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Abstract. Stem rust, caused by the fungus Puccinia graminis f. sp. tritici (Pgt), is a harmful disease affecting grain crops.
The traditional way to combat this and other infectious plant diseases is to use chemical pesticides. Biopesticides, as well
as plant disease resistance inducers — in particular those based on chitosan, a derivative of chitin - are increasingly being
considered as an effective and safe alternative. Recently, a globular form of chitosan, Novochizol, has been developed,
which has a number of advantages and has shown its effectiveness in preliminary field and laboratory experiments.
However, there are no works devoted to the effect of this preparation on the expression of defense genes. Therefore,
the aim of this work was to search for genes involved in the response of common wheat (Triticum aestivum L.) to stem
rust infection and to evaluate the effect of Novochizol treatment on their transcription during the infection process. The
wheat line ISr6-Ra with the stem rust resistance gene Sr6 and two Pgt isolates — an avirulent one, Avr6, and a virulent one,
vré — were used as a model, allowing us to compare the effects of Novochizol depending on the genetic compatibility
in the plant—pathogen pathosystem. To analyze the transcription level of defense genes, leaf material was collected at
different time points from 3 to 144 h after inoculation of plants with the pathogen. Quantitative PCR analysis showed
an increase in the transcription levels of the CERKT, PR3, PR4, PR5, PR6 and PR9 genes in plants treated with Novochizol
and infected with various Pgt isolates compared to untreated infected plants. Pgt isolate Avr6 induced the highest
expression of some defense genes (primarily CERKT), which is consistent with the phytopathology data showing the
maximum degree of resistance (IT1) to stem rust in Novochizol-treated plants with a combination of Sr6-Avr6 genes.The
data obtained confirm that one of the optimal strategies for increasing the resistance of grain crops to fungal pathogens
is a combination of selection for specific resistance genes with the use of biological control agents.
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Ha 3KCIIPEeCCUIO I'eHOB 3all/ThI IIPY 3apakeHU N IMIIeHUITbI
cTebs1eBOI p>kaBuUMHO Puccinia graminis f. sp. tritici

A.B. lllepbanb 1@, A.B. PasyBaeBa L E.C. CxoaorHesa (1)1, B.B. ®omenxko (172

! DepepanbHbIit ccnenoBaTenbCKMi LEHTP VIHCTUTYT LMTONOTUM 1 reHeTukn CUBUPCKOro oTaeneHns Poccuiickoii akagemum Hayk, HoBocu6upck, Poccus
2 HoBOCMOVPCKMIA MHCTATYT opraHnyeckon xumun um. H.H. Bopoxuoa Cnbupckoro otaeneHns Poccuiickon akagemmm Hayk, HoBocmbupck, Poccus

@ atos@bionet.nsc.ru

AHHoTauusA. CTebneBas paBurHa, Bbi3blBaeMas rpubom Puccinia graminis f. sp. tritici (Pgt), aBnaeTca BPeAOHOCHbLIM
3aboneBaHneMm, Mopa)<alLlyM MOCEBbI 3ePHOBbIX KYbTYP. TPaaULMOHHBIA CNocob 60pbbbl C 3TUM U APYrMA
VNHPEKLUNOHHBIMN 6ONE3HAMN PACTEHUIN — NCMONb30BaHNE XUMUYECKUX CPeCTB 3aluTbl. B kauecTBe nx apdeKkTmBHOMN
1 6e30MacHO anbTepPHATXBbI BCE Yalle paccMaTpUBaloTCA GronecTnymabl, a TakxKe MHAYKTOPbI 6011e3HeyCToMUYNBOCTA
pacTeHnid, B YaCTHOCTM Ha OCHOBE XMTO3aHa, MPOW3BOAHOIO XMTUHA. HefaBHO pa3paboTaHa rnobynapHas dopma
XnUTO3aHa — HoBoxm30Mb, nMetowasn paa NpenmyLLecTs 1 nokKasaslaa cBolo 3GGeKTUBHOCTb B NpeaBapuUTEnbHbIX
noneBbiX 1 TabopaTopHbIX SKcnepumeHTax. OfHaKo B HacToALLEe BPeMsA OTCYTCTBYIOT PaboTbl, MOCBALLEHHbIE BAUAHWIO
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The effect of Novochizol on the expression
of defense genes during wheat infection with stem rust

[laHHOTO NpenapaTa Ha SKCNPeCCUio reHOB 3aLKTbl. [03TOMY Lienbio faHHOM PaboTbl CTanm MOUCK reHOB, MPYHUMAOLLMX
yyacTrie B peakuMmn pacTEHUI MATKON MweHnLbl Triticum aestivum L. Ha 3apakeHune CTeGIEBOI PXKABUMHOW, N OLLEHKa
BAUAHMA 06paboTKM NpenapaTtom HOBOXM30/b Ha MX TPAHCKPUNLUKMIO B Xof4e MHPEeKUMOHHOro npolecca. B kauectse
Mogzenu 6bln 3a4eCTBOBaHbI IMHUA MWEHNLbI C FEHOM YCTONUMBOCTM K CTe61eBOI pKaBUMHeE Sr6 1 ABa 0TOOPaHHbIX
nsonAta Pgt pna 3TOWM NNHUKU: aBUPYNEHTHbIA (Avr6) U BUPYNEHTHbIN (Vr6), no3sonaiowme conoctaButb 3ddeKTbl
npenapaTta HoBOX130/1b B 3aBUCUMOCTM OT FreHeTUYeCKON COBMECTMMOCTM B MaTocucTemMe pacTteHue—mnaToreH. [na
aHann3a ypoBHA TPAHCKPUMLMM FreHOB 3alMTbl UCMOJIb30BaNN IMCTOBOW MaTepuan B PasfiMyHbIX BPEMEHHbIX TOYKaXx,
oT 3 go 144 4 nocne NHOKyNALUN pacteHnn natoreHoM. KonnyectseHHbin MNLP-aHann3 nokasan noBbllieHVe YPOBHA
TpaHckpunuun reHos CERK1, PR3, PR4, PR5, PR6 n PR9 y pacTeHuii, 06paboTaHHbIX M3yyaeMbiM GMOMNECTULNAOM 1
MHOULMPOBAHHDBIX Pa3fMYHbIMU U30nATaMKM Pgt, No cpaBHeHMIO ¢ Heo6paboTaHHLIMU UHOULMPOBAHHBIMU PaCTEHNAMMU.
MonyyeHHble faHHble NOATBEPXKAAIOT, UTO OAHA M3 OMTUMANbHbIX CTPATErnii MOBbILEHWNA YCTONYMBOCTA 3€PHOBbIX
KynbTyp K FpMOHbIM NaToreHam € TOYKM 3peHnA dKosormyeckor 6e3onacHoCcTn — coyetaHne METOA0B cenekunm no
reHam cneunduUecKon yCTonunBoCT C NPUMEHEHEM OGUONOTMYECKUX CPEACTB 3aLlnTbI.

KnioueBble cnoBa: 6rionectnymns; XnutosaH; HoOBOXM30sb; reHbl 3alnTbl; CTe6NEBaA PXKaBUMHA; TPAHCKPUNUWA; MArKas

nweHnua

Introduction

Common wheat Triticum aestivum L. is the most popular and
largest grain crop in terms of sown area. One of the main
problems in its cultivation is the decrease in its yield due
to diseases caused by various pathogens, especially fungi
(Hafeez at al., 2021). Almost 90 % of the world’s wheat
sown area is at risk of being affected by at least one fungal
disease (Chai et al., 2022). Among the most dangerous are
leaf-stem diseases that reduce the assimilation surface of
leaves, and destroy chlorophyll, which leads to a decrease in
photosynthesis, premature aging and death of plant tissues.
Crop losses can range from 20 to 70 %. Often, such fungal
infections take the form of epiphytoties. Since the begin-
ning of 2000, the incidence of stem rust in wheat crops in
Europe has increased sharply and continues to grow (Patpour
et al., 2022). In the Russian Federation (RF), epiphytoties
of stem and brown rust, septoria, and powdery mildew are
periodically observed (Sanin, 2012).

In response to pathogen attacks, plants have developed a
complex immune system that includes different levels of de-
fense. The perception of pathogen-associated molecular pat-
terns (PAMPs) by membrane pattern recognition receptors
(PRRs) leads to PAMP-triggered immunity (PTI) (Bigeard
etal., 2015). In an attempt to overcome this level of defense,
the pathogen secretes specific avirulence effectors (Avr gene
products) that suppress PTI, thus promoting further disease
development. In response, plants have developed the next,
specific level of defense based on intracellular recogni-
tion of effectors by NOD-like receptors (NLRs), products
of plant R genes. This effector-triggered immunity (ETI)
defense mechanism often results in programmed cell death
in infected tissue or a hypersensitive response (HSR) that
creates a barrier to pathogen dissemination (Jones, Dangl,
2006; Bent, Mackey, 2007).

PTI and ETI have been shown to be closely interrelated
and jointly mediate systemic resistance to disease (Ngou
et al., 2021). This resistance is based on the activation of
a number of signaling cascades, including hormonal ones,
which are controlled by hormones such as salicylic (SA),
jasmonic (JA) and abscisic acids, ethylene, etc., depending
on the type of nutrition of the pathogen: biotrophic, hemi-
biotrophic or necrotrophic (Jones, Dangl, 2006).

The salicylate-controlled cascade characteristic of the
response against biotrophic pathogens, including the stem
rust pathogen Puccinia graminis f. sp. tritici (Pgt), leads to
the accumulation of reactive oxygen species (ROS) — an
oxidative burst that provokes HSR, synthesis of phenolic
substances and specific protective PR (pathogenesis-related)
proteins (Tada et al., 2008; Ding et al., 2018).

PR proteins are the most important factors in plant resis-
tance mechanisms. They participate in signaling systems,
catalyzing the formation of hormones, strengthen the cell
walls of plants, and are capable of causing damage to
the cell walls and cytoplasmic membranes of pathogens
(Tarchevskij, 2002). PR proteins are divided into 17 families
(PR1-PR17) (Van Loon, Van Strien, 1999; Sels et al., 2008).
Many of them are hydrolases. Thus, proteins of the PR2
family are B-1,3-endoglucanases; they accumulate around
the site of infection, exhibiting fungicidal activity. Proteins
ofthe PR3, PR4, PR8 and PR11 families have endochitinase
activity and are capable of destroying the cell wall of fungi;
their pool increases during infection. Representatives of the
PR7, PR8, PRI and PR10 families exhibit proteinase, lyso-
zyme, peroxidase and ribonuclease activities, respectively.
Proteins of the PR6 family are proteinase inhibitors that sup-
press proteolytic enzymes secreted by pathogens to penetrate
plant tissues. The activity of other PR proteins is associated
with an increase in membrane permeability (families PR5,
PR12, PR13, PR14), as well as with the accumulation of
hydrogen peroxide (families PR15 and PR16); the synthesis
of these proteins is significantly increased by treatment with
elicitors (Van Loon, Van Strien, 1999; Scherer, 2005; Van
Loon et al., 2006).

One of the well-established long-term strategies for plant
protection against pathogens is based on genetic protection
using R genes, the inducers of ETI (see above). The gene
catalog of the International Symposium on Wheat Genetics
contains about 58 stem rust resistance genes (Sr) identified in
wheat (MclIntosh et al., 2011). Most of them, such as Sr25,
Sr26, Sr31, Sr35, Sr38, Sr39, Sr4d4, Sr45, provide specific
resistance mechanisms, including HSR and PR protein ex-
pression. However, the emergence of new pathogen races
overcoming resistance in crop varieties increases losses from
diseases. Therefore, the use of chemical pesticides became
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an additional line of defense, although it can have a negative
impact on human health, food safety and the environment,
and can also be toxic to non-target beneficial organisms.
This stimulates the search for safe alternative plant protec-
tion products — biopesticides and resistance inducers (Ali
et al., 2023).

Chitin is one of the most studied PAMPs that induce plant
immunity. It is the main component of fungal cell walls,
exoskeletons of arthropods, including insects. Chitosan, a
biopesticide, was obtained by hydrolysis and deacetylation
of chitin, the effect of which as a growth stimulator and
inducer of non-specific resistance to fungal, bacterial and
viral diseases has been confirmed in many studies (Maluin,
Hussein, 2020; Shcherban, 2023). However, there are a
number of disadvantages that complicate the use of chito-
san: insolubility in water at physiological pH, low stability,
variability of effects depending on the weight of the mol-
ecules, the degree of their deacetylation and the composi-
tion of the monomers (Katiyar et al., 2014; Varlamov et al.,
2020).

Since there are currently no standard protocols for de-
termining these parameters, assessments of the effects of
chitosan preparations in different laboratories are often
poorly comparable. Recently, scientists from the RF (patent
US 20230096466A1; https://www.freepatentsonline.com/
y2023/0096466.html) obtained a globular chitosan form,
Novochizol, which has a number of advantages: increased
solubility in aqueous solutions, high adhesion to plant tis-
sues, chemical stability, the ability to form complexes with
other biologically active substances (Fomenko, Loroch,
2021). As a result of treating common wheat seeds with
this preparation, their germination was accelerated, and an
increase in root mass and total plant mass was observed
(Teplyakova et al., 2022).

In field conditions, pre-sowing seed treatment and plant
treatment with Novochizol in combination with natural
fungicides had a positive effect on the growth and produc-
tive properties of wheat, and also increased its resistance
to a number of fungal diseases (Orlova et al., 2025). At
the same object, the inhibitory effect of Novochizol on the
development of stem rust was demonstrated in laboratory
conditions (Shcherban et al., 2024). It was shown that under
the influence of treatment with this drug, ROS, in particular
hydrogen peroxide (H,0,), accumulate in the leaf tissue of
plants after infection with Pgt due to the modulation of the
activity of antioxidant enzymes. It should be noted that the
latter work studied the reaction of a variety with a complex
genotype infected with a mixed population of the fungus
(Shcherban et al., 2024).

It is of interest to study Novochizol-induced mechanisms
of resistance to isolated Pgt races with contrasting virulence
using a common wheat line carrying the corresponding Sr
gene. For this purpose, we selected an isogenic line for the
Sr6 gene, on which avirulent and virulent Pgt isolates were
effectively differentiated (Skolotneva et al., 2020).

The aim of this work was to assess the susceptibility
level of plants of this line treated with Novochizol and
separately infected with one or another Pgt isolate, as well
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as to conduct a comparative analysis of the dynamics of ex-
pression of protection genes (PR) in the leaf tissue of plants
within 144 hours after inoculation. To date, data have been
accumulated on the effect of chitosan preparations on the
expression of PR genes after plant infection with various
pathogenic fungi (Manjunatha et al., 2008; Maluin, Hussein,
2020; Shcherban, 2023); however, in our work, the study
of such an effect of the Novochizol preparation was carried
out for the first time.

Materials and methods

Plant material and stem rust pathogen. To obtain seed ma-
terial, the common wheat line 1Sr6-Ra, kindly provided by
Prof. J. Colmer (St. Paul, USA), was grown hydroponically
in the artificial climate laboratory of the Institute of Cytology
and Genetics SB RAS. To confirm the presence of the stem
rust resistance gene Sr6 in this line, the plant material was
genotyped using the molecular marker Xcfd43 to this gene
(Tsiloetal., 2009). In the laboratory experiment, plants were
grown in vessels with soil, under conditions recommended
for work with rust fungi by international protocols (Roelfs
et al., 1992). For treatment with Novochizol, 10-day-old
seedlings were used, and as a control, uninfected plants
without treatment, grown in parallel with the experimental
samples, were used.

Previously, the West Siberian population of Pgt was
genotyped for races of the fungus containing different
combinations (pathotypes) of Avr and vr genes (Skolotneva
et al., 2020). In our experiment, we used the LKCSF (vr6)/
LCCSF (Avr6) pathotype system with the highest yield of
urediniospores. The selected isolates were propagated on the
susceptible variety of common wheat Khakasskaya to obtain
spore material in the amount required to infect an experi-
mental batch of plants at the rate of 10 mg per 1,000 plants.
The spore material was stored at a temperature of —70 °C
until the experiment.

Novochizol treatment and Pgt infection. Assessment
of plant susceptibility. Novochizol with a deacetylation
degree of >90 % and a molecular weight of ~500 kDa
was provided by Novochizol SA (Monte, Switzerland).
Agqueous suspensions of this preparation were prepared as
described previously (Teplyakova et al., 2022). A concen-
tration of 0.125 %, which had previously been shown to
be effective against stem rust (Shcherban et al., 2024), was
chosen for the treatment of 10-day-old plant seedlings. No-
vochizol suspension was applied to plants using a household
sprayer (15 ml/100 plants) four days before Pgt inoculation.

For plant inoculation, Pgt urediniospores were premixed
with Novec 7100 mineral oil (3M Novec™, St. Paul, MN,
USA) at a concentration of 25 mg spores per 5 ml oil and ap-
plied to seedlings using a sprayer. Control plants were treated
with bidistilled water. Inoculated plants were incubated for
24 h in a humidified chamber, in the dark, at 15-20 °C to
ensure maximum spore germination. The plants were then
transferred to growth chambers and incubated for 16 h under
10,000 lux phytolamp illumination and at a temperature of
26-28 °C. These conditions are necessary for the formation
of appressoria, pathogen penetration into the stomata, and
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Primer sequences and expected sizes of PCR products

The effect of Novochizol on the expression
of defense genes during wheat infection with stem rust

Primers Gene product Sequence (5'-3") Size of PCR product  References

(bp)
GAPDHF Glyceraldehyde-3-phosphate TTGCTCTGAACGACCATTTC 176 Hao et al,, 2022
GAPDHR dehydrogenase GACACCATCCACATTTATTCTTC
CERKTF Chitin elicitor receptor kinase 1 TTACCCCATCGACGCCATTC 190 Leeetal, 2014
CERK1R TCTGCCGGACATGAGGTTCA
PR3F Endochitinase AGAGATAAGCAAGGCCACGTC 116 Desmond et al., 2005
PR3R GGTTGCTCACCAGGTCCTTC
PR4F Hevein-like protein CGAGGATCGTGGACCAGTG 128 Bertini et al., 2003
PR4R GTCGACGAACTGGTAGTTGACG
PR5F2 Thaumatin-like protein GCCGCAAGCCTACCAACA 107 Ray et al., 2003
PR5R2 CGCGGTGCGACGTATAGAG
PR6F Proteinase inhibitor TTCAGGGCTTCAGGCTCAG 141 Gaoetal, 2013
PR6R ATTGACCAAGACACGACGATAG
PROF Peroxidase GAGATTCCACAGATGCAAACGAG 102 Pritsch et al., 2000
PROR GGAGGCCCTTGTTTCTGAATG

the development of infectious hyphae in the intercellular
spaces of the plant (Roelfs et al., 1992).

The degree of plant susceptibility to stem rust was as-
sessed taking into account the qualitative (type of reaction)
and quantitative components of this indicator. Infection types
of plant reaction (IT) were determined 12—14 days after
inoculation using the modified Steckman scale (Roelfs et
al., 1992), where IT “07, “;”, “1” and “2” were interpreted
as resistant (Low, L), and “3”, “3+” and “4”, as susceptible
(High, H).

RNA extraction, reverse transcription, RT-PCR and
PCR. For sample collection at different time points after
infection (3, 6, 24, 48, 72, 144 h), three plants were planted
as biological replicates for each experimental sample. In-
dividual leaves were cut from each plant and immediately
placed in liquid nitrogen. The collected material was stored
at—80 °C before RNA extraction. Total RNA was extracted
using the R-PLANTS-kit (Biolabmix, Novosibirsk, Russia)
according to the manufacturer’s instructions. Genomic DNA
was removed using heat-labile DNase (Biolabmix). Reverse
transcription was performed using the OT-M-MuLV-RH
first-strand cDNA synthesis kit (Biolabmix) using 1 pg of
total RNA and oligo(dT),g as a primer.

For reverse transcription-PCR (RT-PCR), the conditions
were the same as for gPCR (see below). RT-PCR products
were analyzed by electrophoresis in 1.5 % agarose gel fol-
lowed by staining with ethidium bromide.

The BioMaster HS-gPCR Lo-ROX SYBR (2x) reagent
kit (Biolabmix) and the QuantStudio 5 Real-Time PCR
System (Thermo Scientific, USA) were used for qPCR.
The sequences of gene-specific primers are listed in the
Table. Amplification conditions were 5 min at 95 °C, fol-
lowed by 40 cycles of 10 s at 95 °C, 20 s at 60 °C (55 °C
for the GAPDH gene), and 10 s at 72 °C. qPCR data were
collected during each round of amplification. Melting curve

analysis between 60 and 95 °C was applied to all products
to determine the fidelity of the PCR reaction.

Gene expression measurements were performed in three
biological replicates, each with three technical replicates.
Relative mRNA amounts were determined using Pfaffl’s
formula (Pfaffl, 2001). PCR efficiency was assessed using
LinReg software (Ruijter et al., 2009). mRNA expression
levels were normalized to the level of the housekeeping
gene GAPDH. This gene was chosen as a reference because
no differences in its mRNA content were detected between
Pgt-infected and control samples (data not shown). Analysis
of variance with Tukey’s post hoc test was used to compare
expression levels.

To assess the transcription level of common wheat genes
induced during Pgt infection using gPCR, we selected six
genes for which preliminary RT-PCR revealed the presence
of a monomorphic amplification product of the expected
length with varying intensity at individual time points after
inoculation with the pathogen (see the Table).

Results

Effect of Novochizol on stem rust development
To study the effect of Novochizol treatment on the sus-
ceptibility of common wheat plants to stem rust and the
expression of defense genes, we used a model including the
T. aestivum ISr6-Ra line and the corresponding Avr6 and
vr6 Pgt isolates. This model allowed us to study various
resistance mechanisms depending on the recognition of
pathogen ligands by the host’s immune receptors.
Fourteen days after inoculation, the susceptibility level
of plants infected with the Avr6 isolate corresponded to the
resistant type (IT =1-2) (Fig. 1). This scenario corresponds
to cases of interaction of plant/pathogen genotypes car-
rying complementary genes of resistance and avirulence,
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IT“0" IT“0" IT“1" T*1" "2 IT“3" IT"3" 4"
H_J %f_/
-Pgt -Pgt +Avr6 +Avré +vré +Vvré6
-Nov +Nov +Nov -Nov +Nov -Nov

Fig. 1. Effect of Novochizol on the development of stem rust symptoms on leaves of wheat of the T. aestivum 1Sr6-Ra line.

Avr6 and vr6 are avirulent and virulent isolates of the stem rust pathogen (Pgt). Infectious types of plant response (IT) are indicated
above the figure. Pustules characteristic of each IT are indicated by arrows. Nov — Novochizol. Photofixation was carried out on the
14th day after inoculation with the pathogen. The age of plants at the time of fixation was 28 days.

i. e. encoding the immune receptor and its specific ligand.
Infection with the vr6 isolate resulted in a susceptibility
reaction (IT =3—4). An earlier assessment of the quantitative
component of resistance, determined by the average number
of pustules per leaf blade, showed a multifold decrease in
the number of pustules in plants pretreated with Novochizol
compared to untreated plants, in the case of both isolates
(data not published). As a result of treatment, plants infected
with Avr6 and vré were similar in terms of the quantitative
indicator (~1.5 pustules per leaf on average); however, in
general, they retained the specific IT of resistance and sus-
ceptibility for each isolate, determined by the size of the
pustules (Fig. 1).

Transcription level assessment of defense genes

Induction of the CERK1 gene during Pgt infection of
wheat. Chitin elicitor receptor kinase 1 (CERK1) has been
identified as a PAMP receptor for chitin, a major structural
component of fungal cell walls (Gong et al., 2020; Wang L.
etal., 2024). Upon recognition of chitin, this receptor protein
activates various defense-related signaling pathways, play-
ing a key role in plant immunity.

In untreated plants infected with the vr6 isolate, a slight
increase in transcription of this gene was detected at 24 hours
post inoculation (h/i), while at other points the transcription
level did not exceed the control. In the group of untreated
plants infected with the Avr6 isolate, no increase in the
amount of CERK1 transcripts was observed throughout the
experiment, compared to the control.

Novochizol-pretreated plants showed different responses
to Pgt infection depending on the isolate type (Fig. 2a). In
vr6-infected plants, we observed an increase in CERK1 tran-
script levels at 3 and 48—144 h/i relative to untreated plants
infected with the same isolate, although the significance
of this increase at individual points was low. At the same

time, Avr6-infected plants pretreated with the drug showed
a significant increase in CERK1 transcription by approxi-
mately 2—3 times relative to untreated plants in the range
of 24—72 h/i. In uninfected plants treated with the prepara-
tion, the level of CERK1 transcription did not significantly
exceed that of the control plants, and at some points even
decreased (Fig. 2a). Thus, although CERK1 induction under
the influence of the biopesticide Novochizol was observed
for both isolates, the degree of this induction was higher in
the case of the Avr6 isolate.

Induction of the PR3 and PR4 genes encoding various
chitinases. The PR3 and PR4 genes encode proteins with
chitinase activity that cleave the chitin of pathogenic fungi,
herbivorous insects, and nematodes (Van Loon et al., 2006).
These enzymes do not have an endogenous substrate and
play an important role in the lysis of the cell walls of many
pathogens.

Transcription of both genes in control plants and plants
treated with Novochizol without infection was approxi-
mately at the same level, without any significant changes
(Fig. 2b, ¢). In untreated plants infected with vr6, a slight
increase in the PR3 transcription level was observed at
24 h/i, followed by a decrease to the initial level on the third
day after inoculation. In untreated Avr6-infected plants, an
elevated mean PR3 transcription level was observed at 3 h/i;
no significant changes were observed relative to controls
at other time points. Regarding PR4, the expression of this
gene in untreated vr6-infected plants showed an increase in
the mean level at 144 h/i, whereas induction was observed
as early as 3 h/i after Avr6 infection.

Treatment with the preparation induced higher levels of
PR3 and PR4 gene transcription in response to Pgt infection
compared to untreated plants. Thus, in the case of vr6 infec-
tion of treated plants, we observed increased transcription
of the PR3 gene after 3-24 h/i with a maximum level at
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Fig. 2. Dynamics of gene transcription of some protective proteins in leaves of common wheat line ISr6-Ra after their treatment with 0.125 % Novochizol

and inoculation with the vr6 or Avr6 — Pgt isolate.

C - control; Nov - treatment with the preparation; vr6 — inoculation with isolate vr6; vr6 + Nov - treatment with the preparation and inoculation with isolate
vr6; Avr6 — inoculation with isolate Avr6; Avr6 + Nov — treatment with the preparation and inoculation with isolate Avr6. Columns represent the average level
of gene transcripts relative to the reference (+ standard error of the mean). Comparisons were made with control plants at individual time points and pairwise
comparisons of vr6/vr6 + Nov and Avr6/Avr6 + Nov (in parentheses); p-values: * p < 0.05, ** p < 0.01, *** p < 0.001.

24 h/i, and for PR4, after 6 and 48—72 h/i. Transcription of
both genes increased after 3 h/i when plants were infected
with the Avr6 isolate, and the statistically most significant
increase compared to untreated plants was found for the
PR4 gene (Fig. 2b, c).

Expression of PR5, PR6 and PR9 genes. In this work, we
also studied the dynamics of transcription of the PR5, PR6
and PR9 genes, which play an important role in plant defense
against pathogens. The PR5 gene encodes a thaumatin-like
protein with antifungal activity and is also an osmoregula-
tor that protects plants from abiotic stress (Van Loon et
al., 2006). The PR6 gene product is a proteinase inhibitor
that suppresses the pathogen’s proteolytic enzymes. The
peroxidase encoded by the PR9 gene plays an important
role in strengthening the plant cell wall and in the forma-
tion of ROS to create a toxic environment for the pathogen
(Almagro et al., 2009).

The transcription levels of the PR5, PR6 and PR9 genes
in the control and uninfected plants treated with Novochizol
did not undergo significant changes during the experiment
(Fig. 2d—f). In untreated plants infected with one or another
Pgt isolate, accumulation of PR5 transcripts was observed
only on the 6th day of infection with the pathogen (Fig. 2d).
Under the influence of the preparation, an earlier increase in
the PR5 transcription level was observed in plants infected
with vr6, especially noticeable after 6 and 48 h/i. In plants
infected with Avr6, pretreatment with the preparation caused
a significant induction of PR5 transcription after 3 h/i with
a subsequent decrease in the expression level. It should
be noted that there are signs of similarity in the dynamics
of PR5 transcription with that of the PR3 and PR4 genes
(see above).

In untreated vr6-infected plants, PR6 transcription peaked
at 24 h/i, whereas in untreated Avr6-infected plants, tran-
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scription of this gene increased less significantly at 6 and
24 h/i (Fig. 2e). Interestingly, biopesticide treatment caused
asignificant decrease in PR6 transcript levels in vr6-infected
plants at 24 h/i. In the case of infection with Avr6, maximum
PRG6 expression in treated plants, significantly higher than in
untreated plants, was observed at 6 h/i, and then the levels
of both groups of plants became similar except at 144 h/i.

In untreated vr6 infected plants, PRI transcript levels
increased between 3 and 6 h/i and then decreased (Fig. 2f).
In treated vr6 infected plants, PR9 transcript levels increased
between 3 and 24 h/i with high interplant variability. A lesser
increase in expression of this gene was observed in treated
Avr6 infected plants, except for 3 h/i, which was the time
point at which the highest PR9 transcript level was recorded.
PR transcripts were not detected at 72 and 144 h/i in control
and infected samples.

Discussion

The effect of chitosan preparations on defense reactions and
signaling pathways that control immunity has been studied
in detail in various plant objects, although not enough to
fully understand the mechanisms of this effect (review:
Shcherban, 2023). However, so far there have been only a
few studies devoted to the analysis of the effects of Novo-
chizol, a globular derivative of chitosan (Teplyakova et al.,
2022; Shcherban et al., 2024; Orlova et al., 2025). Our work
provides new information on the changes in the expression
of defense genes induced by this preparation during infec-
tion of wheat with the causative agent of a dangerous fungal
disease, stem rust.

In response to pathogen attacks, plants have developed
a complex immune system, including PRRs, PTI-mediated
receptors that represent the first line of plant defense against
infections. PRRs are central elements of plant immunity,
triggering a cascade of defense reactions, including ROS
accumulation, PR gene expression, and other responses
(Jones and Dangl, 2006).

In our study, we analyzed the effect of Novochizol on
the expression of the gene encoding PRR CERK1 in leaf
tissue of wheat plants infected with different Pgt isolates.
In response to infection with avirulent and virulent isolates
of Pgt, plants not treated with the preparation did not show
significant changes in the expression level of this gene
throughout the experiment (Fig. 2a). Also, no significant
changes in the expression level were detected in uninfected
plants treated with the preparation.

Previously, activation of CERK1 gene transcription in ear
tissue was shown under the influence of chitin and during
infection with the causative agent of fusarium Fusarium gra-
minearum Schwabe (Wang L. et al., 2024). Apparently, the
causative agents of Fusarium and stem rust provoke different
reactions of the defense system in various plant tissues, and
chitin, a natural elicitor, can provoke a more pronounced
reaction compared to the Novochizol preparation.

Plants treated with the preparation demonstrated a more
pronounced response to infection with Pgt, which depended
on the isolate type. So, when plants were infected with vr6,
we observed a slight increase in the CERK1 transcription
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level after 3 h/i and in the range of 48—144 h/i, whereas
when plants were infected with the avirulent isolate Avr6,
the degree of CERK1 induction was higher than in the pre-
vious case and exceeded the expression level of this gene
in untreated plants by 2—-3 times in the range of 24-72 h/i.
This increase in Avr6-infected plants can be explained by
the close relationship between PTI and ETI.

Previous studies have shown that these levels of defense,
activated in plants by surface and intracellular receptors,
respectively, are mutually reinforcing (Ngou et al., 2021).
From this perspective, it can be speculated that the pres-
ence of an intracellular plant receptor (Sr6 gene product)
complementary to the Avré product of the Pgt gene is an
additional trigger capable of enhancing PTI by increasing
CERKZ1 gene expression. Recently, CERK1 overexpression
has been shown to confer broad-spectrum resistance to
fungal diseases in wheat (Wang L. et al., 2024).

Genes encoding the PR3 and PR4 proteins have endo-
chitinase activity, are capable of destroying the cell wall of
fungi, and are activated when plants are exposed to various
pathogens (Van der Bulcke et al., 1990; Ward et al., 1991,
Hammond-Kosack, Gones, 1996; Gao et al., 2013). Ac-
cording to the data obtained in the work, upon infection
with vr6, the level of PR3 gene transcription increased
after 24 h/i, while the PR4 gene was induced much later,
on the 6th day after inoculation (Fig. 2b, ¢). During Avr6
infection, a synchronous increase in the expression of both
genes occurred at 3 h/i.

As in the case of CERKL, treatment with the drug caused
an increase in the transcription of both chitinase genes, com-
pared to untreated plants, which was most pronounced in
the case of the Avr6 isolate at the same point as in untreated
Avré6-infected plants — 3 h/i. Thus, the PR3 and PR4 genes
are characterized by early accumulation of transcripts du-
ring infection with the Avr6 isolate, while Novochizol has
an additional stimulating effect on the expression of these
genes. It has been previously shown that treatment with
chitosan preparations causes early accumulation of chitin-
ases, which non-specifically destroy the chitin of fungal cell
walls and thereby increase plant resistance to a wide range
of fungal diseases (Manjunatha et al., 2008; Ma et al., 2013;
Elsharkawy et al., 2022).

Numerous studies have shown that overexpression of
thaumatin-like proteins (TLPs) belonging to the PR5 family
provides significant plant resistance to various pathogenic
fungi (Wang X. et al., 2010; Cui et al., 2021). We showed
that, similar to the PR4 gene, the accumulation of PR5
transcripts occurred late — at 144 h/i in untreated plants in-
fected with vr6 (Fig. 2d). Treatment with the drug resulted
in earlier accumulation of PR5 transcripts at 6 and 48 h/i in
plants infected with the same isolate. Finally, similar to PR4,
PR5 showed significant induction of its expression at 3 h/i
in treated plants infected with Avr6. Such similarity in the
dynamics of PR4 and PR5 expression indicates a common
mechanism of regulation of these genes, depending on the
pathogen genotype.

Regarding the possible target of PR5 protein action, it was
shown that overexpression of TLP in grape Vitis vinifera L.
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leads to a decrease in hyphal growth of the pathogenic fungus
Plasmopara viticola (He et al., 2017). The exact mechanism
of TLP action has not been established, however, PR5 was
reported to degrade -1,3-glucans, which, like chitin, are an
important structural component of fungal cell walls (Grenier
etal., 1999).

An important role of the PR6 gene product is to inhibit
pathogen proteinases that degrade plant proteins (Ryan,
2000). According to our data, the expression of this gene in
untreated plants showed a pattern similar to that of other PR
genes studied in this work: a slight increase in the transcrip-
tion level at 24 h/i in the case of vr6 and at 6, 24 and 144 h/i
in the case of Avr6 (Fig. 2e). A special feature of this gene is
its different response to Novochizol, depending on the type
of isolate, at 24 h/i. The vr6 isolate at this point showed a
sharp decrease in PR6 transcription as a result of treatment,
whereas for Avr6, the transcription levels in treated and un-
treated plants were approximately the same. In the previous
6 h/i, we observed a more typical picture for Avr6, namely
a significant increase in PR6 transcription in treated plants
compared to untreated ones. It can be assumed that the peak
of PR6 functional activity occurs in the period up to 24 h/i,
after which its role decreases, which causes variability in
the transcription level.

The PR9 gene encodes peroxidase, which is involved
in hydrogen peroxide detoxification and lignin synthesis.
The latter substance, accumulating in the plant cell wall,
creates a barrier to pathogen spread (Andreeva, 1988). In
vr6-treated infected plants, we observed an increase in PR9
transcription after 3-24 h/i (Fig. 2f). Treated plants infected
with Avré showed an increased average transcription level
after 3 h/i and no increase at other time points relative to
untreated plants infected with the same isolate. The increased
dispersion of data observed for both isolates can be explained
by the uneven distribution of pustules on individual leaves
(Fig. 1); the highest level of peroxidase activity and, ac-
cordingly, transcription of this gene can be expected in the
areas of formation of morphological structures of the fungus
(see below).

Nevertheless, these data correlate with a recent biochemi-
cal analysis, which showed an increase in the enzymatic
activity of peroxidase in the 6144 h/i period in Novochizol
vré-infected plants (data not published). We assume that the
increase in peroxidase activity in this group of plants under
the influence of the preparation is associated with the accel-
eration of the lignification process. Previous histochemical
analysis revealed earlier and more intensive accumulation
of phenolic substances in the cytoplasm and lignin on the
cell walls in the Pgt colony zones in plants treated with
the preparation compared to untreated plants (Shcherban
et al., 2025).

Thus, the induction of defense genes in plants treated with
Novochizol is enhanced in almost all cases after pathogen
inoculation, which is consistent with the previously proposed
hypothesis of priming, a rapid response of the immune sys-
tem to a subsequent pathogen attack under the influence of
elicitors (Conrath, 2011).

The effect of Novochizol on the expression
of defense genes during wheat infection with stem rust

Conclusion

The data obtained indicate that the biopreparation Novo-
chizol increases the quantitative component of resistance
of the isogenic line 1Sr6-Ra to stem rust both in the case
of the Avr6 isolate Pgt and in the case of the vr6 isolate.
Analysis of the transcription of the defense genes CERK1,
PR3, PR4, PR5, PR6 showed an increase in the transcription
level of these genes in plants treated with the preparation and
infected with various isolates of Pgt compared to untreated
infected plants. The data obtained indicate that the use of the
biopesticide Novochizol in combination with selection for
resistance genes (pyramiding) is an effective way to increase
the resistance of common wheat to stem rust.
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