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The development of highly efficient technologies in genomics, transcriptomics, proteomics and metabolomics, as
well as new technologies in agriculture has led to an“information explosion”in plant biology and crop production,
including potato production. Only a small part of the information reaches formalized databases (for example, Uni-
prot, NCBI Gene, BioGRID, IntAct, etc.). One of the main sources of reliable biological data is the scientific literature.
The well-known PubMed database contains more than 18 thousand abstracts of articles on potato. The effective
use of knowledge presented in such a number of non-formalized documents in natural language requires the use
of modern intellectual methods of analysis. However, in the literature, there is no evidence of a widespread use
of intelligent methods for automatically extracting knowledge from scientific publications on cultures such as
potatoes. Earlier we developed the SOLANUM TUBEROSUM knowledge base (http://www-bionet.sysbio.cytogen.
ru/and/plant/). Integrated into the knowledge base information about the molecular genetic mechanisms under-
lying the selection of significant traits helps to accelerate the identification of candidate genes for the breeding
characteristics of potatoes and the development of diagnostic markers for breeding. The article searches for new
potential participants of the molecular genetic mechanisms of resistance to adverse factors in plants. Prioritizing
candidate genes has shown that the PHYA, GF14, CNIH1, RCI1A, ABI5, CPK1, RGS1, NHL3, GRF8, and CYP21-4 genes
are the most promising for further testing of their relationships with resistance to adverse factors. As a result of
the analysis, it was shown that the molecular genetic relationships responsible for the formation of significant
agricultural traits are complex and include many direct and indirect interactions. The construction of associative
gene networks and their analysis using the SOLANUM TUBEROSUM knowledge base is the basis for searching for
target genes for targeted mutagenesis and marker-oriented selection of potato varieties with valuable agricul-
tural characteristics.
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Pa3BuTVe BbICOKOIPDEKTVBHBIX TEXHONOMMI B FTEHOMMKE, TPAHCKPUMTOMYKE, NMPOTEOMIKE U MeTabonoMuKe, a
TaK»e HOBbIX TEXHONOMUIA B CENIbCKOM X0351MCTBE NPUBENO K <MHPOPMaLIIOHHOMY B3pbiBY» B 6110M10T1M pacTeHNI
1 pacTeHNeBOACTBe, BKJIloYasa Npou3BoACTBO KapTodena. Jlnwb Hebonbluas YacTb MHPopMaLmm nonagaeT B Gop-
Manun3oBaHHble 6a3bl AaHHbIX (Hanpumep, Uniprot, NCBI Gene, BioGRID, IntAct 1 ap.). OAnH 13 OCHOBHbIX NCTOY-
HVKOB JOCTOBEPHBIX GMONOrMYECKNX JaHHbIX — Hay4YHas nuTepaTtypa. O6bem nuTepaTypbl BESIUK, Tak, U3BECTHAA
6a3a gaHHbIx PubMed copepxut 6onee 18 TbiC. TE3COB CTaTel, NOCBALLEHHbIX KapTodento. IbdpeKkTnBHOE No-
NyyeHune 3HaHUI, NPeACTaBNEHHbIX B TAKOM KonnyecTBe Hepopmanm3oBaHHbIX TEKCTOBbIX JOKYMEHTOB, TpebyeT
NPYIMEHEHNA COBPEMEHHbIX MHTENNEKTYanbHbIX METOLOB aHanm3a. OgHaKo B nUTepaType HET CBUAETENbCTB LLN-
POKOro NPUMEHEHNA NHTENINIEKTYalbHbIX METO0B aBTOMATUYECKOTO 13BIeYEHNA 3HAHUIA U3 HayYHbIX Ny6nnKa-
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MpuopurTr3auna reHos Kaptodens
C ncnonb3oBaHvem 6a3bl 3HaHUn SOLANUM TUBEROSUM

LMiA MO TaKMM Ky/nbTypam, Kak KapTodesnb. B pamkax HacToAwweln paboTbl Mcnonb3oBanach paspaboTaHHas Hamu
paHee 6a3a 3HaHu SOLANUM TUBEROSUM (http://www-bionet.sysbio.cytogen.ru/and/plant/). UHTterpnposaH-
HaA B 6a3e 3HaHUI NHPOPMaLINA O MONEKYNAPHO-TEHETNYECKMX MeXaHN3MaX, NIeXallyX B OCHOBE CeNIeKLMOHHO-
3HaAUYMMbIX NPU3HAKOB, CMOCOOCTBYET YCKOPEHMIO NAEHTUGUKALMN FreHOB-KaHANAATOB /1A CENEKLMOHHO-3Hauu-
MbIX XapaKTepnCTuK Kaptodensa 1 pa3paboTKy ANAarHOCTUYECKMX MapKepOoB AnA cenekunun. B ctatbe BbinonHeH
MOWCK HOBbIX NOTEHLMASIbHBIX YYaCTHUKOB MONEKYNAPHO-TEHETUYECKX MEXaHU3MOB YCTOMUYMBOCTM K HeGnaro-
nNpuATHbIM GakTopam y pacTeHuid. MNproprTr3aumns reHoB-KaHAUAATOB MoKa3sana, uto reHbl PHYA, GF14, CNIHT,
RCI1A, ABI5, CPK1, RGS1, NHL3, GRF8 n CYP21-4 Hanbonee nepcrneKTUBHbI ANs AaSibHelLen NPoBEePKN X CBs3en
C YCTONUMBOCTbIO K HeGaronpusATHbIM pakTopam. B pesynbtate NpoBefeHHOro aHanm3a BbiSBIIEHO, UTO MOJEKY-
NAPHO-FeHEeTNYECKME B3aUMOOTHOLLEHNSA, OTBETCTBEHHbIE 38 GOPMMPOBaHE 3HAUNMbIX CENTbCKOXO3ANCTBEHHbIX
NPV3HAKOB, ABNAOTCA KOMIMIEKCHBIMU W BKJTIOYAIOT MHOXECTBO Kak NMPAMbIX, Tak U ONMoCpeAoBaHHbIX B3aViMO-
nencTBuin. MocTpoeHre accoUMaTUBHBIX FeHHbIX CETEN 1 X aHaNn3 C UCnosib3oBaHmemM 6a3bl 3HaHM SOLANUM
TUBEROSUM - 3T0 0CHOBa MovcKa reHoB-MuLLeHel A1 HanpaBJIeHHOrO MyTareHe3a u MapKep-OpreHTMPOBaH-
HOW cenekummn copTos KapTodens, obnagarowmx LeHHbIMIN CENbCKOXO3ANCTBEHHBIMU NPU3HAKaMU.

KnioueBble cnoBa: KapTodenb; Solanum tuberosum; ANDSystem; aHanu3 TeKCTOB; 6a3a AaHHbIX; METO/bl aBTOMATN-
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YeCKOro 13BNeYEHNA 3HaHNI N3 TEKCTOB; NpnopnUTN3almnA reHoB; accoumaTMBHblE reHHble CeTu.

Introduction

Potatoes (Solanum tuberosum L.) have high nutritional,
technical, feed value and are one of the most important
crops. The high nutritional value of potatoes is achieved due
to the high content of carbohydrates, ascorbic acid, salts of
potassium, calcium, magnesium and other trace elements,
as well as good digestibility of proteins. Potato starch is a
raw material used in the production of alcohol, molasses,
dextrins, glucose, maltose, as well as many other products for
the chemical industry (Khlestkin et al., 2018). Potato tuber
starch is widely used in the paper, textile and other industries
(Kraak, 1992; Ellis et al., 1998; Jobling, 2004).

The development of high-performance technologies in
the field of genomics, transcriptomics, proteomics, and
metabolomics, as well as in agriculture led to an “information
explosion” in the plant biology. At the same time, only a small
amount of information gets into the formalized factographic
databases (for example, NCBI Gene, UniProt, IntAct,
BioGRID, etc.). One of the main sources of reliable biological
data is scientific literature. The well-known PubMed database
contains more than 18000 abstracts of articles devoted to
potatoes, which makes the manual analysis of such data
extremely difficult for researchers.

The lack of unified resources that integrate all available
information leads to a strong complication of tasks related to
the identification of relationships between the data sets that
describing the important and practically useful properties
of plants, their structure and the processes on the molecular
level (Khlestkin et al., 2017). Thus, the efficiency of the use
of obtained results decreases as well.

The problem of the processing of large and extra-large
amounts of data is becoming increasingly common in various
areas of human activity (Kilicoglu, 2017), making the
methods of automated text analysis (text-mining) more and
more popular. These methods can be divided into two main
groups: methods based on manually created semantic rules
and templates, and methods which are using machine learning
approaches. Methods based on semantic rules and templates
normally have a high level of accuracy, but the completeness
of the extracted information often is relatively low (Aggarwal,
2012). Another approach for automatic information retrieval
is the use of machine learning techniques. These methods
do not require manually created rules and are widely used
recently. At the same time, one of the main disadvantages of

CENIEKLMA PACTEHUA HA UMMYHUTET U MPOAYKTUBHOCTb / PLANT BREEDING FOR IMMUNITY AND PERFORMANCE

such methods is the need for extensive training sets, which are
often impossible to obtain without manual analysis.

The text-mining methods found a wide use in the dealing
with various problems of biomedicine, systems and integra-
tive biology (Friedman et al., 1999; Meystre et al., 2008; Cao
et al., 2011; Shetty, Dalal, 2011; Rebholz-Schuhmann et al.,
2012; Li et al., 2013; Wei et al., 2013; Sarker et al., 2015).

At the same time, most of the published scientific literature
contains information regarding the application of text-mining
approaches only to the model plants. For example, the
PLAN2L system (Krallinger et al., 2009) contains results
of the automatic extraction of information from protein-
protein interactions and genetic regulation from the full-text
articles dedicated to Arabidopsis thaliana, as well as some
data describing associations of genes with some cellular
and developmental processes (flower, root, etc.). Da Costa
and colleagues (2018) developed an interactive system that
allows identification of pests and diseases of rice based on
information obtained from farmers in the form of short textual
messages (SMS).

Previously, we developed a computer platform for integrat-
ed intellectual analysis of scientific publications in the field of
potato growing —the SOLANUM TUBEROSUM knowledge
base, available at http://www-bionet.sysbio.cytogen.ru/and/
plant/ (Saik et al., 2017; Ivanisenko et al., 2018). The software
of'this platform provides the automatic extraction and formal-
ized representation of information in the base of knowledge,
including the genetics data, DNA markers, breeding, seed
production, diagnosis of diseases, methods of protection and
potato storage technologies. The developed graphical interface
to the SOLANUM TUBEROSUM knowledge base provides
user access to the data, execution of user-specified queries
and visualization of obtained results. Automated analysis of
texts was carried out by using the adapted methods of the
ANDSystem tool (Demenkov et al., 2012; Ivanisenko et al.,
2015; Saik et al., 2016).

The integration of knowledge about the molecular-genetic
mechanisms underlying inside the significant for breeding traits
can help to accelerate the identification of candidate genes es-
sential for the important breeding characteristics of potatoes,
as well as the development of diagnostic markers for breeding.

At present, prioritization methods are widely used in
bioinformatics to identify candidate-genes which are
potentially involved in the trait and/or biological process
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(Chen et al., 2009). Analysis of gene networks is one of
such approaches. Previously, we developed criteria for the
prioritization of genes, based on the analysis of the structure
of the associative gene networks of ANDSystem (Saik et al.,
2018; Yankina et al., 2018). In this work, the prioritization
of genes was aimed at identifying promising candidates to
study their relationship with resistance to adverse factors.

Materials and methods

The SOLANUM TUBEROSUM knowledge base is available
at http://www-bionet.sscc.ru/and/plant/. The base consists of
three main modules.

The text-mining module is used for the extraction of
information about the interactions between objects from the
texts of scientific publications. The module is based on the
ANDSystem software tool (Ivanisenko et al., 2015). The
ANDSystem provides a multi-stage text analysis, consisting
of preprocessing of texts, retrieval of information describing
the relationships between the objects based on the semantic-
linguistic templates, and the presenting of the results in a
formalized form. The current version of ANDSystem works
only with English texts. In addition to the text analysis
tools, ANDSystem also contains tools for the collecting and
integrating of information from the external factographic
databases.

The module of the SOLANUM TUBEROSUM database
consists of the two sections: Dictionary (dictionaries of objects
and terms) and Associative networks (information about the
relationships between objects and terms).

The Dictionary section includes:

» molecular genetic data for potatoes and model plants
(genes, proteins, metabolites, miRNA, biological processes);

* genetic biomarkers;

* potato varieties;

* properties significant for breeding, economically valuable
traits and consumer properties of potatoes and model plants;

* physiological, phenotypic traits and diseases of potatoes;

* molecular genetic data on pathogens and potato pests
(genes, proteins, metabolites, biological processes);

» genetic markers of resistance to plant protection products;

» molecular targets for plant protection chemicals;

* biotic environmental factors;

* abiotic environmental factors (soil, humidity, temperature,
light, air, climate, and microclimate, etc.);

» methods and technologies:

— breeding;

— diagnosis of diseas;

— protection against diseases;

— cultivation, processing, and storage of potatoes.

The Associative networks section contains:

* physical interactions (molecular complexes protein/
protein, protein/ligand, protein/DNA);

 chemical interactions (catalytic reactions and processes)
such as a substrate-enzyme-product;

* regulatory interactions and associations (regulation of
gene expression, regulation of protein activity, gene/traits
association, etc.);

* the interactions between the terms of breeding, phenomics
and seed production, diseases, diagnostic techniques and
methods of protection.
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Prioritization of potato genes
using the SOLANUM TUBEROSUM knowledge base

The module of visualization and bioinformatics is used for
interactive construction of associative gene networks and their
analysis using bioinformatics methods.

Associative gene networks were reconstructed using
the ANDVisio program (Demenkov et al., 2012) using
information from the SOLANUM TUBEROSUM knowledge
base (Saik et al., 2017; Ivanisenko et al., 2018).

Gene prioritization was carried out on the basis of the cross-
talk centrality index (CTC), calculated using the ANDVisio
program’s Intelligent Filtration function using the formula:

CTC;= N/M,

where N, is the number of links of the j-th gene/protein with
the participants of the associative gene network; M is the
number of vertices of the associative gene network (Yankina
et al., 2018). When ranking candidate genes, the sorting was
performed in descending order of the CTC value. Thus, the
genes with the highest CTC score receive the highest priority.

Results

Using the information from the SOLANUM TUBEROSUM
knowledge base, we performed the reconstruction and analysis
of associative gene networks describing biological processes
involved in the formation of selective agricultural traits, such
as resistance to adverse environmental factors, response to
various stresses (excess salt, cold, drought, high temperature).
The reconstructed associative gene network of resistance to
adverse factors is provided in Figure. The network includes
542 genes, 544 proteins, 34 biological processes and 2406
interactions between them.

Table 1 contains the list of biological processes that are
responsible for resistance to adverse factors in potatoes.
From the table, it can be seen that the largest number of genes
and proteins is associated with the “response to oxidative
stress” Gene Ontology process (Gene Ontology identifier —
G0:0006979). In plants, the oxidative stress is observed under
the majority of unfavorable environmental factors, including
the cold, drought, soil salinization, high temperatures and
pathogens (Mittler, 2002; Ramirez et al., 2018).

A number of studies for potatoes discussing the possibilities
for creating the plant lines resistant to various adverse
environmental conditions, which can be obtained by modifying
the biological processes presented in Table 1 have already
been conducted (Jones et al., 2014; Kikuchi et al., 2015).
For example, it was shown that transgenic potatoes in which
the Cu- and Zn-superoxide dismutase genes of tomato were
expressed had increased resistance to oxidative (Perl et al.,
1993), as well as to cold and salt (Shafi et al., 2017) stresses.
P. Monneveux et al. (2013) discussed the relationship of 14
potato genes to drought tolerance and the possibilities of their
use for the development of transgenic plants. The relationship
between the ACS4, ACS5 potato genes and the response to
biotic stress has been studied by C.D. Schlagnhaufer (1997).
The creation of transgenic potato lines with different levels of
expression of the PHYB gene can open up the possibilities to
study the mechanisms of resistance of potatoes to the effects
of elevated temperatures (Trapero-Mozos et al., 2018).

The prioritization of genes carried out using the CTC (cross-
talk centrality) index, allowed to identify candidate genes
which are most promising for further study of their relationship
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with resistance to adverse environmental factors, as well as
response to various stresses. Table 2 contains the top 10 of
such candidate genes, ranked according to the values of the
CTC indicator, which reflects the degree of gene connectivity
in the gene network presented in Figure.

From Table 2 it can be seen that the first place belongs to
the PHYA gene that encodes the photoreceptor phytochrome
A participating in various biological processes, including the
control of the circadian rhythm, flowering and leaf movements
in response to exposure to light with different wavelengths
(Yanovsky et al., 2000). R.J. Sawers et al. (2005) discussed in
their paper the use of phytochromes in crop breeding programs
for developing varieties resistant to negative growth factors
under thickened sowing conditions. Other examples of studies
of the effects of phytochrome mutations on plant phenotypes
are the works performed by (Chen et al., 2013; Zhang et al.,
2013). Thus, J. Zhang et al. (2013) demonstrated the effect of
phyB mutations in A. thaliana on a number of plant phenotypic
traits, while J. Chen et al. (2013) showed that loss of PHYC
functional activity in wheat could lead to changes in the
circadian rhythm and a sharp delay in flowering during the
long daylight hours.

The second, fourth and ninth places belong to the genes from
the 14-3-3-like proteins family (GF/4, RCIIA, and GRFS,
respectively). These proteins regulate the cell cycle, apoptosis,
immune processes, nitrogen and carbon metabolism, and are
involved in the regulation of starch synthesis, ATP production,
detoxification by peroxide and in some other biochemical
pathways. Also, the plant development and seed germination
are controlled by factors which are activated by interacting
with 14-3-3-like proteins (Fulgosi et al., 2002). Swigdrych et
al. (2002) showed that decrease in the level of GF14 protein
leads to an increase in calcium, starch and an increase in
the ratio of soluble sugars to starch in potato tubers, as well
as to the significant increase of methionine, proline, and
arginine in potato cells. It was shown that the suppression
of GF14e gene expression by the RNA interference method
could lead to the increased resistance of rice to the virulent
strain of the Xanthomonas oryzae pv. oryzae (X00) bacterial
phytopathogen (Manosalva et al., 2011). It is known that plants

MpuopurTr3auna reHos Kaptodens 2019
c ucnonb3osaHnem 6asbl 3HaHM SOLANUM TUBEROSUM 23.3
Table 1. Top 10 biological processes
that provide resistance to adverse environmental factors,
ordered according to the number of associated genes
Name of the Gene Gene Ontology  Genes/
Ontology biological process ID number proteins

with mutations in the RCI/A and GRFS§ genes are having
increased resistance to the low temperatures (Catala et al.,
2014; Liu et al., 2017).

The third place was given to the CN/HI gene, which
encodes the plants protein interacting with the sodium
transporter HKT1 and providing the correct location of
the transporter on the Golgi apparatus membrane (Rosas-
Santiago et al., 2017). In the work of M.M. Wudick et al.
(2018), the effect of mutations in the CNIHI gene on pol-
len and calcium homeostasis in A. thaliana was studied. It
is interesting to note that potato cultivar Yubiley Zhukova,
which has enhanced salt and drought tolerance, was ob-
tained due to the overexpression of the vacuolar Na'/H*
antiporter NHX2 (Belyaev et al., 2011).

The homolog of the transcription factor ABI5 bZIP-type
(ABI5) was ranked fifth. ABIS plays an important role
in seed germination, which is regulated by abscisic acid

Table 2. The top 10 high-priority candidate genes potentially involved

in resistance to adverse factors

Rank Gene Name of protein Cross-talk centrality
1 ........................ P HYA ........................... P hytochromeA0011514615 ............................
2 ....................... G F74 ........................... 1433|,keprotem0011514515 ............................
3 ....................... C N”_” ......................... A nt,porterCN|H100”514615 ............................
4 ....................... R C”A .......................... 1433|,keprotemG|:14p5,0010628875 ............................
5A3/5 ............................ A B|5bz|ptranscr,pt,onfactorAB|5homo|og0009743136 ............................
6 ....................... C PK1 ........................... C alaumdependentpmtemkmase]0008857396 ............................
7 ....................... R GS; ........................... R egu|atorofGprotemS,gna|,ng10003357396 ............................
8 ....................... N H/_3 ........................... N DR1/H|N1|,keprotem30008857396 ............................
9 ....................... G RF8 ........................... 1433hkepr0temGF14kappa0008857396 ............................
10 ....................... C YP214 ...................... P ept,dy|pro|y|c,5trans,somerasecyp2140007971656 ............................

CENIEKLMA PACTEHUA HA UMMYHUTET U MPOAYKTUBHOCTb / PLANT BREEDING FOR IMMUNITY AND PERFORMANCE

315



using the SOLANUM TUBEROSUM knowledge base

Prioritization of potato genes
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(Finkelstein, 1994; Lopez-Molina et al., 2002). The ABIS
bZIP-type transcription factor is involved in the activation
of genes responsible for the accumulation of proteins during
seed development. It is known that the reduction of the
expression of the ABI5 gene activates the meristem growth
(Lopez-Molina et al., 2002). Mutations of the ABI5 gene
in A. thaliana are associated with reduced sensitivity to
abscisic acid, as well as to salt and osmotic stress during the
germination (Finkelstein, Lynch, 2000; Carles et al., 2002;
Tezuka et al., 2013).

In sixth place was the CPK/ gene, it encodes a calcium-
dependent protein kinase C, which is involved in the immune
response, resistance to fungal diseases and pathogens (Gravino
et al., 2015). Mutations of CPK/ gene in the 4. thaliana are
known to cause hypersensitivity to salt stress and drought,
while transgenic plant lines with increased expression of
CPK1 showed significant resistance to salt stress and drought
(Huang et al., 2018).

The seventh place was taken by the RGSI gene, which
encodes the negative regulator of the signaling pathway
of G-protein type 1. It is known that the expression of this
gene decreases in response to water deficiency (Campbell et
al., 2012). A. Chen et al. (2006) showed for 4. thaliana that
transgenic plants with over-expressed RGS/ gene have an
increased drought tolerance.

The NHL3 gene appeared to be in the eighth place; this
gene encodes NDR1/HIN1-like protein 3, which is involved
in response to pathogens (Chong et al., 2008). The A. thaliana
transgenic line, in which increased expression of the NHL3
gene was observed, showed the increased resistance to the
pathogen Pseudomonas syringae pv. tomato DC3000 (Varet
et al., 2003).

The tenth place in Table 2 was taken by the CYP2/-4
gene, encoding cyclophilin, localized in the Golgi apparatus,
which is involved in tolerance to oxidative stress (Park et
al., 2017). The authors consider the over-expression of the
CYP21-4 gene in crops as a new promising way to increase
the productivity of plants. For potatoes and rice, it has been
shown that transgenic plants in which the CYP2/-4 gene is
over-expressed have increased yield, the stems and roots of
the plants are longer, and the leaves are thicker. Also, such
potatoes produced a bigger number of tubers of a larger size,
and the microtubers were formed faster than in wild-type
plants (Park et al., 2017).

Conclusion

In the current work, a search for new potential participants
of molecular genetic mechanisms of resistance to adverse
factors in plants was carried out. Prioritization of candidate
genes has shown that the PHYA, GF14, CNIHI, RCIIA,
ABIS5, CPKI1, RGS1, NHL3, GRF8 and CYP2]-4 genes are
the most promising for the further study of their relationship
with resistance to adverse factors. The performed analysis
reviled that the molecular-genetic relationships responsible
for the formation of significant agricultural traits are complex
and include many direct and indirect interactions. The
representation of these interactions in the form of associative
gene networks and their analysis using the SOLANUM
TUBEROSUM knowledge base can be the basis for the
search for target genes important for targeted mutagenesis
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and marker-oriented selection of potato varieties resistant to
adverse environmental factors.
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