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Abstract. Although nitrogen fertilizers increase rice yield, their excess can impair plant resistance to diseases, particularly
sheath blight caused by Rhizoctonia solani. This pathogen can destroy up to 50 % of the crop, but the mechanisms underly-
ing reduced resistance under excess nitrogen remain poorly understood. This study aims to identify potential marker genes
to enhance rice resistance to R. solani under excess nitrogen conditions. A comprehensive bioinformatics approach was
applied, including differential gene expression analysis, gene network reconstruction, biological process overrepresenta-
tion analysis, phylostratigraphic analysis, and non-coding RNA co-expression analysis. The Smart crop cognitive system,
ANDSystem, the ncPlantDB database, and other bioinformatics resources were used. Analysis of the molecular genetic
interaction network revealed three potential mechanisms explaining reduced resistance of rice to R. solani under excess ni-
trogen: the OsGSK2-mediated pathway, the OsMYB44-OsWRKY6-OsPR1 pathway, and the SOG1-Rad51-PR1/PR2 pathway.
Potential markers for breeding were identified: 7 genes controlling rice responses to various stresses and 11 genes modu-
lating the immune system. Special attention was given to key participants in regulatory pathways under excess nitrogen
conditions. Non-coding RNA analysis revealed 30 miRNAs targeting genes of the reconstructed gene network. For two
miRNAs (Osa-miR396 and Osa-miR7695), about 7,400 unique long non-coding RNAs (IncRNAs) with various co-expression
indices were found. The top 50 IncRNAs with the highest co-expression index for each miRNA were highlighted, opening
new perspectives for studying regulatory mechanisms of rice resistance to pathogens. The results provide a theoretical
basis for experimental work on creating new rice varieties with increased pathogen resistance under excessive nitrogen
nutrition. This study opens prospects for developing innovative strategies in rice breeding aimed at optimizing the balance
between yield and disease resistance in modern agrotechnical conditions.
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AHHOTaLUuA. A30THble yOOOpeHNs, NOBbILLAIOLLME YPOXKANHOCTb pPrca, MPU N3ObITKE MOTYT CHUXKATb YCTOMYMBOCTb pac-
TeHWI K 3a60neBaHNAM, B YaCTHOCTU K PU3OKTOHMO3Y, Bb3biBaeMOMy Rhizoctonia solani. 9ToT naToreH cnoco6eH yHUYTo-
XKnTb 10 50 % ypokas, OfHAKO MeXaHM3Mbl, eXalle B OCHOBE CHUXKEHMA YCTONUMBOCTY NpW M36bITKE a30Ta, OCTaloTcA
ManiousyyeHHbIMU. [laHHOe nccnefoBaHrie HanpasieHo Ha BbiABIEHME NOTEHLMaNIbHbIX FTEHOB-MapKePOoB AJ1A NOBbILLe-
HMA YyCTONUMBOCTY puca K R. solani B ycnoBmax n3bbiTka asoTa. [pumeHeH KOMMIEKCHbIN 61onHbOpMaTUUECKINii MOAXOA,
BKJIIOYatoWwmii aHanu3 anddepeHumanbHOM SKCNPeCccu reHoB, PEKOHCTPYKLMIO FTeHHbIX CEeTel, aHanm3 nepenpeacTas-
NEHHOCTN BUONOrMYECKNX NPOLLeccoB, dunoctpatnrpaduyeckmnii aHanms n aHaam3 KosKcnpeccum Hekogupyowmx PHK.
Mcnonb3oBaHbl KOrHUTUBHAA cuctema Smart crop, ANDSystem, 6a3a faHHbIx ncPlantDB u gpyrvie 6nonHdopmaTyeckme
pecypcbl. AHann3 MoNeKYNAPHO-TeHETUYECKON CETW B3aUMOLENCTBUI BbIABW TPU NMOTEHLMANbHbIX MEXaH13Ma, 06bAC-
HAIOLLNX CHUKEHVE YCTONUMBOCTY purca K R. solani npu n3bbiTke azota: OsGSK2-onocpepoBaHHbI nyTh, NyTe OsMYB44-
OsWRKY6-OsPR1 1 nytb SOG1-Rad51-PR1/PR2. U peHTndULMPOBaHbI NOTeHLManbHble MapKepbl ANA cenekunmn: 7 reHoB,
KOHTPONMPYIOLLNX OTBETbI PUCA Ha LUIMPOKMIA KPYT CTPECCOB, U 11 reHOB-MOZYyNATOPOB MMMYHHOW ccTeMbl. Ocoboe BHU-
MaHue yaeneHo KIoUYeBbIM YYacTHUKaAM PEryNATOPHbIX NyTel B yCNOBUAX U3ObITKa a3oTa. AHanum3 Hekogupytowmx PHK
BbIABM 30 MUKPOPHK, MULLEHAMYN KOTOPbIX ABMAIOTCA FeHbl 3 PEKOHCTPYMPOBAHHOW reHHOM ceTu. Ana AByx MUKpoPHK
(Osa-miR396 1 Osa-miR7695) obHapyxeHo okoo 7400 TbiC. yHUKanbHbIX AfMHHbIX Hekoanpytowmux PHK (aHPHK) ¢ pas-
JINYHBIMU UHAEKCaMKN Ko3Kcnpeccun. Boigenerbl Ton-50 gHPHK ¢ Hanbonbwmm MHAEKCOM KOIKCMpeccun ANa Kaxaomn
MUKPOPHK, uTo OTKpbIBaeT HOBble NepCreKTVBbI B M3YyYEHNUN PEryNAaTOPHbIX MeXaHU3MOB YCTOMYMBOCTY prca K NaTo-
reHam. MonyyeHHble pe3ynbTaThl CO3Lal0T TEOPETUYECKYIO OCHOBY ANS SKCMEPVMEHTANbHbIX PaboT MO CO3A4aHNI0 HOBbIX
COPTOB pKiCa C NMOBbILLEHHON YCTONYMBOCTBIO K MaTOreHaM B YCNOBUAX M36bITOYHOrO a30THOIO NUTAHUA.

KnioueBblie cnosa: Oryza sativa; Rhizoctonia solani; 6nonHdopmaTnka pacteHunii; oudpdepeHumanbHo sKcnpeccupyemble
reHbl; reHeTMYecKas perynaums; accoumaTnBHbIe reHHble ceTu; 6a3a 3HaHMI Smart crop; NPorpaMmMHo-MHGOPMaLMOHHaA

cuctema ANDSystem; a3oTHble ynobpeHus; OTBET Ha FprOHYI0 MHbEKLMIO.

Introduction

Rice (Oryza sativa L.) is one of the most economically va-
luable crops in the world, constituting the main part of the diet
for about half of the world’s population. Nitrogen fertilizers
are widely used in rice production in agricultural enterprises.
They account for about 80-90 % of the yield increase obtained
from mineral fertilizers (Kumeiko et al., 2013). However,
along with the positive effect, nitrogen fertilizers reduce
rice resistance to diseases. Excess nitrogen fertilization is
one of the main factors contributing to the development of
sheath blight disease in rice, caused by the fungus Rhizoc-
tonia solani Kiihn. Sheath blight causes serious damage to
this crop’s yield, leading to losses of up to 50 % (Senapati
etal., 2022).

Plant susceptibility to pathogenic infections under excess
nitrogen fertilization is caused by a complex of factors related
to both rapid growth and development, as well as changes
in plant defense responses. Excess nitrogen leads to a series
of physiological changes that can increase plant susceptibil-
ity to pathogens. In particular, accelerated growth can cause
weakening of cellular structures, including reduced cell wall
strength and decreased cuticle thickness, which facilitates
pathogen penetration (Hickelhoven, 2007; Rose et al.,
2018). Furthermore, excessive nitrogen nutrition can cause
changes in the plant microbiome and stimulate the growth
of pathogenic microorganisms in the rhizosphere (Xiong et
al., 2021).

CUCTEMHAA KOMIMbIOTEPHAA BUOJTIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

At the molecular genetic level, complex regulatory net-
works including phytohormones, transcription factors, and
non-coding RNASs play a key role in forming pathogen
resistance. These components participate in complex stress
response mechanisms affecting plant immune processes.

Phytohormones, such as salicylic acid, brassinosteroids,
jasmonic acid, gibberellins, abscisic acid, auxins, and ethylene,
have special significance in response to pathogenic infections
(YangJ. etal., 2019). Notably, some of these phytohormones,
particularly salicylic and abscisic acids, are also involved in
nitrogen compound metabolism, regulating the expression
of genes related to nitrogen exchange (Xing et al., 2023).
This observation suggests that interference in phytohormone
signaling pathways may serve as a mechanism through which
excess nitrogen affects plant resistance to pathogens.

Non-coding RNAs (ncRNASs) represent a diverse group of
RNA molecules that are not translated into proteins but per-
form important regulatory functions in the cell. Among them,
several main types are distinguished: microRNAs (miRNA),
small interfering RNAs (siRNAs), piRNAs (Piwi-interacting
RNAS), ribosomal RNAs (rRNAS), transfer RNAs (tRNAS),
and long non-coding RNAs (IncRNAs). Long non-coding
RNAs are of particular interest as they play a significant role
in gene regulation, affecting mRNA stability and translation,
and participating in signaling pathways. In particular, the work
of Supriya et al. (2024) shows that IncRNAs are involved in
rice response to the fungus R. solani.
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Despite their importance, InNcRNAs remain the least studied
among non-coding RNAs (Statello et al., 2021). This is due
to their diversity, complexity of functions and mechanisms of
action, as well as technical difficulties in their identification
and characterization. One approach to studying the functional
role of non-coding RNAs is to analyze their co-expression with
protein-coding genes, as well as with other types of non-coding
RNAs, the function of which has been established. The most
comprehensive resource for non-coding RNA co-expression,
including rice long non-coding RNAs, is the ncPlantDB da-
tabase (https://bis.zju.edu.cn/ncPlantDBY/).

The study of interactions between these various regulatory
elements — phytohormones, transcription factors, and non-
coding RNAs — in the context of nitrogen metabolism and
pathogen resistance represents a promising research direction.
It may lead to a deeper understanding of the mechanisms
underlying nitrogen-induced plant disease susceptibility and
potentially reveal new ways to enhance crop resistance under
intensive nitrogen nutrition.

Awidely used approach in computational systems biology
for studying complex molecular genetic processes is the gene
network method (Kolchanov et al., 2013). For automatic re-
construction of gene networks, the Institute of Cytology and
Genetics of SB RAS has developed the ANDSystem cognitive
system, which uses artificial intelligence methods to extract
knowledge from databases and scientific publication texts
(Ivanisenko V.A. et al., 2015, 2019). ANDSystem has been
successfully applied to reconstruct associative gene networks
and interpret genomic, proteomic, and metabolomic data in
various fields of biomedicine and agrobiology. In particular,
this software system has been used to reconstruct important
molecular genetic mechanisms of various pathological pro-
cesses and biological phenomena, including asthma (Bra-
gina et al., 2014; Saik et al., 2018; Zolotareva et al., 2019),
lymphedema (Saik et al., 2019), tuberculosis (Bragina et al.,
2016), hepatitis C (Saik et al., 2016), coronavirus infection
(Ivanisenko V.A. et al., 2022), Huntington’s disease (Bragina
et al., 2023), glioma (Rogachev et al., 2021), post-operative
delirium (lvanisenko V.A. et al., 2023), and others.

In the field of plant biology, ANDSystem has enabled new
discoveries about the molecular mechanisms of cell wall
functioning in Arabidopsis thaliana L. leaves in response to
drought (Volyanskaya et al., 2023). Adapting ANDSystem’s
knowledge extraction methods to potato biology led to the
creation of the specialized SOLANUM TUBEROSUM
knowledge base, containing information about genetic regu-
lation of potato metabolic pathways (Ivanisenko T.V. et al.,
2018), which was used to prioritize potato genes involved in
the formation of agronomically valuable traits (Demenkov
etal., 2019).

The aim of this study was to conduct a comprehensive bioin-
formatic analysis of molecular mechanisms of rice response to
R. solani under excess nitrogen conditions. The study included
gene network reconstruction using the Smart Crop knowledge
base —a specialized version of ANDSystem configured for rice
biology, as well as the application of bioinformatic methods
for analyzing the overrepresentation of biological processes,
phylostratigraphic analysis of gene evolutionary age, and
analysis of non-coding RNA co-expression.

962

Identification of markers associated with reduced
rice resistance to R. solani under excess nitrogen fertilization

Materials and methods

The study was conducted in several sequential stages (Fig. 1).
In the first stage, based on transcriptome data analysis,
genes that had been differentially expressed during R. solani
infection were identified, as well as genes, the differential
expression of which had been observed under excess nitrogen
conditions. The second stage included the reconstruction of
regulatory gene networks involving the identified genes. In
the third stage, a structural and functional analysis of the
obtained networks was conducted, including assessment of
node centrality measures, analysis of biological process en-
richment, and determination of gene evolutionary age. Next,
analysis of network gene translation regulation by miRNAs
was performed, and long non-coding RNA co-expression
was investigated. The final stage was aimed at identifying
potential markers of resistance to R. solani under excess
nitrogen conditions.

Publicly available gene expression data. Publicly avail-
able transcriptomic data on O. sativa response to excess ni-
trogen fertilization, as well as to the pathogen R. solani, were
collected from the NCBI GEO (Gene Expression Omnibus)
and NCBI SRA (Sequence Read Archive) databases (https://
www.nchi.nlm.nih.gov/sra) (Table 1). For the analysis of
O. sativa transcriptome under excess nitrogen conditions, one
study containing three experiments was found. In this work,
plants were treated with excess fertilizer —ammonium nitrate
(NH4NO3) —at concentrations exceeding the normal level by
4,16, and 64 times.

The differential expression analysis of O. sativa during
R. solani infection included data from five time-series studies,
containing a total of 21 experiments.

Transcriptomic data analysis. SRA Toolkit (v3.1.0) was
used to extract FASTQ format files. Read quality control was
performed using FastQC (v0.12.0). Filtering and removal of
low-quality nucleotides was conducted using Trimmomatic
(https://github.com/usadellab/Trimmomatic). Aread length of
15 bp and Phred sequence quality score < Q20 were used as
thresholds. Reads were mapped to the reference genome of
O. sativa Japonica Group (IRGSP-1.0), deposited from the En-
semblPlants database (https://plants.ensembl.org/index.html)
using the HISAT2 (v2.2.1) tool. SAMtools (v1.20) was used
to convert SAM format mapping output files to binary BAM
format. HTSeq (v2.0.2) was used for quantification. Read
count normalization and differential gene expression analysis
were performed using the edgeR (4.0.16) tool implemented
in the Bioconductor project (https://www.bioconductor.org/).
The TMM (Trimmed Mean of M-values) method was used for
normalization. Multiple testing correction was applied using
FDR (false discovery rate).

For DNA microarray data analysis, the limma (v3.58.1)
package from the Bioconductor project was used. Raw Agilent
platform DNA microarray files were read using read.images.
Background noise correction and quantile normalization of
the data were then performed. The biomaRt (v2.58.2) pack-
age (https://bioconductor.org/packages/release/bioc/html/
biomaRt.html) was used to map DNA microarray probe
identifiers to Ensembl gene identifiers. Differential gene ex-
pression analysis was performed using the limma package. An
FDR threshold of < 0.05 was used to identify differentially
expressed genes.
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PRINA702874 PRINA725619
PRGEB24521 PRJNA886841
PRINA551731

Transcriptomic data O. sativa
under infection conditions R. solani

211 DEGs with unidirectional expression
changes in 6 or more of 19 experiments

Analysis

of overrepresentation
of biological processes
Subnetworks describing the regulation
of biological processes by components
of the gene network

Fig. 1. Research stage diagram.

Table 1. List of publicly available RNA-seq and DNA microarray data used in the study
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puca K R. solani npu n3bbiTke a3oTHbIX yo6peHni

Regulatory pathways
linking rice responses
to excess nitrogen
and R. solani infection

Expanded gene network
of rice response to R. solani
infection under nitrogen
excess conditions

miRNAs targeting genes
from a reconstructed
gene network

IncRNAs co-expressed
with identified
miRNAs

Potential markers of resistance
to R. solani under nitrogen
excess conditions

288

GSE73768

Transcriptomic data O. sativa under

nitrogen excess conditions

112 DEGs with unidirectional expression
changes in 2 of 3 experiments

Phylostratigraphic

analysis

Distribution of genes
by evolutionary age

Stress

Excess nitrogen
(NH4NO3)

R. solani
infection

R. solani
infection

R. solani
infection

R. solani
infection

R. solani
infection

Smart Crop knowledge base. This study used the special-
ized Smart Crop knowledge base, which is an adapted version
of the ANDSystem software and information system, focused
on rice and wheat genetics and breeding. System adaptation
included configuring three key ANDSystem modules for effec-

Design

3 experiments:

3 concentrations

(x64, x16, and x4 normal
concentration

3 experiments:
3 time points (1,2 and 5 days
post-infection)

4 experiments:
2 time points for 2 varieties
(1 and 2 days post-infection)

2 experiments:
1 time point for 2 varieties
(3 days post-infection)

6 experiments: 3 time points
for 2 varieties (1, 3 and 5 days
post-infection)

6 experiments: 3 time points
for 2 varieties (1, 2 and 3 days
post-infection)

Project ID Subfamily
GSE73768 ssp. japonica
PRINA725619 ssp. indica
PRINA886841 ssp.japonica
PRINA551731 ssp. japonica
PRJEB24521 ssp. japonica
PRINA702874 ssp.indica

Genotype

cv. Nipponbare

var. BPT- 5204

var. Lemont,
var. GD66

cv. Yanhui-888,
cv. Jingang-30

var. Cocodrie,
line MCR

Line PAU-ShBS,
line PR114

Organ

Shoot

Leaves

Leaves

Leaves

Leaves

Leaves

Data type

Microarray

RNA-seq

RNA-seq

RNA-seq

RNA-seq

RNA-seq

tive task solving. The first module was the domain-specific on-
tology module, which was expanded with special dictionaries.
These dictionaries covered a wide range of research objects
that can be divided into molecular genetic objects (genes,
proteins, metabolites, non-coding RNAs, and miRNAS),
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No Template scheme

expres. . act.reg., ass., transcr.reg., .
T Geney P Proteiny vreg g Proteingg

PPi, cleav., deg.reg.

T2 Geney P Proteiny expr.reg, ass. PPi Geneg,

expres. : actreg, ass., transcr.reg., : act.reg, ass., transcr.reg., .
IE Geney Proteiny PPi, cleav., deg.reg. Proteiny PPi, cleav., deg.reg. Proteings

expres. ) actreg, ass. transcrreg, o4 o ppi

rotein expr.reg., ass., PPi

T4 Geney Proteiny PPi, cleav., deg.reg. M Genegg

expres. . : . act.reg., ass., transcr.req., .
T5 Geney Proteiny expr.reg., ass., PPi Gene,, &Pres. Proteiny, ol C/Zav,, veures g Proteing,

. .reg., ., PPi expres. . expr.reg., ass., PPi

T6 Geney P Proteiny Xprreg. ass. FH Geney, ™ Proteiny, prreg Geneg,

Fig. 2. Template scheme used for searching for molecular genetic pathways in the Smart Crop knowledge base.

Notation: T - template; Geney — DEGs of rice under excess nitrogen fertilization; Proteiny - protein products of DEGs under excess
nitrogen fertilization; Gene), - genes encoding mediator proteins; Proteiny, — mediator proteins; Geneg — rice DEGs in response
to R. solani; Proteing, — protein products of rice DEGs in response to R. solani; expres. — expression; act.reg. — regulation of activity;
expr.reg. - regulation of expression; ass. — association; transcr.reg. - regulation of transcription; deg.reg. - regulation of degradation;

cleav. - cleavage; PPi - protein-protein interaction.

their functional characteristics (biological processes, genetic
biomarkers, QTL polymorphisms), phenotypic characteristics
(plant varieties, breeding-significant qualities, phenotypic
traits, diseases), biotic and abiotic factors (pathogens, pests,
and others). Various databases and ontologies were used to
form these dictionaries, such as NCBI Gene (https://www.ncbi.
nim.nih.gov/gene/), ChEBI (https://www.ebi.ac.uk/chebi/),
MirBase (https://www.mirbase.org/), Gene Ontology (https://
cropontology.org/), Wheat Ontology, Rice Ontology, and
others (Chao et al., 2023). For example, the gene dictionary
from the molecular genetic objects group contains names of
approximately 627 thousand genes, including their conven-
tional names and synonyms. Biological processes, belonging
to functional characteristics, contain more than 122 thousand
names. The pathogen dictionary, included in the biotic factors
group, contains about 755 names.

The second important component was the information
extraction module from factographic databases, which was
configured for automated data extraction from specialized
sources in plant biology. These sources included Oryzabase
(https://shigen.nig.ac.jp/rice/oryzabase/), GrainGenes (https://
wheat.pw.usda.gov/GG3/), ASPNet, and others. The third
module was the text-mining module using semantic-linguistic
templates and artificial intelligence methods. It was adapted
for effective knowledge extraction from text sources, such
as scientific articles and patents in plant biology. Based on
the analysis of scientific publications performed using this
module, more than 4 million interactions between objects
represented in the dictionaries were extracted.

Gene network reconstruction and analysis. Gene network
reconstruction was performed using the “Query Wizard”
and “Pathway Wizard” of the ANDVisio software module
(Demenkov et al., 2011), which serves as the user interface
in the ANDSystem and Smart Crop systems. The structure of
templates used for searching for regulatory pathways in the
Smart Crop knowledge base using the “Pathway Wizard” is
shown in Figure 2.

Node centrality assessment in the gene network. Node
centrality in the gene network was evaluated using the network
connectivity measure, defined as the number of connections
between a given node and other network nodes.
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Biological process enrichment analysis. Gene Ontology
biological process enrichment analysis was performed using
the PANTHER resource (https://pantherdb.org/).

Long non-coding RNA analysis. Co-expression analysis
between miRNAs and IncRNAs was conducted using the
ncPlantDB database (https://bis.zju.edu.cn/ncPlantDBY/).

Phylostratigraphic analysis. The evolutionary age
of genes was determined using the GenOrigin database
(http://chenzxlab.hzau.edu.cn/) (Tong et al., 2021), which
contains information about the evolutionary age of genes from
various organisms, established through phylostratigraphic
analysis. To assess the statistical significance of differences in
the distribution of genes of different ages between the complete
set of rice protein-coding genes and genes in the reconstructed
network, a hypergeometric test was applied. The probability
of observing m or more genes of a certain age interval among
M network genes was calculated using the hypergeom.pmf
function from the scipy library. The analysis was conducted
for 17 age intervals represented in the GenOrigin database.
The following parameters were used in calculations: N — to-
tal number of rice protein-coding genes, n — number of rice
genes inagiven age interval, M —number of genes in the gene
network, m — number of network genes in the analyzed age
interval. Differences were considered statistically significant
at p-value < 0.05.

Results and discussion

Identification of stable differentially

expressed genes

To identify differentially expressed genes (DEGs) in rice under
excess nitrogen conditions, 3 experiments were analyzed,
while under R. solani fungus influence, 21 experiments were
analyzed using transcriptomic data found in open sources.
We considered genes with unidirectional expression changes
across different experiments (simultaneous decrease or
increase), which we will further refer to as stable DEGs.

In the case of excess nitrogen, only 5 genes were found to
be stable DEGs across all three experiments (Os09g0538000,
0s05g0162000, Os09g0537700, Os04g0664900,
0s0690113800). When considering DEGs present in two
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Fig. 3. Regulatory pathways describing the connection between DEGs in rice response to excess nitrogen and R. solani infection.

out of three experiments, the number of such genes was 112,
which were taken for further analysis.

Analysis of differential gene expression under R. solani
infection showed that in two out of 21 experiments, no
statistically significant DEGs were identified. Analysis of the
remaining 19 experiments revealed no genes that were DEGs
in every experiment. Only 2 genes were found to be stable
DEGs in half or more of the experiments (Os04g0180500
and 0s09g0255600). When considering one-third of the
experiments (6 or more out of 19), the number of stable DEGs
included 211 genes. The number of stable DEGs for a quarter
of the experiments (5 or more out of 19) was 463 genes. For
further analysis, we chose a threshold value for determining
stable DEGs equal to one-third of the experiments (6 or more
out of 19), as at this value, the samples of stable DEGs under
excess nitrogen and fungal influence were comparable in size.

Reconstruction of molecular genetic pathways

describing the relationship between rice responses

to excess nitrogen and infection

Using the ANDVisio program, which serves as the user
interface for the Smart Crop and ANDSystem knowledge
bases, a search was conducted for molecular genetic pathways
in the global Smart Crop gene network (Fig. 2), connecting
the group of the selected 112 stable DEGs in response to
excess nitrogen and 211 stable DEGs in response to R. solani
fungus. This search resulted in the identification of several
regulatory pathways that included 3 proteins encoded by
DEGs in response to excess nitrogen, 4 DEGs and their
encoded proteins in response to R. solani infection, as well
as 4 proteins acting as mediators in interactions between the
considered DEGs (Fig. 3).

OsABI2-0OsGSK2-OsJAZ1 molecular genetic pathway

An important reconstructed pathway (Fig. 3) potentially
explaining the mechanism of deteriorated rice resistance
to fungus under excess nitrogen is the OsABI2-OsGSK2-
OsJAZ1 pathway. The OsABI2 protein (PP2C06, protein
phosphatase 2C6) is a product of the Os01g0583100 gene

CUCTEMHAA KOMIMbIOTEPHAA BUOJTIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

that is differentially expressed under excess nitrogen: its
expression decreases at 16- and 64-fold excess of nitrogen
fertilizer concentration (Supplementary Material 1)1,

It is known that ABI2 is one of the main participants
in the ABA (abscisic acid) signaling pathway (Sun et al.,
2011), which is an important plant hormone necessary for
regulating stomatal closure, leaf senescence, bud dormancy,
seed germination inhibition, growth inhibition, and stress
responses to drought, salinity, and toxic metals (Chen et
al., 2020; Kumar S. et al., 2022). Literature has shown that
OsABI2 participates in rice response to excess iron (Junior
et al., 2015), in sunflower, its expression increases during
drought (Shen et al., 2023), and in rice, during drought, its
expression is also noted in roots and stem (Sircar et al., 2022).
The presence of this protein in the reconstructed regulatory
pathway may indicate its involvement in modulating rice
response to the pathogen under excess nitrogen. OsABI2 can
exert regulatory influence on OsJAZ1 (jasmonate-Zim-domain
protein 1), an important factor in pathogen response, through
the mediator OsGSK2.

According to our analysis, OsJAZ1 (0s10g0392400) is
a DEG with increased expression levels in 7 out of 19 ex-
periments studying R. solani influence on rice transcriptome
(Supplementary Material 2). In Arabidopsis and cotton, it
was shown that the fungus Verticillium dahliae, which causes
Verticillium wilt, induces JAZ1 phosphorylation through
GSK2, and this promotes further JAZ1 degradation (Song Y.
et al., 2021). The authors note that in this action, GSK2 is a
negative regulator of fungal resistance — its constitutive ex-
pression weakened resistance, while GSK2 gene knockdown
increased resistance to V. dahliae. Interestingly, OsGSK2
(0s05g0207500) is a DEG in 2 out of 19 analyzed experi-
ments studying R. solani influence on transcriptome, where
its expression was decreased (Supplementary Material 2).
Also, OsGSK2 is a DEG in response to excess nitrogen in the
experiment with the highest nitrogen fertilizer concentration
(64 times higher than normal concentration).

1 Supplementary Materials 1-5 are available at:
https://vavilov.elpub.ru/jour/Suppl_Antropova_Engl_28_8.xlsx
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In our network, the connection between ABI2 and
GSK2 is of the “interaction” type (physical interaction). In
Arabidopsis, it was shown that ABI1 and ABI2 interact with
the GSK2 protein (Glycogen synthase kinase 2, also known
as: brassinosteroid insensitive 2, BIN2) and dephosphorylate
it, leading to suppression of its kinase activity and decreased
stability. The examined interactions between regulatory
pathway participants are consistent with literature data
showing that the abscisic acid signaling pathway suppresses
the brassinosteroid signaling pathway (Wang H., 2018).
In particular, in O. sativa, it was demonstrated that ABA
acts oppositely to BR (brassinosteroids) in regulating leaf
inclination through the BR biosynthesis gene OsD11 and
signaling genes OsGSK?2 and OsDLT (Li et al., 2019).

It should be noted that BR represents an important group
of plant hormones, in some cases playing an antagonistic role
to ABA action. For example, it was shown that BR stimulates
seed germination, while ABA promotes their dormancy
(Steber, McCourt, 2001).

MYB44-WRKY6-PR1 molecular genetic pathway

Another important regulatory pathway begins with the
OsMYB44 protein —a product of the 0s09g0106700 gene that
is differentially expressed under excess nitrogen. Notably, it
is a DEG in two out of three experiments (gene expression
is decreased at 16- and 64-fold excess of nitrogen fertilizer
concentration, Supplementary Material 1). The transcription
factor MYB44 is known to be an important participant in plant
life regulation (root development, somatic embryogenesis, leaf
senescence, etc.) and response to biotic and abiotic stresses,
such as reactions to drought, cold, phosphate and nitrogen
deficiency, and pathogenic organism infection (Wang F. et al.,
2023). Interestingly, MYB44 has opposing effects on plant
defense reactions. Shim et al. (2013) showed that it enhanced
the defensive response to pathogenic bacteria Pseudomonas
syringae pv. tomato induced by salicylic acid but reduced
the defensive response against the black spot disease fungus
Alternaria brassicicola, which is dependent on jasmonic acid.
In the pathway under consideration, M'YB44 forms a regulatory
complex with another TF, WRKY6 (0Os03g0798500), which
regulates inorganic phosphate transport, as shown in potato
(Zhou et al., 2017). The transcription factor WRKY?®6, like
MYB44 in A. thaliana, acts as a positive regulator of abscisic
acid signaling. The WRKY TF family participates in protecting
plants from a wide range of stresses, in particular, OSWRKY6
is necessary for rice protection from Xanthomonas oryzae
pv. oryzae (bacterial leaf blight) (Im et al., 2024). It has been
shown that OSWRKY®6 activates OsPR1 expression (Im et
al., 2022), the final link in the regulatory pathway under
consideration.

SOG1-Rad51-PR1/PR2 molecular genetic pathway

This pathway includes three links: SOG1 (suppressor of
gamma responsel), RAD51 (DNA repair protein RAD51),
and the PR1 (pathogenesis-related protein 1) and PR2
(pathogenesis-related protein 2) genes (Fig. 3). SOG1 is
a plant transcription factor, analogous to the animal p53
protein, playing a crucial role in regulating transcription
of genes involved in programmed cell death, DNA damage
repair, as well as responses to abiotic stresses and pathogenic
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infections (Ogita et al., 2018; Yoshiyama, Kimura, 2018).
According to our transcriptional data analysis, SOG1
(0s06g0267500) is a DEG under excess nitrogen (expression
level increases in two out of three experiments — at 16- and
64-fold excess of nitrogen fertilizer concentration, Supple-
mentary Material 1).

SOG1 is known to be a transcriptional regulator of OsRad51
(Ogita et al., 2018; Yoshiyama, Kimura, 2018), acting as a
mediator in the pathway under consideration. RAD51 is a
regulatory protein of plant immune response, and among its
direct targets are members of the pathogenesis-related protein
family, such as PR1 and PR2 (Wang S. et al., 2010). These
genes were among the DEGs in response to R. solani fungus
(Supplementary Material 2).

PR1 (Os079g0129200) expression increased in 6 out of
19 experiments studying R. solani influence on transcriptome.
Seven genes named PR2 have been found in the rice genome
(Yokotani et al., 2014). According to our data, expression
of three of them (Os07g0539900, Os01g0940700, and
0Os01g0940800) increased in 7 out of 19 experiments.

It should be noted that the PR1 and PR2 genes were also
among the DEGs based on our analysis of transcriptomic
data from a series of experiments studying excess nitrogen.
Their expression changed significantly in one out of three
experiments, where the concentration of nitrogen fertilizers
was maximal.

Reconstruction of extended gene network of rice response
to R. solani infection under excess nitrogen

To identify a broader range of potential participants in the
mechanisms of deteriorating rice resistance to R. solani fungus
under excess nitrogen, we reconstructed an extended gene
network based on the regulatory pathways discussed above.
Gene network reconstruction was performed automatically
using the functional module of the ANDVisio program. This
tool allows expanding the initial network by adding new
components (genes, proteins, metabolites, etc.) based on data
about their interactions contained in the Smart Crop knowledge
base. For 15 participants of the initial regulatory pathways
(Fig. 3), the knowledge base contained information about their
interactions with 358 new proteins and genes. The network
reconstructed in this way contained 61 genes, 271 proteins,
and 2,359 interactions (Fig. 4). To identify key participants
in the reconstructed network, node centrality analysis was
conducted using the “Network connectivity” index, indicating
the number of nearest neighbors. The highest index value
belonged to the OsGSK2 protein, which is a participant in the
initial regulatory pathways, mediating interactions between
differentially expressed genes. Jazl was also among the top
three in terms of the “Network connectivity” index. It should
be noted that the gene encoding Jazl was a stable DEG in
response to R. solani fungus.

Identification of IncRNAs potentially regulating

the identified molecular genetic pathways

To search for INcRNAs potentially involved in regulating the
rice gene network response to fungus under excess nitrogen
conditions, we analyzed the ncPlantDB database. This
database contains information about INcCRNA co-expression
with miRNAs, obtained from single-cell data analysis.
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Fig. 4. Extended gene network of rice response to R. solani infection under excess nitrogen conditions.

The network includes both initial regulatory pathways and newly identified components (genes and proteins). The JAZ1 and GSK2 proteins are highlighted
with yellow and white squares, respectively. Gene and protein designations and their interaction types are similar to those shown in Figure 3.

According to the Smart Crop knowledge base, we found
30 miRNAs that target genes from the reconstructed gene
network (Table 2). In the ncPlantDB database, co-expression
connections were found for Osa-miR396 and Osa-miR7695
with IncRNAs, with various co-expression degree indices.
For two variants of Osa-miR396 (Osa-miR396b and Osa-

miR396c¢), the number of such non-coding RNAs was
around 4,000. For Osa-miR7695, about 3,500 co-expression
connections with IncRNAs were identified. The total number
of unique IncRNAs was approximately 7,400.

Among the identified IncRNAs, special attention should
be paid to those with the highest co-expression index. These

Table 2. miRNAs regulating stress response genes in the reconstructed gene network

No. miRNA Target gene

1-3 Osa-miR156 OsMPKs, OsSPL14
4 Osa-miR159 OsGAMYB

5 Osa-miR162 OsDCL1

6-8 Osa-miR166 EIN2

9 Osa-miR167 ARF12

10 Osa-miR319 OsTCP21

11-12 Osa-miR393 AFB2/TIR

13-21 Osa-miR396 OsGRFs

22 Osa-miR398 SOD, CSD1,CSD2
23 Osa-miR408 OsAAE3

24-29 Osa-miR444 MADS23/27a/57

30 Osa-miR7695 OsNramp6

Note. miRNAs of the same family are grouped together.
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Reference

Xie et al., 2006; Kumar K. et al., 2022; Song L. et al., 2021
Kumar K. et al., 2022

Kumar K. et al., 2022

Song L. etal,, 2021; Kumar K. et al., 2022
Kumar K. et al., 2022

Song L. et al, 2021; Kumar K. et al., 2022
Song L. et al., 2021

Song L. et al,, 2021

Song L. etal, 2021; Kumar K. et al., 2022
Charagh et al., 2024

Kumar K. et al.,, 2022; Song L. et al., 2021
Kumar K. et al., 2022; Song L. et al., 2021
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include the top 50 IncRNAs ranked by co-expression index,
particularly the group of IncRNAs identified in rice metaxylem
that have the same co-expression index with Osa-miR396b, the
target genes of which are GFR1 and GFR3: LNC-0s08g15450,
LNC-0s04961735, LNC-0s05¢g27975, LNC-0s05¢62500,
and others (Supplementary Material 3).

The search for functions of these INcRNAs in literature data
yielded no results. Therefore, the connection of INcRNAs with
the gene network may have special significance for further
characterization of their functions.

Phylostratigraphic analysis

The application of phylostratigraphic analysis methods to
assess the evolutionary age of genes is a promising approach
to studying the evolution patterns of gene networks and
identifying their key components (Mustafin et al., 2021). In
this work, this approach was used to analyze the evolutionary
stages at which genes participating in the reconstructed
network of response to fungal infection under elevated
nitrogen fertilizer concentrations emerged.

Analysis of the evolutionary age distribution of genes
showed that the reconstructed network contains genes of
different ages, among which several most represented groups
can be distinguished (Fig. 5). Age intervals within which
the number of genes statistically significantly exceeded
the one expected by chance corresponded to the following
time points shown in the graph (Fig. 5): (1) 132 million
years (p = 1.85-1073), (2) 170 million years (p = 9.16-107%),
and (3) 1,578 million years (p = 5.41-107).

The first group, including 11 genes about 132 million years
old, likely emerged at the evolutionary stage of monocot
plant appearance (Friis et al., 2004). Representatives of this
group include the transcription factor OFP3 (ovate family
protein 3). The OFP family is plant-specific, participating
in regulation of cellular pluripotency, morphogenesis, and
growth in A. thaliana (Wang F. et al., 2016). Moreover, it
is suggested that changes in transcription factor regulatory
networks are an essential feature of monocot plant evolution
(Vincentz et al., 2004).

Identification of markers associated with reduced
rice resistance to R. solani under excess nitrogen fertilization

Within the second interval under consideration (170 million
years), the age of 12 genes was found. This period is
associated with the emergence of flowering plants (van der
Kooi, Ollerton, 2020). Members of the WRKY transcription
factor family (WRKY®6, 40, and 46), involved in molecular
mechanisms of flowering regulation (Song H. et al., 2024), fell
into this interval. Importantly, WRKY6 is also a participant
in the initial regulatory pathways.

The third group included 20 genes, the age of which fell
within the third interval (1,578 million years), corresponding
to the emergence of red and green algae (Zhang S. etal., 2021).
One representative of this group is the PHT1 (PHOSPHATE
TRANSPORTER1) gene, the product of which participates
in inorganic phosphate uptake and transport (Wang X. et
al., 2014). The development of phosphorus assimilation
mechanisms could have been significant in plant evolution,
as increased phosphate availability in oceans is associated
with the growth of larger eukaryotic organisms (Zhang S. et
al., 2021).

Another feature of the gene network can be noted: the
proportion of “young” genes (less than 1 million years old)
was lower than their proportion in the complete genome. The
“young” genes falling into this interval include 12 genes, many
of which are related to immune responses to varying degrees:
OsPR5 (0S01G0122000), OsNAC6 (0s01g0672100), similar
to histone H4 (0S01G0835900), OsMPK3 (0S02G0148100),
R2R3-MYB (0S02G0641300), R2R3-MYB (0S06G0205100),
OsPR1b (0S07G0127700), histone H4 (0S07G0549900),
R2R3MYB-domain protein (0S12G0564100).

The obtained data can contribute to a deeper understanding
of the reconstructed gene network functioning mechanisms
and serve as a basis for further selection of markers in breeding
plants resistant to pathogens under elevated nitrogen fertilizer
concentrations.

Search for potential marker-oriented selection targets

To search for potential marker-oriented selection targets,
analysis of gene functional significance at the biological
process level was conducted. Using the PANTHER resource,
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Fig. 5. Distribution of gene evolutionary age in the reconstructed gene network.

The X-axis shows the central points of age intervals (million years) according to the GenOrigin database, the Y-axis shows the proportion of genes in each age
interval. Blue shows the distribution for the complete set of rice protein-coding genes, red shows the distribution for genes in the reconstructed network. Aste-
risks mark age intervals with statistically significant differences in gene representation: * p=1.85-10-3, ** p=9.16- 104, *** p = 5.41-10~7, hypergeometric test.
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Table 3. Results of biological process enrichment analysis for genes in the extended network of rice response

to R. solani infection under excess nitrogen conditions

Term from Gene Ontology p-value

Response to hormone 1.09E-38
Hormone-mediated signaling pathway 2.08E-37
Response to chemical 2.15E-30
Response to stress 1.41E-22
Regulation of defense response 4.12E-16
Seed germination 5.17E-10
Response to water deprivation 4.47E-09
Defense response 3.36E-07
Cellular response to abiotic stimulus 3.70E-06
Defense response to fungus 1.81E-03

FDR Number of genes
2.87E-36 44
4.75E-35 38
3.38E-28 47
1.69E-20 50
441E-14 13
3.76E-08 6
2.74E-07 8
1.51E-05 18
1.46E-04 5
3.96E-02 4

Note. Analysis was performed using the PANTHER resource. The most significant biological processes related to response to various biotic and abiotic factors

are presented.

Gene Ontology term enrichment analysis was performed for the
extended gene network. The analysis revealed 239 statistically
significant biological processes (Supplementary Material 4),
including key signaling pathways and responses to abiotic and
biotic stresses, including fungal infections (Table 3).

Although the biological process enrichment analysis pro-
vides important information about the functional significance
of the gene network, the understanding of specific regulatory
mechanisms is necessary for selecting effective markers. The
Smart Crop knowledge base contains information about regu-
latory interactions between genes and biological processes,
which allows identifying potential markers not only by their
association with key processes but also by their regulatory
potential.

To search for potential markers, the gene network was
supplemented with regulatory connections to biological pro-
cesses using ANDVisio (Supplementary Material 5). Regu-
latory connections between genes and processes were clas-
sified as positive (upregulation), negative (downregulation),
or without direction (regulation). Figure 6 shows regulatory
networks for the processes “response to stress” and “innate
immune system”, which play key roles in stress response
mechanisms.

It should be noted that “response to stress” was found to
be overrepresented among genes in the extended network
of rice response to R. solani infection under excess nitrogen
conditions (Table 3). Three proteins are important regulators
of this process (Fig. 6a): BZR1 (brassinazole resistant 1),
serine-threonine protein kinase SAPK4 (shown in Fig. 6a
as Ser/Thr protein kinase), and transcription factor SOG1
(shown in Fig. 6a, b as OsSOG1). BZR1 is known to mediate
brassinosteroid signaling by suppressing the transcription
of stress response genes (Yang Y.X. et al., 2015; Cao et al.,
2024). SAPK4 regulates gene expression in response to salt
stress in rice (Diédhiou et al., 2008). SOGL1 controls plant
response to DNA damage-inducing stresses (Ogita et al.,
2018; Yoshiyama et al., 2018). SOG1 is a component of the
initial regulatory pathways, which allows it to be classified as
a particularly important potential marker. All the considered

CUCTEMHAA KOMIMbIOTEPHAA BUOJTIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

Fig. 6. Regulation of biological processes “response to stress” (a) and
“innate immune response” (b) by proteins that are components of the
rice gene network response to pathogenic fungus under excess nitrogen
conditions.

Connections between objects marked with black lines indicate association;
purple arrows indicate regulatory effects. Blue rectangles highlight proteins
discussed in the text.

proteins can be classified as markers controlling responses to
a wide spectrum of stress effects. This characteristic makes
them especially valuable for further research and potential
application in plant biotechnology.

The “innate immune system” process is interesting because
it is regulated by thirteen gene network participants that can
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be considered as promising markers associated with pathogen
resistance (Fig. 6b). Key regulators of this process are proteins
WRKT114 and AGO?2, as well as components of the molecular
genetic pathways described above (GSK, PR1, PR2, JAZ1,
and SOG1). WRKT114 activates immune response during
Xanthomonas oryzae pv. oryzae infection (Son et al., 2020).
AGO?2 regulates innate immunity through miRNA-mediated
suppression of target genes during Pseudomonas syringae
pv. tomato infection (Zhang X. et al., 2011). The remaining
components also make significant contributions to plant
immune response regulation (Song Y. et al., 2021; Johnson
et al., 2023; Javed et al., 2024).

Characterization of marker genes by evolutionary age
Assessment of gene evolutionary age can provide important
information for planning breeding programs, allowing predic-
tion of specificity, functional conservation, and phenotypic
effects of candidate genes. The application of gene evolu-
tionary age analysis in experiment planning is illustrated by
work on the introgression of the rice Xa21 gene. This gene
provides resistance to rice bacterial blight caused by X. oryzae
pv. oryzae. Xa21 was isolated from the wild species Oryza
longistaminata and is an evolutionarily young gene specific to
the Oryza genus. Introduction of the Xa21 gene into cultivated
rice varieties led to the creation of lines with high disease
resistance without negative effects on yield and grain quality
(Song W.Y. et al., 1995; Wang G.L. et al., 1996).

Another example is the modification of the ERF922 gene
to increase rice resistance to fungal pathogens using CRISPR/
Cas9. ERF922 is an evolutionarily young gene involved in
regulating rice immune response. Its knockout led to increased
resistance to rice blast without negative effects on plant growth
(Wang F. et al., 2016).

Our phylostratigraphic analysis of the gene network
revealed that the average evolutionary age of potential marker
genes in the “innate immune response” group is 605 million
years, which is significantly less than the corresponding value
for the “response to stress” group (1,270 million years). These
data confirm the understanding of the evolutionary youth of
immune mechanisms (Han, 2019). In the “innate immune
response” group, the age range extends from OsPR1a (less
than 1 million years) to OsGSK2 (more than 2,101 million
years), while in the “response to stress” group, from OsSOG1
(306 million years) to Ser/Thr protein kinase (1,714 million
years).

It is known that genes with a greater evolutionary age
participate in the functioning of more fundamental processes
(Wolf et al., 2009; Domazet-LoSo, Tautz, 2010). Variations
in these genes can affect multiple phenotypic traits, which
may complicate selection for target properties. In this regard,
evolutionarily young network genes appear most promising
for marker-oriented selection: OsPR5, OsNAC6, OsMPK3,
R2R3-MYB, OsPR1b, and histone H4.

Conclusion

In this work, a systems approach incorporating a wide range
of bioinformatic methods was applied to search for potential
marker genes aimed at increasing rice resistance to R. solani
under excess nitrogen conditions. Methods implemented in
the Smart Crop cognitive system, ANDSystem, and other
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well-known bioinformatic resources were used. The sys-
tems analysis, implemented as a data processing pipeline,
included: (1) investigation of differential gene expression;
(2) reconstruction and analysis of gene networks; (3) analysis
of biological process enrichment; (4) analysis of gene network
evolution using phylostratigraphic analysis; (5) analysis of
omics data on non-coding RNA co-expression.

Analysis of the molecular genetic interaction network
connecting rice responses to excess nitrogen and R. solani
infection allowed us to propose mechanisms explaining
the deterioration of rice resistance to fungus under elevated
nitrogen fertilizer concentrations. Three potential pathways
were identified: (1) the OsGSK2-mediated pathway: OsGSK2
may be a participant in the pathway linking plant responses to
excess nitrogen and R. solani fungus. At elevated levels, it can
worsen plant resistance to fungus, as shown with Verticillium
dahliae affecting Arabidopsis and cotton. According to
our data, active OsGSK2 levels may be elevated under
excess nitrogen due to decreased expression of its inhibitor
(OsABI2); (2) the OsMYB44-OsWRKY6-OsPR1 pathway:
all participants in this pathway are related to plant protection
from biotic stresses; (3) the SOG1-Rad51-PR1/PR2 pathway:
from transcription factor SOG1 through immune response
gene transcription regulator Rad51 to the PR1 and PR2 genes,
essential participants in pathogen response.

Reconstruction of the extended gene network allowed
identification of potential markers for breeding aimed at
increasing resistance to pathogens (such as R. solani) under
excess nitrogen conditions. The found markers are divided
into two groups: markers controlling rice responses to a
wide range of stresses (7 genes) and markers modulating the
immune system (11 genes).

Among the most important markers are genes that are key
participants in regulatory pathways underlying the rice gene
network response to R. solani pathogen under excess nitrogen
conditions (OsGSK2, JAZ1, PR1/PR2, SOG1).

The obtained theoretical results can serve as a foundation
for further experimental work on creating new rice varieties
with increased pathogen resistance under excess nitrogen
fertilizer conditions. The conducted research opens prospects
for developing innovative strategies in rice breeding aimed at
optimizing the balance between yield and disease resistance
in modern agrotechnical conditions.
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