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Abstract. Stress phytohormones – salicylic and jasmonic acids – participate in the plant defense response. The increase 
in the content of these compounds during plant infection by pathogens leads to the activation of signaling pathways, 
ultimately resulting in changes in gene expression and protein synthesis, including a group of pathogenesis-related 
(PR) proteins. Phytohormone-dependent so-called marker genes, are used to assess the activation of these signaling 
pathways. In this study, PR-1 genes, which are markers for salicylic acid signaling and expressed in pea roots, were 
identified and characterized, and the effects of salicylic acid and methyl jasmonate on their expression were analyzed. 
It was shown that in pea roots, PR-1, encoded by the Psat1g156240 gene, is among the most significantly expressed 
genes in the control. Salicylic acid did not cause a change in the expression of this gene; however, it was induced 
by methyl jasmonate after 24 h. Analysis of the expression of other genes encoding PR-1 proteins showed that 
salicylate had no effect on their expression after 24 and 72 h. Analysis of the expression of genes encoding chitinases 
and chitinase-like proteins showed that the former do not exhibit specificity in response to the salicylate and methyl 
jasmonate, except for the Psat1g131280, the expression of which increased after 24 and 72 h of treatment with 
methyl jasmonate. Genes Psat1g147600, Psat1g147560, Psat1g149120 encoding chitinase-like proteins, were barely  
expressed in pea roots in control, and were specifically induced by salicylic acid. β-1,3-glucanase genes were not 
induced in roots by the studied phytohormones. The obtained results allowed to reveal specific genes including 
chitinase-like proteins, the expression of which is salicylate-inducible. These genes can be used for the assessment of 
the activation of the salicylate-dependent signaling pathway in pea roots.
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Аннотация. В реализации защитного ответа растений принимают участие стрессовые фитогормоны – 
салициловая и жасмоновая кислоты. Повышение содержания этих соединений при инфицировании растений 
патогенами приводит к активации сигнальных путей, в конечном итоге изменяющих экспрессию генов и синтез 
белков, среди которых выделяется группа индуцируемых, связанных с патогенезом белков (PR). Для оценки 
активации этих сигнальных путей используются фитогормон-зависимые, так называемые маркерные гены. 
В настоящей работе выявлены и охарактеризованы экспрессирующиеся в корнях гороха гены маркерных для 
салицилатного сигналинга белков PR-1. Проанализировано влияние салициловой кислоты и метилжасмоната 
на их экспрессию. Показано, что в корнях гороха ген Psat1g156240, кодирующий PR-1, входит в число наиболее 
значительно экспрессирующихся генов. Салициловая кислота не вызывала изменение экспрессии этого гена, 
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в то же время он индуцировался метилжасмонатом через 24 ч. Анализ экспрессии других генов, кодирующих 
белки PR-1, показал, что салицилат не влиял на их экспрессию через 24 и 72 ч. При анализе экспрессии генов 
хитиназ и хитиназа-подобных белков первые не проявляли специфичность ответа на действие салицилата 
и метилжасмоната, за исключением гена Psat1g131280, экспрессия которого повышалась через 24 и 72 ч 
при действии метилжасмоната. Гены хитиназа-подобных белков, Psat1g147600, Psat1g147560, Psat1g149120, 
практически не экспрессировались в корнях гороха контрольного варианта и специфично индуцировались 
салициловой кислотой. Гены β-1,3-глюканаз не индуцировались исследованными фитогормонами в корнях. 
Полученные результаты позволили определить конкретные гены, кодирующие хитиназа-подобные белки, 
экспрессия которых индуцируется салициловой кислотой. Эти гены могут быть использованы для оценки 
активации салицилат-зависимого сигнального пути в корнях гороха.
Ключевые слова: маркерный ген; PR-белки; сигналинг; салициловая кислота; жасмоновая кислота; хитиназа-
подобные белки; фитоиммунитет

Introduction
Throughout their lifestyle, plants are constantly exposed to 
pathogens and unfavorable environmental conditions. Phyto-
immunity enables plants to cope with pathogen attacks, over-
come these unfavorable conditions, and survive. Furthermore, 
plants have evolved a wide array of defense mechanisms in 
response to stressors and pathogen attacks. These include 
pathogen-specific resistance genes, antimicrobial compounds 
such as phytoalexins, and pathogen-induced defense proteins 
(de Wit, 2007).

Salicylic acid (SA) and jasmonic acid (JA) are key phyto-
immunity factors involved in the realization of plant defense 
responses (Ding P., Ding Y., 2020; Wang et al., 2021). SA 
is generally associated with defense against biotrophic and 
hemibiotrophic pathogens, which feed on living plant tissues, 
whereas JA is primarily involved in defense against necrotro-
phic pathogens and herbivorous insects (Glazebrook, 2005). 
Pathogen attack on plants leads to the production of signaling 
molecules and the activation of signaling pathways involving 
one of the immunity factors mentioned above (Ding L.N. et 
al., 2022). Activation of these signaling cascades alters gene 
expression and protein synthesis. These proteins either have 
direct antimicrobial properties or are involved in the synthesis 
of defense compounds.

When studying plant responses to various factors, it is often 
necessary to assess the activation of specific signaling path-
ways to understand the mechanisms underlying the response. 
This is most commonly achieved by analyzing the activation 
of expression of so-called marker genes. These genes have 
primarily been characterized in model plants such as Arabi-
dopsis, tobacco, and rice, and mainly in aboveground organs. 
Nevertheless, results obtained from model plants are not al-
ways relevant to other plant species, particularly to significant 
agricultural crops. For example, research on Brassica rapa 
has shown that widely used marker genes for salicylate- and 
jasmonate/ethylene-dependent signaling pathways lack speci-
ficity in their expression in response to these hormones, and 
their expression levels differ between shoots and roots (Papa-
dopoulou et al., 2018). In another study on Capsicum annuum, 
the PR-1 gene, a marker for salicylate signaling, was found to 
be a more suitable candidate for the JA/ethylene-dependent 
pathway rather than the SA pathway (Perez‐Aranda et al., 
2024). In Brachypodium distachyon, analysis of BdPR1-4 and 
BdPR1-5 gene expression revealed that they are regulated by 
both SA and JA (Kouzai et al., 2016).

In the post-genomic era, advances in omics technologies 
enable the generation and analysis of large datasets, including 
gene expression and protein synthesis data. The available 
pool of transcriptomic data allows for the analysis of the 
full spectrum of genes expressed in a specific organ, both 
constitutive ones and those altered under various conditions. 
The identification and characterization of such genes, which 
play a role in plant adaptation, can be useful for breeding of 
resistant cultivars (Tyagi et al., 2022).

Pathogen-induced proteins with antipathogenic activity 
(Pathogenesis-Related or PR proteins) play a crucial role 
in the realization of plant defense responses. Based on their 
functional characteristics, they are classified into 17 classes. 
Many PR proteins are induced not only by pathogens but 
also by stress-related phytohormones (van Loon et al., 2006). 
Salicylate-dependent genes are important in mediating plant 
defense responses (Maleck et al., 2000; Blanco et al., 2009). 
One of the most well-known marker genes for salicylate-
dependent signaling is PR-1 (Breen et al., 2017). Alongside 
with PR-1, other members of the PR gene family – such as 
β-1,3-glucanases (PR-2) (Hennig et al., 1993; Jayaraj et al., 
2004) and chitinases (PR-3, 4, 8, 11) (Davis et al., 2002; 
Tarchevsky et al., 2010) – are also regulated by SA.

In recent years, significant attention has been paid to the 
processes occurring in the rhizosphere and to the interactions 
between plant roots and pathogens, symbiotic bacteria, and 
other soil inhabitants. The crop yield also depends on these 
relationships, since infection of roots with pathogens and the 
efficiency of symbiosis formation with nodule bacteria (for 
legumes) significantly impact plant growth and yield (Solomon 
et al., 2024). Furthermore, roots play a crucial role in plant life 
not only as “providers” of water and minerals but also as active 
participants in defense responses. Certain compounds with 
antipathogenic properties, such as alkaloids and terpenoids, 
are synthesized in the roots and transported to aboveground 
organs. In addition to this, roots implement their own specific 
defense mechanisms (Erb, 2012).

Previously, in our work, we observed a difference in the 
proteomic response of pea leaves and roots to exogenous SA 
application, which may also reflect a difference in their defense 
responses. In pea leaves, SA upregulates the content of several 
PR proteins – chitinases and β-1,3-glucanases (Tarchevsky et 
al., 2010) – whereas in the roots, the content of chitinase-like 
proteins belonging to glycoside hydrolase family 18 (GH18) 
increased the most significantly (Egorova, 2025). Obviously, 
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the differing environmental conditions of aerial organs and 
roots effect the specifics of their responses to various stimuli. 
Therefore, identifying the characteristics of root responses, 
including those to pathogen attacks, is important as the data 
can be utilized in breeding cultivars resistant to soil-borne 
pathogens and in developing agrobiotechnology approaches to 
protect specific crops from soil pathogens. When studying the 
features of root defense responses and assessing the activation 
of specific signaling pathways, the use of adequate marker 
genes is essential. In this context, the search for, characte
rization of, and understanding of the expression patterns and 
specificity of these genes in response to particular signaling 
compounds represents an important task.

In this study, we identified and characterized genes encoding 
PR-1, chitinases and chitinase-like proteins, β-1,3-glucanases, 
and PR-10 in the Pisum sativum roots. We analyzed the expres-
sion of these genes in the control and in response to SA and 
methyl jasmonate (MeJA). Gene expression was assessed us-
ing comparative transcriptomic analysis of control, SA-treated, 
and MeJA-treated pea roots.

Materials and methods
Plant growth and treatment. Pea (P.  sativum  L.) seeds 
(cultivar Tan) were surface-sterilized in 0.05  % potassium 
permanganate solution for 20 minutes and then thoroughly 
rinsed with distilled water. The seeds were germinated on  
moist filter paper in the dark for 3 days. The seedlings were 
grown in ¼-strength Hoagland–Arnon liquid medium under 
a 16-hour photoperiod at 25  °C. Eight-day-old seedlings 
were used for subsequent experiments. For the experimental 
treatments, 50 µM SA (Sigma, USA) or 20 µM MeJA (Serva, 
Germany) was added to the growth medium. The compounds 
were first dissolved in 500 µl of ethanol. The control group 
consisted of seedlings grown on ¼-strength Hoagland–Ar-
non solution supplemented with a corresponding volume of  
ethanol, calculated to account for dilution. Pea roots were 
harvested and frozen in liquid nitrogen at 24 and 72 h post-
treatment.

Transcriptome analysis. Total RNA was isolated from 
200 mg of pea roots using the ExtractRNA reagent (Evrogen, 
Russia) according to the manufacturer’s protocol. RNA con-
centration and quality were assessed using an Implen Nano-
Photometer (Implen, GmbH) and by 1 % agarose gel electro-
phoresis. The preparation of cDNA libraries, high-throughput 
sequencing, and bioinformatic analysis of the transcriptomic 
data were performed by Novogene (Beijing, China). 

RNA quality was verified using the Agilent Nano 6000 As-
say Kit of the Bioanalyzer 2100 system (Agilent Technologies, 
CA, USA). mRNA was enriched from total RNA using poly-T 
oligo-attached magnetic beads. Fragmentation was carried 
out using divalent cations under elevated temperature in First 
Strand Synthesis Reaction Buffer (X5) (Thermo Fisher, USA). 
First-strand cDNA was synthesized using random hexamer 
primers and M-MuLV Reverse Transcriptase (Thermo Fisher, 
USA). Second-strand cDNA synthesis was subsequently 
performed using DNA Polymerase I and RNase H. After ad-
enylation of the 3′ ends of the DNA fragments, Adaptor with 
hairpin loop structure was ligated to prepare for hybridization. 

In order to select cDNA fragments preferentially 370–420 bp 
in length, the library fragments were purified with the AMPure 
XP system (Beckman Coulter, USA). PCR products were puri-
fied (AMPure XP system) and library quality was assessed on 
the Agilent Bioanalyzer 2100 system (Agilent, USA).

After clusters were generated on a cBot Cluster Generation 
System using the TruSeq PE Cluster Kit v3-cBot-HSv3-cBot-HS 
(Illumina, USA), the library preparations were sequenced on 
an Illumina NovaSeq 6000 platform (Illumina, USA), gene
rating 150  bp paired-end reads. Raw data were processed 
using Perl scripts. At this stage, reads containing adapters, 
poly-N sequences, and low-quality reads were removed to 
obtain clean data. Quality metrics Q20, Q30, and GC content 
were calculated. All downstream analyses were based on these 
high-quality clean data. The P. sativum_v1a genome (Kreplak 
et al., 2019) was used as the reference (https://urgi.versailles.
inra.fr/Species/Pisum). The reference genome was indexed, 
and the clean reads were aligned to it using Hisat2 v2.0.5.

The number of reads mapped to each gene was counted 
using feature Counts v1.5.0-p3. The FPKM (Fragments 
Per Kilobase of transcript sequence per Millions base pairs 
sequenced) for each gene was calculated based on the gene 
length and the mapped read count. FPKM simultaneously ac-
counts for the effects of sequencing depth and gene length on 
the read count (Trapnell et al., 2010).

Differential gene expression analysis was performed using 
the DESeq2 R package (1.20.0) (Love et al., 2014). The resul
ting p-values were adjusted using the Benjamini and Hochberg 
approach for controlling the false discovery rate. Genes with 
an adjusted p-value ≤ 0.05 and an absolute log2 fold change ≥1 
were considered differentially expressed. A minimum of three 
biological replicates was used for each condition.

In this study, gene expression levels are presented as FPKM 
values, as not all analyzed genes were differentially expressed. 
Figures display FPKM values with standard deviations. Dif-
ferentially expressed genes are indicated in the figures with 
an asterisk (*). The sequencing data have been deposited in 
the NCBI SRA (BioProject PRJNA1358375).

Bioinformatic analysis. BLAST searches for predicted 
pea genes and protein sequences were performed against the 
P. sativum genome_v.1a (Kreplak et al., 2019) in the Ensemble-
Plants database (https://plants.ensembl.org/Pisum_sativum/
Info/Index). Multiple alignment of protein sequences was 
conducted using the MEGA v.10.2.6 software (Kumar et al., 
2018). Full-length amino acid sequences for multiple align-
ments were retrieved from the UniProt and NCBI databases. 
Protein domain organization was analyzed and predicted using 
the Conserved Domains Database (https://www.ncbi.nlm.nih.
gov/Structure/cdd/wrpsb.cgi).

Results
A transcriptomic analysis of pea seedling roots of control plants 
and those treated with SA (24 and 72 h) and MeJA (24 and 
72 h) was performed. Each sample contains between 36 and 
57 million reads. The quantity, quality, and characteristics of 
the obtained data are presented in the Supplementary Material1.
1 Supplementary Material is available at: 
https://vavilovj-icg.ru/download/pict-2026-30/appx15.xlsx

https://urgi.versailles.inra.fr/Species/Pisum
https://urgi.versailles.inra.fr/Species/Pisum
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://vavilovj-icg.ru/download/pict-2026-30/appx15.xlsx
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Alignment of the reads to the reference pea genome (P. sa-
tivum_v1a) (Kreplak et al., 2019) identified approximately 
20 thousand transcripts. After 24 h, SA altered the expression 
of 1,476 genes, of which 635 were upregulated and 841 were 
downregulated. After 72 h of SA treatment, the expression of 
2,420 genes was altered, with 977 upregulated and 1,443 down-
regulated. MeJA treatment for 24 h changed the expression 
of 3,384  genes (1,546  upregulated, 1,838  downregulated). 
After 72 h, MeJA altered the expression of 5,462 genes, with 
2,218 upregulated and 3,244 downregulated ones.

This study analyzed the expression of PR-1, chitinase and 
chitinase-like protein, β-1,3-glucanase, and PR-10 genes in 
pea roots to assess their potential as markers for salicylic acid 
signaling and to identify specific isoforms induced specifi-
cally by SA. These gene groups were selected because PR-1, 
chitinases, β-1,3-glucanases, and PR-10 have been shown to 
be induced by SA (Davis et al., 2002; Li et al., 2005; Spoel 
et al., 2007; Xu et al., 2024) and to possess antipathogenic 
activity (van Loon et al., 2006), while chitinase-like proteins 
are significantly induced by SA in pea roots (Egorova, 2025). 
The expression of the identified genes was evaluated under the 
influence of both SA and MeJA, as both hormones are involved 
in plant defense responses and determine the features of the 
implemented defense strategy.

Identification and expression analysis  
of PR-1 genes in pea roots
PR-1 belongs to the family of cysteine-rich secretory proteins 
(CAPs), and pea genome contains 12  sequences putatively 
assigned to this family. A BLAST search in the pea genomic 
database using characterized PR-1 sequences from tobacco 
(P09042) and Arabidopsis (AT2G14610) revealed similar 
sequences in pea. Analysis of the expression of the revealed 
PR-1 genes in the pea genome showed that nine CAP genes 
are expressed in the control roots (Fig. 1a). The expression 
of genes Psat7g104840, Psat6g069320, and Psat1g21192 
was low (<10 FPKM), and they are not discussed further in 
this work.

To characterize the pea proteins, a multiple alignment of 
the amino acid sequences of PR-1s, encoded by genes ex-
pressed in roots, with annotated proteins from Arabidopsis 
and tobacco, was performed. The protein encoded by the most 
highly expressed pea roots gene, Psat1g156240, shares 60 % 
amino acid sequence identity with the PR-1 protein P09042 
from Nicotiana tabacum and with AtPR1 (AT2G14610) from 
Arabidopsis. The protein encoded by the gene Psat1g213200 
shares 66.4  % identity with PR1A_TOBAC (P08299) and 
65 % with AtPR1. CAP proteins are characterized by the pre
sence of conserved CAP motifs (CAP1– CAP 4) and a CAPE 
peptide (Han et al., 2023). The two PR-1 proteins encoded by 
genes Psat1g211480 and Psat0s4615g0040 have a truncated 
CAPE peptide and lack the CAP2 motif (Fig. 1b), while other 
conserved motifs are present in their sequences.

In the control, the expression of Psat1g156240 and 
Psat1g213200 was the highest compared to other PR-1 
genes. The effect of SA and MeJA on the expression of 
PR-1 genes was assessed (Fig.  1a). The analysis showed 

that Psat1g156240 is upregulated by MeJA at 24 h. SA did 
not cause a significant change in the expression of this gene. 
The expression of the Psat1g213200 gene was not changed 
significantly by SA but decreased under the action of MeJA 
(Fig.  1c). The expression levels of the Psat1g211480 and 
Psat0s4615g0040 genes in the control were lower compared 
to the two previous genes and did not change in response to 
either SA or MeJA at the studied time points. The expression 
of other CAP genes – Psat0ss9363g0160, Psat4g090120, 
Psat2g163240, Psat1g211840, and Psat0ss9363g0200 – was 
low in the control, did not change under the action of SA, but 
was downregulated by MeJA (Fig. 1a).

Identification and analysis of chitinase  
and chitinase-like protein gene expression in pea roots
Chitinases (E.C. 3.2.1.14) belong to glycosyl hydrolase 
families 18 (GH18) and 19 (GH19). The chitinase genes 
Psat3g016800, Psat1g084840, Psat2g145680, Psat3g016400, 
Psat5g291720, Psat2g128240, Psat4g175600, Psat4g175720, 
Psat0s794g0040 ,  Psat5g256760 ,  Psat5g298520 , 
Psat1g169040, Psat4g171240, Psat4g177760, Psat5g020240, 
Psat6g166120, Psat6g194800 are either not expressed in roots 
or their expression level is low (<10 FPKM) and are therefore 
not discussed further in this work (see the Supplementary 
Material).

Transcriptomic data analysis revealed that six chitinase 
genes encoding proteins from the GH18 family and two genes 
from the GH19 family are expressed in pea roots, which in 
turn belong to different PR protein groups (Fig. 2a). All GH19 
chitinases expressed in pea roots contain a lysozyme-like do-
main, including the most highly expressed gene Psat5g000800 
(Fig. 2a). SA and MeJA did not cause a significant change 
in the expression of this gene. The expression of the second 
GH19 chitinase gene, Psat4g103520, which was significantly 
lower than that of the first gene, also did not change under the 
action of SA or MeJA.

The expression of genes encoding GH18 family proteins in 
the control was lower compared to the GH19 genes. Chitinases 
belonging to PR-3 contain a hevein-like domain. The expres-
sion of the genes Psat3g005200 and Psat6g194680, belonging 
to acidic endochitinases, did not change under salicylate treat-
ment, but the expression of Psat3g005200 decreased under the 
action of MeJA after 72 h. The expression of Psat6g194680 
did not change under SA or MeJA treatment (Fig. 2a). The 
expression of Psat1g131280, annotated as hevamine A, in-
creased thousands of times under the action of MeJA after 24 
and 72 h (Fig. 2). The expression of Psat0s5923g0040, also 
belonging to GH18, was slightly increased by SA and MeJA 
after 24 h (Fig. 2a).

Another member of the GH18 protein family, the product of 
the gene Psat3g007040, contains a barwin domain in addition 
to the chitin-binding domain. Proteins with this domain are 
classified as PR-4 proteins. Neither SA nor MeJA influenced 
the expression of this pea chitinase representative (Fig. 2a).

In the previous study (Egorova, 2025), significant induc-
tion of a group of proteins belonging to the GH18 family in 
pea roots by salicylate was shown. The identified proteins 
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are encoded by the genes Psat1g147560, Psat1g147600, 
Psat1g149120 and Psat1g148600. Analysis of the chitinase 
activity of these proteins revealed that they do not degrade chi-
tin and are thus classified as chitinase-like proteins (Egorova, 
2025). A previous transcriptomic analysis of the effect of SA 

on these genes showed that the expression of all four genes 
was significantly increased by SA treatment, while being low in 
the control (Egorova, 2025). In the present work, we analyzed 
the influence of MeJA, which had no effect on the expression 
of any of the four genes studied (Fig. 3).

Fig. 1. Cysteine-rich secretory proteins whose genes are expressed in pea roots. 
a – list of CAP proteins (PF 00188) expressed in pea roots in the control (Contr) and under the action of SA (50 µM) and 
MeJA (20 µM) for 24 and 72 h. The color scale represents highly expressed (red) and weakly expressed (blue) genes; the 
expression level is shown in FPKM; b – multiple sequence alignment of PR-1 proteins from Arabidopsis (P33154), tobacco 
(P09042), and CAP proteins of pea roots. Black rectangles indicate conserved CAP1–CAP4 domains, conserved cysteine, 
histidine, glutamic acid residues, and the caveolin-binding motif (CBM) responsible for sterol binding. The CAPE peptide 
is highlighted in red; c – differentially expressed CAP genes in pea roots under SA and MeJA treatment. 
Here and in Figures 2–4: data represent ± SD mean values of three to five biological replicates. * Indicates significant differences in gene 
expression in SA- and MeJA-treated samples compared to the control (p < 0.05 and |log2 FC| ≥ 1). 
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Identification and analysis  
of PR-2 and PR-10 gene expression in pea roots
Our previous work demonstrated the induction of β-1,3-
glucanases (PR-2) and a disease resistance response protein 
(PR-10) in pea leaves by SA (Tarchevsky et al., 2010). A pro-
teomic analysis of SA-treated pea root proteins showed an in-
creased abundance of disease resistance response proteins and 
ABA-responsive proteins belonging to the PR-10 group, but 
we did not detect changes in the content of β-1,3-glucanases 
(Tarchevsky et al., 2010). The pea genome was searched for 
genes encoding these proteins, and their expression was ana-

lyzed based on transcriptomic data. In this part of the study, 
we focused on the most highly expressed genes in pea roots 
(>100 FPKM), as genes with lower expression levels did not 
show significant changes in response to phytohormone treat-
ment (see the Supplementary Material).

More than 50 genes encoding β-1,3-glucanases were iden-
tified in the pea genome, of which approximately 20  were 
expressed in roots at varying levels (see the Supplementary 
Material). Psat1g161880 was highly expressed in the control, 
and its expression did not change in response to SA or MeJA 
(Fig. 4). The expression of Psat3g165080 was independent 
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Fig. 2. Effect of salicylic acid and methyl jasmonate on the expression of chitinases in pea roots.
a – List of GH18 and GH19 chitinase genes expressed in pea roots in the control (Contr) and under the action of SA 
(50 µM) and MeJA (20 µM) for 24 and 72 h. The color scale represents highly expressed (red) and weakly expressed (blue) 
genes; expression level is shown in FPKM; b – expression of the Psat1g131280 gene in pea roots under the action of SA 
and MeJA. 
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of SA and MeJA. The gene Psat7g179640 was practically 
not expressed in the control but was activated by SA after 
24 h (Fig. 4). 

More than 10 genes encoding PR-10 proteins are expressed 
in pea roots. One of the representatives of this group, encoded 
by Psat4g180800, was the most highly expressed gene in pea 
roots. Neither SA nor MeJA significantly affected the expres-
sion of this gene. The Psat1g156920, the product of which is 
annotated as an ABA-responsive protein 17, was also highly 
expressed, and its expression was not altered by the studied 
phytohormones. After 72  h, SA upregulated expression of 
Psat1g157240, the product of which is annotated as a disease 
resistance response protein (Fig. 4).

Discussion
When working with non-model plants, which include the 
majority of agricultural species, discrepancies with results 
obtained on model plants arise. In particular, data on marker 
genes, the activation of expression of which is associated 
with the onset of specific phytohormone-dependent signaling 
pathways, were established using model plants like Arabidop-
sis and tobacco. This is important in studying plant defense 
mechanisms, as the findings can be applied to develop defense 
strategies for these species and in the breeding of resistant 
cultivars.

The main object of our research is pea, and we have previ-
ously studied the effect of phytoimmunity factors – salicylic 
and jasmonic acids – on the pea roots protein spectra, identify-
ing the most significant changes in protein content (Tarchevsky 
et al., 2010; Yakovleva et al., 2013; Egorova, 2025). This 
study analyzed the expression of certain classes of PR genes 
and chitinase-like protein genes to assess their response to 
salicylate and MeJA, since we were faced with the need to 
choose adequate marker genes to evaluate the activation of the 
SA-dependent pathway in pea roots. The hormone treatment 
time points were based on our prior proteomic studies showing 
changes in the protein spectra at 72 h, and our interest in early 
events following the activation of phytohormone-dependent 
defense mechanisms.

First, we analyzed the expression of the widely accepted 
SA-dependent marker gene PR-1 and its paralogs in pea 

roots. The PR-1 protein was first isolated from TMV-infected 
tobacco leaves and could constitute up to 2 % of total protein 
in infected leaves (Alexander et al., 1993). However, not all 
PR-1 protein isoforms were induced upon infection. Early 
studies showed that PR-1 proteins participate in plant growth 
and developmental processes unrelated to pathogenesis – they 
accumulate in senescing plants leaves (Fraser, 1981) and in 
sepals of developing flowers (Lotan et al., 1989). Several 
studies demonstrated that overexpression of PR-1 enhances 
resistance to fungi (Sarowar et al., 2005) and bacteria (Kiba 
et al., 2007), with transgenic plants showing increased patho-
gen resistance (Ali et al., 2018). The protective functions of 
PR-1 proteins may be linked to their ability to interact with 
sterols and the presence of the CAPE peptide in their structure 
(Breen et al., 2017; Han, 2023). The CAPE peptide was shown 
to be induced in plants by mechanical wounding and MeJA 
treatment, cleaved from the N-terminus of PR-1 proteins at 
a conserved CNYx sequence, and to activate the expression 
of proteinase inhibitor genes, PR-1, PR-7, and ERF-5 (Chen 
et al., 2014). The most highly expressed PR-1 genes in pea 
roots, Psat1g156240 and Psat1g213200, contain the CAPE 
peptide and the CNYx sequence (Fig. 1b) and the expression 
of Psat1g156240 was upregulated by MeJA at 24 h (Fig. 1c). 
This gene is used by researchers as an SA-dependent marker 
in pea leaves (Barba-Espín et al., 2011). Our results indicate 
that, at least in pea roots, this gene cannot be used to assess 
the activation of salicylate signaling. Conversely, the proteins 
encoded by Psat1g211480 and Psat0s4615g0040 contain a 
truncated CAPE peptide and lack the CNYx sequence. In 
pea roots, these genes are expressed at low levels and do 
not alter their expression in response to SA at the studied 
time points (Fig. 1a, b). It is possible that activation of these 
genes occurs earlier than 24 h. Activation of PR-1 genes by 
MeJA and other stimuli has been demonstrated previously. 
Activation of the AtPRB1 gene by JA/ethylene was shown in 
Arabidopsis roots (Santamaria et al., 2001). In rice, various 
PR-1 genes responded to SA and MeJA in a distinct manner, 
and organ‑specific variation in their expression levels was 
observed (Mitsuhara et al., 2008).

Chitinases (EC 3.2.1.14) belongs mainly to glycosyl hy-
drolase families 18 and 19, and degrade chitin, a cell walls 

Fig.  4. List of some most highly expressed (>100 FPKM) PR-2 (β-1,3-glucanase) and PR-10 genes in pea roots in the 
control (Contr) and under the action of SA (50 µM) and MeJA (20 µM) for 24 and 72 h. The color scale represents highly 
expressed (red) and weakly expressed (blue) genes; expression level is shown in FPKM. 



PR-гены, хитиназы и хитиназа-подобные белки в корнях гороха 
при действии салициловой кислоты и метилжасмоната

А.М. Егорова 2026
30 • 2

219ГЕНЕТИКА И СЕЛЕКЦИЯ РАСТЕНИЙ / PLANT GENETICS AND BREEDING

component in many pathogenic microorganisms (Davies, 
Henrissat, 1995). Since chitinases were among the most sig-
nificantly induced proteins in pea leaves under SA treatment 
(Tarchevsky et al., 2010), we analyzed expression of chitinase 
genes in roots. Furthermore, induction of chitinase transcripts 
by salicylate was demonstrated in pine (Davis et al., 2002).

According to transcriptomic data, the gene Psat5g000800 
is highly expressed in pea roots, encodes a protein belonging 
to the GH19 family, and is characterized by the presence of 
a lysozyme-like domain. The expression of this gene is not 
sensitive to SA or MeJA (Fig. 2). It is suggested that GH19 
chitinases play an important role in defense against soil-
borne pathogens and are secreted into the rhizosphere (De-la-
Peña et al., 2010). The number of expressed chitinase genes 
in pea roots encoding GH18 proteins is greater compared to 
GH19,  but their expression levels are lower than those of 
GH19 chitinase genes. Moreover, they do not show specifi
city in regulation by the studied phytohormones, except 
for Psat1g131280, the expression of which is significantly 
upregulated by MeJA (Fig. 2b). These data indicate that the 
chitinase isoforms expressed in pea roots cannot be used to 
assess the activation of the SA-dependent pathway.

Alongside genes encoding active chitinases, plant genomes 
contain genes encoding inactive chitinase-like proteins. During 
evolution, these proteins lost the ability to hydrolyze chitin due 
to amino acid substitutions in catalytically important domains 
and features of tertiary structure formation (Kesari et al., 
2015). We identified significant activation of four chitinase-
like protein genes in pea roots by SA (Fig. 3). Moreover, these 
genes were salicylate-dependent and not sensitive to MeJA. 
This makes them suitable candidates to use as markers of the 
SA-dependent pathway in pea roots, with the exception of 
Psat1g148600. We have shown that the content of the protein 
encoded by Psat1g148600 increases under action of the NO 
donor – sodium nitroprusside (Egorova, Tarchevsky, 2024).

Plant β-1,3-glucanases work in concert with chitinases, 
catalyzing the degradation of a microorganism’s cell wall 
components, β-1,3-glucans and chitin (Jongedijk et al., 1995; 
Dos Santos, Franco, 2023). The expression of β-1,3-glucanases 
and chitinases in pea roots is comparable and is represented by 
one highly expressed gene each. While some chitinase genes 
are induced by SA and MeJA, the β-1,3-glucanase encoded 
by Psat7g179640 is induced only by SA. The expression of 
other β-1,3-glucanase genes did not change under either SA 
or MeJA treatment.

As mentioned earlier, Psat4g180800 encoding a PR-10 
protein is the most highly expressed gene in pea roots, and 
its expression was not altered by SA or MeJA. Other genes 
encoding PR-10 proteins are largely insensitive to these phy-
tohormones, and their expression remains unchanged under 
their influence.

One of the characteristics of PR proteins is their induction 
upon pathogen infection or under the action of stress phy-
tohormones. Transcriptomic data analysis and our previous 
proteomic data indicate that in pea roots, the expression and 
content of some PR proteins are high – genes encoding cer-
tain PR proteins are among the most highly expressed genes 

in the control. These include the PR-1 gene Psat1g156240, 
and the PR-10 genes Psat4g180800 and Psat1g156920. This 
may be because roots are in constant contact with rhizosphere 
inhabitants, including pathogenic organisms. The existing pool 
of proteins with antipathogenic activity in roots allows them 
to be prepared for potential infection, and upon activation 
of the salicylate-dependent defense response, the expression 
and synthesis of chitinase-like proteins are activated, likely 
representing an additional defense mechanism in pea roots.

Conclusion
The transcriptomic analysis of basal and inducible expres-
sion of certain PR genes in pea roots conducted in this work 
demonstrates that when selecting marker genes to assess the 
activation of salicylate signaling, attention to their specific 
expression patterns in the particular organ must be paid. Pea 
roots are characterized by a high level of expression of genes 
encoding antipathogenic proteins. Transcriptomic analysis 
revealed that the most highly expressed PR-1 genes in pea 
roots cannot be used to evaluate the activation of salicylate 
signaling. Chitinases and β-1,3-glucanases, induced by SA 
in pea leaves, did not show specificity in response to SA in 
roots. The obtained data indicate a difference in the response of 
leaves and roots to stress phytohormones. Using pea plants as 
an example, we showed that genes encoding salicylate-induced 
antipathogenic proteins in leaves are expressed at high levels 
in roots under normal conditions, while salicylate-induced 
genes in roots are those encoding chitinase-like proteins, which 
also have antipathogenic activity (unpublished data). In ad-
dition, the genes of chitinase-like proteins are practically not 
expressed in the control and are salicylate-inducible, which 
is an advantage when assessing the expression of these genes 
in order to evaluate the activation of the salicylate-dependent 
signaling pathway.

References
Alexander  D., Goodman  R.M., Gut-Rella  M., Glascock  C., Wey-

mann K., Friedrich L., Maddox D., Ahl-Goy P., Luntz T., Ward E. 
Increased tolerance to two oomycete pathogens in transgenic tobacco 
expressing pathogenesis-related protein 1a. Proc Natl Acad Sci USA. 
1993;90(15):7327-7331. doi 10.1073/pnas.90.15.7327

Ali  S., Ganai  B.A., Kamili  A.N., Bhat  A.A., Mir  Z.A., Bhat  J.A., 
Tyagi A., Islam S.T., Mushtaq M., Yadav P., Rawat S., Grower A. 
Pathogenesis-related proteins and peptides as promising tools for 
engineering plants with multiple stress tolerance. Microbiol Res. 
2018;212-213:29-37. doi 10.1016/j.micres.2018.04.008

Barba-Espín G., Clemente-Moreno M.J., Alvarez S., García-Legaz M.F., 
Hernández  J.A., Díaz-Vivancos P. Salicylic acid negatively affects 
the response to salt stress in pea plants. Plant Biol (Stuttg). 2011; 
13(6):909-917. doi 10.1111/j.1438-8677.2011.00461.x

Blanco F., Salinas P., Cecchini N.M., Jordana X., Van Hummelen P., 
Alvarez  M.E., Holuigue  L. Early genomic responses to salicylic 
acid in Arabidopsis. Plant Mol Biol. 2009;70:79-102. doi 10.1007/ 
s11103-009-9458-1

Breen S., Williams S.J., Outram M., Kobe B., Solomon P.S. Emerging 
insights into the functions of pathogenesis-related protein 1. Trends 
Plant Sci. 2017;22(10):871-879. doi 10.1016/j.tplants.2017.06.013

Chen Y.L., Lee C.Y., Cheng K.T., Chang W.H., Huang R.N., Nam H.G., 
Chen  Y.R. Quantitative peptidomics study reveals that a wound-
induced peptide from PR-1 regulates immune signaling in tomato. 
Plant Cell. 2014;26(10):4135-4148. doi 10.1105/tpc.114.131185

https://doi.org/10.1073/pnas.90.15.7327
https://doi.org/10.1016/j.micres.2018.04.008
https://doi.org/10.1111/j.1438-8677.2011.00461.x
https://doi: 10.1007/s11103-009-9458-1
https://doi: 10.1007/s11103-009-9458-1
https://doi.org/10.1016/j.tplants.2017.06.013
https://doi.org/10.1105/tpc.114.131185


A.M. Egorova

220 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding • 2026 • 30 • 2

PR genes, chitinases and chitinase-like proteins in pea roots 
under salicylic acid and methyl jasmonate treatment

Davies G., Henrissat B. Structures and mechanisms of glycosyl hydro
lases. Structure. 1995;3:853-859. doi 10.1016/S0969-2126(01)00 
220-9

Davis  J.M., Wu H., Cooke  J.E., Reed  J.M., Luce K.S., Michler C.H. 
Pathogen challenge, salicylic acid, and jasmonic acid regulate ex-
pression of chitinase gene homologs in pine. Mol Plant Microbe 
Interact. 2002;15(4):380-387. doi 10.1094/MPMI.2002.15.4.380

De-la-Peña  C., Badri  D.V., Lei  Z., Watson  B.S., Brandão  M.M., Sil-
va-Filho  M.C., Sumner  L.W., Vivanco  J.M. Root secretion of de-
fense-related proteins is development-dependent and correlated 
with flowering time. J Biol Chem. 2010;285(40):30654-30665. doi 
10.1074/jbc.M110.119040

de Wit P.J.G.M. How plants recognize pathogens and defend them-
selves. Cell Mol Life Sci. 2007;64:2726-2732. doi 10.1007/s00018-
007-7284-7

Ding L.N., Li Y.T., Wu Y.Z., Li T., Geng R., Cao J., Zhang W., Tan X.L. 
Plant disease resistance-related signaling pathways: recent progress 
and future prospects. Int J Mol Sci. 2022;23(24):16200. doi 10.3390/
ijms232416200

Ding P., Ding Y. Stories of salicylic acid: a plant defense hormone. Trends 
Plant Sci. 2020;25(6):549-565. doi 10.1016/j.tplants.2020.01.004

Dos Santos C., Franco O.L. Pathogenesis-related proteins (PRs) with 
enzyme activity activating plant defense responses. Plants (Basel). 
2023;12(11):2226. doi 10.3390/plants12112226

Egorova A.M. Unexpected response of pea roots to the salicylic acid: 
induction of chitinase-like proteins compared to chitinases. J Plant 
Growth Regul. 2025;44:3164-3178. doi 10.1007/s00344-024-11607-1

Egorova A.M., Tarchevsky I.A. Proteome analysis of the nitric oxide 
donor effect on Pisum sativum  L. roots. Appl Biochem Microbiol. 
2024;60(6):1292-1300. doi 10.1134/S0003683824604694

Erb M. The role of roots in plant defence. In: Mérillon J., Ramawat K. 
(Eds) Plant Defence: Biological Control. Progress in Biological Con-
trol. Vol. 12. Springer, Dordrecht, 2012;291-309. doi 10.1007/978-
94-007-1933-0_12

Fraser R.S.S. Evidence for the occurrence of the “pathogenesis‐re
lated” proteins in leaves of healthy tobacco plants during flowering. 
Physiol Plant Pathol. 1981;19(1):69-76. doi 10.1016/S0048-4059 
(81)80009-4

Glazebrook J. Contrasting mechanisms of defense against biotrophic 
and necrotrophic pathogens. Annu Rev Phytopathol. 2005;43:205-
227. doi 10.1146/annurev.phyto.43.040204

Han Z., Xiong D., Schneiter R., Tian C. The function of plant PR1 and 
other members of the CAP protein superfamily in plant-pathogen in-
teractions. Mol Plant Pathol. 2023;24(6):651-668. doi 10.1111/mpp. 
13320

Hennig J., Dewey R.E., Cutt J.R., Klessig D.F. Pathogen, salicylic acid 
and developmental dependent expression of a β-1,3-glucanase/GUS 
gene fusion in transgenic tobacco plants. Plant J. 1993;4(3):481-493. 
doi 10.1046/j.1365-313x.1993.04030481.x

Jayaraj J., Muthukrishnan S., Liang G., Velazhahan R. Jasmonic acid 
and salicylic acid induce accumulation of β-1,3-glucanase and 
thaumatin-like proteins in wheat and enhance resistance against Sta
gonospora nodorum. Biologia Plantarum. 2004;48:425-430. doi 
10.1023/B:BIOP.0000041097.03177.2d

Jongedijk  E., Tigelaar  H., van Roekel  J.S.C. Bres-Vloemans  S.A., 
Dekker I., van den Elzen P.J.M., Cornelissen B.J.C., Melchers L.S. 
Synergistic activity of chitinases and β-1,3-glucanases enhances fun-
gal resistance in transgenic tomato plants. Euphytica. 1995;85:173-
180. doi 10.1007/BF00023946

Kesari P., Patil D.N., Kumar P., Tomar S., Sharma A.K., Kumar P. Struc-
tural and functional evolution of chitinase-like proteins from plants. 
Proteomics. 2015;15:1693-1705. doi 10.1002/pmic.201400421

Kiba A., Nishihara  M., Nakatsuka T., Yamamura  S. Pathogenesis-re-
lated protein  1 homologue is an antifungal protein in Wasabia ja-
ponica leaves and confers resistance to Botrytis cinerea in transgenic 

tobacco. Plant Biotechnol. 2007;24:247-253. doi 10.5511/plantbio 
technology.24.247

Kouzai Y., Kimura M., Yamanaka Y., Watanabe M., Matsui H., Yama-
moto M., Ichinose Y., Toyoda K., Onda Y., Mochida K., Noutoshi Y. 
Expression profiling of marker genes responsive to the defence-
associated phytohormones salicylic acid, jasmonic acid and ethy
lene in Brachypodium distachyon. BMC Plant Biol. 2016;16:59. doi 
10.1186/s12870-016-0749-9

Kreplak J., Madoui M.A., Capal P., Novák P., Labadie K., Aubert G., 
Bayer  P.E., … Lichtenzveig  J., Macas  J., Doležel  J., Wincker  P., 
Burstin J. A reference genome for pea provides insight into legume 
genome evolution. Nat Genet. 2019;51:1411-1422. doi 10.1038/
s41588-019-0480-1

Kumar  S., Stecher  G., Li  M., Knyaz  C., Tamura  K. MEGA  X: Mo-
lecular Evolutionary Genetics Analysis across computing plat-
forms. Mol Biol Evol. 2018;35(6):1547-1549. doi 10.1093/ 
molbev/msy096

Li Y.F., Zhu R., Xu P. Activation of the gene promoter of barley β-1,3-
glucanase isoenzyme GIII is salicylic acid (SA)-dependent in trans-
genic rice plants. J  Plant Res. 2005;118:215-221. doi 10.1007/
s10265-005-0213-7

Lotan T., Ori N., Fluhr R. Pathogenesis-related proteins are develop-
mentally regulated in tobacco flowers. Plant Cell. 1989;1(9):881-
887. doi 10.1105/tpc.1.9.881

Love M.I., Huber W., Anders S. Moderated estimation of fold change 
and dispersion for RNA-seq data with DESeq2. Genome Biol. 2014; 
15:550. doi 10.1186/ s13059-014-0550-8

Maleck K., Levine A., Eulgem T., Morgan A., Schmid J., Lawton K.A., 
Dang J.L., Dietrich R.A. The transcriptome of Arabidopsis thaliana 
during systemic acquired resistance. Nat Genet. 2000;26:403-410. 
doi 10.1038/82521

Mitsuhara I., Iwai T., Seo S., Yanagawa Y., Kawahigasi H., Hirose S., 
Ohkawa Y., Ohashi Y. Characteristic expression of twelve rice PR1 
family genes in response to pathogen infection, wounding, and de-
fense-related signal compounds (121/180). Mol Genet Genomics. 
2008;279(4):415-427. doi 10.1007/s00438-008-0322-9

Papadopoulou  G.V., Maedicke A., Grosser  K., van Dam  N.M., Mar-
tínez-Medina A. Defence signalling marker gene responses to hor-
monal elicitation differ between roots and shoots. AoB Plants. 2018; 
10(3):ply031. doi 10.1093/aobpla/ply031

Perez-Aranda A., Loera-Muro A., Caamal-Chan M.G. Expression ana
lysis of defense signaling marker genes in Capsicum annuum in re-
sponse to phytohormones elicitation. Mol Biol Rep. 2024;52(1):9. 
doi 10.1007/s11033-024-10071-0

Santamaria M., Thomson C.J., Read N.D., Loake  G.J. The promoter 
of a basic PR1-like gene, AtPRB1, from Arabidopsis establishes an 
organ-specific expression pattern and responsiveness to ethylene and 
methyl jasmonate. Plant Mol Biol. 2001;47:641-652. doi 10.1023/ 
A:1012410009930

Sarowar  S., Kim Y.J., Kim  E.N., Kim  K.D., Hwang  B.K., Islam  R., 
Shin J.S. Overexpression of a pepper basic pathogenesis-related pro-
tein 1 gene in tobacco plants enhances resistance to heavy metal and 
pathogen stresses. Plant Cell Rep. 2005;24:216-224. doi 10.1007/
s00299-005-0928-x

Solomon W., Janda T., Molnár Z. Unveiling the significance of rhizo-
sphere: implications for plant growth, stress response, and sustain-
able agriculture. Plant Physiol Biochem. 2024;206:108290. doi 
10.1016/j.plaphy.2023.108290

Spoel S.H., Johnson J.S., Dong X. Regulation of tradeoffs between 
plant defenses against pathogens with different lifestyles. Proc 
Natl Acad Sci USA. 2007;104(47):18842-18847. doi 10.1073/pnas. 
0708139104

Tarchevsky I.A., Yakovleva V.G., Egorova  A.M. Salicylate-induced 
modification of plant proteomes (review). Appl Biochem Microbiol. 
2010;46(3):241-252. doi 10.1134/S0003683810030026

https://doi.org/10.1016/s0969-2126(01)00220-9
https://doi.org/10.1016/s0969-2126(01)00220-9
https://doi.org/10.1094/mpmi.2002.15.4.380
https://doi.org/10.1074/jbc.m110.119040
https://doi.org/10.1074/jbc.m110.119040
https://doi.org/10.1007/s00018-007-7284-7
https://doi.org/10.1007/s00018-007-7284-7
https://doi.org/10.3390/ijms232416200
https://doi.org/10.3390/ijms232416200
https://doi.org/10.1016/j.tplants.2020.01.004
https://doi.org/10.3390/plants12112226
https://doi.org/10.1007/s00344-024-11607-1
https://doi.org/10.1134/S0003683824604694
https://doi.org/10.1007/978-94-007-1933-0_12
https://doi.org/10.1007/978-94-007-1933-0_12
https://doi.org/10.1016/S0048-4059(81)80009-4
https://doi.org/10.1016/S0048-4059(81)80009-4
https://doi.org/10.1111/mpp.13320
https://doi.org/10.1111/mpp.13320
https://doi.org/10.1046/j.1365-313X.1993.04030481.x
https://doi.org/10.1023/B:BIOP.0000041097.03177.2d
https://doi.org/10.1023/B:BIOP.0000041097.03177.2d
https://doi.org/10.1007/BF00023946
https://doi.org/10.1002/pmic.201400421
https://doi.org/10.5511/plantbiotechnology.24.247
https://doi.org/10.5511/plantbiotechnology.24.247
https://doi.org/10.1186/s12870-016-0749-9
https://doi.org/10.1186/s12870-016-0749-9
https://doi.org/10.1038/s41588-019-0480-1
https://doi.org/10.1038/s41588-019-0480-1
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1007/s10265-005-0213-7
https://doi.org/10.1007/s10265-005-0213-7
https://doi.org/10.1105/tpc.1.9.881
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/82521
https://doi.org/10.1007/s00438-008-0322-9
https://doi.org/10.1093/aobpla/ply031
https://doi.org/10.1007/s11033-024-10071-0
https://doi.org/10.1023/a:1012410009930
https://doi.org/10.1023/a:1012410009930
https://doi.org/10.1007/s00299-005-0928-x
https://doi.org/10.1007/s00299-005-0928-x
https://doi.org/10.1016/j.plaphy.2023.108290
https://doi.org/10.1016/j.plaphy.2023.108290
https://doi.org/10.1073/pnas.0708139104
https://doi.org/10.1073/pnas.0708139104
https://doi.org/10.1134/S0003683810030026


PR-гены, хитиназы и хитиназа-подобные белки в корнях гороха 
при действии салициловой кислоты и метилжасмоната

А.М. Егорова 2026
30 • 2

221ГЕНЕТИКА И СЕЛЕКЦИЯ РАСТЕНИЙ / PLANT GENETICS AND BREEDING

Trapnell  C., Williams  B.A., Pertea  G., Davis A., Kwan  G., van Ba
ren M.J., Salzberg S.L., Wold B.J., Pachter L. Transcript assembly 
and quantification by RNA-Seq reveals unannotated transcripts and 
isoform switching during cell differentiation. Nat Biotechnol. 2010; 
28:511-515. doi 10.1038/nbt.1621

Tyagi P., Singh D., Mathur S., Singh A., Ranjan R. Upcoming progress 
of transcriptomics studies on plants: an overview. Front Plant Sci. 
2022;13:1030890. doi 10.3389/fpls.2022

van Loon L.C., Rep M., Pieterse C.M. Significance of inducible de-
fense-related proteins in infected plants. Annu Rev Phytopathol. 
2006;44:135-162. doi 10.1146/annurev.phyto.44.070505.143425

Wang Y., Mostafa S., Zeng W., Jin B. Function and mechanism of jas-
monic acid in plant responses to abiotic and biotic stresses. Int J Mol 
Sci. 2021;22(16):8568. doi 10.3390/ijms22168568

Xu L.N., Jiang X.R., Lin  J.X., Li K., Javed T., Zhao  J.-Y., Gao S.-J. 
Pathogenesis-related protein 10 family genes involved in sugarcane 
responses to biotic stressors and salicylic acid. J Plant Growth Regul. 
2004;43:3907-3919. doi 10.1007/s00344-024-11371-2

Yakovleva V.G., Egorova A.M., Tarchevsky  I.A. Proteomic analy-
sis of the effect of methyl jasmonate on pea seedling roots. Dokl 
Biochem Biophys. 2013;449:90-93. doi 10.1134/S16076729130 
20105

Conflict of interest. The author declares no conflict of interest.
Received March 20, 2025. Revised November 9, 2025. Accepted November 11, 2025.

https://doi.org/10.1038/nbt.1621
https://doi.org/10.3389/fpls.2022.869423
https://doi.org/10.1146/annurev.phyto.44.070505.143425
https://doi.org/10.3390/ijms22168568
https://doi.org/10.1007/s00344-024-11371-2
https://doi.org/10.1134/S1607672913020105
https://doi.org/10.1134/S1607672913020105

