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ABSTRACT. Chitosan is a natural polymer with biostimulant properties known to enhance plant defence
responses. However, when applied as a seed coating technology, its effects on root growth are not fully
understood. This study aimed to (i) develop a reproducible protocol for callose detection in canola roots as
a functional marker of immune activation induced by chitosan under direct exposure; and (ii) evaluate the
physiological, morphological, and growth effects of different chitosan seed coating formulations, with
particular emphasis on distinguishing immune-mediated responses from the physicochemical properties of
the coating matrix. In Stage 1, canola roots were immersed in 0.01% and 1% chitosan solutions to induce
callose deposition as an immune response. In Stage 2, different seed coating formulations with chitosan
(liquid and solid), sodium alginate, and talc were evaluated in terms of callose deposition, radicle and
seedling emergence, seed water uptake, root length and electrolyte leakage. Callose deposition was
observed under direct exposure, but not after seed coating treatment. Early physiological responses were
instead primarily associated with the physicochemical properties of the coatings and their effects on water
uptake. Liquid chitosan delayed radicle emergence by limiting hydration, whereas alginate and talc
accelerated it. Seedling emergence, root length, and membrane integrity remained unaffected. The initial
delay in radicle emergence caused by liquid chitosan did not compromise seedling growth. A reproducible
protocol for callose detection as a marker of immune response was successfully developed. Under the tested
conditions, these results highlight the critical role of the application method in determining chitosan
bioactivity.
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INTRODUCTION

Chitosan is a natural polymer composed of glucosamine and N-acetylglucosamine
monomers, derived from chitin found in the exoskeletons of arthropods and insects, as
well as in fungal cell walls [1]. This biopolymer offers multiple benefits in agricultural
production, functioning as a biopesticide, biostimulant, and biofertilizer, with positive
effects on plant growth and resource-use efficiency [2]. Furthermore, it contributes to the
mitigation of abiotic stress by activating key physiological processes, including enhanced
photosynthetic rate, stomatal regulation, and the synthesis of antioxidant compounds,
organic acids, sugars, and amino acids [3].

However, this promising evidence contrasts with reports of adverse effects on certain
physiological and morphological traits, particularly those associated with the root system.
In Arabidopsis thaliana L., high chitosan concentrations alter root morphology by
inhibiting cell elongation and division. These effects have been linked to changes in gene
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expression and to the synthesis, transport, and signaling of plant hormones [4; 5]. In
Capsicum annuum L., chitosan concentrations of 10 or 20 mg L reduced root length by
34% and 18.5%, respectively [6]. Similarly, the use of chitosan as a seed coating agent in
soybean and sunflower has been associated with reduced radicle emergence in both liquid
and solid formulations [7; 8].

To elucidate the origin of these effects, the growth-defence trade-off should be
considered. In this context, chitosan is perceived as a stressor, and the plant redirects its
physiological resources, prioritising the immunological response over cell elongation and
root system expansion [9]. This response is intensified when chitosan is dissolved in weak
acids at high concentrations, activating multiple defence pathways that include the
accumulation of phytoalexins and phenolic compounds, as well as the synthesis of lignin
and suberin [9, 10]. Chitosan also forms a physical barrier against pathogen entry by
altering plasma membrane stability and fluidity and induces Ca?* displacement, which
stimulates callose synthesis [11]. This polysaccharide, deposited in cell walls, plays a key
role in plant immune responses. Studies on Arabidopsis thaliana L. root hairs have shown
that callose deposition and growth responses are concentration dependent: low chitosan
levels maintain an elicitor effect, whereas high concentrations inhibit growth and
suppress callose synthesis [12]. Therefore, callose accumulation can be considered a
functional marker of chitosan-induced immune activation.

Beyond chitosan concentration, its mode of application is particularly relevant.
Substantial evidence demonstrates its effects when applied through seed priming, a
technique involving controlled seed hydration followed by drying [13]. Across various
crops, priming with chitosan has been shown to significantly enhance root system growth
[14, 15, 16]. In contrast, results are less consistent when chitosan is applied as a seed
coating. Unlike priming, this method does not involve seed imbibition; instead, seeds are
enveloped in one or more thin layers of active and inert substances, which may or may
not alter their size or weight [17]. Within the context of biopolymer use, coating allows
incorporation of finely ground solids (e.g., talc, peat, lime, biochar) or liquids, which are
fixed to the seed surface using an adhesive, often a natural gum (e.g., gum arabic, xanthan
gum) or polysaccharide (e.g., sodium alginate or chitosan itself)[18]. This technique can
modify both the chitosan release kinetics and its local concentration at the root surface.
Furthermore, the biopolymers used as coating materials may affect water availability to
the seed [19, 20, 21]. In particular, a chitosan coating could affect water uptake and
germination physiology. Consequently, it is necessary to distinguish the biochemical
immune activation, tested through callose deposition, from the physical and hydric
properties of the coating matrix, which may alter seed water uptake dynamics. To explore
this possibility, it is essential to consider the three phases of water uptake during
germination: an initial rapid hydration phase (Phase 1), followed by a stable absorption
(Phase 1I), and a final phase of accelerated water uptake coinciding with radicle
emergence (Phase 11) [22].

Although chitosan is widely recognised as an elicitor capable of activating plant
defence responses, including callose deposition, its biological activity strongly depends
on exposure dynamics and delivery to plant tissues. Seed coating involves an indirect and
delayed contact between the emerging radicle and the polymeric matrix, which may
substantially modify both the intensity and timing of defence responses, as well as seed
water uptake dynamics during germination. The objectives of this study were to (i)
develop a reproducible protocol for callose detection in canola roots as a functional
marker of immune activation induced by chitosan under direct exposure; and (ii) evaluate
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the physiological, morphological, and growth effects of different chitosan seed coating
formulations, with particular emphasis on distinguishing immune-mediated responses
from the physicochemical properties of the coating matrix.

MATERIAL AND METHODS
Stage 1: development of a callose detection protocol in canola roots
Plant material

Seeds of a spring hybrid canola (Brassica napus L.) of Australian origin were used.
Prior to experiments, seeds were stored at 10 °C for three months. To obtain the seedlings,
three replicates of 50 seeds each were placed between two layers of saturated filter paper
and covered with a third saturated paper layer. Seed packets were folded, placed into
sealed cellulose bags to prevent moisture loss, and suspended vertically in a germination
chamber maintained at 20 °C under a 12-h/12-h light/dark photoperiod.

Chitosan treatments

To evaluate the immunological response, three-day-old seedlings obtained from the
previous trial were immersed in two chitosan solutions used as positive controls: 0.01%
[12] and 1% (w/v). The latter corresponds to the concentration applied in seed coating
treatments described in Stage 2 of this study. Both solutions were prepared by dissolving
chitosan (medium molecular weight, Sigma-Aldrich®) in 1% (v/v) acetic acid. Control
treatments included seedlings immersed in sterile water (negative control) and in 1%
acetic acid (vehicle control). Groups of four seedlings were transferred using sterile
forceps into test tubes containing 10 mL of the respective solutions and incubated for 24
h in a germination chamber set at 20 °C under a 12-h/12-h light/dark photoperiod.

Callose detection protocol

Callose detection was performed following the protocol of Zavaliev and Epel [23]
with modifications. After the 24-h incubation, groups of four seedlings per treatment were
fixed and dehydrated by immersion in 25 mL of 96% ethanol inside individual sealed
containers on an orbital shaker (60 — 80 rpm) at 25 °C for 2 h. Rehydration was achieved
by transferring seedlings, supported by the cotyledons, into new containers containing 25
mL of double-distilled water with 0.01% Tween-20, followed by incubation at room
temperature on an orbital shaker (60 — 80 rpm) for 1 h. The staining solution consisted of
0.01% (w/v) Methyl Blue (Sigma-Aldrich M-6900) prepared in 0.15 M KoHPO. buffer
(pH 9.5), filtered through a 0.45 um Millipore membrane, and stored in a sealed amber
container at room temperature in darkness for at least 48 h to allow decolourisation to a
bright yellow colour. After rehydration, the root apex (2 cm segment) was excised with a
scalpel and immediately immersed in 15 mL of Methyl Blue solution in 25 mL glass tubes
(one tube per treatment). Tubes were wrapped in aluminium foil and subjected to vacuum
infiltration using a vacuum pump for 10 min, followed by gradual pressure release.
Samples were then incubated for 2 h at room temperature on an orbital shaker set at 100
rpm. After staining, root apices were mounted directly on glass slides using an anti-fading
medium. Callose deposits were observed under a Motic BA400 microscope equipped
with a Moticam 1000 camera and an EF-UPR-III epifluorescence attachment using a
DAPI filter. Images were captured with Motic Images Plus 3.0 software.
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Stage 2: Evaluation of seed coating
Treatments

Canola (B. napus L.) seeds were coated either as single or successive layers (Table
1), using two biopolymers from Sigma-Aldrich®: chitosan, applied either in liquid (ICH)
or solid (sCH) form combined with talc as a filler, and sodium alginate (SA). The latter,
at 1.5% (w/v), was prepared by dissolving 1.5 g in 100 mL of distilled water and used as
an adhesive layer. The liquid chitosan formulation (ICH) consisted of 1% (w/v) chitosan
dissolved in 1% (v/v) acetic acid. The solid formulation (SCH) was prepared by mixing
chitosan with talc [MgsSisO10(OH)2] at a 1:100 ratio (w/w), resulting in a final
concentration of 1% (w/w) chitosan in talc [7]. To ensure uniform distribution and
adhesion, 10 mL of each biopolymer solution or 30 g of the solid chitosan—talc mixture
was progressively applied to 50 g of canola seeds under continuous rotation for 3 min.
The control treatment (W) consisted of seeds coated with 10 mL of sterile distilled water
under identical conditions. In those treatments where a second layer was applied, it was
added 30 minutes after the first one had completely dried. After coating, all seed batches
were air-dried for 24 h at room temperature (25 °C) and stored in paper bags at 10 °C
until use.

Table 1. Composition and sequence of biopolymer coatings applied to canola seeds

Seed treatment * First layer Second layer
w Water -
SA Sodium Alginate -
ICH Liquid Chitosan -
ICH + SA Liquid Chitosan Sodium Alginate
SA+T Sodium Alginate Talc
SA +sCH (T) Sodium Alginate Solid Chitosan

“W: water, SA: sodium alginate, ICH: liquid chitosan, ICH + SA: liquid chitosan + sodium
alginate, SA + T: sodium alginate + talc, SA + sCH(T): sodium alginate + solid chitosan and talc.

Callose detection in seedlings derived from coated seeds

The callose detection protocol was applied to roots of three-day-old seedlings derived
from coated seeds. This sampling point was selected to ensure sufficient radicle
development for reliable staining, to allow standardised comparisons among treatments,
and to preserve tissue integrity and optical quality during ethanol dehydration and
epifluorescence microscopy.

Radicle emergence rate

Radicle emergence was assessed according to ISTA [24] using four replicates of 100
seeds per treatment. The number of seeds showing radicle protrusion through the seed
coat was recorded at regular intervals of 3 —4 h, from 6 h to 36 h after sowing, based on
preliminary trials conducted with the same genotype. The cumulative percentage of
radicle emergence was plotted as a function of time. The time required for 50% of the
seeds to exhibit radicle emergence (REso) was calculated following the method of Ranal
and Garcia de Santana [25] and expressed in hours. Lower REsg values indicate greater
seed vigour [24].
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Seed water uptake

Three replicates of 100 treated seeds were placed between layers of water-saturated
filter paper and enclosed in hermetically sealed polythene bags. Samples were incubated
at 20 °C under a 12-h/12-h light/dark photoperiod. At predetermined intervals during the
first 27 h after sowing, all three replicates were removed and weighed. The seeds were
immediately weighed on an analytical balance to determine fresh mass and subsequently
oven-dried at 60 °C to constant weight for dry weight determination. Seed water uptake
was determined according to Moura et al. [26] and expressed as seed weight increase
relative to the initial seed weight (g). The cumulative water uptake (g H.O) was plotted
against time to construct the water uptake curve. Interpolation between 12 and 24 h
enabled estimation of the seed water content corresponding to 50% radicle emergence
(RE-so), as determined in the previous step. A linear correlation analysis between REso
values and seed water content was performed, and the Pearson correlation coefficient (r)
was calculated.

Seedling emergence and root length

Seedling emergence was assessed seven days after sowing by counting the number of
normal seedlings, expressed as a percentage [24]. For each treatment, four replicates of
50 pre-chilled seeds were placed on moistened top paper and incubated at 20 °C under a
12-h/12-h light/dark photoperiod [24]. From each replicate, five seedlings were randomly
selected, and their root length was measured in centimetres.

Indirect quantification of reactive oxygen species in the root

Increased reactive oxygen species (ROS) can compromise plasma membrane stability,
resulting in leakage of cellular contents and loss of tissue integrity. Therefore, electrolyte
leakage was used as an indirect indicator of ROS accumulation in root tissues. The
method followed Poveda [27] with minor modifications regarding the sample size: 200
mg of fresh root tissue from seven-day-old seedlings grown on moistened paper immersed
in 10 mL of double-distilled water. Electrolyte leakage was measured with a conductivity
meter and expressed as the percentage of ions released to total ions.

Statistical analysis

All experiments were conducted under a completely randomised design. Seed water
uptake was analysed considering two main factors: seed coating treatment and time. For
each time point, independent and destructively sampled seed batches were used, and
measurements at different times were therefore treated as independent observations.
Percentage data were angularly transformed, and emergence data were log-transformed
(Logio) to meet assumptions of normality and homogeneity of variances. Analysis of
variance was performed to detect significant differences among treatments, followed by
Tukey's Honestly Significant Difference test at a 5% significance level for post-hoc
comparisons. Data analysis was conducted using Navure Team statistical software (2023)
[28].

RESULTS
Stage 1: Development of a callose detection protocol in canola roots
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Roots subjected to the control treatments, including sterile distilled water (negative
control; Fig. 1a, b) and 1% acetic acid (vehicle control; Fig. 1c, d), showed no callose
deposition, indicating the absence of immune activation. In contrast, roots treated with
chitosan solutions at 0.01% and 1% (w/v), both dissolved in 1% (v/v) acetic acid and used
as positive controls, exhibited an evident accumulation of callose in the cell walls. Under
fluorescence microscopy, these callose deposits appeared well defined and sharply
delimited (Fig. 1e, ).

i:ig. 1. Callose staining in canola roots after the following treatments: control (a, b), chitosan
0.01% (c, d), and 1% (e, f). Bright-field (a, c, €) and fluorescence (b, d, f). Red arrows indicate
bright blue fluorescence corresponding to callose deposits. Scale bars: 150 pm.
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Stage 2: Evaluation of seed coating treatments
Radicle emergence

Liquid chitosan (ICH) delayed radicle emergence by more than two hours compared
with the control, whereas sodium alginate (SA) significantly accelerated it (Table 2). The
combined treatment (ICH + SA) also promoted earlier radicle emergence. Solid chitosan
mixed with talc (SCH) showed an intermediate effect between the control and sodium
alginate, further supporting the opposing effects of these compounds. This pattern was
also observed in the cumulative radicle emergence over time, where liquid chitosan
maintained a sustained delay, particularly between 16 and 32 hours after sowing (Fig.
2a).

Table 2. Time of radicle emergence, seedling emergence, root length and root ion leakage in
canola after the seed coating treatments.

Treatments” Radicle Seedling Root length [cm]  Root ion leakage
emergence [h] emergence [%] [%]
w 20.4+0.27b 95+11la 534+0.85a 32.7+535ab
SA 195+044c 97+25a 469+0.26a 38.3+4.99a
ICH 228+0.35a 98+25a 468+045a 32.0+0.98ab
ICH + SA 19.7+0.13¢ 95+26a 536+0.55a 24.3+0.24b
SA+T 19.3+£0.19¢ 97+28a 554+0.49a 34.3+3.46ab
SA +sCH(T) 19.9+0.17 bc 94+28a 511+0.36a 29.3+4.65ab

“W: water, SA: sodium alginate, ICH: liquid chitosan, ICH + SA: liquid chitosan + sodium alginate,
SA + T: sodium alginate + talc, SA + sCH(T): sodium alginate + solid chitosan and talc. Different
letters indicate significant differences (p < 0.05). Values are average + SD.

Callose detection

No callose deposition was observed in roots from any of the seed coating treatments at
three days after sowing (Fig. 3), indicating that, under the evaluated conditions and time
points, the coating formulations did not trigger a sustained callose-mediated immune
pathway.

Seed water uptake

Seed water uptake showed high variability among treatments following application
of the different coatings. During Phase I, the positive effect of talc on imbibition dynamics
was evident in treatments SA + T and SA + sCH(T), which exhibited higher rates of water
absorption (Fig. 2b). In Phase Il, seeds coated with liquid chitosan (ICH) displayed the
lowest water content, whereas treatments containing sodium alginate (SA and ICH + SA)
showed higher hydration levels (Fig. 2b). Compared with the sodium alginate plus talc
formulation (SA + T), the inclusion of solid chitosan [SA + sCH(T)] resulted in high
initial water uptake that gradually decreased toward the end of the phase (Fig. 2b).
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Fig. 2. Dynamics of radicle emergence (a) and seed water uptake over time (b) in canola after
the seed coating treatments: W = water, SA = sodium alginate, ICH = liquid chitosan, ICH +
SA = liquid chitosan + sodium alginate, SA + T = sodium alginate + talc, SA + sCH(T) =
sodium alginate + solid chitosan and talc. Roman numerals indicate the phases of water
absorption.

Linear regression analysis between seed water content and the time required for 50%
radicle emergence (REso) revealed a significant negative correlation, with a Pearson
coefficient of r = 0.77.
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Fig. 3. Callose staining in canola radicles after the following seed coating treatments: W =
water (a), SA = Sodium Alginate (b), ICH = Liquid Chitosan (c), ICH + SA = Liquid Chitosan
+ Sodium Alginate (d), SA + T = Sodium Alginate + Talc (e), SA + sCH = Sodium Alginate +
Solid Chitosan (f). Scale bars: 150 um.

DISCUSSION

Exposure of roots to both chitosan concentrations enabled clear and well defined
visualization of callose deposits, comparable to those reported by Yi et al. [29]. The
presence of these deposits indicates that chitosan acts as an elicitor capable of inducing
defence mechanisms in canola root tissues, confirming both the immunological response
and the effectiveness of the developed protocol. Although the method was originally
designed for leaves [23], the alcohol bleaching and subsequent washing durations proved
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suitable for roots of the size obtained three days after sowing, ensuring tissue integrity.
Unlike Drs et al. [12], who used lower dye concentrations, the 0.01% concentration
employed here was compatible with the selected root size, allowing clear visualisation of
callose deposits. Smaller roots or prolonged alcohol incubation could compromise tissue
structural integrity, while larger roots might hinder microscopic observation due to
overlapping tissue layers, limiting deposit resolution.

The contrasting patterns of callose deposition observed between the two experimental
stages highlight that immune activation by chitosan in this species is strongly dependent
on the mode of application. In Stage 1, direct immersion of already developed roots in
chitosan solutions ensured immediate exposure to defined concentrations, resulting in a
clear accumulation of callose, in agreement with reports in other species [12,29,30]. In
contrast, when chitosan was applied as a seed coating, roots only came into contact with
the polymer after radicle emergence, probably at lower or spatially heterogeneous
concentrations due to the release kinetics from the coating matrix. The absence of
detectable callose deposition in the coating treatments does not imply a lack of elicitor
capacity of chitosan; rather, it indicates that callose-mediated immune activation was not
induced under the selected conditions and evaluation time. Because chitosan defence
mechanisms may occur rapidly, earlier responses should be assessed, for example, during
imbibition in the seed tissues or immediately after radicle emergence. With radicles
measuring approximately 2 mm, the protocol should be adapted to avoid tissue damage
and ensure accurate microscopic visualization. Although callose is a widely used marker
of certain defensive pathways, others may operate independently of its deposition.
Therefore, it is also important to examine the activation of hormones, immune-related
genes, specific immune receptors, and molecular patterns [31,32]. Moreover, these
responses could be compared against different pathogens to characterise multiple defence
pathways.

The significant increase in water uptake rates observed in treatments containing talc
can be attributed to the predominantly physical nature of the initial imbibition phase,
driven by the gradient between internal matric forces and external water availability [22].
Within the coating matrix, talc enhances water absorption by forming, at the microscopic
level, a porous structure with large interparticle spaces [33]. Comparative analysis of the
biopolymers regarding water uptake revealed an antagonistic response: sodium alginate
accelerated absorption, whereas liquid chitosan delayed it. In combined formulations, the
effect of alginate predominated over chitosan. According to Behboud et al. [20], coating
seeds with chitosan improves germination and root growth, suggesting that both
compounds can enhance water uptake by maintaining a humid microenvironment around
the seed. These effects occur via different mechanisms: chitosan limits water loss,
whereas alginate facilitates water absorption through swelling upon hydration. Therefore,
it is important not only to consider absorption capacity but also the water transfer
properties of the polymer matrix [34]. Furthermore, coating films made from these
biopolymers for medical or food applications have demonstrated differential water
absorption [35,36]. Consistently, our results showed significant differences in water
uptake among treatments, with alginate promoting higher seed hydration. Sodium
alginate forms highly permeable hydrogels capable of retaining and releasing large water
volumes [37,38], optimizing water transfer to the seed and promoting germination [39,
40]. In contrast, due to its cationic nature, chitosan forms insoluble complexes and dense,
low permeability films [41,42], limiting water diffusion toward the seed and reducing the
imbibition rate [39]. These physicochemical properties of the coatings may affect canola
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seed germination physiology, since slower water uptake in seeds coated with liquid
chitosan may delay the reactivation of essential metabolic processes for germination,
affecting the synchrony and efficiency of initial root system development.

The observed delay in radicle emergence under liquid chitosan treatments suggests
the presence of early physiological effects associated with alterations in water availability
or polymer seed interactions, rather than callose-mediated immune activation.
Consequently, the results indicate that chitosan coatings did not induce detectable callose-
dependent responses, while not excluding the involvement of alternative stress or
signalling pathways.

The absence of cellular damage and alterations in membrane integrity, together with
stable seedling morphology, suggests that early stage effects are transient and manifest
exclusively at the radicle level. This response suggests that roots compensate for initial
growth restrictions during subsequent seedling development. Although improvements in
germination as reported for priming techniques were not observed [14,16], this
compensatory growth indicates that early effects did not necessarily translate into
negative impacts on crop establishment. Moreover, the inclusion of chitosan in seed
coatings remains relevant due to its biocidal activity against insects and fungi,
contributing to the sustainability of production systems.

CONCLUSION

A reproducible protocol was successfully developed for callose detection in canola
roots under conditions of direct exposure to chitosan, confirming its utility as a marker of
immune activation in this species. At the evaluated developmental stage, when chitosan
was applied as a seed coating, in both liquid and solid formulations, no callose-mediated
immune responses were detected. Instead, early effects on radicle emergence were
primarily associated with differences in water absorption determined by the
physicochemical properties of the coating materials.

The initial delay in radicle emergence observed in the liquid chitosan treatments did
not translate into a reduction in seedling emergence, root growth, or membrane integrity,
indicating that these early effects were transient and compensated for during subsequent
development. Altogether, these results highlight the critical role of the application method
in determining chitosan bioactivity. To contribute to the safe design of chitosan seed
coating technology, it would be advisable to analyse more genotypes and substrates.
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