). However, apart from
a clear function in polycistronic transcripts resolution, the
function of SL trans-splicing for monocystronic transcripts
is still in debate (Danks et al., 2015). It is hypothesized that
the function may be in equalization of 5’ UTRs in length and
their clearance from out-of-frame AUG start codons, while at
the same time allowing less restricted evolution of 5’ upstream
regulatory sequences, and in additional control of translation
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(Hastings, 2005; Danks, Thompson, 2015). So far, SL trans-
splicing was found in several clades of eukaryotes: dinofla-
gellates, euglenozoans, cnidarians, flatworms, nematodes,
and ascidians (Lei et al., 2016). SL trans-splicing is most
prominent in trypanosomes (100 % genes are trans-spliced)
and in nematodes (70 % genes are trans-spliced) (Allen et al.,
2011; Lei et al., 2016).

Regenerative flatworms are informative models to under-
stand the mechanism of stem cell regulation and specialization
during regeneration and homeostasis. Their ability to regene-
rate is driven by the division and differentiation of the adult
somatic stem cell population called neoblasts (Wagner et al.,
2011; Mouton et al., 2018). Macrostomum lignano is the only
flatworm species for which a method for stable transgenesis
is available so far. The worm also has a number of features
allowing for efficient cell lineage tracing and phenotype
screening, which makes M. lignano an attractive model to
study a wide range of biological processes (Grudniewska et
al., 2016; Wudarski et al., 2017, 2019, 2020). Well-annotated
M. lignano genome and transcriptome assemblies were re-
cently published (Wudarski et al., 2017; Grudniewska et al.,
2018). It was estimated that almost 21 % of its genes are SL
trans-spliced to the same 35 bp SL sequence (Grudniewska
et al., 2018). However, trans-splicing was not studied in de-
tails in M. lignano, and its impact on the genome functioning
and maintenance is still unknown. Here, we present the first
comprehensive study of SL trans-splicing in M. lignano and
show that it is strongly connected with genes specific for the
neoblasts of the worm.

Materials and methods
Data. The published M. lignano genome Mlig 3 7 (Wudar-
skietal., 2017) and transcriptome Mlig RNA 3 7 DVI1 v3
(Grudniewska et al., 2018) assemblies and the corresponding
annotation tracks were obtained from (http://gb.macgenome.
org/downloads/Mlig_3 7/).

Genome deduplication. Mlig 3 7 genome assembly
was deduplicated using purge dups software (v1.0.1) with
default settings (Guan et al., 2020) and utilizing published
PacBio genome sequencing data (Wasik et al., 2015) for the
calculation of contig coverages. Contig names from the de-
duplicated genome assembly were used to extract respective
gene annotations from the full Mlig_3 7 genome annotation.

Motif discovery and SL RNA annotation. Presence of
the SL sequence at the 5" end of the M. lignano transcripts
was established in the previous studies (Wasik et al., 2015;
Grudniewska et al., 2016). For the annotation of trans-spliced
genes, SL-containing RNA-seq reads were mapped to the
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Mlig 3 7 genome assembly and the presence of such reads
at the beginning of transcripts was used as an evidence of
SL trans-splicing (Wudarski et al., 2017; Grudniewska et al.,
2018). Therefore, all the SL trans-spliced transcripts have the
corresponding annotation in the Mlig_3 7 genome assembly,
and the sequences upstream of their first exon were considered
as outrons. Using the deduplicated annotation track of gene
coordinates, we retrieved nucleotide sequences of genomic
regions corresponding to exon-intron and exon-outron (for
the trans-spliced genes) junctions with 50 bp flanks in both
directions. All the sequences were converted to forward orien-
tation and split into three groups corresponding to cis-donor,
cis-acceptor, and trans-spliced acceptor sites. The sequences
then were analysed for the presence of enriched motif using
a stand-alone version of the DREME tool (Bailey, 2011).

To determine the SL RNA gene sequence in the genome
assembly, we used the 35 bp M. lignano SL sequence (CGG
TCTCTTACTGCGAAGACTCAATTTA TTGCATG) as a
seed for a BLASTn (Altschul et al., 1990) search requiring
only 100 % matching hits. Next, we manually investigated
genomic sequences surrounding the BLAST hits by matching
the SL sequence track in the genome browser to the expected
size of SL RNA (~100 bp). The corresponding sequences were
then checked for folding into secondary structure canonical
for SL RNA folding using Mfold web server (Zuker, 2003),
and conserved motifs were then manually identified.

Prediction of operons. Intergenic distances were retrieved
from the deduplicated genome annotation file. We only consi-
dered distances between immediately adjacent transcripts
with the same transcriptional orientation and not interrupted
by transcripts in opposite orientation. Distances were split
into three categories: between SL trans-spliced genes, be-
tween a non-SL trans-spliced gene and an SL trans-spliced
gene, and between non-SL trans-spliced genes. To adjust for
repetitive element insertions, we retrieved the corresponding
coordinates from the genome browser RepeatMasker and TRF
tracks (http://gb.macgenome.org/) and subtracted them from
the previously identified intergenic distances. Distribution of
the distances was visualized as density plots using ggplot2
library in R.

After the analysis of the graphical data of the distances
distributions, we selected the threshold value of 1000 bp, be-
low which a pair of adjacent and SL trans-spliced genes were
considered as belonging to the same operon. The same applies
if the first gene is non-trans-spliced, but the second is SL trans-
spliced. The distributions of lengths of operons of various
sizes was visualized as violin plots using ggplot2 library in R.

Estimation of gene conservation. Gene annotation and
data classifying genes as being specific to neoblasts or germ-
line were retrieved from the previous study (Grudniewska et
al., 2018). A gene was considered to be conserved if it has an
open reading frame with a detectable homology to a human
gene, which is indicated in its annotation, and non-conserved
if lacking the homology to human, but has a predicted open
reading frame with homology to proteins in other organisms.
Otherwise, a gene was considered non-coding.

Results
Deduplication of genome assembly. The published Mlig 3 7
genome assembly is based on the sequencing data from DV
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M. lignano line. This line has a 2n = 10 karyotype (four large
and six small chromosomes) and was demonstrated to have
undergone a duplication of its large chromosome (Zadesenets
et al., 2017), while the karyotype of the basal wild type
population is 2n = 8 (two large and six small chromosomes)
(Wudarski et al., 2017). The size of Mlig_3 7 assembly is
764 Mb, which corresponds to the experimental measurement
of the genome size in the DV line (Wudarski et al., 2017),
and the assembly contains the duplicated large chromosome
sequences. To avoid gene overcounting due to the presence
of these duplicated sequences in the Mlig 3 7 assembly,
we removed the most redundant scaffolds by deduplicating
Mlig_3 7 assembly using purge dups software (Guan et al.,
2020). This resulted in approximately 46 % drop in the number
of scaffolds (from 5270 to 2841) and decreased the genome
size to 580 Mb, which is close to the genome size measure-
ments for the NL10 line of M. lignano, which does not have
the chromosomal duplication (Wudarski et al., 2017). Next,
we removed the records from transcriptome annotation which
corresponded to the redundant scaffolds.

Motif discovery and SL RNA gene mapping. Investiga-
tion of the deduplicated part of the transcriptome shows that
a significant fraction of genes, 21754 out of 71499 (30 %),
are SL trans-spliced in M. lignano. This means that they all
have the same 35 bp SL sequence (CGGTCTCTTACTGCG
AAGACTCAATTTA TTGCATG) at the 5" end of their pro-
cessed transcripts (Wudarski et al., 2017; Grudniewska et al.,
2018). Despite this, SL trans-splicing was not characterized
in more detail in M. lignano. First, we retrieved genomic
DNA sequences near the cis-splicing and SL trans-splicing
exon-intron/exon-outron junction sites and checked if they are
enriched for some motifs using DREME (Fig. 1, @) (Bailey,
2011). In total, we obtained 187627 regions around 5’ donor
and 3’ acceptor cis-splicing sites and 21754 regions around
SL trans-splicing sites. The first most enriched motifs near
cis-splicing 5’ donor and 3’ acceptor sites were GT[G/A]JAG
(found in 122399 regions, p-value: 8.8¢234%%) and CAG
(found in 112174 regions, p-value: 1.7¢712459), respectively,
corresponding to canonical cis-splicing motifs. A motif [T/C]
TNCAG (found in 9551 regions, p-value: 1.3¢713!) was the
top enriched motif near SL trans-splicing 3’ acceptor sites.
All the motifs were positioned right at the exon-intron/exon-
outron junctions of the corresponding sites (see Fig. 1, a).

Next, to confirm the presence of the SL RNA gene in the
genome assembly, we analysed the secondary structure of
the previously published sequence of M. lignano SL RNA
from the ML2 version of the genome (Wasik et al., 2015).
However, we found that the reported sequence was errone-
ously assigned as SL RNA, since it clearly maps to the 5’ end
of an SL trans-spliced protein-coding gene (Mlig013257.g1,
scaf577:45663-48770) in the Mlig 3 7 assembly, and also
does not fold into canonical structure with three hairpin loops
(data not shown) (Xie, Hirsh, 1998). Therefore, we decided to
identify the actual SL RNA gene in the newer Mlig_3 7 as-
sembly. Using SL sequence as a seed for the genomic BLASTn
search, we mapped a 109 bp sequence, which is repeated
eight times in the deduplicated genome and has the canonical
SL RNA secondary structure predicted by Mfold web server
(see Fig. 1, b) (Zuker, 2003). Subsequent sequence analysis
showed clear signatures of an SL RNA: the SL sequence
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a - conserved motifs enriched at the splicing junction sites in cis-spliced and SL trans-spliced genes; b — sequence and predicted

secondary structure of M. lignano SL RNA gene.

is at the 5" end of the gene and forms the first hairpin loop,
immediately after the SL sequence there is a clear 5" donor
splicing site (GTAAG), and between two other hairpin loops
there is a motif similar to the binding site of Sm spliceosomal
protein (see Fig. 1, ) (Ganot et al., 2004; Stover et al., 20006).

Operon analysis. The important feature of SL trans-
splicing is that it allows for processing of long polycistronic
pre-mRNA molecules expressed from a single promoter re-
gion in a way similar to prokaryote operons. In principle, ge-
nome-guided transcriptome assembly using RNA-seq data
allows identification of such operons and their corresponding
pre-mRNA sequences, which we previously annotated as tran-
scriptional units (Wudarski et al., 2017; Grudniewska et al.,
2018). However, it is not always possible to fully reconstruct
an operon from RNA-seq data alone, since transcriptional units
predicted from RNA-seq data tend to split in the repeat-rich
intergenic regions of operons, where read coverage depends
on both operon expression level and the frequency of repeats
in the genome. Instead, to estimate what fraction of M. lig-
nano genes are organized in operons based on their genomic
organization, we first explored how intergenic distances be-
tween trans- and non-trans-spliced genes are distributed in
M. lignano genome (Fig. 2, a). We found that distribution
of distances between trans-spliced genes has multimodal
distribution, while it is unimodal distribution for non-trans-
spliced/trans-spliced and non-trans-spliced/non-trans-spliced
intergenic distances (see Fig. 2, a). SL trans-splicing is an
ancient evolutionary mechanism (Lei et al., 2016), which is
mostly abundant in the genomes of simply organized organ-
isms, which have low repetitive content and relatively small
genomes (Gregory et al., 2007). We hypothesized that neutral
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accumulation of repeats could have influenced the distances
between genes in the operons. Interestingly, after we adjusted
the intergenic distances by subtracting the fraction occupied
by repetitive sequences (simple repeats and transposable
elements), it had the most impact on the distances between
trans-spliced genes, revealing a clear bimodal distribution
with the most prominent peak at around 100 bp (see Fig. 2, a).
This observation indicates that repeats have a substantial
contribution to intergenic distances in operons. To classify
genes as belonging to the same operon, we decided to use
the repeat-adjusted distances with a threshold value of 1 Kb,
which separates the two modes of the intergenic distances
between trans-spliced genes (see Fig. 2, a).

Using these criteria for defining operons, we found that
10458 genes (approx. 15 % of all genes and 40 % of SL
trans-spliced genes) can be assigned to operons, of which
1854 (18 %) start from a non-trans-spliced gene (see Fig. 2, b,
Fig. 3). The vast majority of them are comprised of two and
three genes (75 and 18 %), with the maximum operon size
reaching nine genes (two operons) (see Fig. 2, »). An example
of an operon defined in this way is provided in Fig. 2, c.

SL trans-splicing is enriched in evolutionary conserved
and stem cell genes. We know from a previous study (Grud-
niewska et al., 2018) that evolutionary conserved protein-
coding genes, which still have detectable homology between
M. lignano and human, are enriched in somatic stem cells —
neoblasts (85 % compared to overall 47 %) (see Fig. 3). On
the contrary, only 38 % of germline-specific genes in M. lig-
nano are conserved in human, suggesting their relatively
recent appearance in evolution of flatworms. We investigated
whether there is a correlation between gene conservation and
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Fig. 2. Identification and characteristics of genes in operons in M. lignano genome.

a - distribution of intergenic distances between various gene types. TS - SL trans-spliced, non-TS - non-SL trans-spliced. Red and blue
vertical lines indicate modes of the distributions. Vertical black dashed line indicates distance threshold value selected to separate genes in
operons; b - putative pre-mRNA length and abundance of different operon sizes; ¢ — an example of an operon with four genes as depicted
in the M. lignano genome browser (http://gb.macgenome.org). Genes are in green, with exons as blocks and introns as dashed lines. Non-
protein-coding part of the exons are narrower. SL — RNA-seq reads mapped which contained the SL sequence at their 5’ ends (trimmed).
T-fill - RNA-seq reads mapped containing mRNA 3’ poly-A ends. Reads mapped in forward orientation are in red, and the reversed reads

are in blue.

All TS
100 % 304 %

‘33525 15201
373%
‘ 1329
26645

In operons
14.6 %

non-TS
69.8 %

58% 1270
243%
. 5283

In operons
39.6 %

In operons
3.7%

8604

\

TS ENon-TS

M Conserved Non-conserved [l Non-coding

Fig. 3. Evolutionary conservation of M. lignano genes.

TS - SL trans-spliced; non-TS - non-SL trans-spliced; conserved - protein-
coding genes with a homology to human; non-conserved - protein-coding
genes lacking the homology to human; non-coding - genes do not code for
a protein.

SL trans-splicing in M. lignano. We found that 69.9 % of the
SL trans-spliced genes are conserved between M. lignano
and human, while 24.3 % are not conserved and 5.8 % are
non-coding (see Fig. 3). Trans-spliced genes that are located
in operons have a very similar distribution of conserved,
non-conserved and non-coding genes (see Fig. 3). In contrast,
among non-trans-spliced genes only 36.9 % are conserved in
human, while 42.9 % are non-conserved and 20.2 % are non-
coding (see Fig. 3). Thus, SL trans-spliced genes are strongly
enriched for conserved genes but there is no dependence on
whether these genes are in operons or not.

Next, we calculated the fraction of SL trans-spliced genes
among genes enriched in neoblasts (stem cells) and germ-
line — the only proliferation capable cell types in the worm
(Grudniewska et al., 2018). Intriguingly, 85 % of the stem cell
genes (746) are SL trans-spliced, and almost 86 % (752) are
conserved in human (see the Table), and 728 genes are both
conserved in human and SL trans-spliced, which is 96.8 % of
all the conserved genes in neoblasts. Given that out of 33525
conserved genes present in the Mlig 3 7 genome annotation
15201 (45.3 %) are trans-spliced (see Fig. 3), this represents
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Stem cells and trans-splicing
in the regenerative flatworm Macrostomum lignano

Summary of transcripts from M. lignano proliferation-capable cell types

Cell type Total transcripts Trans-spliced (%)  In operons (%) Conserved Non-conserved Non-coding (%)
in human (%) in human (%)
Neoblasts 878 746 (85.0) 343 (39.1) 752 (85.6) 19(2.2) 107 (12.2)
Germline 1985 362 (18.2) 192 (9.7) 736 (37.1) 248 (12.5) 1001 (50.4)
a 2.13-fold enrichment for conserved SL trans-spliced genes  Conclusion

among neoblast genes relative to the expected from the ran-
dom distribution (p-value: 1.98e—7, chi-square test). On the
contrary, only 18 % of the germline genes are SL trans-spliced
and 37 % are conserved in human. Taken all together, this
suggests that SL trans-splicing plays an important role in stem
cell regulation in M. lignano.

Discussion

SL trans-splicing is widespread in diverse flatworm taxa,
including both parasitic and free-living species (Zayas et al.,
2005; Protasio et al., 2012; Wudarski et al., 2017; Ershov et
al., 2019). However, most of the studies of SL trans-splicing
were focused on nematodes and trypanosomes (Lasda, Blu-
menthal, 2011; Lei et al., 2016). Here, we performed the first
study which focuses on SL trans-splicing in the free-living
regenerative flatworm model M. lignano. By reanalyzing the
available genome and transcriptome data, we found that 30 %
ofthe worm genes are SL trans-spliced, and 15 % are estimated
to be organized in operons (see Fig. 3). For a comparison, in
C. elegans 70 % of genes are SL trans-spliced and 17 % are
in operons, in ascidian chordate Ciona intestinalis it is 58 and
20 %, respectively, and in the parasitic liver fluke Schistosoma
mansoni 11 % are SL trans-spliced with a few genes in operons
(Blumenthal, Gleason, 2003; Satou et al., 2008; Matsumoto et
al., 2010; Protasio et al., 2012). Among free-living flatworms,
trans-splicing was studied before (Zayas et al., 2005; Rossi et
al.,2014), but there is no firm estimation of its abundance and
prevalence of genes in operons. The size of operons in M. /ig-
nano also varies similarly to C. elegans, where it ranges from
two to eight genes, with the most frequent intergenic distance
around 100 bp, and the majority of operons comprised of two
genes (see Fig. 2) (Allen et al., 2011).

The most striking finding of our study is that most of
M. lignano SL trans-spliced genes are evolutionary conserved
(see Fig. 3) and, most importantly, that overwhelming majo-
rity of neoblast-specific genes (85 %) are SL trans-spliced
(see the Table). Interestingly, 39 % of neoblast genes are
also clustered in operons (see the Table), suggesting their
early evolutionary origin and the necessity for synchronized
expression and similar transcriptional regulation. Neoblasts
are the key players of outstanding regeneration capacity in
free-living flatworms, and thus they are the primary subject
of'the studies on flatworm regeneration. All the tissue renewal
and growth in adult flatworms is due to neoblast proliferation
and differentiation (Egger et al., 2006; Ladurner et al., 2008;
Wagner et al., 2011). Our data clearly indicates importance
of SL trans-splicing for the gene regulation of neoblasts in
M. lignano and lay ground for further studies of how exactly
SL trans-splicing machinery contributes to different stages of
neoblast activity.
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Spliced leader trans-splicing affects a substantial fraction
of M. lignano genes. We annotated and characterized the
sequence of SL RNA, identified the conserved motifs at the
exon-intron/exon-outron junction sites in cis- and SL trans-
spliced genes, and provided the first comprehensive analysis
of genes comprising operons in M. lignano. Most importantly,
we found that the SL trans-spliced fraction is over-represented
by evolutionary conserved protein-coding genes, in contrast
to the non-trans-spliced part of the genome, and that the stem
cell-specific genes are predominantly SL trans-spliced. Our
findings suggest an important and evolutionary conserved
role of SL trans-splicing in regulation and maintenance of
neoblasts in M. lignano. Thus, a thorough investigation of
the molecular mechanism of SL trans-splicing is required to
fully understand the regulation of regeneration and stem cell
differentiation in flatworms.
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Macrostomum lignano as a model to study
the genetics and genomics of parasitic flatworms

K.V. Ustyantsev, V.Yu. Vavilova, A.G. Blinov, E.V. Berezikov®

Institute of Cytology and Genetics of Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
® eberez@bionet.nsc.ru

Abstract. Hundreds of millions of people worldwide are infected by various species of parasitic flatworms. Without
treatment, acute and chronical infections frequently lead to the development of severe pathologies and even death.
Emerging data on a decreasing efficiency of some important anthelmintic compounds and the emergence of resis-
tance to them force the search for alternative drugs. Parasitic flatworms have complex life cycles, are laborious and
expensive in culturing, and have a range of anatomic and physiological adaptations that complicate the application
of standard molecular-biological methods. On the other hand, free-living flatworm species, evolutionarily close to
parasitic flatworms, do not have the abovementioned difficulties, which makes them potential alternative models
to search for and study homologous genes. In this review, we describe the use of the basal free-living flatworm
Macrostomum lignano as such a model. M. lignano has a number of convenient biological and experimental proper-
ties, such as fast reproduction, easy and non-expensive laboratory culturing, optical body transparency, obligatory
sexual reproduction, annotated genome and transcriptome assemblies, and the availability of modern molecular
methods, including transgenesis, gene knockdown by RNA interference, and in situ hybridization. All this makes
M. lignano amenable to the most modern approaches of forward and reverse genetics, such as transposon inser-
tional mutagenesis and methods of targeted genome editing by the CRISPR/Cas9 system. Due to the availability of
an increasing number of genome and transcriptome assemblies of different parasitic flatworm species, new know-
ledge generated by studying M. lignano can be easily translated to parasitic flatworms with the help of modern
bioinformatic methods of comparative genomics and transcriptomics. In support of this, we provide the results of
our bioinformatics search and analysis of genes homologous between M. lignano and parasitic flatworms, which
predicts a list of promising gene targets for subsequent research.

Key words: flatworms; parasitic flatworms; model organism.
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Macrostomum lignano Kak MOAe/NbHbIV OOBEKT IJISI MCCIIeOBAHIS
reHEeTUKN ¥ TeHOMIKU IMMapasUTUUYeCKNX IJIOCKUX YepBeli

K.B. Ycrpauues, B.IO. BaBuaosa, A.I. banHos, E.B. bepesnkos

MepepanbHbii NCCNefoBaTENbCKUIA LEHTP VHCTUTYT Lyutonornm n reHeTukn Cbmpckoro otaeneHns Poccniickoin akagemmm Hayk,
HoBocnbunpck, Poccus

@ eberez@bionet.nsc.ru

AHHOTauumA. MHPeKLMAM pa3nnyHbIX BUAOB NapasnTUYeCcKnX NIOCKNX YepBel NoaBePKeHbl COTHU MUNIIIMIOHOB Ye-
noek no BceMmy Mupy. Kak ocTpble, Tak U XpOHUYecKre nHbeKLMn B OTCYTCTBME NIeYEHUA C BbICOKOW YacTOTON Npu-
BOAAT K Pa3BUTUIO TAXKESbIX MATONOMMI 1 Aaxke K cMepTur. [lJaHHble O CHUXKeHUN 3GHEKTUBHOCTN HEKOTOPbIX BaXKHbIX
NPOTMBOreIbMUHTHBIX JIeKapCTBEHHbIX MPEenapaToB N Pa3BUTUN PE3UCTEHTHOCTM K HUM BbIHY>KAal0T UCCIefoBa-
Tenen NCKaTb anbTepHaTVBHble coeauHeHuA. MapasnTnyeckne Naockre Yyepsr 061afaloT CIIOXKHBIM XU3HEHHbBIM
LMKIIOM, TPYAOEMKM U [OPOrOCTOALLM B Pa3BeAeHMI, a TaKKe MeIOT pAag NprCrocobieHin, OCIOXKHALMX paboTy
C HMU CTaHAAPTHBIMU MONEKYNAPHO-61ONOrMyeckuMm metogamu. HanpoTure, 3BOMOLMOHHO 6NM3KOPOACTBEHHbIE
napasuTUYecKnM NIOCKUM YepBAM CBOOOLHOXMBYLLME BUAbI NIOCKMX YepBel JIMLIEHbI BblLUEOMMUCAHHbIX TPYAHO-
CTel, YTo fenaeT NX NepCrneKkTUBHLIMA anbTEPHATVBHbBIMM MOLENIbHbIMU 06beKTaMu ANiA NoMCKa U NCCnefoBaHus
rOMOJIOTMYHBIX reHOB. B 3Tom 0630pe Mbl onvcbiBaeM NpumeHeHue 6a3anbHOro CBOOOAHOXMBYLLETO MIOCKOro
yepBa Macrostomum lignano B kauecTBe Takow moaenu. M. lignano obnagaet 60nbwmmM Habopom yao6HbIX Grono-
TMYECKNX N SKCMEePUMEHTaNbHbIX 0COOEHHOCTEN, TaKnX Kak ObICTpoe Bpema penpoayKunm, AelleBr3Ha 1 TIErkoCTb
B TaboOpaTOpHOM pa3BefeHnN, ONTUYeckasa NpPo3payHoOCTb Tena, 06MraTHoOe NosIoBOe Pa3MHOXEHME, aHHOTUPO-
BaHHble reHOMHbIE 1 TPaHCKPUNTOMHble COOPKMU, a TakKe AOCTYMHOCTb COBPEMEHHbIX MOJSIEKYNAPHBIX METOLOB UC-
cnefjoBaHNA, BK/IOYasa TpaHCreHes, reHHbIN HoKAayH ¢ nomolyblo PHK-uHTepdepeHumnn n rmbpuamsaumio in situ. Bce
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Macrostomum lignano kak MopenbHbIi 06BEKT AnA UyyeHns
reHeTVKM Y FeHOMUKI NapasnuTUYecKmX NIOCKUX YepBen

a10 fenaet M. lignano NnpurofHbIM ANA NPYUMEHEHNA CaMblX COBPEMEHHbIX NMOAXOA0B «MPAMOI» 1 «0OPaTHOMN» reHe-
TUKW, TaKUX KaK TPAHCMO30HHbIN MHCEPLIMOHHDBIA MyTareHe3 1 MeTofbl HanpaB/IEHHOTO PeAaKTMPOBaHMA reHOMa C
ncnonb3oBaHnem cuctembl CRISPR/Cas9. bnaropapa pacTtyLiemy KonmyecTBy AOCTYMHbIX COOPOK reHOMOB 1 TPaHC-
KPUMTOMOB Pa3fiMyHbIX BUAOB NapasnTUYeCKmNX MIOCKNX YepBel HOBble 3HaHVA, MOJTyUYeHHble B CC/IeAOBaHMAX Ha
M. lignano, moryT ObiTb Nerko TPaHCANPOBaHbI Ha MAPa3UTUYECKMX MIOCKMX YepBell C MPUMeHeHNeM COBPeMEH-
HbIX 6MONHPOPMALIMOHHBIX MOAXOAO0B CPABHUTENbHON FEHOMUKIN 1 TPAHCKPUNTOMUKN. B noaTBepaeHne stomy
Mbl MPVBOAMM pe3ynbTaTbl Halwero 6MoMHGOPMaLIMOHHOIO NMOUCKa 1 aHanr3a roMosorMYHbIX reHoB M. lignano n
napasuTUYeCcKnX MIOCKNX YepBel, KOTopble NO3BONIMAM ONPeAenuTb CNCOK NepCrnekTUBHbIX FTeHOB-MULLEeHel AnA

JanbHeNwero ncciefoBaHuA.

KnioueBble crnoBa: nnockue 4yepBu; NnapasnTnyeckmne Yepsu; MOJENbHbIN OpraHn3m.

Introduction

Hundreds of millions of people worldwide are infected
by various species of parasitic flatworms (Waikagul et al.,
2018). The highest frequency of infections, as well the most
severe pathologies, are induced by the species of the class
Trematoda, or liver flukes, which cause such well-known
diseases as schistosomiasis, clonorchiasis, and opisthor-
chiasis. Characteristic severe effects of the liver flukes
infections are acute and chronic inflammation of liver and
biliary tract, which can develop into liver fibrosis and chol-
angiocarcinoma, respectively (Wongratanacheewin et al.,
2003; Kaewpitoon et al., 2008; Andrade, 2009; Pomaznoy
et al., 2016; Schwartz, Fallon, 2018). Infections of another
class of parasitic flatworms, Cestoda, or tape worms, often
do not lead to such severe pathologies and death, but in the
long-term perspective and without treatment they can lead to
significant aberrations in vital activity and as a consequence
a decrease in life quality of sick people (Budke et al., 2009;
Waikagul et al., 2018).

In the world, for more than 40 years praziquantel and its
derivatives have been the “number one” drugs against hel-
minthiases (Chai, 2013; Pakharukova et al., 2015). However,
continuous and widespread use of praziquantel has already
resulted in the increasing number of reports on emerging
resistance to the drug in different species of helminthes
(Botros, Bennett, 2007; Wang et al., 2012; Mwangi et al.,
2014; Jesudoss Chelladurai et al., 2018). An induced resis-
tance to praziquantel was experimentally demonstrated in
some schistosomes (Mwangi et al., 2014). Inital successes
of praziquantel slowed down investments into the develop-
ment of new anthelmintic drugs, which further complicates
the situation. At the same time, the developed alternatives
to praziquantel demonstrate analogous or sometimes even
lower efficiency, more side effects, and usually are effec-
tive only against certain trematode species (Siqueira et al.,
2017). Therefore, there is an urgent need for new and more
effective anthelmintic drugs.

Parasitic flatworms have complex life cycles with several
changes of the hosts (Morand et al., 1995; Poulin, Cribb,
2002), are laborious and expensive in laboratory culturing,
and have numerous specific adaptations that complicate their
study by standard molecular techniques. All these properties,
undoubtedly, slow down fast development of new anthelmin-
tic drugs. Our knowledge on a broad spectrum of biological
questions was gained via research on convenient model

organisms, such as nematodes, fruit flies, mice, yeast, etc.
Similarly, studies of free-living animals help to obtain new
information about their parasitic relatives. For example,
investigating model free-living roundworm (nematode)
Caenorhabditis elegans, new data were obtained, which
allowed description of a more detailed mechanism of ac-
tion for some anti-nematode drugs, as well as helped the
search for new genes potentially regulating the life cycle
of parasitic nematodes. Subsequently, these genes can be
used as targets for developing new drugs (Cully etal., 1994;
Couthier et al., 2004; Guest et al., 2007; Laing et al., 2010).
Among flatworms, free-living species can be used as mo-
dels to screen for new drugs directed against their parasitic
relatives (Collins, Newmark, 2013). Despite fundamental
differences in the life cycles, free-living flatworms have a
set of evolutionary conserved properties of their physiology
and reproduction, which are shared with parasitic species.

In this study, we describe the properties, advantages, and
potential application of the free-living flatworm Macrosto-
mum lignano as a convenient research model for efficient
screening of conserved genes homologous to the genes of
parasitic flatworms, which can serve as targets for the de-
velopment of new anthelmintic drugs.

General properties

of Macrostomum lignano as a model

Macrostomum lignano is a free-living flatworm (phylum
Platyhelminthes, class Rhabditophora) from a basal (the ear-
liest branching) clade — Macrostomorpha (Ladurner et al.,
2005; Egger et al., 2015). M. lignano can easily tolerate a
wide range of different environmental conditions, such as
temperature, salinity, and oxygen concentration (Rivera-
Ingraham et al., 2013, 2016; Wudarski et al., 2019). It was
experimentally demonstrated that the worms can survive
at the temperatures between 4 to 37 °C (Wudarski et al.,
2019). M. lignano is easy to culture in laboratory conditions
(Wudarski et al., 2020). The size of adult animals varies
from 1 to 3 mm in length and 0.3 mm in width. Worms are
maintained in Petri dishes with artificial sea water. A species
of unicellular diatom algae Nitzschia curvilineata, which is
itself easy to culture in laboratory conditions under artificial
illumination, is used as food source. In one standard (9 cm)
Petri dish, 500—600 individuals can be easily simultaneously
maintained. Standard cultivation temperatures are 20 °C and
14/10 hours day/night light cycle.
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Free-living flatworms are famous for their high regene-
ration capacity (Egger et al., 2006; Mouton et al., 2018;
Ivankovic et al., 2019). The known champions are plana-
rians, which can restore a full-grown animal from just a
few cells (Wagner et al., 2011). M. lignano is nearly as
regenerative as planarians, and can fully regenerate its body
posterior from the pharynx and anterior to the brain (Egger
et al., 2006). Flatworm regeneration comes from division
and differentiation of somatic stem cell population called
neoblasts (Wagner et al., 2011). Neoblasts and their differen-
tiating progenitors are the only dividing cells in flatworms,
and, apart from regeneration, they are also responsible for
the natural tissue renewal during homeostasis (Nimeth et
al., 2002; Ladurner et al., 2008). Importantly, there are also
neoblast-like cells in parasitic flatworms, which are mor-
phologically similar to neoblasts described in free-living
species (Brehm, 2010; Collins, Newmark, 2013; Collins et
al., 2013; McCusker et al., 2016). Neoblast-like cells can
differentiate into other cell types and are responsible for
regeneration of lost body parts in parasitic flatworms, as
well as have similar transcriptional profiles to neoblasts from
free-living species. Thus, there is an obvious homology of
central systems of homeostasis and regeneration between
free-living and parasitic flatworms.

An important advantage of M. lignano compared to other
popular free-living model flatworms — planarians — is its
body transparency (Ivankovic et al., 2019; Wudarski et al.,
2020). This substantially facilitates morphological studies
of its internal structures with the help of light microscopy.
M. lignano is an obligatory reciprocal hermaphrodite,
favorably distinguishing it from planarians, which in
laboratory conditions reproduce predominantly asexually
through fission, and are also genetically mosaic even within
an individual (Schérer, Ladurner, 2003; Leria et al., 2019).
Obligatory sexual reproduction of M. lignano allows its
application in controlled genetic studies.

Currently, the presence of a simple and efficient method
for transgenesis is the unique feature of M. lignano among
other flatworm species (Wudarski et al., 2017). M. lignano
lays 1-2 single cell eggs per day. Eggs are large (~100 um),
have relatively hard shells, and can be easily manipulated
with the help of plastic microtools. These properties allowed
the development of a successful protocol for delivery of
various genetic constructs (DNA, mRNA, proteins) inside
the eggs by means of microinjection (Wudarski et al., 2017,
2020). To date, there is a range of M. lignano transgenic lines
which express genes of reporter green and red fluorescent
proteins in different organs and tissues, allowing to study
the place and dynamics of expression of a gene of interest
in vivo (Wudarski et al., 2017, 2019).

Apart from transgenesis, other classical molecular and
cytological methods are successfully applied in M. lignano.
Localization of a gene of interest expression can be stu-
died by means of in situ hybridization (Pfister et al., 2007,
Grudniewska et al., 2016; Wudarski et al., 2017; Lengerer et
al., 2018). To identify gene function, there is a very simple
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and efficient protocol for knockdown of gene expression by
RNA interference, and there is no need for special delivery
of double-stranded (dsRNA) constructs — worms are simply
soaked in dsRNA solution and after 1-3 weeks, due to the
transparency of M. lignano, it is possible to observe occurred
morphological, physiological, or behavior changes (Grud-
niewska et al., 2016, 2018; Lengerer et al., 2018; Wudarski
etal., 2019). Thus, the available experimental methods allow
implementation of complex studies on the expression and
gene function in M. lignano.

Any modern model organism needs a well-assembled
genome and transcriptome assembly with annotation of
genes and repetitive sequences, transposons and simple/
tandem repeats. M. lignano is not an exception (Wasik et al.,
2015; Grudniewska etal., 2016, 2018; Wudarski et al., 2017;
Biryukov et al., 2020). M. lignano has a relatively compact
genome of ~500 Mb. Genome and transcriptome assemblies
can be openly accessed and viewed using the convenient
web-interface http://gb.macgenome.org/ (Wudarski et al.,
2017; Grudniewska et al., 2018). We already know genes
that are differentially expressed specifically in neoblasts and
the worm germline (Grudniewska et al., 2016, 2018). Thus,
M. lignano can be used for computational analysis of evolu-
tion, comparative genomics and transcriptomics to search for
conserved genes homologous to parasitic flatworms. Main
properties of M. lignano, planarians, and parasitic flatworms
are summarized in the Table.

Specific features of M. lignano as a model

to search for gene targets regulating

germline development and function

in parasitic flatworms

Development of acute and chronic inflammation is an im-
portant hallmark of trematode-caused pathologies, which are
caused by constant egg laying of the parasites, leading to
the activation of the immunological response, which is es-
pecially relevant to schistosomiasis (Wongratanacheewin et
al., 2003; Kaewpitoon et al., 2008; Collins, Newmark, 2013;
Schwartz, Fallon, 2018). Thus, the germline of helminths
and genes that control its development and homeostasis ap-
pear as promising targets for the development of new drugs
directed to suppress their expression.

In arecent work on M. lignano (Grudniewska et al., 2018)
it was shown that the majority of its genes classified as
germline-specific are flatworm-specific (both for free-living
and parasitic species) and lack a homolog in human and
other model organisms. Investigation of flatworm-specific
genes can be the key to search for new anthelmintic drugs
with fewer side effects due to their target action on the gene
products absent in humans. M. lignano is a convenient
model to screen for such targets. As mentioned earlier, all
organs of its reproductive system are clearly distinguish-
able under a common light dissecting microscope. This
significantly facilitates the screening of phenotypes linked
to the disruption of genes active in gonads and/or copulative
organs (Grudniewska et al., 2018). Importantly, the worm
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Comparison of key properties of free-living flatworms M. lignano and planarians, and parasitic flatworms as model organisms

Properties M. lignano Planarians Parasitic flatworms
. Ge nera | propertles ...............................................................................................................................................................................................................
...... Costofcu“urmgCheap CheapEXpenswe
...... Labonousnessofcu|turmgEasy EasyHard
...... ,nwtrocu|tu”ngYes Yesp055|b|e,buthard
...... Llfecydesmple, Slmplelcomple)(,

no metamorphosis

Only sexual,
cross fertilization

no metamorphosis

with changing of several hosts and larvae stages

Suitable for controlled Yes No, No,
genetic studies laboratory lines mostly  sexual reproduction occurs within the host
reproduce asexually and uncontrollable
(Richards, 1975)
Body transparency Yes No, Varies between species and different stages
strong pigmentation of the life cycle
Availability of annotated Yes Yes Yes
genome and transcriptome  (Wudarski et al., 2017; (Grohme et al., 2018) (Berriman et al., 2009; Zheng et al., 2013;
assemblies Grudniewska et al., 2018) Ershov et al., 2019)
Available research methods
Transgenesis Yes, No Hard and inefficient, transgene inheritance was
microinjections into never shown: electroporation or microinjections
single-cell stage eggs into adults
(Wudarski et al., 2017, (Beckmann, Grevelding, 2012; Moguel et al., 2015)
2020)
RNA interference Yes, Yes, Yes,
immersion in dsRNA injection of dsRNA, efficient dsRNA delievery by electroporation,
solution feeding with dsRNA- microbombardment, lipofection at all stages
(Wudarski et al., 2020a, b)  containing food of the life cycle
(Rouhanaetal., 2013)  (McGonigle et al., 2008; Pierson et al., 2010; Da'dara,
Skelly, 2015)
In situ hybridization Yes Yes Yes
(Wudarski et al., 2020) (Rouhanaetal,, 2013)  (Cogswell et al,, 2011)

hermaphroditism will allow maintaining in populations
genetic aberrations linked to the activity of either male or
female reproductive systems. Disturbances in fertility will
already be detectable within a week at 25 °C (Wudarski
et al., 2019), which will help not to miss mutations in the
absence of a clear morphological phenotype.

Main methods and application of M. lignano

for comparative genomics

Now we are already at the beginning of the era of tar-
geted genome editing that started with the wide spread of
CRISPR/Cas9 technology (Anzalone et al., 2020). Given a
well-annotated genome assembly, it is possible to introduce
mutations to a certain gene of interest, which would lead
to complete disruption of its function (knockout) (Chen
et al., 2014). Of particular interest is insertion of marker
reporter sequences (e.g. fluorescent proteins) directly in
the open reading frame of a target gene (knockin), which

allows direct visualization of the gene expression pattern
by the localization of the encoded protein (Albadri et al.,
2017; Artegiani et al., 2020). For example, by combining
labeling of several proteins by different fluorescent proteins,
interactome studies are possible.

The function of CRISPR/Cas9 depends on only two (in the
case of knockouts) or three (in the case of knockins) com-
ponents: guide RNA, Cas9 nuclease protein, and a matrix
for homologous recombination. In the simplest scenario,
these are two plasmid vectors, one of which encodes guide
RNA and Cas9, and the other is the matrix for homologous
recombination (Hsu et al., 2014). Alternatively, this can
be a combination of in vitro synthesized guide RNA and
Cas9 in the form of mRNA or Cas9 protein in the complex
with the guide RNA, which eliminates the possibility for
unwanted insertion of the plasmid vector (Hsu et al., 2014;
Kim et al., 2014). Successful and reproducible application
of CRISPR/Cas9 is impossible without an efficient delivery
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of genetic constructs (DNA, mRNA or proteins). Currently,
M. lignano is the only flatworm for which this is possible
by means of microinjection into single-cell stage eggs of
the worm (Wudarski et al., 2017). Such an approach is
certainly the most effective, since all the components of the
systems are delivered simultaneously in the required molar
ratio at the single-cell stage, which decreases chances for
mosaic progeny. Although currently there are no published
data on the application of CRISPR/Cas9 in M. lignano, our
preliminary experiments show that this approach can be ef-
ficiently applied for a knockin introduction in the M. lignano
genome.

Studies of phenotypes after targeted disruption/labeling
of a gene of interest are characteristic of reverse genetics
methods (Pareek et al., 2018). The main disadvantage of
this approach is that a high-quality assembly and the anno-
tation of the genome are required for the correct selection
of the modification site and the preliminary assessment of
the gene function based on its homology to already known
proteins (Skromne, Prince, 2008). Moreover, genome editing
by CRISPR/Cas9 depends on how frequently a GG pattern
occurs in the genome, as the Cas9 protein must first detect
a PAM-site (Protospacer Adjacent Motif) NGG in the target
sequence (Hsu et al., 2014). An additional problem is that
different guide RNAs vary significantly in their efficiency
of double-strand break induction, and it is rarely possible
to exactly predict the efficiency during the in silico design
(Chuai et al., 2017). While classical models, such as human
cell lines, mouse, Drosophila, the nematode C. elegans, and
yeasts are thoroughly studied and there are enough data on
their gene function to predict a phenotype, and their genomic
GC-content is optimal, the situation with alternative models
is different.

The function of a gene is rarely known, as it can be con-
served only within a certain evolutionary taxon (e.g. the
case of flatworm germline-specific genes). The genome can
have a low GC-content, less than 40 %, which lowers the
probability to meet a GG in the target regions that could be
mutated to result in the target gene knockout (Casandra et
al., 2018). In such cases, one should follow a historically
earlier approach of forward genetics: from a phenotype to
the gene (Pareek et al., 2018).

Transposon insertional mutagenesis is the most developed
tool among the methods of forward genetics. Compared to
chemical mutagens, which induce mutations throughout the
genome but require significant time to map the mutation, a
transposon movement and its insertion place can be easily
detected by modern methods within one-two days (Potter,
Luo, 2010; Frekjer-Jensen et al., 2012; Stefano et al., 2016;
Kalendar et al., 2019). This is achieved because the transpo-
son sequence is originally not present in the studied genome;
various promoters, enhancers, and gene trapping reporter
constructs can be put in the transposon to additionally report
on its insertion as well (Bonin, Mann, 2004; Song et al.,
2012; Chang et al., 2019). In a recent study on the malaria
parasite, it was transposon mutagenesis using the piggyBac
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DNA transposon that allowed to create 38,000 mutants of
the plasmodium, and in these mutants 2680 genes regulating
the parasite reproduction in blood cells were identified (Ca-
sandra et al., 2018). The authors note that it was not possible
to apply CRISPR/Cas9 due to anomalously low GC-content
(<20 %) of the plasmodium genome. M. lignano and other
flatworms, including parasitic ones, are now far from being
classical and ubiquitously used model objects. As mentioned
above, genes specific to the germline of flatworms mostly
lack a homolog in other animals, eliminating the predictive
power of the reverse genetics methods. Thus, transposon
mutagenesis appears to be the most promising approach to
search for the genes regulating flatworm germline, as well
as other flatworm-specific genes controlling other functions,
and the development of an efficient protocol for transposon
mutagenesis in M. lignano is warranted.

Importantly, new knowledge gained from experiments on
M. lignano can be transferred to parasitic flatworms due to
availability of numerous assemblies of genomes and tran-
scriptomes for the most significant parasitic species, which
are accessible at the WormBase ParaSite (https://parasite.
wormbase.org/index.html) database (Berriman et al., 2009;
Zheng et al., 2013; Cwiklinski et al., 2015; Ershov et al.,
2019). By using modern computational tools of compara-
tive genomics and transcriptomics, it is possible to readily
identify the sequences of potential target genes revealed
in M. lignano, which are homologous in different parasitic
flatworm species, and to perform their comparative and
phylogenetic analyses in silico. This will allow to select
candidate genes that will be the most conserved throughout
all parasitic flatworm genomes, and (preferably) have weak
homology to human genes.

Computational analysis of conserved genes
between M. lignano and parasitic flatworms

From the WormBase ParaSite database, amino acid se-
quences of protein-coding genes from 31 parasitic flatworm
species were retrieved: 14 species from the class Trematoda,
15 species from Cestoda, and 2 species from Monogenea
(see Figure, a, Supplementary 1)!.

Among 60,170 protein-coding sequences from M. lig-
nano, 37,113 homologs to at least one species of parasitic
flatworms were found, and 14,576 homologs were identified
for all the 31 species (median — 29 species) (see Figure, b,
Supplementary 1 and 2). The summary of M. lignano ho-
mologs distribution among the species of parasitic flatworm
classes is shown in Figure, ¢ and in the Supplementary 2.
We found 2887 protein-coding genes conserved between
all three classes of parasitic flatworms, but lacking a human
homolog, among which 18 genes are specific for neoblasts
and 56 genes are specific for the germline of M. lignano,
respectively (Grudniewska et al., 2018). These genes ap-
pear as the most promising candidates for further studies
by experimental methods of reverse genetics.

T Supplementary materials 1-2 are available in the online version of the paper:
http://www.macgenome.org/download/pdf/Ustyantsev_2021/
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9
Categories of M. lignano homologs  Trematoda Cestoda Monogenea All taxa
Total homologs 34844 34035 29307 27889
Conservative in flatworms 5895 5527 3525 2887
In neoblasts 34 19 18
In gonads 129 130 70 56
Conservative in human 28949 28508 25782 25002
In neoblasts 693 695 644 637
In gonads 554 561 502 486

Homology of genes in M. lignano and parasitic flatworm species.

a - phylogenetic relationships between M. lignano (Macrostomorpha) and parasitic flatworm classes according to (Park et al., 2007).
Number of species in WormBase ParaSite database used in the analysis is shown in parentheses next to the taxa names; b - distribution of
homologous genes among the number of the studied parasitic flatworm species; ¢ - distribution of M. lignano homologous genes among
parasitic flatworm classes. Number of homologs found at least in one species of each class is shown in the “All taxa” column.

Conclusion

In this study, we highlighted the key properties of free-living
flatworm M. lignano as a model organism, and those that
make it a promising object for fast and efficient screening
of potential anthelmintic drugs. The availability of easy to
implement transgenesis in M. lignano opens access to the
whole arsenal of the modern methods in molecular biology
to study gene functions, and its body transparency allows
in vivo monitoring of phenotypical changes caused by gene
disruption or labeling by methods of forward and reverse
genetics without additional manipulations. Genes regulating
development and germline functioning in flatworms appear
as the most promising targets, since they are conserved
among flatworms and have no homologs in human.
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A transgenic cell line with inducible transcription
for studying (CGG)n repeat expansion mechanisms
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Abstract. There are more than 30 inherited human disorders connected with repeat expansion (myotonic dystro-
phy type |, Huntington’s disease, Fragile X syndrome). Fragile X syndrome is the most common reason for inhe-
rited intellectual disability in the human population. The ways of the expansion development remain unclear.
An important feature of expanded repeats is the ability to form stable alternative DNA secondary structures.
There are hypotheses about the nature of repeat instability. It is proposed that these DNA secondary structures
can block various stages of DNA metabolism processes, such as replication, repair and recombination and it is
considered as the source of repeat instability. However, none of the hypotheses is fully confirmed or is the only
valid one. Here, an experimental system for studying (CGG)n repeat expansion associated with transcription and
TCR-NER is proposed. It is noteworthy that the aberrations of transcription are a poorly studied mechanism of
(CGG)n instability. However, the proposed systems take into account the contribution of other processes of DNA
metabolism and, therefore, the developed systems are universal and applicable for various studies. Transgenic
cell lines carrying a repeat of normal or premutant length under the control of an inducible promoter were es-
tablished and a method for repeat instability quantification was developed. One type of the cell lines contains an
exogenous repeat integrated into the genome by the Sleeping Beauty transposon; in another cell line, the vector
is maintained as an episome due to the SV40 origin of replication. These experimental systems can serve for find-
ing the causes of instability and the development of therapeutic agents. In addition, a criterion was developed for
the quantification of exogenous (CGG)n repeat instability in the transgenic cell lines'genome.

Key words: hereditary intellectual disability; fragile X syndrome; repeat expansion; transcription; replication;
transgenic cell lines; somatic instability.
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IJISI icc/leJOBaHMSI MeXaH13MOB sKcrnaHcuu (CGG)n MoBTOPOB
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AnHoTayus. CyuecTByeT pAa HacneACTBEHHbIX 3a601eBaHNI YeNOBeKa, NPUUYNHOWN KOTOPbIX ABMAETCA SKCMaH-
CUA TaHAEMHbIX NMOBTOPOB. K HAM OTHOCATCA MUOTOHMYECKasa ANCTPOdKA NepBoro Trna, 601e3Hb XaHTUHITOHa,
3ab0neBaHusA, acCOLUMPOBAHHbBIE C TIOMKOIN X-xpomMocomoi. CUHAPOM NIOMKO X-XpOMOCOMbI — Hanbonee pac-
NpOCTpaHeHHas NPUYMHA HACNeACTBEHHOW YMCTBEHHOW OTCTaNoCTM Yy YenoBeka. Ha cerogHAWHMA aeHb npu-
UMHbI PA3BUTKA KCMAHCKMN OCTAOTCA HeMCCefoBaHHbIMU. BaxHas 0COGEHHOCTb MPOTAXKEHHBIX MOBTOPOB — UX
CNoco6HOCTb GOPMUPOBATL afibTepHaTHBHbIe BTOpUUHble cTPyKTypbl JHK. CyllecTByOT rinotesbl, 06bACHA0-
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A cell line with inducible transcription
for studying (CGG)n repeat expansion mechanisms

ye Npupoay HeCcTabubHOCTU MOBTOPOB, OAHAKO BCE OHU MPEANosaraloT BO3HUKHOBEHMWE YCTONUYUBbIX BTO-
puyHbIX cTPYKTYp AHK Ha pasnunuHbix 3Tanax KneToyHoro uukna. ICTOUHMKOM HeCcTabunbHOCTY CUMTALOTCA Ha-
pyLIEHVS B pa3nnyHbIX Npoueccax Metabonuama AHK (pennvkaums, penapauyms 1 pekombrHaums), Bbl3BaHHbIe
obpa3oBaHMeEM BTOPUYHbIX CTPYKTYp. OfHAaKO HW OfHa M3 rMMnoTe3 Ao KOHLA He MOATBEpXKAeHa 1, BUAMMO, He
ABNAETCA €ANHCTBEHHO BePHOI. BepOATHO, B pa3niMuHbIX TUMaX KJIETOK U Ha OnpeAeneHHbIX CTauAX KNeTOYHOro
LKA NCTOYHNKOM HeCTabunbHOCTM BbICTYyMaeT MHOXECTBO MPOLeccoB. B HacTosALlel paboTe Mbl Npeaniaraem
3KCMeprMeHTaNbHY0 CUCTEMY [JI M3YyUYeHUs BKNaAa TPAHCKPUMLUMK 1M acCOLMUPOBAHHON C Heil penapauun B
HecTabunbHocTb nosTopa (CGG)N, MOCKONbKY 3TO HAUMEHee U3yUYeHHbI MeXaHN3M BO3HVKHOBEHUA HeCTabmsib-
HocTu. OfHaKo NpefnoXKeHHble MOAENN MOTYT yUnTbiBaTb BKAA 1 APYruxX npoLieccoB metabonmsma HK, Hanpw-
Mep pernvkauuy, Yto feniaeT noJslyyeHHble CUCTeMbl YHUBEPCANIbHBIMU U MPUMEHVIMBIMU B Pa3HbIX NCCefoBa-
HUAX. Hamy 6binn co3faHbl TpaHCreHHble KeTOYHble JIMHWK, Hecyllyye NoBTOP HOPMAJIbHOW 1 MPeMyTaHTHOW
OJIMHBI MOJ, TETPALUKINH-UHAYLMPYEMbIM NPOMOTOpPOoM. OfUH TVM NIMHWIA COOEPXNT MNasMUAy C SK30Te€HHbIM
NMOBTOPOM, MHTETPVPOBAHHBIM B FeHOM NMOCPeCTBOM TpaHCNo30Ha Sleeping Beauty, B 4pyroii KNeToYHO IMHN
BEKTOP MOAAEPKMBAETCA B BUAE MMCOMbl Gnarofaps opuaxuHy pennvkauum SV40. Takvne TpaHCreHHble Kre-
TOYHbIE IMHUM MOTYT CIYXKUTb KCMEPUMEHTANIbHOM CUCTEMOIA AJ1 MOMCKA NPUYNH HECTAaBUNBbHOCTY 1 CO3AaHMA
TepaneBTUYECKUX cpencTB. Kpome Toro, 6bin paspaboTtaH KpuTepuid AnA OLEHKU HeCTabUIbHOCTY SK30reHHOTo
(CGG)n noBTOpa B reHOMe TPaHCTeHHbIX KNETOUHbIX JIMHWI, PacyeT KOTOPOTro He 3aBUCUT OT 3GPEKTVBHOCTU CUH-
Te3a NPOTAXKEHHbIX MOBTOPOB.

KnioueBble cioBa: Hac/leACTBEHHAA YMCTBEHHAs OTCTaNIOCTb; CUHAPOM JTOMKOI X-XPOMOCOMbI; SKCMAaHCKA NOBTO-

POB; TPAHCKPUNUKMA; pennKauna; TpaHCreHHaA KNeTovyHaA JINHUA; COMaThn4yeckan HecTabunbHOCTb.

Introduction

Repeat expansion is a unique type of mutation that is charac-
terized by a dramatic increase of the number of triplet repeats
in DNA. Triplet repeats are more prone to expansion: to date,
more than 30 diseases associated with their instability are
known (Grishchenko et al., 2020). Fragile X syndrome, as
the most common form of hereditary intellectual disability
is also based on triplet repeat expansion. The cause of the
disease is the expansion of the CGG repeat located in the
5'-untranslated region of the FMR1 gene. Normally, the repeats
number is relatively stable and does not exceed 54 triplets; if
the (CGG)n expansion increases up to 200 triplets, the FMR1
allele becomes premutant, and the ataxia/tremor syndromes
and primary ovarian insufficiency syndrome associated with a
Fragile X syndrome develop. The premutant allele frequency
in the population is 1:100. Even though the clinical manifes-
tations are often not observed, the expanded repeat can be
transmitted over generations. Full mutation develops when
triplets numbers increase over 200: the FMRI gene promoter
becomes methylated, the locus is heterochromatinized, and the
FMRP protein is completely lost, which leads to the develop-
ment of Fragile X syndrome. FMRP is necessary for normal
neuron activity and its absence causes pronounced phenotypic
manifestations: macroorchidism, endocrine pathologies, ce-
rebellum morphological changes, and intellectual disability
characterized by behavior and learning problems (Roberts et
al., 2003; Martin et al., 2012; Heulens et al., 2013). The full
mutation frequency varies from 1:4,000 in men, and up to
1:6,000 in women.

Despite understanding the syndrome pathogenesis details,
the expansion mechanism has not yet been studied. Different
processes of DNA metabolism are probably able to increase
the CGG-repeat instability. Therefore, the contribution of
replication to the expansion processes has been established:
the formed hairpin on the newly synthesized DNA strand
leads to the additional replication of the region containing the
(CGG)n repeat and, therefore, to its increasing (Fouche et al.,
2006). However, in people suffering from repeat expansion
disorders, and in model mice, expansion is also observed in

tissues with low proliferative activity, including the brain
lobes, oocytes, liver and muscles (Lokanga et al., 2013); it
confirms the theory that the repeat expansion can also depend
on other processes affecting DNA. Indeed, for many proteins
of the DNA repair and recombination pathways, their pro-
bable participation in the repeat expansion process has been
shown. Some experimental data indicate the MMR system
components involvement in the expansion (Kovalenko et al.,
2012; Zhao et al., 2016). Another possible source of insta-
bility can be transcription and transcription-coupled repair
(TCR-NER), since many repeat tracts are characterized by the
R-loops formation — RNA: DNA-resistant duplexes forming
during RNA synthesis as well as the disruption of the initia-
tion of Polll transcription (Krasilnikova et al., 2007). The
lesions during transcription initiate TCR, a form of excisional
nucleotide repair (NER). For some proteins of this cascade,
correlations with the (CGG)n instability level were found.
It should be noted that for the FMR I premutant alleles, which
rapidly accumulate repeated units, a significant increase of the
FMRI transcription level was found, which probably indicates
the involvement of the TCR system in the repeat instability
development. However, there is no unequivocal confirmation
of this hypothesis.

To study the details of all the described cascades, it is
necessary to have a model in which it is possible to track all
the changes occurring with repeat and surrounding regions
in response to the induction of a certain DNA metabolism
process. To date, similar models have already been proposed
(Gorbunova et al., 2003; Kononenko et al., 2020), but none
of them can directly assess the contribution of transcription to
(CGG)n instability. In this study, we describe the experimen-
tal models for repeat instability research based on two types
of plasmids: integrated and not integrated into the genome.
These models will allow taking into account the contribution
of replication, transcription, TCR-NER, and genome location
to the CGG-repeat instability. In addition, this model can be
used to study the repeat-induced mutagenesis observed in
cells with an expanded repeat in the FMR1 promoter region
(Shah, Mirkin, 2015).
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Materials and methods

Ethics statements. The procedure of involving the patients
in the study was strictly designed in accordance with interna-
tional standards, which include the awareness of the subject,
their consent to participate in the study in its entirety, and
the guarantee of confidentiality. All of the studies conformed
to the ethical standards developed in accordance with the
Helsinki Declaration of the World Medical Association as
amended in 2000. In addition, the studies were supervised
by the Institutional Review Board. The written consent of the
study participants was also obtained.

DNA purification and repeat sizing. Peripheral venous
blood from all of the patients was collected in Novosibirsk
City Clinical Hospital No. | into EDTA-containing tubes and
frozen before DNA purification. The DNA was purified from
whole venous blood and cell cultures using a Wizard® Ge-
nomic DNA Purification Kit (Promega, USA).

CGQG repeats were sized using a special protocol for the
GC-rich DNA amplification proposed earlier (Hayward et
al., 2016). For PCR primers NewFraxC (5'-d6RG-tgctttc
tagactcagctcegtttcggtttcacttccggt-3") and NewFraxR4 (5'-taa
gcagaattcccttgtagaaagegcecattggagecccgea-3') and 0.02 units
of Q5-DNA polymerase were used. The resulting fragments
was separated by agarose gel electrophoresis. To assess the
accurate size of the repeat, capillary electrophoresis using a
1200 LIZ length standard (AppliedBiosystems, USA) was
performed. The flanking region in the PCR product is a total
of 269 bp, thereby the repeat length was determined by the
following equation

PCR product size — 269
3 ,
where N — CGG-triplets number.

Cloning CGG repeats of various lengths into vector
systems. The control plasmid pCDH containing no CGG-re-
peat consisted of the following elements: (1) doxycycline-
inducible Tet-O-minimal CMV promoter, IRES sequence,
open reading frame (ORF) of the GFP protein, (2) constitu-
tive promoter EFlalpha, transactivator for Tet-O-element
rTtA ORF, T2A peptide, the DsRedExpress protein ORF,
(3) beta-lactamase promoter, beta-lactamase protein ORF for
transformed bacterial cells selection, origin of replication, and
(4) SV40 origin of replication. The PCR product carrying the
CGG repeat was cloned into the pCDH plasmid at the Xbal
and EcoRlI restriction endonuclease sites (SibEnzyme, Russia)
between the CMV minimal promoter and the IRES sequence.

Plasmid pSBi for CGG-repeat cloning was assembled from
the following components: (1) beta-lactamase promoter, beta-
lactamase protein ORF for transformed bacterial cells selec-
tion, origin of replication, (2) Sleeping Beauty transposon
terminal repeats, (3) cassette containing a PGK promoter
and a puromycin-N-acetyl transferase ORF, (4) an hPGK
promoter, an rTta ORF, (5) an inducible TRE3GS promoter,
and an mGFP ORF.

Cloning of the PCR product containing CGG-repeat driven
by an inducible promoter was also carried out at the restric-
tion endonuclease sites Xbal and EcoRI (SibEnzyme). For the
plasmids production, the electrocompetent cells of the E. coli
strain NebStable (NEB, USA) were transformed. It was shown

N=
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that an extended repeat during the transformation of bacterial
cells and their cultivation is prone to a dramatically repeat
length contraction, which is consistent with the literature
data (Bontekoe, 2001); therefore, the NebStable cells were
cultured for a day at 20 °C to avoid the repeat size decrease.
For HEK293A and HEK293T cells transfection, plasmids
were isolated and purified using the QTAGEN® Plasmid Plus
Maxi Kit (QIAGEN, Germany).

Eukaryotic cell transfection. HEK293A and HEK293T
cells transfection was performed using the Lipofectamine
3000 reagent (Thermo Fisher Scientific, USA). The induction
of the Tet-O-minimal CMV promoter and TRE3GS promoter
was performed using the doxycycline with a concentration of
1 pg/ml in the cultural media.

Results

Assembly of experimental plasmids

carrying CGG-repeat of normal and premutant lengths

We obtained a set of plasmids based on eukaryotic expres-
sion vectors with an inducible promoter that regulates the
CGG-repeat transcription level of CGG repeat of normal or
premutant length and GFP ORF. These plasmids serve as the
core of the model system for studying (CGG)n repeat insta-
bility. The pCDH plasmid was used as a vector for transient
expression and exogenous CGG-repeat maintenance in a non-
integrated state in the genome (Fig. 1, a). For the integration
of the exogenous CGG-repeat into the genome, a construct
based on the Sleeping Beauty pSBi transposon/transposase
system was assembled (see Fig. 1, b).

The pCDH plasmid encodes two reporter proteins:
DsRedExpress driven by EF1 promoter and EGFP, whose
expression is regulated by the inducible Tet-O-CMV promoter.
Downstream of the Tet-O-CMV promoter, a multiple cloning
site for CGG-repeat cloning is located. Due to this mutual ar-
rangement of the inducible promoter and the site of the repeat
cloning, it can be established that transcription goes through
the inserted CGG-repeat due to the synthesis of EGFP mRNA.
After several transcription rounds, the influence of transcrip-
tion on the repeat instability can be detected. In addition,
pCDH plasmid contains the SV40 origin of replication and
thereby it is able to replicate in HEK293T cells that produce
the SV40 large T antigen. In this case, it is possible to assess
not only the contribution of transcription, but also the role of
replication processes during the maintenance of the pCDH in
the form of an episome.

The pSBi vector encodes an mGFP protein driven by an
inducible TRE3GS promoter. Before the mGFP ORF are sites
for cloning the CGG repeat. Therefore, it is possible to ana-
lyze the effect of transcription on changes in the CGG repeat
length. Since this vector is based on a transposon, a part of
the plasmid flanked by specific repeated sequences recognized
by SB transposase and this part of plasmid can be inserted
into different regions of the genome by transposase. It is pos-
sible to assess the potential influence of the integration sites
on the instability of the CGG repeat by the determination of
the insertion sites.

To obtain fragments containing a CGG-repeat, we used
DNA samples isolated from continuous human B-lymphocytes
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Fig. 1. Vector maps used to generate model cell lines.
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tet operator tet operator

a - pCDH plasmid map. IRES - internal ribosome entry site; EGFP — green fluorescent protein ORF; EF1 — constitutive promoter EF1alpha; rtTA - tetracycline/
doxycycline-interacting transactivator for tetracycline response element; DsRedExpress — red fluorescent protein ORF; SV40 ori — SV40 viral origin of replication;
b - pSBi plasmid map. SB repeat - repeat that is recognized by the Sleeping Beauty transposase; Tet-On® 3G - tetracycline/doxycycline-interacting transactivator
for TRE3GS promoter; hPGK - constitutive promoter; TRE3GS - inducible promoter; PGK - constitutive promoter; PuroR - puromycin-N-acetyl transferase ORF.

Full mutation

Premutation

Normal length { .

Fig. 2. Sample of CGG-repeat amplification.

860 bp (200 triplets)

430 bp (55 triplets)
340 bp (24 triplets)

CPG - samples of DNA from patients; M1 -1 kb DNA ladder; M2 - 100 bp DNA ladder.

cultures and whole blood samples of patients with Fragile X
syndrome (Fig. 2).

To create a construct with exogenous CGG-repeat it was
decided to use repeats of normal and premutant lengths. It is
expected that the instability of these types of repeats will be
significantly different, since the premutant allele is the most
unstable, and the normal allele, on the contrary, is prone to
only insignificant polymorphism (Lokanga et al., 2013).

As a result, five types of plasmids were obtained. These
plasmids carry 5 (pCDH-5), 25 (pSBi-25), 59 (pCDHS59),
85 (pCDHS5), and 160 repeats (pSBi-160), respectively. The
structures of all plasmids were confirmed by Sanger sequenc-

ing (Fig. 3).

120

Study of the experimental plasmid functionality

The eukaryotic cells transfection efficiency by the assembled
constructs was evaluated to confirm the correct expression
of reporter proteins in the presence of an extended repeat
(CGG)n. It has been shown that transfection and reporter pro-
tein synthesis after transfections by plasmids carrying CGG-
repeat of normal or premutant length occurs with the same
efficiency as transfection with control plasmids (without the
repeated sequence). When cells were transfected with pCDH
plasmids, the expression of DsRedExpress was observed.
It was also possible to carry out selection on a medium with the
puromycin of cells transfected with pSBi vectors. The ability
of'the tetracycline/doxycycline-inducible promoters regulating
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Fig. 3. Maps of plasmids with cloned CGG repeat.
a - pCDH plasmid with CGG-repeat and b - pSBi plasmid with CGG-repeat.

green fluorescent protein expression to spontaneous activation
was investigated. It is important that the transgenic cells do
not have a background EGFP expression because spontaneous
promoter activation can interfere with the accurate assessment
of the CGG-repeat instability level during transcription and
transcription-coupled repair.

Cells transfected with pCDH the showed active expres-
sion of the red protein (driven by constitutive promoter EF1)
and the absence of the green protein expression (regulated
by inducible promoter) without the promoter induction. For
induction, doxycycline was added daily to the cells, resulting
in a high level of green protein fluorescence (Fig. 4, ). When

TRE3GS promoter

T3 promoter SV40 poly(A) signal poly(A) signal

plasmid pSBi containing the TRE3GS promoter was used, no
background induction was observed. It allows for performing
a selection using puromycin to obtain stable transformants and
to avoid the background transcription level influence on the
inserted CGG-repeat (see Fig. 4, b).

Development of the method

for analyzing repeat instability in model cell lines

By using the obtained transgenic cell lines, we expect that
the expansion in different cells of the culture will occur at
different rates, and, as a result, we will receive a mosaic cul-
ture. In this regard, it is necessary to use a value allowing the

Fig. 4. Induction of tetracycline-dependent promoters in the designed plasmids.

a - induction of Tet-O-promoter in HEK293T cells transfected by Pcdh; b - induction of TRE3GS in HEK293A cells transfected by pSBi and selected on puromycin.
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Fig. 5. Repeat length and indexes of somatic instability in FXS patients.
The values on the graph above the markers are the somatic instability indexes.

grading of somatic instability and allowing the comparison of
cell lines carrying different alleles of exogenous CGG-repeat.
Previously, different approaches were proposed to assess
the trinucleotide repeats somatic instability in patients with
repeats expansion disorders. For example, the method for the
assessment of CAG-repeat instability in Huntington’s disease
is based on the main allele determination by the maximum
peak as a result of fragment analysis and additional peaks, fol-
lowed by normalization to the summed values of the heights
of all peaks (Lee et al., 2010). Another method for the repeat
instability level assessment is based on the serial dilution of
the template followed by PCR — small-pool PCR (Monckton
et al., 1995; Morales et al., 2012).

Amplification by dilution enables the detection of mosai-
cism, which cannot be detected by conventional PCR due to
the low synthesis efficiency of less represented or very large
alleles. However, these methods are insufficiently applicable
to assess the instability (CGG)n, since the amplification of the
larger allele occurs with much less efficiency than the shorter
allele synthesis (Usdin, Woodford, 1995; Woodford et al.,
1995; Jensen et al., 2010). To quantify the CGG-repeat insta-
bility in developed cell lines, we proposed an analysis method
based on the calculation of the somatic instability index (/)
after the amplification of GC-rich templates according to the
method of B.E. Hayward et al. (2016). This value enables one
to take into account not only the repeat size but also the spread
of values between alleles, regardless of the efficiency of their
synthesis. For (CGG)n repeats located in the FMR1 gene, we
propose the calculation of /g, using the following equation

I = Me * (Nipax — Me),

where Me — median and N, — maximal length of CGG
repeats in any sample.

The median is a value separating the raw data into two
halves, and it considers the number of alleles. This value
takes into account sample heterogeneity, and not sensitive to
the detection of repeat lengths that are too long or too short,
unlike using an arithmetic mean. When using the arithmetic
mean in the index calculating, the contribution of larger al-
leles will be taken into account more than the contribution of
shorter ones. As a result, cell lines with different degrees of
the exogenous repeat instability can have similar values of
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the magnitude of somatic instability, which will lead to the
false results interpretation. The value (N, — Me) takes into
account the diversity and scatter of values in samples, where
large Me values indicate a large median repeat length. The
I, calculation does not take into account the amount of PCR
product (peak height) for each allele, i. e. PCR efficiency does
not affect the final value. To determine the somatic instability
index, the DNA of eleven patients with Fragile X syndrome
was isolated from whole blood, which served as a starting
material for the synthesis of extended repeats (CGG)n (Fig. 5).

As can be seen from the calculation of the /i, index in-
creases with an increase in the number and spread of repeat
values. It should be noted that the method of analysis of in-
stability works for two or more alleles in patients with mosai-
cism. In the case of one allele, we take the index of somatic
instability equal to the size of the CGG-repeat, since the patient
with one allele has N, — Me = 0. We cannot accept /g, = 0
because the CGG-repeat is unstable by nature.

Discussion
Fragile X syndrome is one of the most common causes of
hereditary intellectual disability (Yudkin et al., 2015). The
frequency of full mutation in the human population varies from
1:6,000 in women to 1:4,000 in men, while the premutant
allele, as the most unstable allele of the FMR1 gene promoter
region, occurs in 1:100 cases. The instability of the CGG
repeat is expressed in its tendency toward expansion —a mul-
tiple and rapid increase of the tract repeated sequence length.
In addition, in the cells and tissues of patients as well as the
tissues of model animals, repeat contractions are observed,
that lead to somatic mosaicism and its degree correlates with
the severity of symptoms (Mailick et al., 2018). However, the
probability of expansion is in tenfold higher than contraction
(Bontekoe, 2001; DeJesus-Hernandez et al., 2011), which
may be the reason for the increased severity of the diseases
manifestations during transmission in a number of generations.
There are a number of hypotheses explaining the expansion
mechanism, but none of them have been sufficiently supported
by experimental data. All of the hypotheses — assume as a
main reason for repeat instability — the formation of alternative
DNA secondary structures at a certain site in DNA during the
different processes of DNA metabolism, which can disrupt
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these processes. /n vitro and in vivo experiments have shown
the formation of alternative DNA secondary structures, such
as hairpins, R-loops, and G-quadruplexes (Usdin, Woodford,
1995; Groh et al., 2014; Lam et al., 2014). Such structures
can significantly violate these processes of DNA metabolism,
which in turn affects the instability of repeats. One of the pos-
sible reasons is associated with the slippage of a DNA strand
during replication (Pearson, Sinden, 1996; Fouche et al.,
2006). Today, it is absolutely clear that the slippage of DNA
strands can occur in various cases: during DNA replication
in dividing cells as well as during repair processes. However,
this model cannot reliably explain why not all of the repeats
expand or and why the threshold value for the length of the
repeat sequence is similar for different diseases. There is evi-
dence for the contribution of some repair cascade proteins,
which are proteins that are necessary for recombination and
transcription to repeat instability. However, all of the hypo-
theses have certain drawbacks and contradictions; therefore,
it is necessary to continue the search for the molecular mecha-
nism of repeat expansion.

An expansion model based on a transgenic cell line con-
taining exogenous (CGG)n repeat can serve as a convenient
experimental system. In such systems it is possible to track
changes in repeat length in response to the induction of dif-
ferent cascades of DNA metabolism. Using the transgenic
cell lines obtained in this study make it possible to assess the
contribution of replication, transcription, and repair in the
cell to CGG-repeat instability. We have assembled two types
of plasmids: based on the SV40 origin plasmid, capable of
replicating in cell cultures expressing the SV40 T antigen,
and based on the Sleeping Beauty transposon-based vector
system for integrating the cassette with CGG-repeat and
reporter proteins into various genomic loci. The transfection
efficiency and the initial expression level of reporter proteins
were comparable to those of the control plasmid without
the (CGG)n repeat. It is also possible to obtain a transgenic
cell culture with single genotype using different approaches
such as sorting or limiting dilutions with antibiotic selection.
Changes in the length of an exogenous repeat and, therefore,
mosaicism that will take place in transgenic culture over time
can be detected and estimated using the developed /g, index.
This method is useable and reflects the correlation between
repeat instability and phenotypic manifestations of the diseases
observed in the different brain lobes of patients with Fragile X
syndrome and associated disorders.

In the created experimental cell lines it is possible to directly
assess the level of repeat expansion or contraction as well as
the changes caused by repeat instability. The design of vector
systems makes it possible to detect changes in the length of
the exogenous CGG-repeat at different genome loci, during
cultivation for a long or short time, with or without promoter
induction. Measuring the fluorescent proteins expression
levels can serve as basis for tracking the possible increase of
instability and mutations accumulation mediated by repeat-
induced mutagenesis. To determine the contribution of specific
proteins from various cascades to the development of instabi-
lity, it is possible to carry out chromatin immunoprecipitation
using transformed cells. In addition, the level of instability in
the created cellular models of CGG-repeat expansion can be
assessed by the proposed index of somatic instability. Index /g,
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should also have a biological meaning, i.e. reflect the degree
of phenotypic changes in patients with Fragile X associated
disorders. To test this hypothesis, a study of the dependences
of I, values in patients with changes in the brain according
to FMRI data was started. The preliminary data indicate some
correlations, but more research is needed.

Conclusion

To date, the mechanism of the instability of trinucleotide
repeats remains not fully understood. At the same time, this
research area remains extremely urgent due to the fact that
the diseases caused by this mutation are socially significant.
To search for the repeat instability reasons, it is necessary to
develop cellular models for tracking all of the changes caused
by expansion, as well as to evaluate the contribution of various
proteins and DNA metabolism pathways to this process. The
constructs developed in this work for instability assessing can
be used in such studies.

Various cell lines can be transfected with the assembled
plasmids. We tested the efficiency of the constructs in two cell
lines: HEK293 A and HEK293T. After cell transfection and the
induction of reporter protein expression, at various passages,
it is possible to accurately determine the repeat size (CGG)n,
as well as other parameters and show the presence or absence
of CGG-repeat expansion, depending on its initial length and
the number of passages. In the future, our model can be used
in studies for the determination of all the aspects of repeat
instability in the human genome and it will help form a more
complete understanding of the mechanisms of this mutation.

References

Bontekoe C.J.M. Instability of a (CGG)98 repeat in the Fmrl promo-
ter. Hum. Mol. Genet. 2001;10(16):1693-1699. DOI 10.1093/hmg/
10.16.1693.

DelJesus-Hernandez M., Mackenzie I.R., Boeve B.F., Boxer A.L.,
Baker M., Rutherford N.J., Nicholson A.M., Finch N.A., Flynn H.,
Adamson J., Kouri N., Wojtas A., Sengdy P., Hsiung G.Y.R., Kary-
das A., Seeley W.W., Josephs K.A., Coppola G., Geschwind D.H.,
Wszolek Z.K., Feldman H., Knopman D.S., Petersen R.C., Mil-
ler B.L., Dickson D.W., Boylan K.B., Graff-Radford N.R., Rade-
makers R. Expanded GGGGCC hexanucleotide repeat in noncoding
region of COORF72 causes chromosome 9p-linked FTD and ALS.
Neuron. 2011;72(2):245-256. DOI 10.1016/j.neuron.2011.09.011.

Fouche N., Ozgur S., Roy D., Griffith J.D. Replication fork regression
in repetitive DNAs. Nucleic Acids Res. 2006;34(20):6044-6050.
DOI 10.1093/nar/gkl757.

Gorbunova V., Seluanov A., Dion V., Sandor Z., Meservy J.L., Wil-
son J.H. Selectable system for monitoring the instability of CTG/
CAG triplet repeats in mammalian cells. Mol. Cell. Biol. 2003;
23(13):4485-4493. DOI 10.1128/mcb.23.13.4485-4493.2003.

Grishchenko 1.V., Purvinsh Y.V., Yudkin D.V. Mystery of expansion:
DNA metabolism and unstable repeats. In: Zharkov D.O. (Ed.).
Mechanisms of Genome Protection and Repair. Cham: Springer
International Publishing, 2020;101-124. DOI 10.1007/978-3-030-
41283-8 7.

Groh M., Lufino M.M.P., Wade-Martins R., Gromak N. R-loops as-
sociated with triplet repeat expansions promote gene silencing in
Friedreich ataxia and fragile X syndrome. PLoS Genet. 2014;10(5):
€1004318. DOI 10.1371/journal.pgen.1004318.

Hayward B.E., Zhou Y., Kumari D., Usdin K. A Set of assays for the
comprehensive analysis of FMR1 alleles in the Fragile X-related dis-
orders. J. Mol. Diagn. 2016;18(5):762-774. DOI 10.1016/j.jmoldx.
2016.06.001.

BUOTEXHONOIMA / BIOTECHNOLOGY 123



1.V. Grishchenko, A.A. Tulupoy, Y.M. Rymareva ...
A.R. Shorina, E.M. Shitik, D.V. Yudkin

Heulens 1., Suttie M., Postnov A., De Clerck N., Perrotta C.S., Mat-
tina T., Faravelli F., Forzano F., Kooy R.F., Hammond P. Craniofa-
cial characteristics of fragile X syndrome in mouse and man. Eur: J.
Hum. Genet.2013;21(8):816-823. DOI 10.1038/ejhg.2012.265.

Jensen M.A., Fukushima M., Davis R.W. DMSO and betaine greatly
improve amplification of GC-rich constructs in de novo synthesis.
PLoS One. 2010;5:¢11024. DOI 10.1371/journal.pone.0011024.

Kononenko A.V., Ebersole T., Mirkin S.M. Experimental system to
study instability of (CGG)n repeats in cultured mammalian cells.
In: Richard G.-F. (Ed.). Trinucleotide Repeats: Methods and Proto-
cols. New York: Springer, 2020;137-150. DOI 10.1007/978-1-4939-
9784-8 9.

Kovalenko M., Dragileva E., St Claire J., Gillis T., Guide J.R., New J.,
Dong H., Kucherlapati R., Kucherlapati M.H., Ehrlich M.E.,
Lee J.M., Wheeler V.C. Msh2 acts in medium-spiny striatal neurons
as an enhancer of CAG instability and mutant huntingtin pheno-
types in Huntington’s disease knock-in mice. PloS One. 2012;7(9):
e44273. DOI 10.1371/journal.pone.0044273.

Krasilnikova M.M., Kireeva M.L., Petrovic V., Knijnikova N., Kash-
lev M., Mirkin S.M. Effects of Friedreich’s ataxia (GAA)n*(TTC)n
repeats on RNA synthesis and stability. Nucleic Acids Res. 2007;
35(4):1075-1084. DOI 10.1093/nar/gkl1140.

Lam E.Y.N., Beraldi D., Tannahill D., Balasubramanian S. G-quadru-
plex structures are stable and detectable in human genomic DNA.
Nat. Commun. 2014;4(1)1-8. DOI 10.1038/ncomms2792.

Lee J.M., Zhang J., Su A.IL., Walker J.R., Wiltshire T., Kang K., Dragi-
leva E., Gillis T., Lopez E.T., Boily M.J., Cyr M., Kohane 1., Gu-
sella J.F., MacDonald M.E., Wheeler V.C. A novel approach to in-
vestigate tissue-specific trinucleotide repeat instability. BMC Syst.
Biol. 2010;4(1):29. DOI 10.1186/1752-0509-4-29.

Lokanga R.A., Entezam A., Kumari D., Yudkin D., Qin M., Smith C.B.,
Usdin K. Somatic expansion in mouse and human carriers of fra-
gile X premutation alleles. Hum. Mutat. 2013;34(1):157-166. DOI
10.1002/humu.22177.

Mailick M.R., Movaghar A., Hong J., Greenberg J.S., DaWalt L.S.,
Zhou L., Jackson J., Rathouz P.J., Baker M.W., Brilliant M., Page D.,
Berry-Kravis E. Health profiles of mosaic versus non-mosaic FMR1
premutation carrier mothers of children with fragile X syndrome.
Front. Genet. 2018;9:173. DOI 10.3389/fgene.2018.00173.

ORCIDID

1.V. Grishchenko orcid.org/0000-0002-2227-8500
A.A. Tulupov orcid.org/0000-0002-1277-4113
E.D. Petrovskiy orcid.org/0000-0003-4325-4062

A cell line with inducible transcription
for studying (CGG)n repeat expansion mechanisms

Martin G.E., Roberts J.E., Helm-Estabrooks N., Sideris J., Vander-
bilt J., Moskowitz L. Perseveration in the connected speech of boys
with fragile X syndrome with and without autism spectrum disorder.
Am. J. Intellect. Dev. Disab. 2012;117(5):384-399. DOI 10.1352/
1944-7558-117.5.384.

Monckton D.G., Wong L.J.C., Ashizawa T., Caskey C.T. Somatic mo-
saicism, germline expansions, germline reversions and intergene-
rational reductions in myotonic dystrophy males: small pool PCR
analyses. Hum. Mol. Genet. 1995;4(1):1-8. DOI 10.1093/hmg/4.1.1.

Morales F., Couto J.M., Higham C.F., Hogg G., Cuenca P., Braida C.,
Wilson R.H., Adam B., Del Valle G., Brian R., Sittenfeld M., Ashiza-
wa T., Wilcox A., Wilcox D.E., Monckton D.G. Somatic instability
of the expanded CTG triplet repeat in myotonic dystrophy type 1 is
a heritable quantitative trait and modifier of disease severity. Hum.
Mol. Genet. 2012;21(16):3558-3567. DOI 10.1093/hmg/dds185.

Pearson C.E., Sinden R.R. Alternative structures in duplex DNA
formed within the trinucleotide repeats of the myotonic dystrophy
and fragile X loci. Biochemistry. 1996;35(15):5041-5053. DOI
10.1021/b19601013.

Roberts J., Hennon E.A., Anderson K. Fragile X syndrome and speech
and language. ASHA Leader. 2003;8(19):6-27. DOI 10.1044/leader.
FTR2.08192003.6.

Shah K.A., Mirkin S.M. The hidden side of unstable DNA repeats:
Mutagenesis at a distance. DNA Repair. 2015;32:106-112. DOI
10.1016/j.dnarep.2015.04.020.

Usdin K., Woodford K.J. CGG repeats associated with DNA instability
and chromosome fragility form structures that block DNA synthesis
in vitro. Nucleic Acids Res. 1995;23(20):4202-4209.

Woodford K., Weitzmann M.N., Usdin K. The use of K(+)-free buf-
fers eliminates a common cause of premature chain termination in
PCR and PCR sequencing. Nucleic Acids Res. 1995;23(3):539. DOI
10.1093/nar/23.3.539.

Yudkin D.V., Lemskaya N.A., Grischenko 1.V., Dolskiy A.A. Chroma-
tin changes caused by expansion of CGG repeats in finrl gene. Mol.
Biol. 2015;49(2):179-184.

Zhao X.-N., Lokanga R., Allette K., Gazy 1., Wu D., Usdin K.
A MutSbeta-dependent contribution of MutSalpha to repeat ex-
pansions in fragile X premutation mice? PLoS Genet. 2016;12(7):
¢1006190. DOI 10.1371/journal.pgen.1006190.

A.A. Savelov orcid.org/0000-0002-5332-2607

A.M. Korostyshevskaya orcid.org/0000-0002-0095-8994
E.M. Shitik orcid.org/0000-0001-8529-9176

D.V. Yudkin orcid.org/0000-0002-8940-9173

Acknowledgements. This study was funded by Russian Science Foundation through research project No. 18-15-00099 for the molecular biological
research part and through research project No. 19-75-20093 for the theoretical part.
The authors are grateful to Ph.D. V.S. Fishman (Institute of Cytology and Genetics of Siberian Branch of the Russian Academy of Sciences, Sector of

Genomic Mechanisms of Ontogenesis) for the plasmids that were provided.

Conflict of interest. The authors declare no conflict of interest.

Received October 23, 2020. Revised December 16, 2020. Accepted December 17, 2020.

124

BaBunosckuii xypHan reHeTuku u cenekuyun / Vavilov Journal of Genetics and Breeding - 202125« 1



BUOTEXHONOIMA BaBunnoBcKui xXypHan reHeTnkn n cenekummn. 2021;25(1):125-134

0630p / Review DOI 10.18699/VJ21.015

Original Russian text www.bionet.nsc.ru/vogis/

Production of subtilisin proteases in bacteria and yeast

A.S. Rozanov! 2@, S.V. Shekhovtsovl' 2, N.V. Bogacheval' 2 E.G. Pershinal 2, A.V. Ryapolova3, D.S. Bytyak3, S.E. Peltek! 2

T Kurchatov Genomic Center of the Institute of Cytology and Genetics of Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia

2nstitute of Cytology and Genetics of Siberian Branch of the Russian Academy of Sciences, Laboratory of Molecular Biotechnologies,
Novosibirsk, Russia

3 Innovation Centre “Biruch-NT’, Malobykovo village, Belgorod region, Russia

® rozanov@bionet.nsc.ru

Abstract. In this review, we discuss the progress in the study and modification of subtilisin proteases. Despite long-
standing applications of microbial proteases and a large number of research papers, the search for new protease
genes, the construction of producer strains, and the development of methods for their practical application are still
relevant and important, judging by the number of citations of the research articles on proteases and their microbial
producers. This enzyme class represents the largest share of the industrial production of proteins worldwide. This
situation can explain the high level of interest in these enzymes and points to the high importance of designing do-
mestic technologies for their manufacture. The review covers subtilisin classification, the history of their discovery,
and subsequent research on the optimization of their properties. An overview of the classes of subtilisin proteases
and related enzymes is provided too. There is a discussion about the problems with the search for (and selection of)
subtilases from natural strains of various microorganisms, approaches to (and specifics of) their modification, as
well as the relevant genetic engineering techniques. Details are provided on the methods for expression optimiza-
tion of industrial subtilases of various strains: the details of the most important parameters of cultivation, i.e., com-
position of the media, culture duration, and the influence of temperature and pH. Also presented are the results
of the latest studies on cultivation techniques: submerged and solid-state fermentation. From the literature data
reviewed, we can conclude that native enzymes (i.e., those obtained from natural sources) currently hardly have
any practical applications because of the decisive advantages of the enzymes modified by genetic engineering and
having better properties: e.g., thermal stability, general resistance to detergents and specific resistance to various
oxidants, high activity in various temperature ranges, independence from metal ions, and stability in the absence
of calcium. The vast majority of subtilisin proteases are expressed in producer strains belonging to different species
of the genus Bacillus. Meanwhile, there is an effort to adapt the expression of these enzymes to other microbes, in
particular species of the yeast Pichia pastoris.

Key words: subtilisin; subtilase; protease; alkaline serine protease; Pichia pastoris; Bacillus subtilis; biotechnology;
genetic engineering; cultivation.
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AHHOTauuA. B HacToAwWwen paboTe Mbl paccMaTpriBaeM MPOrpecc B U3yYeHUU 1 MogmdurKaummn cybTMIM3NHOBbIX
npoteas. HecmoTps Ha AnvTeNbHOE BpeMsA NPUMEHEHW MUKPOOManbHbIX NPOTeas 1 3HaunTeNbHOe YnCIo paborT,
NOCBALIEHHBIX MX NCCNef0BaHUIO, MONCK HOBbIX TeHOB MPOTeas, co3fjaHre NPOoAyLIEHTOB 1 Pa3BUTE METOLOB MX
NPVIMEHEHVA OCTAIOTCA aKTyasbHbIMY, O YeM FrOBOPUT BbICOKUI YPOBEHb LIMTUPOBaHWA NMyOnvKaLyi, ONncbiBato-
LMX NpoTeasbl U X NPoAyLEeHTbI. Ha JaHHbI Knacc GepMeHTOB MPUXOAMTCA MaKCUMaslbHbI 06beM MPOV3BOACTBA
NPOMBbILLNIEHHbIX 6e/TKOB B MUPE, UTO 06BACHAET 6ONbLION NHTEPEC K HeMy. OTO FrOBOPUT O Ype3BblYaliHO BbICOKOW
Ba>KHOCTV MOJTyYeHNA COOCTBEHHBIX TEXHOMOTUIA UX MPOMU3BOACTBA. B cTaTbe NpeAcTaBneHbl CBeAeHUs O Knaccudu-
Kaumm cy6TUNV3VMHOB, CTOPUN X OTKPBITUA 1 AalibHELIKX PaboT Mo ONTMMM3aLMmn UX CBOMCTB. [laH 0630p Knac-
COB CYyOTUNM3VHOBBIX NPOTEa3 Y POACTBEHHBIX UM PpepMeHTOB. [poaHanu3rpoBaHbl NpobnemMbl Noncka 1 otbopa
cy6Tnna3 13 NPUPOAHbIX LUTAMMOB Pa3fIMUHbIX MUKPOOPTaHW3MOB, MyTU 1 0COBGEHHOCTU UX MOANPUKALMN 1 UC-
nosib3yemble MPu 3TOM MeTOZbl FreHeTUYeCKON NHXeHepnn. [leTanbHO U3ydYeHbl METOAbI ONTUMMU3ALMN NMPOAYKLU
NMPOMBbILLMIEHHbIX CyOTUNa3 Y PasINYHbIX WITAMMOB, KaCaloLVXCA BaXKHEWLLMX aCreKTOB KyJIbTUBMPOBAaHUA: COCTaBa
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cpepbl, BpeMeHU KynbTYBUPOBaHMA, BIMAHNA TemnepaTypbl 1 pH. MNprBoaaTca pesynbraTbl MOCNeAHUX NCCeR0-
BaHWU MO TEXHMKaM KyNbTUBMPOBaHNA — FyOUHHOMY 1 TBepAodasHOMY KyNbTMBMPOBaHMIO. Ha ocHoBaHMM pac-
CMOTPEHHbIX NNTEPATYPHbIX JaHHbIX MOXHO 3aKJ/IOUUTb, YTO B HacTOALLee BPEMA NPAKTUYECKN He NMPUMEHAITCA
HaTUBHbIe, T.e. OOHapy>KeHHble B Npupoae GepmMeHTbl, B CBA3M C peLlalowyMmn npenmyLecTBamu, NnpefoctaBnae-
MbIMU 6enkamu, MOANGULMPOBAHHBIMUI NPV MOMOLUM FEHHON NHXEHepV 1 06NafaloLWMMM yiyyLleHHbIMU CBOWA-
CTBaMVi: TePMOCTabUIIbHOCTbIO, 06LLEN YCTONUYMBOCTbIO K AeTepreHTamM 1 crneLydrnyeckor — K pasinyHbiM OKUCI-
TenAM, BbICOKOI aKTVBHOCTBIO B Pa3HbIX AranasoHax TemnepaTtyp, He3aBUCMMOCTbIO OT MOHOB, CTabUIbHOCTbBIO B
OTCYTCTBME KanbLus 1 T.A. BONbWWHCTBO CyOTUNM3MHOBBIX MPOTEa3 CYHTE3MPYETCA B WTaMMaX-NPoayLeHTax, oT-
HOCALMXCA K pa3HbiM Buaam popa Bacillus. B To xe Bpema BefyTcA paboTbl Mo aganTaumm CMHTe3a 3TUX GepMeHTOB
B IPYrX MUKPOOPraHmn3max, B YaCTHOCTU Apoxxen Pichia pastoris.

KntoueBble cnoBa: cybtunusmH; cybtmnnasa; npoteasa; LWenoyHas cepuHOBan npoteasa; Pichia pastoris; Bacillus
subtilis; GrioTeXHONOINA; reHeTNYeCKasa NHXXeHepus; KyIbTUBMPOBaHME.

Introduction

Proteases are enzymes that degrade proteins via the hydrolysis
of peptide bonds. Proteases correspond to the general enzyme
class designated as EC 3.4.X.X (Garcia-Carreno, Del Toro,
1997). Endopeptidases act most strongly on intact proteins;
they cleave peptide bonds of nonterminal amino acid residues.
Exopeptidases sever peptide bonds between amino acid resi-
dues at the end of a polypeptide chain. They are categorized
into amino- and carboxy-peptidases depending on which end
(N- or C-terminus) they remove amino acids from (Barrett,
McDonald, 1986). Proteases are subdivided into families in
accordance with their mechanism of action. According to
database MEROPS (http://merops.sanger.ac.uk) (Rawlings et
al., 2014), the following protease families are known: aspa-
ragine, cysteine, glutamine, serine and threonine peptidases,
metalloproteinases, mixed peptidases, and peptidases with an
unknown mechanism of action.

Peptidases are present in all life forms. Today, the most
popular proteases are those from prokaryotes, mainly bac-
teria, because of their excellent potential for various techno-
logical applications. Given that proteases are needed in large
amounts, the cost of production is as important as protease
characteristics; as a consequence, in most cases, proteases
are manufactured by means of bacteria. Microorganisms can
produce proteases faster and more cheaply than mammalian
and plant cells can; the enzyme manufacture is not affected
by the climate or changes of seasons or by regulatory or ethi-
cal problems. Besides, extracellular enzymes expressed by
microorganisms are usually preferred because subsequent
processing is simpler, meaning even lower costs (Tufvesson
et al., 2010). In terms of a combination of characteristics
(activity, pH and temperature ranges, and production costs),
subtilisins or subtilases have turned out to be the most popular
class of proteases.

Subtilases are one of the largest classes of serine proteases
that are encoded in the genomes of all life forms including
viruses. By amino acid sequence, subtilases are subdivided
into six families: subtilisins, thermitases, proteinases K, lan-
tibiotic peptidases, kexins, and pyrolisins. Subtilisins in turn
are categorized into several subfamilies: true subtilisins, high-
ly alkaline proteases, intracellular proteases, intermediate
subtilisins, and high-molecular-weight subtilisins.

All the subfamilies of subtilisins hold promise for bio-
technology. The first alkaline serine protease that gained
widespread use was subtilisin A (EC 3.4.21.62), which is an
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alkaline serine protease from Bacillus subtilis. The enzyme
owes its name to the species of its bacterial producer (Ot-
tesen, Svendsen, 1970; Ikemura et al., 1987). The history
of discovery and study of subtilisins started at a research
center of a beer-brewing company called Carlsberg, and the
first enzyme to be described is named “subtilisin Carlsberg”
(Smith et al., 1966).

The catalytic center of serine proteases is formed by three
amino acid residues: Asp-32, His-64, and Ser-221. Because
the amino acid residue carrying out the nucleophilic attack is
Ser-221, subtilisins and the related proteolytic enzymes are
called serine proteinases. Among the highly alkaline proteases,
there is an enzyme isolated from strain Bacillus sp. KSM-K16
(Kobayashi et al., 1995). Its optimum of activity is at 55 °C
and pH 12.3. This enzyme is employed in the industry in com-
plex with a detergent, as is the case for related highly alkaline
proteases, Savinase and Maxacal. Intermediate subtilisins
are somewhere between true subtilisins and highly alkaline
proteases and include some promising enzymes. For instance,
the ALTP enzyme isolated from Alkaliphilus transvaalensis
(Kobayashi et al., 2007) shows maximal activity at very
high temperatures and pH, namely, at 70 °C and pH>12.6.
Nonetheless, ALTP can also perform a catalytic function at
lower temperatures and pH. The phylogenetic tree based on
the amino acid sequences of subtilisin proteases is presented
in the Figure.

Intracellular proteases are rather poorly studied in compari-
son with the above subfamilies. The reason is that they are
active at lower pH, which is characteristic of the cytoplasm.
For example, the intracellular protease from B. megaterium
(Jeong et al., 2018) at 50 °C shows an optimum of activity
at pH 6.0-7.0.

From alkalophilic Bacillus spp., researchers isolated a set
of high-molecular-weight subtilisins (Okuda et al., 2004)
~650 amino acid residues long (size of the precursor: 800 amino
acid residues). Their optimal pH is 10.5-11.0, and optimal
temperatures for activity are 4045 °C.

Bacteria are most widely used as a microbial producer of
proteases, and the genus Bacillus is the most famous source
among them. Primarily, the reason is the strong ability to
secrete proteins, which allows to obtain >20 g of protein per
liter of a medium (Harwood, Cranenburgh, 2008). Further-
more, various Bacillus species produce neutral and alkaline
proteases (Anandharaj et al., 2016; Rehman et al., 2017), and
this property is important for the industry. Proteases of Bacil-
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lus members have unique characteristics enabling their use in
many industrial sectors. Consequently, proteases from various
Bacillus species are responsible for ~60 % of all the sales of
enzymes worldwide. Because of the wide ranges of pH and
temperature corresponding to good activity and stability, these
enzymes are used in the detergent industry (Porres et al., 2002).
For this purpose, enzymes should be resistant to an alkaline
medium and retain their activity in the presence of inhibitors,
including oxidants and surfactants. In addition, the proteases
isolated from the strains of Bacillus are suitable for the food
industry for preparation of biologically active peptides and
processing of various food products (Latiffi et al., 2013; Ke
et al., 2018). Another feature of these proteases is stability in
organic solvents and the consequent suitability for organic
synthesis (Hu et al., 2013). Owing to the high commercial
significance, a large number of patents deal with the strains
of Bacillus (sce the Table).

The widespread manufacture of proteases by means of
Bacillus strains is due to the economic efficiency of these
strains. Additionally, it is possible to utilize the byproducts
of agricultural production as a substrate for these strains,

e.g. molasses of sugarcane and corn starch for submerged
fermentation (Shikha et al., 2007) or various types of bran
and solid residues for solid-state fermentation (Shivasharana,
Naik, 2012).

The search for alkaline serineproteases in nature

Proteases are commercially important proteins responsible
for the lion’s share of protein manufacture. They have many
applications, and each technological process has its specific
features and requirements for the enzymes used. Besides, the
unrelenting interest in these proteins is due to the search for
enzymes that are not covered by patents, albeit with proper-
ties that are not necessarily better than those of the existing
enzymes. Accordingly, a huge number of research papers
on this topic is published every year. The largest number of
genes of alkaline serine proteases has been discovered in the
genomes of bacteria from the genus Bacillus. The second
place in terms of isolation of proteases belongs to Actinomy-
cetes. A substantial number of researchers also seek alkaline
proteases of fungal origin (Sharma et al., 2017). In the latest
articles, the emphasis is on the search for enzymes having a
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Industrial subtilases obtained from Bacillus species

Production of subtilisin proteases
in bacteria and yeast

Enzyme Class Species
D|Spase|VRproteases ................................................................................... BPOIymyxa .............................
D|Spase | | VR ..................................

. prote' na Se ...................................... Su bt, | ,S,n A ................................................................................ B /,Chemform,s ........................
NeUtrase ......................................... Meta”oprote | n ases .................................................................. B amy/thue fac ,ens ...............
Esperase Serine endopeptidases (mainly,subtlisin A) Bacilussp.
EverIaSESUbtmsmA ...............................................................................
PrOtameXPrOteases ..................................................................................
Savinase  Serine endopeptidases (mainly, subtlisinA)
A|c a | ase ........................................... B /,Ch en ,form, S ........................
opt,mase PR .................................. Sermeendopep t,dases ............................................................ B Su bt,/,s ..................................

keratinase activity because of increased interest in the process-
ing of keratin-containing residues, e. g., feathers.

The source of one of the promising genes encoding a serine
protease is strain Bacillus licheniformis NMS-1 extracted
from soil near a natural hot spring in Sri Lanka (Mathew, Gu-
nathilaka, 2015). This protein serves for the creation of deter-
gents. Closely related strain B. licheniformis K7A expressing
an alkaline protease was obtained in another study (Hadjidj
et al., 2018). Analysis of the expressed protein revealed that
it has the highest activity at pH 10 and 70 °C. The enzymatic
activity is higher than that of commercial preparations of Al-
calase and Thermolysin. Another serine protease was found
in the genome of the bacterium Bacillus amyloliquefaciens
FSE-68 isolated from a starter culture for soy fermentation
in South Korea. Its amino acid sequence was determined by
liquid chromatography with electrospray ionization tandem
mass spectrometry (LC/ESI-MS/MS) and by whole-genome
sequencing. In comparison with a homolog, i. e., well-studied
subtilisin BPN from B. amyloliquefaciens, that enzyme
showed slightly higher stability in the absence of calcium
ions (Cho, 2019). The protein isolated from alkaliphilic strain
Bacillus luteus H11 manifested proteolytic activity at NaCl
concentration up to 5 M, temperature 45 °C, and pH 10.5
(Kalwasinska et al., 2018). In China, during a screening of the
bacteria obtained from industrial fermentation of soy, investi-
gators isolated strain B. subtilis MX-6, which overexpresses
a nattokinase-like protein (Gulmez et al., 2018).

Numerous recent studies on the search for new versions
of proteases of bacterial or fungal origin can be discussed
ad infinitum. Therefore, for a variety of reasons, advances
in the manufacture of proteolytic enzymes are still relevant
today. This is especially true for developing countries, which
strongly wish to increase the proportion of industrial products,
including biotechnological ones, on their domestic markets.
An especially large number of studies in this field has been
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published by research groups from India. At present, such
studies are virtually absent in Russia.

Genetic engineering of subtilisin

Subtilisin is the industrial enzyme that has probably been
studied the most by both statistical and directed mutage-
nesis. The applications of subtilisin have expanded constantly
since the start of its manufacture. To meet the needs of the
industry, subtilisin characteristics had to be improved. In the
early 1980s, the methods for directed engineering of proteins
started to develop rapidly. As a result of application of these
methods to subtilisin, mutations of more than a half of its
275 amino acid residues had been described before the year
2000 in scientific literature. Patents contain even more such
accomplishments, and, undoubtedly, an even greater number
of findings is buried in the freezers of biotech companies.
Subtilisins represent a large class of microbial serine pro-
teases, but the most mutagenized proteases are those from
B. amyloliquefaciens (BPNP), B. subtilis (subtilisin E), and
Bacillus lentus (Savinase).

Protein engineering involves several effective methods that
include rational design and directed evolution. The former
usually implies the methods of site-directed mutagenesis
for replacing specific amino acid residues in a protein; this
approach can help to obtain proteins with desired properties,
such as higher thermal stability (Jaouadi et al., 2010; Huang et
al., 2015). Besides, protein engineering can help to elucidate
substrate recognition and point to possible applications of an
enzyme (Jaouadi et al., 2014). On the other hand, directed
evolution is based on the execution of sequential cycles of
mutagenesis and selection (Liu et al., 2014). Thus, researchers
may obtain enzymes with higher activity and stability under
various conditions, including extreme pH and temperatures,
nontraditional media, and modified specificity toward given
substrates.
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Stability of subtilisin

Its stability has been urgently needed for its manufacture;
in this regard, such studies have become widespread. An in-
teresting feature of subtilisin is that its biosynthesis requires
participation of its N-terminal pro-domain (Ikemura et al.,
1987). Folding of mature subtilisin without the pro-domain is
possible theoretically but will take thousands of years.

An important characteristic of subtilisin is its tremendous
dependence on calcium (Voordouw et al., 1976; Genov et al.,
1995). The universal characteristic of subtilisins is the presen-
ce of one or more sites for calcium binding. High-resolution
X-ray structures of subtilisin BPNP and of several homologs
(Bode et al., 1987; Betzel et al., 1992) have uncovered the
details of a conserved calcium-binding site, which is called
site A. Calcium in this site is coordinately bound by five
carbonyl atoms of oxygen and an asparagine acid residue.
Four of the oxygen atoms are provided by the loop contain-
ing amino acid residues 75-83. The geometry of the ligands
is a pentagonal bipyramid, whose axis crosses the carbonyl
groups of amino acid residues 75 and 79. On one side of
the loop, bidentate carboxylate (D41) is located, and on the
other, the N terminus of the protein and side chain Q2. Seven
coordinate distances vary from 2.3 to 2.6 A, the shortest of
which involves aspartyl carboxylate.

The second ion-binding site (site B) is located 32 A away
from site A in a shallow cleft between two segments of the
polypeptide chain near the molecule’s surface. The coordina-
tion geometry of this region bears a striking resemblance to a
distorted pentagonal bipyramid. Three of the formal ligands
are derivatives of a protein and include an oxygen atom of
carbonyl group E195 and two oxygen atoms from the carboxy-
late of the D197 side chain. Four water molecules complete
the first coordination sphere.

Given that the dependence on calcium is undesirable,
some research has been conducted to obtain stable subtilisins
that do not depend on the presence or absence of calcium in
solution. One research group (Strausberg et al., 2005) modi-
fied the amino acid sequence of subtilisin with a damaged
calcium-binding site for increasing this enzyme’s stability.
As aresult, they obtained a mutant enzyme that is 15,000-fold
more stable than the original protein. To this end, 12 mutations
were introduced into the gene of this enzyme.

The latest research on the modification

of alkaline serine proteases

In spite of substantial progress in the development of custom-
ized properties of alkaline serine proteases, the work on their
modification continues to this day. For instance, in one study
(Zhao, Feng, 2018), via directed evolution, the authors ob-
tained seven mutants (P9S, A1G/K27Q, A38V, A116T, T162I,
S182R, and T243S) of a protease extracted from Bacillus
pumilus BA06. They all possessed a higher proteolytic activi-
ty toward casein and a synthetic peptide substrate at 15 °C.
Except for T243S, thermal stability of these mutant enzymes
did not decrease relative to the wild-type enzyme. Combina-
tions of mutations further increased the specific caseinolytic
activity. Double mutants P9S/K27Q and P9S/T1621 showed
approximately a fivefold increase in the caseinolytic activity
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at 15 °C almost without a loss of thermal stability (Zhao,
Feng, 2018). In another study by the same group (Zhao et al.,
2016), directed mutagenesis was performed on the alkaline
protease of B. pumilus. The resultant double mutant (W 106K/
V1491 and W106K/M124L) possessed 2.5-fold higher activi-
ty in comparison with the original enzyme at 15 °C, whereas
its stability at 60 and 70 °C was 2.7-fold and 5-fold higher,
respectively (Zhao et al., 2016).

During a comparison of halotolerant subtilisins with un-
stable ones, researchers discovered six amino acid positions
where polar amino acid residues were replaced with nonpolar
ones. The researchers hypothesized that these substitutions
may lead to higher thermal stability. To test this hypothesis,
they carried out mutagenesis of the alcalase from strain
B. subtilis No. 16 and subtilisin Carlsberg. As a result, there
was respectively 1.2-fold and 1.8-fold greater resistance of
the enzymes to higher salt concentrations (125 g/L) (Takenaka
et al., 2018). In another work (Ashraf et al., 2019), a serine
protease from Pseudomonas aeruginosa was modified at two
positions (A29G and V3361); as a consequence, they achieved
a 5 °C increase in the temperature of observed residual activity
and 1.4-fold enhancement of the catalytic activity (Ashraf et
al., 2019). In yet another study (Gong et al., 2017), statistical
mutagenesis of an alkaline-protease gene discovered during
a metagenomic analysis increased the enzymatic activity by
6.6-fold.

Preparation of proteases

in the strains of Bacillus spp.

The Bacillus bacteria have been the main microbial producers
of serine proteases throughout the whole period of their
practical use. Cultivation conditions and composition of the
media play an important role in the production of enzymes
by microbes (Abidi et al., 2008). To achieve high and com-
mercially significant expression of proteases, it is crucial to
find the conditions for growth and induction (Sharma et al.,
2015). There is no universal medium suitable for all producer
strains. Each microorganism or strain has unique specific
conditions for maximal production of a given enzyme. Let
us review various parameters of cultivation in more detail.

Composition of media
Carbon and nitrogen are the main components of a medium
and act as major stimulators of microbial growth and syn-
thesis of enzymes. The most widespread source of carbon
and often the cheapest (after starch) is glucose; however,
during its consumption, the effect of catabolic repression of
many biosynthetic processes may emerge in the cell. The
highest production of the enzyme by bacterial strain AKS-4
is observed at a glucose concentration of 1 %. Under these
conditions, the level of expression of the protease reaches
59.10 U/mL (Sharma et al., 2015). Higher production of
proteases in Bacillus pseudofirmus AL-89 was observed after
glucose addition, whereas for Nesterenkonia sp., the synthesis
of protease AL-20 was found to be suppressed in the presence
of glucose (Gessesse et al., 2003).

The highest production of alkaline protease (2450 U/mL) in
B. licheniformis was achieved in a medium containing 60 g/L
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glucose. A further increase in its concentration led to an in-
significant decrease in the production of the enzyme. Glucose
at a high concentration inhibited the synthesis of the enzyme
in Streptomyces ssp., and concentration 0.5 % was optimal
for the production of the enzyme, whereas 1 % was optimal
for growth (Mehta et al., 2006). Production of a protease in
P, aeruginosa MCMB-327 in a soy-tryptic medium decreased
by 95 and 60 % after the addition of glucose and fructose,
respectively (Zambare et al., 2011). In another work (Sharma
etal., 2014), investigators tried various sources of carbon, such
as glucose, lactose, galactose, and starch, for the production
of a protease by Bacillus aryabhattai K3. The highest produc-
tion of the protease (622.64 U/mL) was observed with lactose
(10 g/L) as a carbon source (Sharma et al., 2014). Similarly,
in yet another study (Dodia et al., 2006), researchers found
that for most of the analyzed isolates, secretion of the enzyme
is optimal with lactose as a carbon source. B. licheniformis
BBRC 100053 also manifested higher productivity in terms
of a protease in culture media containing lactose as a carbon
source (Nejad et al., 2010).

Aside from simple sugars, investigators tried other carbon
sources for the production of proteases. The addition of 5 %
of starch resulted in the highest production of a protease by
Bacillus sp. 2-5 (Khosravi-Darani et al., 2008). Strain Bacil-
lus clausii No. 58 grew well on various carbon sources based
on starch (Kumar et al., 2004). Corn starch at 0.5 % yielded
the highest productivity in terms of the protease, followed by
wheat flour and wheat bran. Nonetheless, the addition of potato
starch lowered the titer of the protease, possibly because of
the presence of protease inhibitors in potato (Kumar et al.,
2004). Wheat flour as a sugar source gave good results on the
production of proteases by Bacillus sp. (Chu, 2007). Bacillus
laterosporus synthesizes proteases while utilizing various
carbon sources; the best sources of carbon for the secretion of
the protease are soluble starch, trisodium citrate, citric acid,
and glycerol (Usharani, Muthuraj, 2010).

Nitrogen sources also significantly affect the yield of a
desired protein, and optimal sources vary among different
strains. The highest level of protease production by strain
Bacillus cereus 146 was observed in the presence of a beef
extract as a nitrogen source. The presence of a yeast extract,
peptone, and tryptone improved the growth parameters of
cultures, but the amount of the desired protein was still
modest (Shafee et al., 2005). It was demonstrated in another
study that tryptone increases the protease synthesis by strain
Bacillus sp. (Srinivasan et al., 2009). Peptone was found to
be optimal for the production of a protease by B. lichenifor-
mis BBRC 100053 (Nejad et al., 2010). The yeast extract
causes the biggest increase in the production of enzymes by
Bacillus sp. (Prakasham et al., 2006). In case of Bacillus sp.
APP1, among all the tested sources of organic nitrogen, soy
protein meal noticeably raised the synthesis of an extracellular
protease (Chu, 2007). Some authors (Jaswal et al., 2008) also
reported that the addition of soy protein meal gave the best
results in comparison with casein, gelatin, and peptone for the
expression of a protease by Bacillus circulans. When casein,
peptone, the yeast extract, and a beef extract were tested as
a nitrogen source for the synthesis of a protease by bacterial
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strain AKS-4, the highest expression was observed in the
presence of casein. Among the various sources of organic
nitrogen, nonfat milk gave the highest yield of a protease
in the case of Bacillus caseinilyticus, followed by a malt
extract, peptone, and the yeast extract. Ammonium chloride
as an inorganic source of nitrogen inhibits the synthesis of a
proteinase (Mothe, 2016).

The influence of pH and temperature

on the expression levels of proteases

The impact of pH on the expression level of a desired pro-
duct is unique for each producer strain. For example, for
the expression of proteases in Bacillus sp. MIG (Gouda,
2006) and B. cereus SIU1(Singh et al., 2010), weakly acidic
pH (6.3-6.5) was found to be optimal. In a weakly alkaline
medium (pH 8.0-8.5), researchers noted the highest levels
of expression for B. licheniformis IKBC-17 (Olajuyigbe et
al., 2005), B. subtilis IKBS 10 (Olajuyigbe et al., 2005),
Bacillus macerans IKBM-11 (Olajuyigbe et al., 2005), and
B. amovivorus (Sharmin et al., 2005). In one study on eight
isolates of Bacillus (Dodia et al., 2006), it was revealed that
the best conditions for the growth of bacteria involve pH 9.0,
whereas the optimal pH value for the secretion of the enzyme
varies between 8.0 and 10.0. pH 9 was found to be optimal for
the production of proteases in Bacillus sp. (Prakasham et al.,
2000), Bacillus sp. APP1 (Chu, 2007), and B. proteolyticus
CFR3001 (Bhaskar et al., 2007). Higher starting pH was set
up for the production of a protease by B. licheniformis TISTR
1010 (pH 10.0) (Vaithanomsat et al., 2008), for B. circulans
(pH 10.5) (Jaswal et al., 2008), and for Bacillus sp. 2—5
(pH 10.7) (Khosravi-Darani et al., 2008).

Temperature is also a crucial parameter, and the optimal
temperature is unique for each strain. For P. aeruginosa PseA
(Gupta, Khare, 2007), B. licheniformis (Asokan, Jayanthi,
2010), Bacillus coagulans (Asokan, Jayanthi, 2010), B. cereus
(Kebabci, Cihangir, 2010), P. aeruginosa MCMB-327 (Zam-
bareetal., 2011), P. chrysogenum IHHS (Ikram-Ul-Haq et al.,
20006), and A. oryzae 637 (Srinubabu et al., 2007), the optimal
temperature for the synthesis of proteases is 30 °C. A lower
optimal temperature (25 °C) characterizes B. circulans (Jas-
wal et al., 2008) and Microbacterium sp. (Thys et al., 2006),
whereas in B. cinerea, the highest expression was documented
at 28 °C (Abidi et al., 2008). At 37 °C, the maximal level of
expression was observed for the strains of Bacillus amovivorus
(Sharmin et al., 2005), B. proteolyticus CFR3001 (Bhaskar
et al., 2007), Bacillus aquimaris VITP4 (Shivanand, Jayara-
man, 2009), and B. subtilis Rand (Abusham et al., 2009);
at 40 °C for Bacillus sp. 2—5 (Khosravi-Darani et al., 2008),
Vibrio pantothenticus (Gupta et al., 2008), and Streptomyces
roseiscleroticus (Shivanand, Jayaraman, 2009); and at 50 °C
for Bacillus sp. APP1 (Porres et al., 2002) and B. subtilis BS1
(Shaheen et al., 2008).

Expression of alkaline serine proteases in yeast

The synthesis of proteases is possible not only in the strains
of Bacillus but also in other bacteria and in yeast, e. g., in the
strains of Pichia pastoris. These strains naturally do not have
a specific activity; for this reason, they require modification
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by genetic engineering. There are few such studies, and for
the most part, they are aimed at obtaining fungal proteases or
medically important proteases.

In one study, B. Liu et al. (2014) performed an analysis of
expression of the keratinase gene in B. licheniformis BBE11-1
in three heterologous expression systems: in Escherichia
coli, B. subtilis, and P. pastoris. The highest (best) level of
expression was seen in B. subtilis (3010 U/mL); this level was
threefold higher than that in P. pastoris. It should be noted
that the cultivation of B. subtilis does not involve metha-
nol, and cultivation duration is twofold shorter. In another
study (Radha, Gunasekaran, 2009), there is a description of
comparative cloning of the keratinase from B. licheniformis
MKUS3 in B. megaterium and P. pastoris. As a result, those
authors obtained comparable activities of the final culture
with the concentration of the desired protein at ~0.35 g/L.
The protein from P. pastoris was subject to glycosylation.
It should be mentioned that cultivation in a bioreactor was
not described in that work. Similar results were published
about the expression of the keratinase from B. licheniformis
PWD-1 (Cheng et al., 1995).

In one work (Lin et al., 2009), researchers investigated the
expression of the keratinase from P. aeruginosa in P. pastoris.
The expression level was approximately 0.5 g of the protein
per liter. In this case, the protein did not undergo glycosyla-
tion. In another work (Zhou et al., 2017), protein subtilisin
QK (from B. subtilis QK02), which is highly similar to nat-
tokinase, was cloned in P. pastoris GS115. Their objective
was to obtain a protein with thrombolytic effects. As a result,
they achieved a high concentration of total protein in the final
supernatant (7.6 g/L). In this work, pH was maintained at 5.0,
whereas in other studies (Liu et al., 2014) and (Porres et al.,
2002) —the absence of pH control caused a pH increase, result-
ing in inhibition of microbial growth and a drop in keratinase
concentration in solution. A similar picture was observed in a
study by H.H. Lin et al. (2009).

Cloning of the alkaline protease from thermophilic bacte-
rium B. stearothermophilus F1 was also conducted in P, pas-
toris GS115 (Latiffi et al., 2013). The resultant activity was
4.13 U/mL; judging by the obtained molecular weight, the
protein was not glycosylated. In one study (Ke et al., 2018),
the gene of the alkaline protease from fungus Aspergillus sojae
was expressed in P. pastoris, and the final activity reached
400 U/mL.

The level of expression of a desired protein is strongly af-
fected by codon usage too. In one work (Hu et al., 2013), as
a result of optimization of codon usage in a gene, the level
of expression of the desired protein was raised relative to the
original gene. That study, however, does not present the data on
the cultivation under controlled conditions of a bioreactor. An
increased copy number of the expression cassette also allows
for improving the yield of a desired protein, as exemplified
by a serine protease from the fungus Trichoderma koningii
(Shu et al., 2016).

In conclusion of this section, it is worth noting that the
highest accumulation of alkaline serine proteases is greater
in the P, pastoris expression system than in the E. coli expres-
sion system, but lower than that in standard B. subtilis strains.
At the same time, the industrial strains of Bacillus spp. out-
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perform both P. pastoris expression systems and B. subtilis
by more than an order of magnitude. A 2005 patent (Shih,
2005) describes strain B. licheniformis T1, which ensures the
expression level of a protein at 16 g/L, whereas the highest
concentration of keratinase produced in P, pastoris is approxi-
mately 0.1-0.2 g of the desired protein per liter.

Conclusion

Alkaline serine proteases of the subtilisin family are widely
applied in various industrial sectors. Proteases isolated from
Bacillus bacteria constitute approximately 60 % of all enzyme
sales across the globe.

Currently, native enzymes, i.e¢., those found in nature, are
hardly used and have been ousted by the proteins modified
via genetic engineering and thus possessing better properties,
e.g., thermal stability, general resistance to detergents and
specific resistance to various oxidants, high activity in vari-
ous temperature ranges, independence from metal ions, and
stability in the absence of calcium.

At present, diverse strains of Bacillus serve as microbial
producers of alkaline serine proteases. Most of them originally
had the desired activity, which has been enhanced by muta-
genesis or genetic engineering. Among the producer strains,
the species having the GRAS (generally regarded as safe)
status dominate, that is, those that are even considered safe
to eat: mostly B. subtilis and B. licheniformis. The strains that
originally did not possess a protease activity still cannot be
brought to the level of the native producers, even by means
of genetic engineering technologies.

In literature, there are reports of the efforts to construct
microbial producers of alkaline serine proteases on the basis
of a methylotrophic strain of P. pastoris. In comparison with
the expression of the same genes in the genetically engineered
strains of B. subtilis, the results have turned out to be notice-
ably worse. From the above observations, it can be concluded
that for constructing the strains effectively producing desired
alkaline proteases, it is necessary to employ Bacillus-based
expression systems. These strains need optimization of the
properties of the expressed enzyme and of its expression
level by methods of directed and statistical mutagenesis.
Patentable microbial producers of an alkaline serine protease
(subtilisin A) can be created via a search for new natural
strains or may be constructed from the strains that lost patent
protection.
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