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Abstract: Chitosan has become a promising biological agent for disease control and plant
growth promotion. The objective of this study was to assess the effects of chitosan, applied
as an active ingredient of Beta-chikol (Poli-Farm, Lowicz, Poland), to control damping-off
and Lophodermium needle cast on Scots pine seedlings growing in field conditions.
Beta-chikol was used for seed treatment and as a foliar spray at recommended rates and
concentrations. For each experimental variant (chitosan, fungicides, unprotected),
inventories of seedlings were performed, after germination and again after six weeks. In
the aboveground parts of seedlings, the concentration of endogenous salicylic acid was
determined by HPLC. At the end of the growing season, seedling growth parameters were
determined. Beta-chikol used as foliar spray limited infection by the damping-off fungi but
was ineffective when used as a seed treatment. Lophodermium needle cast was not
observed during the study period. After the application of Beta-chikol, the concentration of
salicylic acid did not increase. The application of Beta-chikol enhanced all growth
parameters under investigation. Our results indicate the possibility of using chitosan in the
form of Beta-chikol to stimulate plant growth and protect pine seedlings against parasitic
damping-off in forest nurseries.
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1. Introduction

Polymers have been used worldwide for the last few decades. They have a number of applications,
ranging from daily needs to biomedical and defence fields [1-5]. Among various polymers,
biorenewable polymers such as cellulose, hemicellulose, lignin, and chitosan have attracted the
attention of researchers and manufactures as low cost materials for several industrial applications [2—6].
Among these biorenewable polymers, polysaccharides are the most abundant [3—6]. Their unique
properties include flexibility, biodegradability, environmental friendliness, easy processing,
recyclability, impressive physico-machanical properties, and easy availability [5]. Chitosan is one of
the most important natural polymers [6].

The intensive production of seedlings creates favorable conditions for the development of fungal
pathogens, so it is necessary to use plant protection products in forest nurseries. Whenever possible,
the use of chemicals should be minimized, while alternative substances and biological methods should
be preferred. One such substance is chitosan [7,8].

Chitosan is an organic polysaccharide also known as deacetylchitin, as it is a deacetylated derivative
of chitin. On a large scale, it is produced from the skeletons of shrimps and crabs. Its advantages
include non-toxicity, biodegradability, and high bioactivity, as well as sorption and chelating
properties [9].

Chitosan is an exogenous elicitor of plant defense responses. It induces local and systemic acquired
resistance, reflected in the synthesis of salicylic acid, phytoalexins, and pathogenesis-related proteins
(chitinase and B-1, 3-glucanase), the lignification of cell walls, and callose synthesis [8,10-12].
In seeds treated with chitosan, increasing concentrations of phenolic compounds—derivatives of
hydroxycinnamic acid (p-cumaric, caffeic and feluric) and benzoic acid (benzoic, pirotocatechulic and
gallic)—increase seed resistance to infection due to lignin synthesis and accumulation [13,14].
Chitosan affects plant defences in two ways, as it not only activates the genes responsible for the
initiation of resistance mechanisms in plants, but it also has antiviral [15], antibacterial [9,16], and
antifungal properties [17,18].

Moreover, chitosan stimulates plant growth and development. Seed treatment with chitosan
promotes germination, increases seedling emergence, and accelerates further plant growth [19,20].
Many studies have shown that plants treated with chitosan are taller and have larger and more
numerous leaves. Chitosan application also shortens the vegetative phase of plants and accelerates
flowering; the treated plants produce more numerous and larger flowers. In addition, crop yields are
increased [21].

Salicylic acid is a phenolic compound that is a derivative of benzoic acid commonly found in plants
in small concentrations, below 1 mg/kg fresh weight [22]. However, in infected plants its concentration
can increase 20-fold, activating the genes responsible for the synthesis of defense-related proteins [23].
Both endogenous and exogenous salicylic acid induces local resistance and is a signal molecule for the
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development of systemic acquired resistance [24]. Salicylic acid increases plant tolerance to abiotic
stressors: low temperature, soil salinity, and herbicide treatment [25-27]. Moreover, salicylic acid is an
endogenous regulator of plant growth and development [28]. There are also studies that show a
positive effect of exogenous salicylic acid on aboveground and root dry mass, the regeneration of
flower buds, flowering, and tuber formation [26,29].

Research on chitosan as a plant protection product and growth stimulant has so far concerned
various herbaceous crop plants, while only few studies have focused on woody plants, including forest
trees [8,21,30]. This study aimed to assess the effectiveness of chitosan applied in the form of
Beta-chikol as a seed treatment agent and foliar spray to protect Scots pine (Pinus sylvestris L.) against
parasitic damping-off and Lophodermium needle cast in a forest nursery (in the ground). In the
experiment, we also assessed the effect of this bioproduct on plant growth. Our null hypotheses were
that (1) Beta-chikol limits seedling infection from both diseases; and (2) it has a favorable effect on
pine growth. We also assumed that the major compound that determines the effectiveness of chitosan
as a stimulant of pine resistance and growth is endogenous salicylic acid, whose concentration would
increase as a result of the Beta-chikol treatment.

2. Materials and Methods
2.1. Study Site

Field research was conducted in the forest nursery of the Spala Forest District
(51.54121 N; 20.14754 E), located approximately 120 km SW of Warsaw in Poland. The nursery
started to produce tree seedlings in 1958. The annual mean temperature in the study area is 7.2 °C. The
warmest month is July (17.3 °C), and the coldest month is January (3.2 °C). The growing season
(mean daily air temperature above +5 °C) begins in early April and lasts on average 210 days. The
long-term mean annual precipitation is 596 mm, of which approximately 420 mm fall during the
growing season [31].

2.2. Filed Experiment, Application of Chitosan and Fungicide

The experiment compared 3 variants: pine seedlings protected with either chitosan or fungicides
against parasitic damping-off and Lophodermium needle cast and unprotected seedlings. Seeds were
sown on 8 May, 2013, because of excessive precipitation earlier in the year. Chitosan was applied in
the form of Beta-chikol (Poli-Farm, Lowicz, Poland) as an organic plant growth stimulant. This
chitosan formulation is in liquid form for dilution with water. The concentration of chitosan in the
product is 2%. We used it for seed priming (soaking before sowing) and as a foliar spray at a
concentration of 2%. The seeds were soaked in the solution for 5 hours before sowing. For spraying,
1000 L of the solution were used per hectare. The fungicide treatment involved a dry seed treatment
with Sadoplon 75 WP and spraying with Previcur Energy 840 SL, Gwarant 500 SC, Amistar 250 SC,
and Falcon 460 EC. The fungicides were applied according to the standard procedures in Poland,
defined by the Forest Research Institute [32].

Chitosan was applied 3 times after seed germination: on 7 June, 12 July, and 26 August. Fungicides
were applied on the same dates and an additional 8 times (11 in total: for protection against damping-off
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and needle cast). These included 6 treatments every 5—7 days against parasitic damping-off (alternating
Previcur Energy and Gwarant) and 5 treatments every 3—4 weeks against needle-cast (alternating
Amistar and Falcon).

2.3. Seedling Inventory and Growth Measurement

Seedling emergence was estimated twice, on the days of the Ist and 2nd chitosan treatments.
Seedlings were counted in 1-metre segments of individual rows of the seedbed, spaced 5 m apart. For
each variant, 32 such 1-metre segments were taken into account. In late October, 60 seedlings of each
variant were collected to measure biometric characters. For each seedling, we measured the shoot
length, root collar diameter, dry mass of aboveground parts and roots, and we counted lateral shoots.
Using the WinRHIZO software (Regent Instruments Inc., Québec, Canada), the root length and
number of root tips were estimated.

2.4. Salicylic Acid Content

To measure the salicylic acid concentration, seedlings were sampled twice: 5 and 12 days after the
2nd chitosan treatment. A single sample consisted of 10 seedlings. In total, 18 samples were taken, 3
for each variant on the 2 dates.

The salicylic acid content was determined using reversed-phase—high-performance liquid
chromatography (RP-HPLC). For this purpose, the aboveground parts of the pine seedlings were
homogenized by grinding in liquid nitrogen. One milliliter of 5% trichloroacetic acid (TCA) was added
to 200 mg of the homogenized tissues. After vigorous mixing, the samples were incubated for 15 min
at 75 °C. Samples were then centrifuged at 16,000 x g for 10 min. Supernatants were retained, and the
pellets were re-extracted in the same manner with 0.5 mL of 5% TCA. After centrifugation, the pellets
were discarded and the supernatants were pooled with those obtained after the first extraction step.
Subsequently, the TCA extracts were extracted with portions of ethyl acetate in volumes of 500 puL
(first portion) and 300 uL (second and third portion). All three portions of ethyl acetate were pooled
and then subjected to drying in a vacuum centrifuge at 60 °C. The residues were dissolved in 200 uL
of methanol, and the resultant solutions were analyzed using RP-HPLC. Chromatographic separations
were carried out at room temperature using a HPLC system composed of a pump (model 1525,
Waters), an autosampler (model 717plus, Waters), a fluorescence detector (model 474, Waters,
detection was carried out at Aex = 310 nm/Aem = 410 nm), C8 column (Symmetry 4.6 x 150 mm, 5 um,
Waters) connected to a C8 guard column (Symmetry 3.9 x 20 mm, 5 pm, Waters), and a personal
computer with Breeze software (Waters). We used a 60 mM phosphate buffer at a pH 6.8 and
acetonitrile with H2O (4:1) as eluents. Chromatographic separations were carried out at a flow rate of
1 mL/min using a gradient elution. The sample injection volume was 25 pL. The concentration of
salicylic acid in the samples was determined from the area of the corresponding peak on the basis of
the prepared calibration curve.
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2.5. Statistical Analyses

Before significance tests, the normality of the data distribution was verified by the Shapiro-Wilk
test and the equality of variances was assessed by the Levene test. For many parameters (shoot length,
root collar diameter, dry mass of aboveground parts and roots, and number of seedlings/m of row), the
data distribution did not differ significantly from the normal distribution, and the variances of the
compared variants were homogeneous, so the significance of differences was assessed by a one-way
analysis of variance (ANOVA) and a post hoc Fisher’s least significance difference (LSD) test. For the
salicylic acid concentration, a two-way ANOVA was used (seedling treatment and date of assessment).
For the remaining traits (number of lateral shoots, root length, number of root tips), nonparametric
tests were used (non-parametric ANOVA, i.e., Kruskal-Wallis test).

3. Results

During the first inventory, an average of 103 seedlings/m of row were recorded in the variant
treated with fungicides. In the other variants, seedling numbers were significantly smaller: control 78,
chitosan 77 (p = 0.0015, Figure la). Relative to the number of sown seeds, seedling emergence
reached 57% in the variant treated with fungicides and 48% in the remaining variants.

During the second inventory, an average 72 seedlings/m of row survived after fungicide
applications, which corresponds to 40% of the sown seeds. In the variant with chitosan, 52 seedlings
(29%) were recorded, compared to 37 seedlings (20%) in the control (Figure 1b). Differences between
the variants were significant (p < 0.0001). Seedling emergence was affected most strongly by parasitic
damping-off, and its symptoms were observed in all variants of the experiment. Symptoms of
Lophodermium needle cast were not noticeable in any of the experimental variants.
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Figure 1. Mean number of Scots pine seedlings in 1-meter segments of the seed row
(A) after seed germination and (B) approximately 7 weeks after germination in variants
with Beta-chikol, fungicides, and no protection (control). Means marked with different
letters are significantly different (p < 0.05, Fisher’s LSD test). Error bars denote
standard deviation.
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All the analyzed biometric parameters of pine were affected similarly. The highest significant
values of individual growth parameters were in the group treated with chitosan: shoot length 9.3 cm
(p < 0.0001), root collar diameter 2.23 mm (p < 0.0001), number of lateral shoots 3.5 (p < 0.0001),
aboveground dry weight 0.737 g (p < 0.0001), root dry weight 0.319 g (p < 0.0001), root length
332.7 ecm (p < 0.0001), and number of root tips 796 (p < 0.0001). Pine seedlings protected with
fungicides and unprotected seedlings (control) had lower values of these parameters, which did not
differ significantly (Table 1).

Table 1. Biometric parameters (mean and standard deviation in brackets) of Scots pine
(Pinus sylvestris) protected with Beta-chikol, fungicides, and of the unprotected control.

Shoot Root Coll No. of
00 0? otlar Aboveground Root Dry 0-0 Root Length No. of
Treatment Length Diameter Dry Mass (g)  Mass (g) Lateral (cm) Root Tibs
(cm) (mm) y 5 g Shoots p
. 93a 22a 0.737 a 0.318 a 39a 332.7a 795 a
Beta-chikol
(1.9) (0.4) (0.287) (0.138) (1.7) (107.5) (222)
.. 8.1b 1.8b 0.515b 0.183 b 32b 178.4b 424 b
Fungicides
(1.8) (0.4) (0.261) (0.091) (2.5) (85.1) (182)
Control 7.6b 1.6b 0.455b 0.169 b 23b 192.0b 486 b
(1.5) (0.4) (0.208) (0.078) (2.3) (89.7) (175)

Means marked with different letters within columns are significantly different (p < 0.05).

The salicylic acid content in the seedlings five days after treatment ranged from 81.03 ng/g fresh
weight (in one sample from the group treated with fungicides) to 113.56 ng/g fresh weight (in one of
the control samples). On the date of the first assessment, the salicylic acid content of seedlings did not
differ significantly. However, 12 days after treatment, the salicylic acid content was the highest in
control pines: on average 188.26 ng/g fresh weight (treatment type p < 0.0001, date of assessment
p <0.0001, treatment type x date of assessment p < 0.0001) (Figure 2).
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Figure 2. Salicylic acid content of Scots pine seedlings 5 and 12 days after chitosan
treatment in variants with Beta-chikol, fungicides, and no protection (control).

Explanations are as in Figure 1.
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4. Discussion

The forest nursery of the Spata Forest District has produced seedlings of forest trees for 50 years.
The risk of parasitic damping-off (caused by fungi) is high in the nursery, which is confirmed by the
results of our study. In the variant treated with fungicides, healthy seedlings developed from only 40%
of sown seeds, while in the other variants, the corresponding values were even lower.

Chitosan applied in the form of Beta-chikol limited the rate of infection of pine seedlings with
parasitic damping-off but was less effective than fungicides. The major reason for the low
effectiveness was the lack of effect of seed treatment. Seedling emergence after seed priming with
Beta-chikol was very similar to that of the control variant (no seed treatment).

Many studies indicate that the treatment of seeds of various herbaceous plants with chitosan increases
the number of germinated seeds and decreases the number of infected seedlings [20,33], but the
effectiveness of chitosan as a seed treatment depends on its molecular weight and concentration, the pH
of the solution and the duration of seed soaking or number of layers of seed treatment powder [19,33].
Our results indicating a lack of protective effect of the Beta-chikol used for seed priming could be due
to its application according to the manufacturer’s instructions without taking into account the factors
mentioned above. Unfortunately, published data do not allow us to determine unambiguously which
values of individual factors are optimal. The varied effect of chitosan on seed germination may also be
associated with local environmental conditions, e.g., the temperature and moisture of the soil
surrounding the treated seeds [30,34].

Our results may be because the effectiveness of chitosan (applied as Biochikol 020 PC) as a forest
seed treatment depends on the tree species, the fungal species causing the damping-off, and the
concentration of the working solution. In a pot experiment, a seed treatment with 1% and 2%
Biochikol proved to be ineffective at protecting against Rhizoctonia solani [35].

The effectiveness of pine protection against parasitic damping-off by foliar spraying with
Beta-chikol in this study was comparable with that of chemical protection. Similar results of
experiments with woody and herbaceous plants have been reported by many authors, e.g., [30,35]. The
lack of symptoms of Lophodermium needle cast made it impossible to check the effectiveness of the
tested product in protection against this disease.

Sathiyabama and Balasubramanian [12] showed that foliar application of chitosan on Arachis
hypogaea caused a nearly four-fold increase in endogenous salicylic acid 8 days after treatment and
more than a seven-fold increase after 12 days. Salicylic acid is a signal molecule that induces a cascade
of signals that trigger plant defense reactions [23]. In our experiment, a significant increase in salicylic
acid content was observed only in unprotected seedlings during the second assessment (12 July). Such
a result indicates that the plant initiated natural defense responses induced by infection with the
pathogen [23].

Chitosan application, in addition to causing a rise in the salicylic acid concentration, may trigger
many other plant defense responses [8], which could also be the case in our experiment. The effective
protection of seedlings against parasitic damping-off by foliar application of Beta-chikol, without any
simultaneous increase in the salicylic acid content of the plants, suggests that some other defense
mechanism(s) could be initiated, unrelated to the plant reaction. Patkowska et al. [36] reported that
legume seed treatment and spraying with a solution containing chitosan (Biochikol 020 PC) resulted in
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microbiological changes in the rhizosphere. The treatment resulted in a 30% lower number of isolates
of pathogenic fungi, including those causing parasitic damping-off, and higher numbers of isolates of
bacteria of the genera Bacillus and Pseudomonas, as well as fungi of the genera Aspergillus,
Gliocladium, and Trichoderma. The stimulation of growth of these groups of soil microorganisms
results from their ability to synthesize chitinases, i.e., the enzymes that determine their resistance to the
influence of chitosan [8,21]. Simultaneously, the high chitinolytic activity makes it possible to use the
above-mentioned genera of bacteria and fungi for plant production, as plant-growth-promoting
rhizobacteria (PGPR) and plant-growth-promoting fungi (PGPF). These bacteria and fungi induce
plant resistance to diseases, abiotic stresses, stimulate plant growth, and indirectly affect pathogenic
fungi [37,38].

The effectiveness of chitosan in plant protection in this study could also result from a direct effect
of the Beta-chikol on the fungi and oomycetes causing the parasitic damping-off, reflected in the
inhibition of hyphal growth and spore germination [17,39]. Another mechanism could be the ability of
chitosan molecules to bind mycotoxins secreted by facultative pathogens, such as those causing
damping-off, to enable them to colonize plant tissues [40].

Chitosan applied as Beta-chikol resulted in the intensive stimulation of pine growth. Chitosan
applies to all the analyzed growth parameters of both the roots and aboveground parts. A similar
stimulation of growth was observed in many other studies [19,41-43]. The mechanism of this
phenomenon has not been fully explained so far. The stimulation can result from a direct effect of
chitosan uptake by roots and use in metabolic processes by the plant as an additional source of
nutrients [42]. Chitosan is a rich source of nitrogen and calcium and contains also micronutrients,
including copper, zinc, and iron [40,44]. Better availability of nutrients to the plants may also result
from the chelating properties of chitosan [45]. Moreover, the plant growth stimulation may be an effect
of the microbial changes in the soil described above. The increased abundance of PGPR and PGPF
leads to better growth of plants [37,38].

There probably exists a still unknown mechanism of plant growth stimulation as a result of chitosan
application because this phenomenon was also observed in experiments with very low concentrations
of chitosan, making it impossible to use them as a source of nitrogen and carbohydrates. Moreover,
plant growth was also stimulated by chitosan in experiments performed in aseptic conditions, where
the effects of PGPR and PGPF were impossible [21].

5. Conclusions

Chitosan is an organic, environmentally friendly, biodegradable product that is non-toxic to higher
organisms. Its effectiveness in the protection of Scots pine seedlings against parasitic damping-off by
foliar spraying is comparable with that of a fungicide treatment. It can be used in forest nurseries as
an alternative to chemical methods and as a product stimulating seedling growth. Modern forest
management in the European Union seeks environmentally friendly technological solutions; thus,
chitosan should find its place in the Integrated Pest Management (IPM) systems of forest nurseries.
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