SYSTEMS AND COMPUTATIONAL BIOLOGY BaBnnoBcKuUi XXypHan reHeTUKMN 1 cenekumm. 2023;27(8):1031-1041

Original article DOI 10.18699/VJGB-23-118

Reconstruction and analysis of the gene regulatory network
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Abstract. The plant cell wall represents the outer compartment of the plant cell, which provides a physical barrier and
triggers signaling cascades under the influence of biotic and abiotic stressors. Drought is a factor that negatively affects
both plant growth and development. Cell wall proteins (CWP) play an important role in the plant response to water
deficit. The adaptation mechanisms of the cell wall to water loss are of interest for identifying important genetic factors
determining plant drought resistance and provide valuable information on biomarkers for further selection aimed at
increasing the yield of crop plants. Using ANDSystem, a gene network describing the regulation of CWPs under water
restriction conditions was reconstructed. The analysis of the gene network and the transcriptome data analysis allowed
prioritizing transcription factors (TF) based on their enrichment of differentially expressed genes regulated by them. As
aresult, scores were calculated, acting as indicators of the association of TFs with water deficit. On the basis of the score
values, eight most significant TFs were selected. The highest priority was given to the TF GBF3. CWPs were prioritized
according to the criterion of summing up the scores of transcription factors regulating these genes. Among the most
prioritized CWPs were the AT5G03350 gene encoding a lectin-like protein, AT4G20860 encoding BBE-like 22 required for
the oxidation of cellulose degradation products, and AT4G37800 encoding xyloglucan endotransglucosylase/hydro-
lase 7. Overall, the implemented algorithm could be used for prediction of regulatory interactions between transcrip-
tion factors and target genes encoding cell wall proteins in plants.

Key words: plant cell wall; drought; plants; differentially expressed genes; text mining; microarray; gene regulatory
network.
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AHHOTauusA. PacTuTenbHasa KneTouHasa CTeHKa NpefcTaBiseT coboi BHELIHWI KOMMAapPTMEHT PacTUTENIbHOW KNETKH,
KOTOpPbI BO MHOFOM obecneymBaeT Gpranyecknin 6apbep 1 3anyck CMrHanabHbIX Kackagos Npu AeicTBrm 61o- n abro-
TUYECKNX CTPeCCOPOB. 3acyxa HeraTVBHO BMAET Kak Ha POCT, Tak 1 pa3BuTME pacTeHU. benkn KNneTouHom CTeHKM
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Analysis of the gene network for cell wall function
in Arabidopsis thaliana leaves in response to water deficit

(BKC) nrpatoT cyLecTBeHHYIO POJib B OTBETE PACTEHUI Ha BOAHbIN AepuLmT. MexaHn3mbl afanTaumm KNeTOYHON CTEHKM
K noTepe BOAbl MOTyT ObiTb UCMONb30BaHbI Af1A BbIABEHNA BaXHbIX reHeTMYeCKUX GaKTopoB, onpeaensatoLmx ycTon-
YMBOCTb PACTEHNI K 3aCyXe, N NPeAOCTaBNAIOT LIEHHbIE flaHHble 0 BoMapKepax AnsA AanbHeNLWen cenekumm, Hanpas-
NEHHOWN Ha MOBbIEHNE YPOXKAMHOCTY KyNbTYpHbIX pacteHnid. C nomolybio ANDSystem peKoHCTpyrpoBaHa reHHas
ceTb, No3BonAwLWan onncbiBatb perynauuio bKC B ycnoBuax orpaHnyeHna noivsa. AHanmn3 reHHoM CeT COBMECTHO C
aHaNM30M TPaHCKPUNTOMHbBIX AaHHbIX MO3BOMIA NPOBECTY MPUOPUTM3ALINI0 TPAHCKPUMNLMOHHbIX dakTopos (TM) no ux
oboraleHHOCTU perynnpyembimy aAnddepeHLmanbHO IKCNPeCcCnpyoLWMMIUCA reHamu. B pesynbTate 6bin paccumTaHbl
Beca, ABnALWyMecs nHarnkatopamm accoynaumm TO ¢ BogHbIM aeduumtom. Mo 3HaueHMAM BecoB 0ToOpaHbl BOCEMb
Hav6onee 3Haunmbix TO. Hanbonbwmm nproputetom obnagan T® GBF3. MNproputusaumsa BKC npoBepeHa no Kpute-
PU0 CyMMUPOBAHUA BECOB TPAHCKPUMLIMOHHbIX GpaKTOPOB, PErynmpytoLmx 3Tu reHbl. K Hanbonee nproputetHbiM BKC
OTHeceHbl reH AT5G03350, KogupyoLnin NeKTUH-NoJo6HbIN 6enok; AT4G20860, kopupyowmii depmeHT 6epbepuHoOBO-
ro mocta BBE-like 22 (berberine bridge enzyme-like 22), Heobxoanmbiit Ans oKMCNeHNA NPOAYKTOB pacnaza Lennioso-
3bl, 1 AT4G37800, KOANPYIOLLNI KCUNOTTIOKaH SHAOTPaHCIMKO3Unasy/ruaponasy 7.

KnioueBble cfioBa: KNeToyHaa CTeHKa pacTeHUl; 3acyxa; pacTeHus; anddepeHUManbHO SKCNPeCCUMpYoLWMecs reHbl;
VHTENNEKTYasbHbI aHanm3 TeKCTa; MUKPOUN; PEryNATOPHaA reHHan CeTb.
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Introduction

The plant cell wall is a complex structure composed of nu-
merous biopolymers. The structure and composition of the
cell wall change during plant development and are incredibly
diverse not only between plant species but also between tissue
types (Burton et al., 2010). Throughout their life cycle, plants
are exposed to abiotic stresses such as drought, flooding, salin-
ity, heavy metal pollution, nutrient deficiencies, and more. The
plant cell wall provides a structural basis for supporting plant
growth, serves as a source of various signals, and contributes
to plant resistance to stressors.

Drought is a significant environmental problem, severely
affecting plant growth, development, and yield. Plants sub-
jected to water deficit exhibit morphological changes, in which
proteins that are part of the cell wall play a critical role (Le
Gall etal., 2015; Ezquer et al., 2020). However, the functions
of these proteins, their regulation, and their interactions require
further investigation.

Plant adaptation to drought has been demonstrated to be
mediated by signaling pathways involving transcription fac-
tors (TFs) (Singh, Laxmi, 2015; Joshi et al., 2016). Therefore,
studying the role of TFs as the primary regulators of water
deficit-sensitive genes is particularly interesting. TFs regulate
the expression of water deficit-sensitive genes in an abscisic
acid (ABA)-dependent or ABA-independent manner (Yama-
guchi-Shinozaki, Shinozaki, 2006). ABA-dependent positive
regulators include the ABF/AREB (ABA-responsive element
(ABRE)-binding proteins/ABRE-binding factors) family of
the bZIP (basic leucine zipper) type, which recognizes ABA-
sensitive elements (ABRE) in the promoters of ABA-induced
genes (Choi et al., 2000). The ABA-dependent regulatory
pathway also includes several other families of transcription
factors, such as AP2/ERF, MYB, NAC, and bHLH. In contrast,
key ABA-independent regulators are members of the DREB
family (Fujita et al., 2011).

Reconstructing gene networks based on the analysis of
transcriptomic data obtained under water deficit conditions can
contribute to understanding the molecular-genetic mechanisms
underlying the formation and functioning of the plant cell

wall in drought resistance. Currently, approaches based on the
automatic analysis of scientific publication texts are actively
used for gene network reconstruction. Previously we have
developed the cognitive ANDSystem tool based on artificial
intelligence methods, which performs automatic extraction
of knowledge from scientific publications and factographic
databases (Ivanisenko et al., 2015, 2019, 2020, 2022a). AND-
System has been applied to a wide range of tasks, including
the interpretation of metabolomic data in the analysis of blood
plasma from COVID-19 patients (Ivanisenko et al., 2022b)
and the prioritization of genes associated with human dis-
eases (Saik et al., 2016, 2018a, b, 2019; Yankina et al., 2018;
Antropova et al., 2022). The ANDSystem technology has also
been used to solve problems in the field of plant biology. For
example, with the help of ANDSystem, the SOLANUM TU-
BEROSUM knowledge base (Saik et al., 2017; Ivanisenko et
al., 2018), which contains associative gene networks of plants,
was developed. The application of ANDSystem allowed the
identification of important genes involved in the response to
abiotic stresses caused by drought, soil salinity, and elevated
cadmium concentration (Demenkov et al., 2021).

To date, several studies have been carried out on the re-
construction of gene networks describing the response of
Betula platyphylla and barley to drought (Javadi et al., 2021;
Jia et al., 2022). Gene networks have also been constructed
that describe the biosynthesis of the secondary cell wall of
A. thaliana and the interactions of TFs that regulate cell wall
biosynthesis in rice (Taylor-Teeples et al., 2015; Zhao et al.,
2019). However, these gene networks have not been focused
on the involvement of the cell wall in response mechanisms
to water deficiency.

Using the ANDSystem software package (Ivanisenko et al.,
2015, 2019, 2020, 2022a), we reconstructed a gene network
based on the analysis of transcriptomic data for Arabidopsis
thaliana leaves under water deficit conditions (Perera et al.,
2008; Ding et al., 2009; Kiihn et al., 2014; Fang et al., 2016;
Noman et al., 2019). The reconstructed gene network and
transcriptomic analysis prioritized TFs and genes encoding
cell wall proteins (CWP) based on their involvement in the

1032 BaBunoBcKuii XXypHan reHeTuku n cenekuunm / Vavilov Journal of Genetics and Breeding - 2023 - 27 - 8



A.P.BonsaHckasn, E.A. AHTponoBa, Y.C. 3y6aunposa ...
H.A. KonuaHoB, M. YeH, B.A. IBaHnceHKO

stress response during water deficit. The method of transcrip-
tion factor prioritization contributed to isolating key regulatory
proteins that are sensitive to the effects of water deficiency.
The identification of key TFs made it possible to identify a
list of target genes involved in the mechanisms of cell wall
resistance to water deficit conditions. The final gene network
containing priority genes included 8 TFs and 59 protein genes
present in the cell wall according to the WallProtDB database
(San Clemente, Jamet, 2015). According to the prioritiza-
tion results, the GBF3 gene encoding the TF made the most
significant contribution to the regulation of cell wall genes.
Among the cell wall genes, the lectin-like protein was the
most important. The results reveal potential molecular-genetic
mechanisms of the plant cell wall response to water deficit.

Materials and methods

Identification of Arabidopsis thaliana cell wall proteins.
The WallProtDB plant cell wall proteomics database (http://
www.polebio.lrsv.ups-tlse.fr/WallProtDB) (San Clemente,
Jamet, 2015) was used for finding the A. thaliana cell wall
proteins. WallProtDB contains proteins identified using
mass spectrometry technology in the cell wall proteome. Ac-
cording to the WallProtDB data, all cell wall proteins were
divided into nine functional classes: 1) proteins acting on
cell wall carbohydrates, 2) oxidoreductases, 3) proteases, 4)
proteins with protein or polysaccharide interaction domains,
5) structural proteins, 6) lipid metabolism-related proteins, 7)
proteins presumably involved in signal transduction, 8) vari-
ous proteins, and 9) proteins with unknown function (Jamet
etal., 2008). Enzymes synthesizing cell wall components and
forming necessary substrates are not included in the list, as
they are localized in other compartments and are, therefore,
not represented in the WallProtDB database.

Processing of transcriptomic data. Data on the differen-
tial expression of 4. thaliana genes under limited watering
conditions were taken from the DNA microarray experiments
database from the NCBI Gene Expression Omnibus (GEO)
(https://www.ncbi.nlm.nih.gov/geo/) (Perera et al., 2008; No-
man et al., 2019; Fang et al., 2016; Ding et al., 2009; Kiihn
et al., 2014). Bioinformatics analysis of transcriptomic data
was performed in the R programming environment using
Bioconductor packages (Gentleman et al., 2004). Reading
of the CEL files containing probe identifiers and intensities
was done using the read Affy() function from the affy package
(Gautier et al., 2004). Data normalization, background noise
correction, and gene expression level calculations were done
using the affy package’s rma() function. Differential gene
expression analysis was performed using the limma package
(Ritchie et al., 2015).

To identify differentially expressed genes (DEGs) across
multiple experiments, consistently activated or consistently
suppressed under water deficit conditions, binomial distribu-
tion (p-value = 0.05) was applied using the binomtest() func-
tion implemented in the scipy.stats library.

Reconstruction and analysis of the gene network. The gene
network describing regulatory relationships of TFs with target
genes associated with the cell wall response of A. thaliana
leaves to water deficit was constructed using the ANDSystem
software package (Ivanisenko et al., 2015,2019, 2020, 2022a).
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Prioritization of transcription factors and their target
genes.The prioritization of transcription factors was car-
ried out based on the score of the transcription factor (STF)
values. The STF for a given transcription factor was equal
to the number of DNA microarray experiments in which the
list of cell wall genes regulated by this TF was enriched with
DEGs. Enrichment was assessed using the hypergeometric
distribution.

The prioritization of cell wall genes was carried out using
the score of cell wall protein (SCWP), equal to the number
of connections between the cell wall gene and TFs in the
gene network.

Results

General analysis scheme

The overall workflow is shown in Figure 1. It consists of the
stage of transcriptome data analysis for A. thaliana leaves
under water deficit conditions (this analysis aims to determine
stably DEGs), gene network reconstruction stage (at this stage,
the cell wall gene regulatory network under water deficit
conditions was reconstructed using automated text analysis
methods for scientific publications, factographic databases,
and differential gene expression data), and the stage of pri-
oritizing genes based on their involvement in the response to
stress caused by water deficit.

Differentially expressed genes
under water deficit conditions
To determine the DEGs of A. thaliana under limited watering
conditions, an analysis of data from five DNA microarray
experiments from the NCBI GEO (https://www.ncbi.nlm.nih.
gov/geo/) was carried out (Table 1). All data were obtained on
the Affymetrix Arabidopsis ATH1 Genome Array platform. In
all experiments, the subject of the study was leaves, and the
duration of days without watering ranged from 4 to 14 days.
A p-value threshold and a log fold change threshold
(logFC) were used to determine differentially expressed genes:
p-value < 0.05 and logFC > 1. Table 2 shows the number
of DEGs for each of the five experiments. Expression data
analysis across five experiments, performed using the binomial
distribution, showed that changes in gene expression in two
or more experiments could indicate that the gene is a stable
DEG with a significance level of p-value < 0.05.

Gene network reconstruction
The input data for the gene network reconstruction consisted
of 1073 A. thaliana gene identifiers TAIR, encoding CWP,
obtained from the WallProtDB database (Supplementary
Table 1'). Using ANDSystem, a regulatory network was
reconstructed, containing interactions of these genes with
transcription factors. For 692 genes, 599 potential TFs were
identified. 381 CWP genes without interactions with TFs were
removed from the network.

In the next step, we selected TFs considering their in-
volvement in biological processes related to plant responses
to drought. In ANDSystem, four biological processes were

1 Supplementary Tables 1-5 and Supplementary Figure are available at:
https://vavilovj-icg.ru/download/pict-2023-27/appx34.xIsx
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Fig. 1. A pipeline for reconstructing a regulatory gene network describing the regulation of expression of A. thaliana cell wall
proteins in drought response.

DEG, differentially expressed genes; CWP, cell wall protein; TF, transcription factors.

Table 1. Publicly available DNA microarray data for A. thaliana leaves used in this study

Analysis of the gene network for cell wall function
in Arabidopsis thaliana leaves in response to water deficit

Development stage Days without watering

GSE10670 2 months 7 days
655566421m0nth14day5 ...................................
GSE155771month ............................ 6day5 .....................................
GSE720501month ............................ 5days .....................................
655609601m0nth ............................ 4day5 .....................................

Cell source Ecotype Reference

Leaves .............................. Co |0 ................................. Pere ra eta| 2 0 08 ..........
Leaves .............................. Co |0 ................................. Noma n ; e t a| . 201 9 .........
Leaves .............................. C0|0 ................................. Fangeta|2o16 .............
Leaves .............................. Co|0 ................................. Dmgeta|2009 .............
Leaves .............................. Co |0 ................................. Ku hn eta| 2014 ............

Table 2. Number of identified differentially expressed genes in the experiments

Study (GEO ID) Number of DEGs

GSE10670 .............................. 3153 ....................................... 21 ....................
GSE56642 .............................. 6017 ....................................... 33 ...................
GSE15577 .............................. 375312 ...................
GSE720501959” ....................
GSE60960160313 ...................

represented, with their names containing the keywords
“drought” and “water” in combination with “tolerance” and
“deprivation.” These processes included the response to water
deprivation, obsolete drought tolerance, drought recovery, and
response to water. Fifty-six TFs were associated with these
processes in ANDSystem (Fig. 2).

These 56 TFs were found to regulate 425 CWP genes
(Suppl. Table 2). As a result of the analysis of A. thaliana
leaves, it was shown that 23 TFs (Suppl. Figure) and 146 CWP

Number of TF genes among DEGs

Number of CWP genes among DEGs

genes demonstrated a stable unidirectional change in expres-
sion (Suppl. Table 3). However, not all CWP genes among
the targets of the 23 TFs in the gene network were stably uni-
directional DEGs. Therefore, we assessed the importance of
TFs for the plant response to drought based on the enrichment
analysis of their targets in the CWP DEG gene network. We
assumed that the more CWP DEGs are among the targets of
a transcription factor, the more significantly the transcription
factor is associated with the plant’s response to water deficit.
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Fig. 2. Associative network of transcription factors related to drought.
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Fig. 3. Gene network regulating the cell wall of Arabidopsis thaliana L. in response to water deficit and connection with key hormones.

Prioritization of transcription factors
and their target genes and reconstruction
of the resulting gene network
The prioritization of TFs and CWP genes for the response
to drought was based on the STF and SCWP criteria, which
characterized both their differential expression and their con-
nections with DEGs in the gene network (see methods). The
values of these indicators were calculated for the participants
of the gene network and are presented in Supplementary
Tables 4 and 5. The highest STF and SCWP values corre-
sponded to the highest priority.

Priority TFs were selected based on the statistically sig-
nificant enrichment of their target genes encoding CWPs in

DEGs in at least one of the transcriptomic experiments. Thus,
according to this criterion, out of 23 TFs, 8 priority TFs were
identified. The identified transcription factors belonged to
the TF families HD-ZIP, bZIP, ERF, NAC, and MYB. All
TFs were removed from the network to obtain the resulting
gene network, except for those identified as priority TFs. Cell
wall protein genes not connected to TFs were also removed.
After filtering, the gene network contained 8 TFs and 59 CWP
genes (see Suppl. Tables 4 and 5). We were also interested
in analyzing the possible regulation of the identified TFs by
active low-molecular-weight compounds (polyamines and
hormones). For this purpose, the gene network was expanded
with interactions of TFs with metabolites (Fig. 3).
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Discussion

The scientific literature actively studies the genetic regulation
of plant cell wall functioning under drought conditions. To
date, a large amount of information has been accumulated
on the molecular-genetic events of plant responses to water
deficit, including data from differential gene expression ex-
periments. Applying an approach based on the reconstruction
of gene networks allows for integrating disparate knowledge
to describe the molecular-genetic mechanisms of complex
cell processes. Here, we reconstructed a gene network using
ANDSystem and prioritized its participants based on their im-
portance for the response of 4. thaliana to drought conditions.
The reconstructed gene network contains eight transcription
factor genes and their protein products, six low-molecular-
weight compounds (hormones and polyamines), and 59 genes
encoding cell wall components regulated by the identified TFs
(see Fig. 3). These 59 genes belong to 8 of the nine functional
groups according to the classification presented in Supplemen-
tary Table 5. One functional class (structural protein group)
is not represented among the identified genes.

The most prioritized transcription factor

Interestingly, all eight identified genes encoding TFs showed
expression activation (see Suppl. Table 4). Among them,
GBF3 regulates the transcription of the most significant num-
ber of genes encoding CWP. At the same time, it was stably
expressed in all analyzed A. thaliana transcriptomes in this
study obtained under water restriction conditions. There is also
evidence that overexpression of GBF3 in A. thaliana led to
improved resistance to osmotic stress, salinity, and drought,
in addition to conferring insensitivity to ABA (Ramegowda
etal., 2017).

Proteins acting on cell wall carbohydrates

In the reconstructed gene network, the largest group was
represented by genes encoding proteins that act on cell wall
carbohydrates (21 genes), 10 of which showed activation and
11 showed suppression of expression. This functional class
includes expansins, glycosidases, and esterases. The highest
priority among this functional class was given to the gene
XTH7 (AT4G37800), encoding xyloglucan endotransgluco-
sylase/hydrolase 7. XTHs can hydrolyze and reconnect the
molecules of xyloglucan — the key hemicellulose of primary
cell walls (Rose et al., 2002). These enzymes are involved in
cell wall remodeling during plant cell growth and response to
various stressors. X THs are encoded by a large multigene fa-
mily, members of which are differentially expressed in various
physiological situations having peculiarities in activity mode
and regulation nuances (Zhang et al., 2017; Nazipova et al.,
2022). According to the SCWP indicator, XTH7 is ranked
third among the 59 considered cell wall genes (5 points, see
Suppl. Table 5). As can be seen from Figure 3, this gene is
regulated by TFs GTF3 and DREBIA (CBF3). The XTH7
enzyme and its activity have not been fully characterized yet.
According to gene expression data, XTH?7 is involved in salt
resistance and ethylene-dependent apple softening (Zhang et
al., 2017; Cai et al., 2023). It also participates in processes
such as cell enlargement and restructuring. According to our
differential expression analysis, it showed stable suppression,
as aresult of which its influence on limiting cell growth under
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drought conditions can be assumed. The other members of
this functional class had priority ratings ranging from one to
three points. The second-highest ranking gene is AT2G43570,
encoding the enzyme endochitinase CHI (3 points, see Suppl.
Table 5).

Proteases

The next most represented functional group was proteases,
with eight genes. Subtilases are the most represented fam-
ily of cell wall proteases (Jamet et al., 2008). Eight genes
belonging to the protease functional group were identified
in the regulatory gene network, with 4 showing activation
of expression and 4 showing suppression. According to the
SCWP indicator, three genes from this functional group scored
three points: 472G23000, encoding serine carboxypeptidase-
like 10 (SCPL10), which is necessary for the biosynthesis of
sinapoylated anthocyanins; AT73G 14067, encoding subtilisin-
like protease SBT1.4; and AT5G44530, encoding subtilisin-
like protease SBT2.3 (see Suppl. Table 5). SBT1.4 is also
called senescence-associated subtilisin protease due to its
role in leaf aging. It has been shown that SCPL10 slows
down the elongation of the main shoot, branching, and size
of inflorescences (Martinez et al., 2015). According to our
analysis, the expression of this gene increases under water
deficit conditions, suggesting that SCPL10 may play a direct
role in inhibiting plant growth under drought conditions. Other
representatives of this group scored 1 to 2 SCWP points.

Proteins with interaction domains

(with proteins or polysaccharides)

In our study, the highest SCWP score was obtained by the
AT5G03350 gene (7 points, see Suppl. Table 5), which belongs
to the functional class of proteins having interaction domains
with proteins or polysaccharides. This class includes lectins
and enzyme inhibitors, such as polygalacturonase inhibiting
protein, pectin methylesterase, and protease inhibitors. Among
the six differentially expressed genes of this functional group
identified under water deficit conditions, the expression of
four genes was suppressed, while two genes demonstrated
activation of expression. In a previous study conducted on
220 microarray samples of A. thaliana available in the GEO, it
was also shown that under drought conditions, the A75G03350
gene, encoding salicylic acid-induced legume lectin-like pro-
tein 1, was suppressed 7.9 times (Shaik et al., 2013). It seems
to be involved in 4. thaliana responses to multiple environ-
mental stresses (including cold, high light, oxidative, ozone,
and wound) and SA-mediated processes occurring in the
effector-induced immune response (Armijo et al., 2013; Bis-
was et al., 2022). Due to the unusual structure of the legume
lectin domain, proteins of this family may have a wide range
of carbohydrate-binding specificity (Sharma et al., 1997),
which possibly determines their diverse functions (including
involvement in symbiosis, defense mechanisms against bacte-
rial infection, enhanced tolerance against insects, salinity, and
stomatal closure) (Van Holle et al., 2017). According to our
results, the AT5G03350 gene is most significantly associated
with TFs differentially expressed under water deficit condi-
tions. These factors include HAT22, BH122, MYB44, ABF3,
and ATHB?7. Other representatives of this class scored between
1 and 3 SCWP points.
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Oxidoreductases

In the reconstructed regulatory network, five oxidoreductase
genes were identified; under water deficit conditions, the ex-
pression of two of these genes was activated, and three were
suppressed. According to our study, the AT4G20860 gene
ranks second in priority among the 59 investigated cell wall
genes, with an SCWP of 5 (see Suppl. Table 5). AT4G20860
encodes berberine bridge enzyme-like 22 (BBE-like 22),
which is necessary to oxidize cellodextrins (cellulose degra-
dation products). Its role under limited irrigation conditions
is unclear; however, it has been shown that A. thaliana with
increased expression of the A74G20860 gene product is more
resistant to the Botrytis cinerea fungus, presumably because
oxidized cellodextrins are a less valuable carbon source (Locci
etal., 2019). In the reconstructed gene network, A74G20860
may be regulated by TFs such as HAT22, GBF3, and ABF3
and is activated under water deficit conditions.

Other representatives of the oxidoreductase class — per-
oxidases — perform a dual function in plant cell walls: they
contribute to the weakening of the cell wall by releasing
hydroxyl radicals (OH-), which can cause polysaccharide
scission (Schweikert et al., 2000) and increase wall rigidity
by strengthening extensin cross-links and supporting ligni-
fication and suberization of the cell wall (Novakovi¢ et al.,
2018).

Proteins related to lipid metabolism

In the reconstructed gene network, six genes encode proteins
involved in the metabolism of cell wall lipids. According to
the analysis we conducted, under water deficit conditions, the
expression of two genes was enhanced, while the expression
of four genes was suppressed. Various studies have shown
that plants remodel lipid composition in response to drought
(Gigon et al., 2004; Liu et al., 2021). In experiments on milk
thistle, it was demonstrated that under drought conditions,
PLA2-ALPHA (472G06925), which encodes a secretory
phospholipase A2 enzyme, had reduced expression (Ghanbari
Moheb Seraj et al., 2022), which is also evident in our results.
Secreted PLA2s are low molecular weight calcium-dependent
enzymes, which specifically hydrolyze the sn-2 position of
phospholipids and can do that in an organized membrane
(Mariani, Fidelio, 2019). They are involved in many cell wall-
related processes; for example, Arabidopsis PLA2-ALPHA
is required for the trafficking of PIN-FORMED auxin efflux
transporters to the plasma membrane (Lee et al., 2010). The
PLA2-ALPHA gene scored 4 points on the SCWP indicator
(4th place in Suppl. Table 5), meaning it is significantly as-
sociated with regulatory factors differentially expressed under
water deficit conditions (HAT22 and GBF3).

Three other genes from this category, AT1G27950 for
LTPG1 (SCWP 3), AT5G59310 for LTP4 (SCWP 2), and
AT2G15050 for LTP7 (SCWP 1) (see Suppl. Table 5) encode
lipid transfer proteins. A7/G27950 is a membrane-localized
protein with a predicted GPI (glycosylphosphatidylinositol)-
anchor domain. It extensively exports intracellular lipids
(e.g., C29 alkane) to the surface to build the cuticular wax
layer (Lee et al., 2009). AT5G59310 and AT2G15050 belong
to non-specific lipid transfer proteins encoded by a large mul-
tigene family and occur only in land plants (Salminen et al.,
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2016). They are small proteins with a tunnel-like hydrophobic
cavity that makes them suitable for binding and transport of
phospholipids as well as galactolipids across membranes.
LTPs are suggested to play a role in wax or cutin deposition
in the cell walls (Salminen et al., 2016).

Signaling

Our study identified five genes encoding cell wall proteins in-
volved in signal transduction. The expression of all considered
genes was suppressed under water deficit conditions. Based
on the SCWP indicator, among the genes of this functional
group, the gene AT2G45470 (see Suppl. Table 5) scored the
highest number of points (3), encoding fasciclin-like arabino-
galactan protein 8 (FLAS). Numerous plant FLAs are chimeric
proteins that contain moderately glycosylated arabinogalactan
protein and one to two fasciclin domains with characteristic
highly conserved sequence stretches of around 15 residues
and a conserved central YH motif. FLAs are non-structural
components of the cell wall, might be linked to cell wall poly-
saccharides, and interact with various cell surface receptors
involved in various plant development processes, including
cellulose biosynthesis (Seifert, 2018). FLAS itself has been
poorly characterized. The A72G45470 gene is significantly
associated with the transcription factor GBF3.

Another identified representative of the signal protein
class is wall-associated kinase 2 (WAK2), encoded by the
Atlg21270 gene, scoring 2 points on the SCWP. Alongside
WAK1, WAK2 is a cell wall receptor with an intracellular
protein kinase domain, a transmembrane domain, and an
extracellular N-terminal domain capable of binding poly-
and oligogalacturonans (Wagner, Kohorn, 2001). By binding
pectins, WAK initiates signal transmission through mitogen-
activated protein kinases (MAPK) for activation of vacuolar
invertase and numerous other inducible proteins, regulating
turgor pressure and, as a result, increasing cell size (Kohorn et
al., 2006). Using antisense RNA, WAK2 is necessary for leaf
cell expansion (but not for cell division) (Wagner, Kohorn,
2001). By interacting with polygalacturonan fragments formed
as components of DAMP and PAMP under the influence of
biotic and abiotic events, WAK can also trigger (via MAPK
activation) a stress response. WAK expression is induced by
injury, pathogen infection, and exposure to other stress factors
such as ozone and heavy metals (Kohorn B.D., Kohorn S.L.,
2012). A study conducted on sweet orange graft showed that
WAK?2 expression was suppressed under drought conditions
in both sweet orange plants grafted on drought-tolerant and
drought-sensitive rootstocks (Gongalves et al., 2019). It can
be assumed that under water deficit conditions, plants reduce
WAK?2 expression to lower turgor pressure, suspend leaf cell
expansion, and induce other components of the stress response.

Miscellaneous

For this group, our study revealed seven genes — 5 with re-
duced and 2 with increased expression under water deficit con-
ditions. Among them, based on the SCWP indicator, two genes
scored 4 points each (5-6th places in Suppl. Table 5) — the
downregulated A75G 15230, encoding the poorly characterized
gibberellin-regulated protein 4 (GASA4), and the upregulated
AT5G42510, encoding dirigent protein 1 (DIR1). DIR family
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proteins are involved in lignin and lignin biosynthesis and
play a role in plant response to biotic and abiotic stresses
(particularly drought) that cause physical damage to the cell
wall (Paniagua et al., 2017). It has previously been shown
that the expression of several genes encoding DIR proteins
is sensitive to water and cold stress and treatment with ABA.
Moreover, in Brassica plants under water stress, the increased
expression of DIR genes was temporally coordinated with
an increase in lignin content (Thamil Arasan et al., 2013).
In Eucommia ulmoides Oliv seedlings, it was shown that
the expression level of DIR! increased almost 8-fold under
osmotic stress within 6 hours and increased nearly three times
under drought conditions within 12 hours (Li et al., 2021).
The other representatives of this functional group each scored
one point.

Hormones

Our reconstructed gene network also included hormones:
ethylene, abscisic acid, auxin, jasmonate, gibberellin, and
spermine — endogenous polyamine. These compounds affect
transcription factors (altering the expression level or protein
activity), subsequently leading to changes in the expression
levels of target genes for transcription factors. Regulatory
connections in the reconstructed network have been demon-
strated under various conditions. Additional experiments are
needed to explore whether they function under water deficit
conditions.

For example, it was shown that upon infection of 4. thaliana
with aphids, the concentration of ethylene increases, which in
turn induces the expression of the transcription factor MYB44
(Xiaetal., 2014). Another transcription factor in our gene net-
work, ABF3, is one of the key factors that transmit the abscisic
acid signal and regulate the expression of target genes during
water deficit (Yoshida et al., 2010). Under drought conditions,
abscisic acid also induces the expression of the transcription
factor ATHB7, which was observed within 30 minutes after
experimentally induced stress, and ATHB?7 transcription con-
tinued to increase after 21 hours (S6derman et al., 1996). The
expression of the transcription factor GBF3 is also activated
by abscisic acid (Lu et al., 1996).

Polyamine spermine is essential for plants to respond to
drought, as demonstrated in mutant A. thaliana plants knocked
out for genes encoding spermine-synthesizing enzymes
(Yamaguchi et al., 2007). Under water deficit conditions, the
stomata of such plants remained open. Another low-molecular-
weight compound in the gene network is gibberellin. Various
studies have shown that reducing its level improves plant
drought resistance (Shohat et al., 2021). Under cold condi-
tions, the transcription factor DREB1A (CBF3) suppresses
gibberellin accumulation (Zhou et al., 2017).

Based on the analysis of cell wall gene expression in dif-
ferent A. thaliana experiments under water deficit conditions,
it can be noted that the plant’s response to this abiotic factor
involves changes in the expression of genes encoding pro-
teins from almost all functional groups characteristic of the
cell wall. The exception was the group of structural proteins,
which may indicate that changes in the composition of cell
wall structural components in response to water deficit do not
occur or occur to a negligible extent. It can be observed that

Analysis of the gene network for cell wall function
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the expression of 23 examined genes is enhanced under these
conditions, while that of 36 is weakened. In each functional
group, there are both activated and deactivated genes, except
for the group of genes encoding signaling proteins, in which
the expression of all five examined genes was suppressed
under water deficit conditions.

Conclusion

An analysis of five 4. thaliana transcriptomes obtained under
water deficit conditions was conducted. The implemented al-
gorithm allowed to perform the prediction of potential regula-
tory interactions between transcription factors and target genes
encoding cell wall proteins, which may play an important role
in the response of A. thaliana to water deficit. Among the iden-
tified eight transcription factors regulating 4. thaliana cell wall
genes, GBF3 had the highest priority. Out of the 59 cell wall
genes examined, the AT5G03350 gene, encoding a lectin-like
protein, was identified as the most prioritized for association
with differentially expressed transcription factors under water
deficit conditions. It is associated with transcription factors
such as HAT22, BH122, MYB44, ABF3, and ATHB7. Also
highly significantly associated with transcription factors
are the AT4G20860 gene, encoding BBE-like 22, which is
necessary for the oxidation of cellulose degradation products
(associated transcription factors — HAT22, GBF3, and ABF3),
and AT4G37800, encoding xyloglucan endotransglucosylase/
hydrolase 7 (transcription factors GTF3 and DREB1A), among
others. Overall, the proposed algorithm that has been used to
analyze the gene network of cell wall proteins can be applied
to other model plant species.
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