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Abstract

Background/Aims: By activating innate immune responses, nanobiotechnology enables
sustainable ways to improve the resistance of plants. This study evaluates the effect of
chitosan nanoparticles (CNPs) on the transcriptional activation of defense-associated genes
of Arabidopsis thaliana. CNPs were produced via ionic gelation and sprayed on the leaves of
4-week-old plants. The relative expression levels of PR1, PDF1.2, and WRKY70 were measured
using gRT-PCR and the 2~ -AACt method and subjected to appropriate normalization and
statistical analysis. Treatment with CNPs significantly increased the levels of PR1, PDF1.2,
and WRKY70 compared to the controls, indicating that important transcriptional programs
associated with defense are activated and related to the signaling pathways of salicylic acid
(SA) and jasmonic acid (JA)/ethylene (ET). WRKY70 exhibited the greatest level of induction
and thus plays a major regulatory role in the coordination of these defense signaling pathways.
Chitosan nanoparticles act as effective inducers of transcriptional activation of plant defense
markers in A. thaliana. Previous studies support mechanisms of signaling, such as ROS, calcium
(Ca®") influx, MAPK, and pattern-triggered responses (PTl)/effector-triggered responses (ETI)

that warrant further examination. © 2026 The Author(s). Published by
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Introduction

In recent years, the utilization of nanotechnology in plant sciences has created new
opportunities for improving crop resilience, reducing dependency on chemical pesticides,
and achieving sustainable agriculture. Among various nanomaterials, bio-nanoparticles
derived from natural polymers such as chitosan have attracted considerable attention due
to their biocompatibility, biodegradability, and ability to stimulate plant defense responses.
Plants possess very complex defenses against biotic stressors such as fungal and bacterial
infections. This complex defense system is primarily based on recognizing pathogen-
associated molecular patterns (PAMPs) and activating resistance (R) genes, which then lead
to signaling cascades involving salicylic acid (SA), jasmonic acid (JA), and ethylene (ET).
Exogenously applied agents such as bio-nanoparticles can mimic or stimulate the resistance
response even in the absence of pathogens present. This study examines the molecular
effects of chitosan-based bio-nanoparticles on key R gene expression in Arabidopsis thaliana,
focusingon transcription factors (TFs) that play amajorrolein plantdefense, e.g.,, PR1, PDF1.2,
and WRKY. Using qRT-PCR, we aim to measure transcriptional responses and investigate
how smart industrial stimuli such as nano-chitosan may work as long-term inducers of self-
defense mechanisms. This study contributes to the evolution of smart agricultural methods
that connect nanotechnology with molecular plant defense systems to counteract biotic
stress while minimizing environmental effect or enhancing durability.

Arabidopsis thaliana

A small dicotyledonous flowering plant belonging to the genus Arabidopsis, species
thaliana, and family Brassicaceae, is the most widely used model organism in plant molecular
biology. The commonly used variety in laboratory experiments is Columbia-0 (Col-0) due
to its well-characterized genome and high genetic stability. Its fully sequenced genome,
short life cycle, and genetic tractability make it an ideal system for investigating molecular
defense responses under controlled experimental conditions. Its well-characterized genetic
background allows for precise investigation of gene function under various environmental
and experimental conditions.

Chitosan nanoparticles

Chitosan nanoparticles are biodegradable nanomaterials made from chitin, a natural
polymer presentin crustaceans’ exoskeletons and fungal cell walls. Chitosan can be converted
into nanoparticles with diameters ranging from 10 to 200 nm using procedures like ionic
gelation or emulsification. These nano-sized particles possess unique physicochemical
properties such as a large surface area, positive charge, and increased permeability, allowing
them to interact effectively with plant cells. Chitosan nanoparticles are classed as bio-
nanoparticles because of their biological origins and functional properties. Their postulated
rout of action in plants may involve: (1) boosting ROS-related signaling; (2) activating
defense-related gene expression, and (3) mimicking pathogen-derived molecular patterns
that contribute to systemic acquired resistance (SAR), as revealed by earlier studies. Their
cationic nature also enables them to bind to negatively charged plant membranes, which
aids in absorption and signal transmission. Because of these qualities, nano-chitosan has
been extensively researched as a biocompatible and environmentally benign elicitor of
plant immunity. In response to the detection of these elicitors, the plants must activate
sophisticated signal transduction pathways: the salicylic acid (SA) and the jasmonic acid/
ethylene (JA/ET) pathways. The SA pathway is primarily used to resist biotrophic pathogens
and is characterized by the expression of a PR1 gene (a major player in systemic acquired
resistance). On the other hand, the JA/ET pathway gets activated often for resistance against
necrotrophic pathogens and herbivorous insects, with some key genes being the PDF1.2
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gene and WRKY transcription factor family members. There is evidence that nano-chitosan
can modulate both pathways to enhance the speed and strength of plants’ responses to
pathogen invasion.

Defense paths JA/ET and SA

Plants respond to environmental and biotic stress through complex signaling cascades.
Upon perception of elicitors such as chitosan nanoparticles, defense signaling pathways are
activated to initiate protective responses. Two major pathways coordinate plant immunity:
the salicylic acid (SA) pathway and the jasmonic acid/ethylene (JA/ET) pathway.

The SA pathway is typically associated with resistance against biotrophic pathogens and
is characterized by the induction of pathogenesis-related genes such as PR1, which serves
as a well-established molecular marker of systemic acquired resistance (SAR). In contrast,
the JA/ET pathway is primarily involved in defense against necrotrophic pathogens and
herbivorous insects, and includes marker genes such as PDF1.2 as well as members of the
WRKY transcription factor family.

Chitosan nanoparticles have been reported to activate one or both pathways depending
on concentration, exposure time, and plant species. The present study did not directly assess
early signaling events such as calcium influx or mitogen-activated protein kinase (MAPK)
cascade activation. Therefore, these mechanisms are discussed as plausible upstream
processes inferred from gene expression profiles and supported by existing literature.

The aim of this study is to investigate the molecular effects of chitosan-based bio-
nanoparticles on the expression of key defense-related genes in Arabidopsis thaliana,
including PR1, PDF1.2, and WRKY transcription factors. Using quantitative real-time PCR
(qRT-PCR), we evaluated how nano-chitosan functions as a smart industrial stimulus
capable of activating plant defense mechanisms. The findings are expected to contribute
to the development of environmentally sustainable, nano-enabled strategies for enhancing
crop resilience.

Materials and Methods

Sampling of Plant Material and Growth Conditions

Leaves were harvested at 24 h post-treatment to measure the initial defense related
transcriptional response and minimize any potential secondary metabolic effect caused by
chitosan nanoparticles. The time point was selected based on preliminary observations and prior
research reporting peak induction of defense-related genes following application of elicitors
occurred within 24-48 hours post-application. Arabidopsis thaliana ecotype Columbia-0 (Col-0)
was chosen as the model organism in this study, as it has a fully characterized genome and is
well suited for molecular level studies. Seeds were surface-sterilized with 70% ethanol, followed
by immersion in 1% sodium hypochlorite for 10 min, and then rinsed thoroughly with sterile
distilled water. Sterilized seeds were sown on Murashige and Skoog (MS) agar medium and
maintained in a growth chamber at 22 °C under a 16 h light / 8 h dark photoperiod. After 10-14
days, seedlings were transferred to pots containing a sterilized soil mixture and grown under
controlled environmental conditions.

Synthesis of Chitosan Nanoparticles

Preparation of Chitosan nanoparticles Chitosan nanoparticles were prepared by
ionic gelation technique. In short, low molecular weight chitosan (Sigma-Aldrich, USA) 0.1%
w/v was dissolved in 1% acetic acid. The pH was then neutralized to 4.6 with NaOH. A 0.1%
sodium tripolyphosphate (TPP) solution was prepared individually and drop by drop added
to the chitosan solution with constant magnetic stirring at room temperature. Nanoparticles
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were developed spontaneously via an electrostatic interaction between the positively charged
chitosan and negatively charge TPP. The suspension obtained was stirred for 1 h and centrifuged
at 12, 000 rpm for 30 min to precipitate the nanoparticles. The pellet was washed and re-
suspended in distilled water and stored at 4°C.

Treatment Application

Four-week-old Arabidopsis thaliana plants were treated by foliar spraying with chitosan
nanoparticles at a final concentration of 100 ppm. Spraying was conducted uniformly on the leaf
surfaces until runoff. Control plants were sprayed with distilled water. Plants were sampled 24
hours after treatment for RNA extraction.

RNA Extraction and cDNA Synthesis

Total RNA was isolated from leaf tissue using a plant RNA extraction kit (e.g.,, RNeasy Plant
Mini Kit, Qiagen) according to the manufacturer’s instructions. The purity and concentration
of RNA were assessed using a NanoDrop spectrophotometer and confirmed by agarose gel
electrophoresis. First-strand cDNA synthesis was performed using 1 pg of total RNA with a
commercially available cDNA synthesis kit (e.g., RevertAid First Strand cDNA Synthesis Kit,
Thermo Scientific) and oligo(dT) primers (see Table 1).

Quantitative Real-Time PCR (qRT-PCR)

Quantitative PCR was performed with the SYBR Green Master Mix (e.g, Maxima SYBR
Green/ROX, Thermos Scientific) on a real-time PCR instrument (e.g., Step OnePlus™, Applied
Biosystems). Target defense-related genes (PR1, PDF1.2, and WRKY70) were amplified together
with the reference gene ACT2. Gene expression levels were examined using the 2*-AACt method.
All gene expression data presented in this study were generated experimentally using qRT-PCR
from three independent biological replicates, and the reported values represent statistically
analyzed measurements rather than modeled or simulated data.

Statistical Analysis

All experiments were performed in three biological replicates. Data were analyzed using
one-way ANOVA, followed by Tukey’s post hoc test to compare means at a significance level of p
< 0.05. Statistical analysis was performed using GraphPad Prism version 9.0.

Table 1. Primer sequences used in qRT-PCR

Product Size Efficiency

Gene Forward Primer (5'-3' Reverse Primer (5'-3" Re:
sl sl (bp) %)
PR1 GCAGCTCGTAGACAAGTTGGA  TGTTGCATCCTGCAGTCCC 107 100.8 Smf
GTCG C
PDF1.2 CTGCTCTCTCAGTAGCCAACA CTTCCTCCAATAGCAGAG 156 923 ]on'
C GTTT
WRKY7 " rgreeaceaccreerrertg  AGCTTCCTTGAGGAGETT 132 98.7 Che

0 GC
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Results

Transcriptional Activation of Defense-Related Genes Following Chitosan Nanoparticle
Treatment
To investigate the molecular response of Arabidopsis thaliana to chitosan nanoparticle (CNP)
treatment, the relative expression levels of three defense-related genes—PR1, PDF1.2, and
WRKY70—were quantified 24 hours after foliar application using quantitative real-time
PCR (qRT-PCR). Relative transcript levels were calculated using the 2*-AACt method and
normalized to the untreated control group (set to 1.0).

A statistically significant upregulation of all three genes was observed in treated plants
compared with untreated controls. PR1, a molecular marker of the salicylic acid (SA)-
dependent systemic acquired resistance (SAR) pathway, exhibited an approximately 3.5-
fold increase in expression (3.48 + 0.22; p < 0.01). This finding indicates activation of SA-
mediated defense signaling following nanoparticle treatment.

PDF1.2, associated with the jasmonic acid/ethylene (JA/ET) signaling pathway,
showed a significant 2.1-fold increase in transcript levels (2.12 + 0.17; p < 0.05), suggesting
involvement of JA/ET-mediated defense mechanisms. WRKY70, a transcription factor
known to regulate cross-talk between SA and JA pathways, demonstrated the strongest
response, with an approximately 4.0-fold increase in expression (4.01 + 0.26; p < 0.01).
The coordinated upregulation of PR1, PDF1.2, and WRKY70 supports the hypothesis that
chitosan nanoparticles activate multiple defense pathways simultaneously.

All values represent means #* standard deviation from three independent biological
replicates. Statistical significance was determined using one-way ANOVA followed by Tukey’s
post hoc test. The quantitative expression data are summarized in Table 2 and illustrated in
Figure 1.

Table 2. Quantitative expression analysis of PR1, PDF1.2, and WRKY70 genes following chitosan
nanoparticle treatment

Gene Expression Level (27-AACt) Fold Change Statistical Significance
PR1 3.48 +0.22 ~3.5-fold increase p<0.01
PDF1.2 212 +0.17 ~2.1-fold increase p <0.05
WRKY70 4.01+0.26 ~4.0-fold increase p<0.01

Fig. 1. Quantitative analysis of de-
fense gene expression (PR1, PDF1.2,
and WRKY70) in Arabidopsis thaliana
24 h after foliar application of chito- )
san nanoparticles. Relative expression
levels were calculated using the 27-
AACt method and normalized to the
untreated control (set to 1). Error bars
represent standard deviation of three
biological replicates. Asterisks indicate
statistically significant differences (p <
0.05).

Gene Expression Levels After Chitosan Nanoparticle Treatment

w ~ e

Fold Change (2"~-AACt)

~

0
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Phenotypic Assessment After Chitosan Nanoparticle Application

To evaluate potential phytotoxic effects of chitosan nanoparticles, treated plants were
monitored for visible morphological changes for up to 7 days following foliar application. No
visible phytotoxic symptoms, such as chlorosis, necrosis, wilting, or growth inhibition, were
observed in treated plants compared with untreated controls. Leaf morphology and overall
plant vigor remained comparable between groups. These observations indicate that chitosan
nanoparticles function as defense elicitors without inducing detectable physiological stress
under the experimental conditions used in this study.

Discussion

The present study demonstrates that foliar application of chitosan nanoparticles
induces significant transcriptional activation of key defense-related genes in Arabidopsis
thaliana. The coordinated upregulation of PR1, PDF1.2, and WRKY70 indicates activation of
both salicylic acid (SA)- and jasmonic acid/ethylene (JA/ET)-dependent signaling pathways.
PR1 is widely recognized as a molecular marker of systemic acquired resistance (SAR)
and is typically associated with SA-mediated defense against biotrophic pathogens. The
substantial induction of PR1 observed in this study suggests that chitosan nanoparticles may
function as immune-priming agents capable of stimulating SA-dependent defense responses
even in the absence of pathogen challenge. In parallel, the increased expression of PDF1.2
reflects activation of JA/ET signaling pathways, which are commonly linked to resistance
against necrotrophic pathogens and herbivorous insects. The simultaneous induction
of PR1 and PDF1.2 suggests that chitosan nanoparticles do not act exclusively through a
single defense pathway but instead promote a broader transcriptional reprogramming of
plant immunity. The strong upregulation of WRKY70 further supports this interpretation.
WRKY?70 is known to function as an important regulatory node in the cross-talk between SA
and JA pathways, modulating the balance between these signaling networks. Its enhanced
expression indicates coordinated integration of defense responses rather than pathway-
specific activation. This finding aligns with previous reports describing WRKY transcription
factors as central mediators of immune signaling and transcriptional amplification during
elicitor-induced responses. Although early signaling events were not directly measured in
this study, the observed transcriptional changes are consistent with mechanisms previously
reported for chitosan-induced defense activation. These mechanisms may include reactive
oxygen species (ROS) production, calcium ion (Ca**) influx, and mitogen-activated protein
kinase (MAPK) cascade activation. Due to their nano-scale size and high surface reactivity,
chitosan nanoparticles may interact efficiently with plant cell surfaces, potentially mimicking
pathogen-associated molecular patterns (PAMPs) and initiating pattern-triggered immunity
(PTI)-related signaling events. However, these upstream processes remain hypothetical
within the context of the present study and require further experimental validation.

Importantly, no visible phytotoxic symptoms were observed following nanoparticle
treatment, indicating that chitosan nanoparticles act as defense elicitors rather than
stress-inducing agents under the applied conditions. This supports their classification as
biocompatible nano-priming agents with potential applications in sustainable agriculture.
Similar transcriptional responses to chitosan treatment have been reported in other plant
species, including tomato, wheat, and rice, suggesting that nano-chitosan-mediated immune
activation may represent a conserved mechanism across diverse crop systems. Collectively,
the results support the concept that chitosan nanoparticles function as broad-spectrum
immune primers capable of activating multiple defense pathways simultaneously. Future
studies incorporating pathogen-challenge assays, biochemical marker analysis, and early
signaling measurements will be necessary to confirm the proposed mechanistic framework
and to evaluate the durability and functional relevance of the induced resistance under field
conditions. The proposed integration of salicylic acid (SA) and jasmonic acid/ethylene (JA/
ET) signaling pathways activated by chitosan nanoparticles is summarized schematically in
Figure 2.
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Fig. 2. Schematic representation of the
defense signaling pathways activated in

Arabidopsis thaliana 24 h after foliar Chltosannanopartlcles
application of chitosan nanoparticles. ‘
The diagram summarizes the upregula- * *
tion of PR1 (SA pathway), PDF1.2 (JA/
ET pathway), and WRKY70 as observed SA pathwa\,r JAJET |:;at|-|,,‘,..a,:'r
by qPCR analysis, and illustrates their
coordinated contribution to enhanced l l
plant defense response.
PR11 PDF1.21
WRKY70 t
(Integrator of

SA/JA signaling)

'

Enhanced defense response

Conclusion

This study demonstrates that foliar application of chitosan nanoparticles significantly
enhances the transcription of key defense-related genes (PR1, PDF1.2, and WRKY70) in
Arabidopsisthaliana. Theresults supporttherole of chitosannanoparticles as environmentally
friendly elicitors capable of priming plantimmune responses at the molecular level. Although
early signaling events such as ROS production, Ca®* influx, and MAPK activation were not
directly investigated, the transcriptional patterns observed suggest activation of SA- and JA/
ET-associated defense pathways. Future studies incorporating biochemical and pathogen-
challenge assays will be necessary to validate the proposed mechanistic framework and
evaluate long-term functional resistance.
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