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Abstract: Use of novel alternative compounds in agriculture is being promoted to reduce synthetic
pesticides. An in vitro study was conducted to evaluate antimicrobial and antioxidant activities
of chitosan hydrochloride (CH) and COS (chito-oligosaccharides)-OGA (oligo-galacturonides) at
concentrations of 1%, 0.5%, 0.25%, 0.1%, 0.05%, and 0.025%. COS-OGA at 1% and 0.5% concentrations
completely inhibited mycelial growth of Alternaria alternata, Alternaria brassicicola, Botrytis cinerea,
Monilinia laxa, Monilinia fructigena, and Monilinia fructicola. Further, complete inhibition was observed
with 0.25% COS-OGA for M. fructigena and M. laxa. Inhibition for B. cinerea, M. fructicola, A. alternata,
and A. brassicicola at 0.25% COS-OGA was 86.75%, 76.31%, 69.73%, and 60.45%, respectively. M. laxa
and M. fructigena were completely inhibited by CH concentrations of 1-0.25% and M. fructicola by
concentrations of 1-0.5%. At CH 0.25%, inhibition for M. fructicola, A. brassicicola, A. alternata, and
B. cinerea was 93.99%, 80.99%, 69.73%, and 57.23%, respectively. CH showed effective antibacterial
activity against foodborne Escherichia coli. COS-OGA had higher antioxidant activity than CH when
assessed by DPPH and hydroxyl radical scavenging assays. Our findings offer insights into the
antimicrobial efficacy and mechanisms of action of these novel compounds, which have the potential
to serve as alternatives to synthetic pesticides. In vivo investigations are required to validate the
prospective application of these treatments for pre- and postharvest disease management.

Keywords: antibacterial activity; antifungal activity; antioxidant activity; environmentally friendly
compounds; sustainability

1. Introduction

Food loss and waste (FLW) is an important global problem in primary production,
processing, and retail industries and impacts household consumers. One-third of all food
produced, equal to 1.3 billion tons, is lost or wasted every year, including approximately
50% of all fruits and vegetables, which is lost on farms and during storage [1,2]. According
to the Food and Agriculture Organization of the United Nations (FAO), annual plant dis-
eases cost the global economy around USD 220 billion [2]. Under the Farm to Fork strategy
of the European Green Deal, the European Commission has committed to halving per capita
food waste at the retail and consumer levels and reducing the use of dangerous synthetic
pesticides by 50% by 2030 (SDG Target 12.3) [3]. The strict regulations on pesticide use
(Directive 2009/128/CE) in agriculture due to consumer needs demand the development
of techniques and strategies that can be utilized in production and processing industries
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to minimize FLW while contributing to improved food security and safety and the main-
tenance of environmental sustainability [4,5]. Fruits and vegetables have antimicrobial,
anti-inflammatory, antiallergic, cytotoxic, and antioxidant properties that contribute to a
balanced and healthy diet and lifestyle [6]; therefore, producers and consumers must strive
to acquire quality fresh produce free of contaminants.

Microbial infections affect the appearance of products, thus reducing production
yields and market quality, which contributes to FLW of fruits and vegetables [7]. The
genus Alternaria consists of several pathotypes that cause diseases in a wide range of
hosts, including cucurbits, tomatoes, peppers, and leafy crucifers [8]. Botrytis cinerea,
the causal agent of gray mold, is considered one of the most important postharvest
pathogens in fresh fruits and vegetables, causing economic losses of USD 10 billion annu-
ally [9,10]. Monilinia species cause brown rot, mainly Monilinia laxa, Monilinia fructigena,
and Monilinia fructicola, and this disease is of economic importance in major stone fruit-
producing areas worldwide as it is capable of causing losses of 80-85% post harvest [11,12].
The most virulent of these species is M. fructicola, which was introduced in Europe in
2001 [13] and has rapidly spread to other European countries, becoming more prevalent
than the former indigenous species [14]. Fresh produce can also be contaminated by other
microorganisms, such as bacteria, that can be dangerous to human health. For instance,
the foodborne bacteria Escherichia coli has been associated with outbreaks attributed to
the consumption of ready-to-eat salads and sauces prepared from fresh produce such as
tomato, onion, lettuce, and spinach [15]. Furthermore, microbial contaminants produce
mycotoxins in infected crops, which can be harmful to humans when ingested [16].

In the preharvest stage, disease prevention is usually achieved through sanitation
practices aimed at reducing inoculum sources in the field in conjunction with other prac-
tices, such as foliar application of plant protection products [17,18]. Fruits and vegetables
also undergo chemical washing treatments at the postharvest stage to improve shelf life;
these treatments could result in the generation of hazardous by-products [19,20]. Moreover,
the development of resistance to agricultural products and antibiotics by fungi [21] and
bacteria [22], respectively, is a pressing concern within the scientific community. The use of
novel alternative strategies such as elicitors is crucial for ensuring agricultural sustainability.
Elicitors are substances or agents that can induce a response in plants; they offer many
advantages in agriculture since they are non-toxic to humans and non-target organisms [23].
One such well-known elicitor is chitosan, a biodegradable natural biopolymer obtained
from crustaceans, insects, and fungi with elicitation, antimicrobial, and film-forming prop-
erties [24-29] that are attributed to its structural and physicochemical properties [30]. In
agriculture, many chitosan-based products are currently available for commercial use both
in the pre- and postharvest stages [24]. For example, chitosan hydrochloride (CH) is a
basic substance, approved in 2014 (Reg. EU 563/2014), that has fungicidal, bactericidal,
and plant defense elicitation properties [31]. COS (chito-oligosaccharides)-OGA (oligo-
galacturonides; COS-OGA) is a novel compound resulting from the combination of chitosan
oligosaccharide with pectin-derived OGA originating from plant cell walls. This complex
was recognized as an elicitor able to activate plant defense responses and consequently me-
diate pathogenesis [32-36]. Zabka et al. [27] reported the effectiveness of CH in controlling
Phytophthora infestans. Research findings by van Aubel et al. [33] indicate that COS-OGA
is effective in triggering defense mechanisms in grapes and cucumbers, enhancing their
resistance to fungal disease. Furthermore, elicitation of plant immunity by COS-OGA is
a cumulative process involving the activation of salicylic acid, a key signaling molecule
in plant defense mechanisms [34]. Moreover, COS-OGA is a low-risk active substance
authorized in Europe under EU Regulation 543 /2015 [37], and since 2016, its use has been
permitted in organic farming in line with Council Regulation (EC) No. 834/2007 [38]. In
the literature, there are many works reporting the antimicrobial effectiveness of both CH
and COS-OGA, but there are a lack of data comparing the two compounds simultaneously
against the microbial pathogens we studied in this current work. Therefore, the objectives
of this study were (1) to evaluate the antimicrobial activities of CH and COS-OGA against
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six fungal and one bacterial species, (2) to determine the mode of action of the two com-
pounds against the fungal pathogens, and (3) to determine the antioxidant activity of CH
and COS-OGA.

2. Materials and Methods
2.1. Fungal Pathogens

The fungal pathogens used in this study were obtained from two known locations
(Table 1). Each fungal species was replicated on potato dextrose agar (PDA; 40 g L™};
Liofilchem Srl, Roseto degli Abruzzi, Italy) in Petri dishes (diameter, 90 mm). All plates
were incubated at 23 £ 1 °C, and pure cultures were obtained.

Table 1. Details of fungal species used in this study.

Fungal Species Source/Host Species Location Isolate GenBank Accession
Alternaria alternata Seed /Cucurbita moschata Italy 1A3 MK497776
Alternaria brassicicola Seed /Brassica oleracea - - -
Botrytis cinerea -a Germany B05.10 PRJNA15632
Monilinia laxa Fruit/ Prunus persica Italy 79 -
Monilinia fructigena Fruit/Prunus persica Italy 4 -
Monilinia fructicola Fruit/Prunus persica Italy 18 -

2 Data not available.

2.2. In Vitro Antifungal Activities on Mycelial Growth

The antifungal activities of chitosan hydrochloride (CH, 100%; Agrilaete Srl, Pal-
manova (UD), Italy) and COS (chito-oligosaccharides)-OGA (oligo-galacturonides) (COS-
OGA, 1.25%; Gowan Italia Srl, Faenza (RA), Italy) were evaluated by comparing equiv-
alent concentrations of chitosan and monitoring the mycelia growth rate of A. alternata,
A. brassicicola, B. cinerea, M. laxa, M. fructigena, and M. fructicola on Petri dishes with ref-
erence to the control according to Moumni et al. [39] with some modifications. Briefly,
CH and COS-OGA at 1%, 0.5%, 0.25%, 0.1%, 0.05%, and 0.025% active ingredient concen-
trations were prepared in 250 mL of sterilized distilled water. The PDA and compound
mixtures with different treatments were homogenized using a rotator (FALC Instruments
Srl, Treviglio (BG), Italy) to obtain a final volume of 500 mL, which was immediately poured
into Petri dishes (diameter, 90 mm; 20 mL/plate). Plates with PDA alone (20 g of PDA
in 500 mL of sterilized distilled water) were used as the untreated control. Mycelia plugs
(7 mm) of each fungus were taken from 7-10-day old plates and placed in the center of
the amended Petri dishes. The experiments were performed in five replicates per con-
centration per treatment. The orthogonal diameters of the colonies were measured daily;
the first measurement was carried out two days post-inoculation, until the control plates
were completely covered by mycelia. Mycelial growth inhibition was calculated using
Equation (1):

Mycelial growth inhibition (%) = [(dc — dt)/dc] x 100 €))

where dc and dt represent the mean diameter of mycelial growth in the control and treated
fungal strains, respectively.

2.3. Fungicidal and Fungistatic Activities of CH and COS-OGA

Select treatments with complete inhibition of mycelial growth were subjected to a
further assay to determine if they had fungicidal or fungistatic activities on the fungal
pathogens according to Moumni et al. [39]. Myecelial plugs were transferred to fresh
unamended PDA and incubated at 20 £ 1 °C for 7 days, after which the presence or absence
of mycelia was assessed. Treatments were classified as either fungicidal or fungistatic based
on the absence or presence of mycelial growth.
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2.4. Antibacterial Activity of CH

The antibacterial activity of CH particles was evaluated against Escherichia coli ac-
cording to Huang et al. [40]. In each test, 100 mL Erlenmeyer flasks containing 50 mL
of tryptone soy broth (17.0 gL~! tryptone, 3.0 gL ! soytone, 2.5 gL ~! dextrose, 5.0 gL~
sodium chloride, 2.5 gL ~! dipotassium phosphate) were used. Culture flasks were in-
oculated using a fresh culture of E. coli and preliminarily adjusted to a concentration of
1.0 x 10° CFU/mL. A fixed amount of chitosan (10 mg/mL) was then added to the flask.
The culture was shaken at 150 rpm using a magnetic stirrer and was maintained at 37 °C.
After a 24 h growth cycle, serial dilutions (from 10~! to 10~7) were performed, and 1 mL of
each sample was used to inoculate the agar plates. Subsequently, the culture was spread
and incubated for 24 h at 37 °C in an oven at a controlled temperature, and the number of
vital bacteria was determined as CFU/mL.

2.5. In Vitro Antioxidant Activity by DPPH Radical Scavenging Ability Assay

1-Diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity (RSA) was assayed
according to the method described by Hu et al. [41]. CH and COS-OGA were dissolved
in acidified water at pH 2.5, obtaining concentrations ranging from 0.05 to 30 mg/mL,
and analyzed to evaluate antioxidant activity. Briefly, 200 uL of 0.4 mM DPPH solution in
methanol was mixed with 50 uL of each sample in a 96-well microplate. The mixture was
shaken vigorously and maintained in the dark at room temperature for 30 min. Finally,
the absorbance was measured at 517 nm and the inhibition of DPPH was determined by
evaluating the color change in the wells (violet — yellow). DPPH inhibition values were
calculated using Equation (2):

DPPH radical inhibition (%) = [(Ammml - Asmple)/Awmml] % 100 )

where Acontror and Agqypie are the absorbance values of DPPH after the addition of 50 pL of
pure water or 50 uL of CH and COS-OGA solutions, respectively.

2.6. In Vitro Antioxidant Activity by Hydroxyl Radical Scavenging Ability Assay

The test of hydroxyl radical scavenging ability was also carried out according to the
method of Hu et al. [41]. The reaction mixture containing testing samples was incubated
with EDTA-Fe?* (220 umol/L), safranine T (0.23 umol/L), and H,O, (60 umol/L) in
potassium phosphate buffer (150 mM, pH 7.4) for 30 min at 37 °C. Successively, the
absorbance was measured at 520 nm. The scavenging effect was calculated according to
Equation (3):

Asample 520 nm — Ablank 520
Scavenging effect(%) = ——F< 2= T % 100% 3)
control 520 nm — Ablunk 520 nm

where Agymple 520 nm i the absorbance of the sample at 520 nm; Acoutror 520 nm is the ab-
sorbance of the control (distilled water instead of H,O,) at 520 nm; and Apjgk 520 i 1S the
absorbance of the blank (distilled water instead of samples) at 520 nm.

2.7. Statistical Analysis

All trials were conducted in replicates of five, and the data are expressed as
mean =+ standard deviation (SD). Using SPSS (version 21.0, SPSS Inc.; Chicago, IL, USA),
the Shapiro-Wilk’s test (p < 0.05) was performed to verify the residual assumption of
normality, and Levene’s test was employed to assess the homogeneity of variance between
treatments for all fungal pathogens. Variances in the treatments were not homogenous
for all fungal pathogens studied. Thus, the data were subjected to Welch analysis of vari-
ance (ANOVA) and means were separated using the Games-Howell test at p < 0.05. The
‘heatmaply’ package was used to prepare the fungal mycelia growth heatmap figure with
RStudio version 2023.03.0+386. The SPSS software was also used to carry out statistical
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analysis of antibacterial activity against Escherichia coli. A t-test was carried out to compare
bacterial growth in the presence and in the absence of chitosan. p values lower than 0.05
(p < 0.05) were considered significant.

3. Results
3.1. In Vitro Inhibition of Fungal Growth

All treatments were able to reduce the mycelial growth of all fungal species tested
when compared to the untreated PDA control, except for CH at 0.05% and 0.025% concen-
trations (Figure 1; Table 2). CH at these concentrations showed mycelial growth inhibition
ranging from 0.48% to 19.70% for all the pathogens. For COS-OGA at concentrations of
0.05% and 0.025%, inhibition ranged between 10.23% and 41.16%. The other concentrations
tested for both compounds showed varying levels of effectiveness against fungal pathogens
in a dose-dependent manner compared with the untreated control (Table 2). CH treatments
at 1%, 0.5%, and 0.25% concentrations were highly effective and completely inhibited the
mycelial growth of M. laxa and M. fructigena, whereas complete inhibition of M. fructicola
was observed at concentrations of 1% and 0.5%. For COS-OGA treatment at 1% and 0.5%
concentrations, total mycelial growth inhibition was achieved for all the species used in
the study. Additionally, there were no significant differences between 1%, 0.5%, and 0.25%
CH treatments against A. brassicicola and A. alternata; mycelial growth inhibition of the two
species was 85.49% and 74.82% at 1%, 83.56% and 73.97% at 0.5%, and 83.44% and 69.73% at
0.25% CH. At the same three concentrations, inhibition of B. cinerea was 66.75%, 61.08, and
57.23%, respectively. In comparison, the mycelial growth of M. laxa and M. fructigena was
completely inhibited by COS-OGA at 0.25% concentration. The same treatment inhibited
the mycelial growth of B. cinerea, M. fructicola, A. alternata, and A. brassicicola by 86.75%,
76.31%, 69.73%, and 55.24%, respectively. Moreover, the CH 0.1% treatment inhibited
myecelial growth by 78.86%, 73.77%, 67.69%, 59.24%, 40.48%, and 21.17% against M. laxa,
M. fructicola, M. fructigena, A. brassicicola, B. cinerea, and A. alternata, respectively. The
0.1% COS-OGA treatment inhibited the mycelial growth of M. laxa, M. fructicola, B. cinerea,
A. brassicicola, M. fructigena, and A. alternata by 56.62%, 52.98%, 52.29%, 38.66%, 35.78%,
and 27.32%, respectively. Furthermore, the 0.05% CH treatment promoted the overgrowth
of M. fructigena (—4.85%).

Alternaria alternata Alternaria brassicicola
1%  0.5% 0.25% 0.1%  0.05% 0.025% Control 1%  05% 025% 0.1% 0.05% 0.025% Control

CH
COS-OGA
(a)
Botrytis cinerea Monilinialaxa
0.25%  0.1%  0.05% 0.025% Control 1% 0.5% 0.25% Ol% 0.05% 0.025% Control
CH
COS-OGA
(©
Monilinia fructigena Momlmmjz ucticola
1% 0.5% 0.25%  0.1% _ 0.05% 0.025 Control 1% 05% 0.25% 0.1% 0.05% 0.025% Control
CH
COS-OGA

Figure 1. Representative experiment showing the mycelial growth of (a) Alternaria alternata,
(b) Alternaria brassicicola, (c) Botrytis cinerea, (d) Monilinia laxa, (e) Monilinia fructigena, and (f) Monilinia
fructicola treated with chitosan hydrochloride (CH; 100%) and COS (chito-oligosaccharides)-OGA
(oligo-galacturonides) (COS-OGA; 1.25%) at 1%, 0.5%, 0.25%, 0.1%, 0.05%, and 0.025% in comparison
to the untreated control after 5-17 days post-incubation at 20 + 1 °C.
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Table 2. Mycelia growth (cm) of Alternaria alternata, Alternaria brassicicola, Botrytis cinerea, Monilinia
laxa, Monilinia fructigena, and Monilinia fructicola treated with chitosan hydrochloride and COS
(chito-oligosaccharides)-OGA (oligo-galacturonides) after 5-17 days post-incubation at 20 + 1 °C.

Mycelia Growth (cm)

Treatments

A. alternata A. brassicicola B. cinerea M. laxa M. fructigena M. fructicola
CH 1% 208 £0.11d 120+ 012g 276 £0.26e 000g 0.00 f 0.00 h
CH 0.5% 215+0.14d 1.36 £0.08 g 323+0.27d 0.00g 0.00 f 0.00 h
CH 0.25% 2.50 +£0.07 d 137 £0.18g 3.55+0.06 d 0.00g 0.00 f 049+ 067 g
CH0.1% 6.51 £ 0.63 bc 337+£014f¢ 494 +0.28b 1.72 £ 039 f 254+ 0.04e 215+ 042 f
CH 0.05% 822+0.18a 6.64 +0.16 ¢ 8.16 £0.31a 7.65+0.21b 824 £0.09a 7.74 £0.28Db
CH 0.025% 8.07+ 038 a 732+ 025b 8.30 £ 0.00 a 757+ 015b  7.66 £057ab  7.89 +0.31 ab
COS-OGA 1% 0.00e 0.00h 0.00g 0.00g 0.00 f 0.00h
COS-OGA 0.5% 0.00 e 0.00 h 0.00g 0.00g 0.00 f 0.00 h
COS-OGA 0.25% 250+0.15d 3.70 £ 0.38 f 1.10 + 0.66 f 0.00g 0.00 f 1.94 +0.07 f
COS-OGA 0.1% 6.00 =1.16 ¢ 507£119e 396 £021c 353 £0.13e 501+1.28d 3.85+036e
COS-OGA 0.05% 6.68 +1.22Db 516 £ 0.64 e 513+ 0.28Db 479+0.32d 7.08 + 1.27 be 6.11 £0.35¢
COS-OGA 0.025% 6.07 £ 0.36 bc 581+034d 527 +0.48b 533+ 043¢ 6.90 £ 0.76 ¢ 541+ 0.65d
Untreated control 8.26 £0.04 a 827 £ 0.07 a 8.30 £ 0.00 a 814 +0.11a 7.89 £0.52a 8.19 £ 0.12a

2 CH = chitosan hydrochloride; COS-OGA = COS (chito-oligosaccharides)-OGA (oligo-galacturonides). Data
are expressed as means + SD (n = 5). Data with different letters in the same column are significantly different
(p < 0.05, Games—-Howell).

An antifungal activity heatmap of CH and COS-OGA is shown in Figure 2. Both
the fungal species and treatment concentrations used in this study are separated into
two clusters each on the dendrogram. In brief, there are two clusters for the fungal
species, one for Monilinia spp. and the other including A. alternata, A. brassicicola, and
B. cinerea. Additionally, COS-OGA and CH at 1% to 0.25% concentrations were clustered
on one side with observably higher inhibition for Monilinia spp. compared to Alternaria
spp. and B. cinerea, which were less sensitive to both treatments. COS-OGA and CH 0.1%
to 0.025% concentrations were clustered separately from the previous concentrations where
there was variability in inhibition. CH 0.025% and 0.05% had the lowest efficacy, like that
of the untreated control. Overall, there were significant differences between COS-OGA and
CH treatments, with COS-OGA being the better treatment that achieved complete mycelial
growth inhibition for all the fungal pathogens at 1% concentration.

-

I

Colour key:

ﬂi i

Untreated control

s

COS-OGA-0.05
COS-OGA-0.025
COS-OGA-0.1
CH-0.1

"}
COS-OGA-0.25
CH-0.25 "
CH-0.5'
CH-1
COS-OGA-0.5
COS-OGA-1%

Figure 2. Heatmap of the mycelia growth (cm) of Monilinia fructigena, Monilinia laxa, Monilinia fructi-
cola, Alternaria brassicicola, Alternaria alternata, and Botrytis cinerea treated with chitosan hydrochloride
(CH) and COS (chito-oligosaccharides)-OGA (oligo-galacturonides; COS-OGA) after 5-17 days post-
inoculation. The treatments listed on the left correspond to a different color on the right. Euclidean
distance measurements were used to calculate the distances of the dendrogram and clusters using

Mycelia
growth (cm)

the ‘heatmaply’ package in RStudio.
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3.2. Fungicidal and Fungistatic Activity of CH and COS-OGA

The fungicidal or fungistatic activity of CH and COS-OGA was dependent on the prod-
uct (chitosan) formulation, fungal species, and, to a lesser extent, the treatment concentra-
tions tested in the study. COS-OGA had a fungicidal effect against all fungal pathogens used
in the study at 1% and 0.5% concentration, except for M. fructicola, which was fungistatic
at 0.5% concentration (Table 3). Furthermore, at 0.25% concentration, COS-OGA had a
fungicidal effect on M. laxa and M. fructigena. CH at 1% and 0.5% concentration had a
fungistatic effect against M. laxa, M. fructigena, and M. fructicola, and additionally had an
effect at 0.25% concentration against M. fructigena.

Table 3. Fungicidal and fungistatic activities of chitosan hydrochloride and COS (chito-
oligosaccharides)-OGA (oligo-galacturonides) against Alternaria alternata, Alternaria brassicicola, Botry-
tis cinerea, Monilinia laxa, Monilinia fructigena, and Monilinia fructicola after 7 days of incubation at
20+ 1°C.

Fungus

Treatments 2

CH 1% CH 0.5% CH 0.25% COS-OGA 1%  COS-OGA 0.5% COS-OGA 0.25%

Alternaria alternata
Alternaria brassicicola
Botrytis cinerea
Monilinia laxa
Monilinia fructigena
Monilinia fructicola

* % %

+ -

L S L |
* LI}
+ + + + +

x4+ o+ + +
+ +

- + -

2 CH = chitosan hydrochloride; COS-OGA = COS (chito-oligosaccharides)-OGA (oligo-galacturonides); + fungici-
dal; * fungistatic; - not tested.

3.3. Antibacterial Activity of Chitosan Hydrochloride

The antibacterial effect of CH was tested against E. coli with and without exposure
to sunlight. The results are shown in Table 4 in terms of mean and standard deviation. In
the presence of CH, the growth of E. coli was reduced significantly both in the dark and in
sunlight to 4.9 log CFU/mL and 5.0 log CFU/mL, respectively. While in the absence of CH,
the growth of E. coli was high in both conditions.

Table 4. Antibacterial activity of chitosan hydrochloride (100%).

Condition Log CFU/M1 Log CFU/mL
In the Absence of Chitosan In the Presence of Chitosan
In the dark 6.0+ 04 49+05
Exposed to sunlight 6.1 £0.5 50+£0.5

3.4. In Vitro Antioxidant Activity Assessed by DPPH and Hydroxyl Radical Scavenging Ability Assays

The antioxidant activity of CH and COS-OGA was evaluated by DPPH and hydroxyl
radical scavenging assays in vitro. COS-OGA exhibited significantly high antioxidant
activity of 22.1% compared to CH (5.3%) at the 20 mg/mL concentration (Table 5). Higher
antioxidant activity of 29.9% was achieved when the COS-OGA concentration was increased
to 30 mg/mL.

Table 5. In vitro antioxidant activity as assessed by the DPPH and hydroxyl radical scavenging assay.

Active Ingredient Concentration (mg/mL) Antioxidant Activity (%)
CH? 20 53+£07
COS-OGA 20 221+17
COS-OGA 30 299 £25

2 CH = chitosan hydrochloride; COS-OGA = COS (chito-oligosaccharides)-OGA (oligo-galacturonides).
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4. Discussion

In recent years, it has become imperative to limit the use of synthetic pesticides in
agriculture. In the present study, we evaluated the antimicrobial activity of CH and COS-
OGA in terms of their inhibitory effect against selected microorganisms that cause disease
in crops at preharvest and postharvest stages. The in vitro study showed that COS-OGA
was the most effective at inhibiting the mycelial growth of fungi. Mycelial growth of
A. alternata, A. brassicicola, B. cinerea, M. laxa, M. fructigena, and M. fructicola was completely
inhibited at concentrations of 1% and 0.5% COS-OGA, whereas for CH concentrations of
1% and 0.5%, complete inhibition was achieved for Monilinia spp. only, with the same result
obtained for M. laxa and M. fructigena with COS-OGA and CH at 0.25% concentration.

Previous works reported that COS-OGA acts as a preventative elicitor of natural plant
defense systems reducing the risk of resistance development by microorganisms since it
mainly acts on the plant, and these studies demonstrated that COS-OGA can be applied
repeatedly to achieve an accumulative elicitation effect against powdery mildew in table
grapes and strawberries without incurring any negative effects [42]. COS-OGA treatments
in tomato affected gene transcripts linked to defense mechanisms without phytotoxic effects
on plants [35]. In our work, we establish that the COS-OGA compound not only acts as
an elicitor of natural plant defense systems, but also strongly inhibits fungal growth. This
assigns a synergistic action to this compound towards the control of plant diseases.

The highest concentrations tested in this work, 1% and 0.5%, correspond to the most
common chitosan concentrations that have been tested in the control of preharvest and
postharvest decay [24]. Rajestary et al. [30] reported that the optimal antifungal activity of
chitosan against numerous microorganisms can be achieved at a concentration of 1%. Other
studies reported complete inhibition of B. cinerea spore germination using an oligochitosan
concentration of 0.5% (5 gL~!) [43], while low molecular weight (LMW) chitosan and
oligochitosan (LCOC) at 0.05% and 0.01% significantly inhibited the conidia germination
of A. brassicicola [44]. To the best of our knowledge, our work provides, for the first time,
results related to the antimicrobial effectiveness of several concentrations of both COS-OGA
and CH as tested on six different fungal pathogens.

Our results underline that the effectiveness of antimicrobial activity was affected by
the type of target microorganism. This was true for the CH compound, while for COS-OGA
at lower concentrations starting from 0.25%, we have evidence of variability amongst
the fungal pathogens. As reported in previous works, the antimicrobial properties of
chitosan are affected by many factors, including microorganisms and the physicochemical
characteristics of the chitosan compound, such as molecular weight [45]. This point could
be clarified by studying how different treatments affect the way fungal cells respond to
stress [46].

Our study established that in vitro efficacy decreased in a different manner at decreas-
ing doses of CH and COS-OGA compounds, highlighting differences among the fungal
pathogens. A different inhibition of fungal growth was observed between the Monilinia
spp. at the 0.25% concentration. Complete inhibition was achieved only for M. laxa and
M. fructigena, while the mycelial growth of M. fructicola was only significantly reduced. A
recent whole-genome analysis revealed various elements of phylogenomic and syntenic
results, as well as pathogenic factors, suggesting that M. laxa is more closely related to M.
fructigena than M. fructicola [47]. M. fructicola is considered the most virulent species as it
is able to cause larger fruit lesions and displays shorter incubation and latency periods
compared to the other Monilinia spp. [48]. Overall, inhibition of Monilinia spp. was different
from the other fungal pathogens under study. This indicates that Monilinia spp. have the
same mycelial growth inhibition pattern, which is different from the pattern of A. alternata,
A. brassicicola, and B. cinerea.

Our in vitro study reflects the importance of in vitro tests to screen the best concentration—
compound combination for possible implementation in in vivo studies. Previous studies
reported the concentration-dependent inhibitory effectiveness of chitosan and oligochitosan
on the mycelial growth and spore germination of M. fructicola [49]. Additionally, in vivo
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postharvest studies evidenced that the control of brown rot caused by M. fructicola was
higher at a concentration of 0.5% compared to that of 0.05% [50]. We observed a decrease
in mycelial growth inhibition relative to the reduced concentration of the compounds.
Furthermore, a drastic decline in effectiveness was observed for concentrations of 0.05%
and 0.025%, especially for CH, which did not differ compared to the untreated control.
Differences between fungal species and compound efficacy were most noticeable at concen-
trations of 0.1% and lower. Thus, this indicates that efficacy against mycelia development
was once more documented below a specific threshold, though their use in vivo could be
limited by the unpredictable nature of the pathogen—compound interactions.

In this work, we also analyzed the differences related to the antifungal mode of action
of these compounds. Our results suggested a direct fungicidal effect by COS-OGA, while
CH had a fungistatic effect against the phytopathogenic fungi used in the study. To the
best of our knowledge, this is the first study that demonstrates the fungicidal effect of
COS-OGA. Our results corroborate those of Ali et al. [51], who reported the fungistatic
effect of chitosan against Colletotrichum gloeosporioides. Although the fungicidal effect can be
considered more attractive since it yields total suppression of fungal pathogens, the in vivo
mode of action of these compounds could be affected by several factors, such as inoculum,
titer, exposure time, application methods, and employed dose [52].

The in vitro antibacterial activity of CH in this study showed that the growth of
foodborne Escherichia coli was significantly reduced to 4.9 log CFU/mL in dark conditions
compared to light. This is in line with results by Tikhonov et al. [53]. Tsai et al. [54]
reported that the antibacterial effect of chitosan against E. coli was also dependent on
temperature. Furthermore, according to Mirbagheri et al. [55], chitosan, as well as its
nanoparticle and alkylated derivative forms, has the potential to act as an antibacterial
agent against E. coli by inhibiting outer membrane biosynthesis, metabolic activities, and
membrane-related signaling pathways. In our study, CH had a significant inhibitory effect
on the growth of E. coli in a light-deprived environment. These findings suggest that
fresh produce treated with CH should have decreased bacterial contamination-related
deterioration incidence during storage and transit, which often take place under controlled
light and temperature conditions.

We also evaluated the in vitro antioxidant activity of CH with a molecular weight
of 47 kDa to 65 kDa [56] and high molecular weight (HMW) COS-OGA [57]. Our DPPH
and hydroxyl radical scavenging results showed that COS-OGA had a significantly high
antioxidant activity of 29.9% compared to CH. Wan et al. [58] found that HMW chitosan and
its LMW derivatives all possessed antioxidant activity; however, LMW chitosan derivatives
exhibited higher DPPH scavenging activity. This is further supported by results reported
by Xuan Du et al. [59]. Numerous studies have shown that chitosan and its derivatives, for
instance COS-OGA, can enhance the antioxidant activity of plants when used as a plant
protectant in singular or combined form [25,41,60]. Thus, these compounds can improve the
defense mechanisms of plants against abiotic stress when applied at the preharvest stage.

The possible applications of elicitors in agriculture are vast, whether applied alone
or in combination with other natural substances at preharvest and/or postharvest stages.
Both CH and COS-OGA are natural biodegradable elicitors and thus can be used in the
postharvest stage, as storage treatments or edible coatings, to manage decay and extend the
shelf life of fresh fruits and vegetables without causing any harmful effects to the produce
or consumers [61]. Research conducted in the last several years has demonstrated the
effectiveness of chitosan when used alone or in combination with other natural ingredients
to preserve the physical characteristics of different fruits and vegetables. Chitosan is known
for its biocompatibility, biodegradability, and bioactivity; thus, when used as an edible
coating, the film reduces the respiration rate of the produce by adjusting the permeability
of oxygen consumption and carbon dioxide production, thereby extending its shelf life [61].
Additionally, there is no risk of developing resistance to these substances since elicitors
focus on plant defense systems, such as inducing the accumulation of defense compounds
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and delaying fruit senescence to preserve fruits and vegetables, unlike chemical pesticides
whose mode of action is on the pathogen itself [33,42,53].

5. Conclusions

The discovery and validation of effective alternative compounds to existing syn-
thetic pesticides for the management of microbial organisms is crucial. Chitosan and its
derivatives have been shown to possess substantial antimicrobial efficacy against various
microorganisms. Consequently, we evaluated the antimicrobial efficacy of a pure form of
CH and COS-OGA (a derivative) at varying concentrations against six fungal pathogens
and one bacterial pathogen in vitro. The results demonstrated that CH and COS-OGA
have an effect against microbial pathogens. Inhibitory effects against the fungal pathogens
were especially significant at 1%-0.25% concentrations, while the growth of E. coli was
noticeably reduced in the absence of light by CH. COS-OGA and CH also demonstrated
valuable antioxidant capacity. Additionally, since these compounds have a direct impact
on plants, the risk of resistance development by microbial organisms is limited. This
study suggests that these innovative compounds could be used as alternatives to synthetic
pesticides in plant disease management while preserving the agricultural environment
and maintaining the health and safety of all parties. Moreover, as both CH and COS-OGA
are derived from long-established, naturally occurring sources, the confirmation of their
antimicrobial properties and antioxidant capacity offers the potential to repurpose waste
generated during production. Our in vitro findings provide the foundation for subsequent
in vivo investigations aimed at confirming the viability of using these two novel elicitors in
pre- and postharvest management strategies.
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