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Abstract: In this work, we extracted chitosan from marine amphipods associated with aquaculture
facilities and tested its use in crop protection. The obtained chitosan was 2.5 ± 0.3% of initial ground
amphipod dry weight. The chemical nature of chitosan from amphipod extracts was confirmed via
Raman scattering spectroscopy and Fourier transform infrared spectroscopy (FTIR). This chitosan
showed an 85.7–84.3% deacetylation degree. Chitosan from biofouling amphipods at 1 mg·mL−1

virtually arrested conidia germination (ca. sixfold reduction from controls) of the banana wilt
pathogenic fungus Fusarium oxysporum f. sp cubense Tropical Race 4 (FocTR4). This concentration
reduced (ca. twofold) the conidia germination of the biocontrol fungus Pochonia chlamydosporia
(Pc123). Chitosan from amphipods at low concentrations (0.01 mg·mL−1) still reduced FocTR4
germination but did not affect Pc123. This is the first time that chitosan is obtained from biofouling
amphipods. This new chitosan valorizes aquaculture residues and has potential for biomanaging the
diseases of food security crops such as bananas.

Keywords: amphipods; biofouling; fish farms; chitooligosacharides; Fourier transform infrared
spectroscopy (FTIR); Raman; plant pathogenic fungi; banana disease; nematophagous fungi; Pochonia
chlamydosporia

1. Introduction

Since the publication of the Blue Growth strategy in 2012 by the European Commis-
sion [1], marine environments have been recognized as potential sources for innovation,
economic growth, and job creation. This new sea economy aims to optimize the benefits
of sustainably developing marine and maritime sectors [1]. Thus, aquaculture plays a key
role in meeting our demand for fish and seafood of high nutritional value [2].

Offshore aquaculture has steadily increased in the marine environment over the last
five decades. There is a need to address the challenges posed by this fast growth to pro-
vide strategies for the long-term sustainability and conservation of marine ecosystems [3].
The intensity of fish farm exploitation generates byproducts (waste). These wastes may
accumulate on marine sediments and cause eutrophication [4]. Integrated multi-trophic
aquaculture (IMTA) systems are devised to reduce these environmental impacts. IMTA
systems co-culture species from different trophic levels, so by-products from a species
become inputs for another [2,5]. Marine species that grow in aquaculture facilities form-
ing biofouling communities can feed on fed waste, contributing to bioremediation [6].
Highly abundant crustacean amphipods in fish farms are suitable for co-culturing in IMTA
systems [7].
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The circular economy complements Blue Growth, aiming to create a restorative or
regenerative industrial system through intention and design, replacing the concept of
end-of-life with restoration [8]. It is based on an environmentalist mindset and proposes to
change the motto “reduce, reuse and recycle” for a deep and lasting transformation [9]. The
new paradigm is to turn waste into raw materials [10]. Thus, marine species that naturally
grow in aquaculture facilities could be harvested and used to develop new biological
products with applications in several industries, meaning an extra source of income [7].

Marine organisms are a new source of natural products, some with unusual chemical
structures [11]. Chitin, one of the most abundant polymers in nature [12], can be found in
marine crustaceans, insects, and fungi. Chitosan is a by-product of the partial deacetylation
of chitin, primarily consisting of beta-1,4-glucosamine subunit polymers [13]. Chitosan
is mostly obtained from by-products of fishing industries; it is a renewable, non-toxic,
non-allergenic, antimicrobial, and biodegradable biopolymer [14]. Shellfish waste contains
14–35% chitin associated with proteins (30–40%), lipids, pigments, and calcium deposits
(30–50%), and various technological alternatives have been developed for converting shell-
fish into useful products [15]. As a result, the large biomass of amphipods in aquaculture
facilities could be used to produce chitin and chitosan, providing added value to fish farms.

Chitosan has countless applications, including cosmetics, medicine, and agricul-
ture [13,16]. Chitosan from crustaceans has more antimicrobial properties than important
worldwide plant pathogens such as Fusarium oxysporum or Magnaporthe oryzae [17–20].
Chitosan permeabilizes the plasma membrane of sensitive fungi, with membranes enriched
in unsaturated free fatty acids. In contrast, biocontrol fungi (BCA) (mostly nematophagous
and entomopathogenic fungi) tolerate chitosan. These BCAs develop infective structures
on the exoskeletons and cuticles of their hosts. These structures are enriched in chitin and
chitosan [21,22]. BCAs have glycosyl hydrolase families, mainly GH18 (chitinases) and GH
75 (chitosanases) expanded in their genomes [23,24]. These GHs can degrade chitin and
chitosan.

In this study, we evaluated marine amphipods associated with aquaculture facilities
as a new source of chitosan and its biotechnological use. Our aims are to: (a) extract chitin
from amphipods and its conversion to chitosan, (b) characterize amphipod chitosan, and (c)
test chitosan from amphipods on the spore germination of agriculturally important fungi:
Pochonia chlamydosporia, a nematophagous fungus used in biological control; and Fusarium
oxysporum f. sp. cubense Tropical Race 4 (FocTR4), an emerging and highly virulent fungal
pathogen of banana plants.

2. Results
2.1. Chitosan Extraction

Amphipod exoskeletons contain chitin that can be transformed into chitosan. Table 1
shows chitin/chitosan yields from amphipod samples. Biofouling amphipod’s chitosan
yield (2.55 ± 0.34% ground amphipod dry weight) was similar to that from commercial
turtle feed amphipods (2.43%). This was despite ca. 50 times more starting materials in the
latter. Chitin yields were higher since this biopolymer is the source for chitosan extraction.

2.2. Spectroscopical Characterization of Chitin and Chitosan

The chitin–chitosan Raman spectra from the 1500–1800 cm−1 region showed a flu-
orescence background, with both lasers tested (785 and 1064 nm). They were, therefore,
discarded. FTIR detected NH2 (1) and N-acetyl groups (2), diagnostic for chitin (Figure 1a)
and chitosan (Figure 1b–d) in all samples. This confirms that all samples analyzed were
either chitin or chitosan. However, in chitin spectra (a), the intensity of band 1 (0.056) was
much lower than band 2 (0.096). In contrast, there was little difference between the intensi-
ties of both bands for the rest of the samples (chitosan; b1: 0.056, b2: 0.051; c1: 0.062, c2:
0.060; and d1: 0.052, d2: 0.054). The spectra indicate that the b, c, and d samples underwent
partial deacetylation, whereas sample a did not. The intensities corresponding to the N–H
bonds of amide I and the O–H bond associated with the pyranose ring (5) were only clearly
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observed in the b, c, and d spectra, indicating that the analyzed samples correspond to
chitosan molecules. These bands are the most representative of this biopolymer. For sample
a, this region was not observed with the same intensity, suggesting that the spectrum
corresponds to chitin.
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cm−1); (3) C–N amide III bond (1320 cm−1); (4) CH3 groups (1420 cm−1); and (5) N–H amide I and O–
H pyranose ring bonds (3200–3400 cm−1). Intensity is measured in absorbance units (AU). 

Deacetylation Degree (%DD) 
Figure 1 (FTIR spectra) shows the intensity (in AU) of peaks corresponding to the 

NH2 groups and the C–N bond of amide III (peaks 3 and 4, respectively). The %DD of 

(A
U)

 
(A
U)

 
(A
U)

 
(A
U)

 

(a) 

(b) 

(c) 

(d) 

Figure 1. FTIR absorption spectra of chitin and chitosan: (a) Commercial chitin; (b) Commercial
chitosan; (c) Biofouling amphipod chitosan (M4); and (d) Commercial amphipod (turtle feed) chitosan
(M5). Group diagnostic bands: (1) NH2 groups (1590 cm−1); (2) residual N-acetyl groups (1650 cm−1);
(3) C–N amide III bond (1320 cm−1); (4) CH3 groups (1420 cm−1); and (5) N–H amide I and O–H
pyranose ring bonds (3200–3400 cm−1). Intensity is measured in absorbance units (AU).
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Table 1. Chitin and chitosan purification from amphipods in this work.

Step
Sample Weight (g)

M1 M2 M3 M4 M5

Ground-dried
amphipods 1.205 1.302 1.188 14.1 49.31

Demineralization 0.416 0.56 0.469 5.45 20.52
Deproteinization 0.156 0.151 0.121 2.955 2.85

Chitin 0.093 0.083 0.064 0.983 2.024
Chitosan 0.034 0.037 0.027 0.312 1.198

Chitin Yield (%) 7.72 6.37 5.39 6.97 4.1
Chitosan Yield (%) 2.82 2.84 2.27 2.21 2.43

Biofouling Amphipods (M1–M4) Chitin Yield (% ± SD) 6.61± 0.98
Biofouling Amphipods (M1–M4) Chitosan Yield (% ± SD) 2.55 ± 0.34

M1–4 chitosan from biofouling aquaculture amphipods. M5 chitosan from commercial amphipods (turtle food).
SD indicates the standard deviation (in %) from the mean yield of chitin and chitosan in the biofouling aquaculture
amphipod samples (M1–M4).

Deacetylation Degree (%DD)

Figure 1 (FTIR spectra) shows the intensity (in AU) of peaks corresponding to the
NH2 groups and the C–N bond of amide III (peaks 3 and 4, respectively). The %DD of
chitosan extracted from amphipods and commercial chitosan (T8) were calculated from
them (Table 2). All DDs were above 84%, confirming that these samples are chitosan.

Table 2. Chitosan N-deacetylation degree (DD).

Chitosan Source %DD

T8 85.2–(90.1 *)
M1 85.7
M2 85.3
M3 85.3
M4 84.3
M5 83.3

* %DD from (DD) data sheet provided by the manufacturer.

2.3. Effect of Chitosan on Spore Germination
2.3.1. Pochonia chlamydosporia Isolate 123

Chitosan from the biofouling amphipods and other sources had no significant
(p-value < 0.05) effect on the conidia germination of the biocontrol fungus Pc123 at
low concentrations (0.01 mg·mL−1) (Figure 2). However, all chitosan samples signifi-
cantly reduced (ca. twofold) Pc123 conidia germination at 1 mg·mL−1. No differences
(p-value < 0.05) in P. chlamydosporia conidia germination were found for 1 mg·mL−1

chitosan from the three sources tested after 24 h and 48 h.

2.3.2. Fusarium oxysporum f. sp. cubense Tropical Race 4

Chitosan from biofouling amphipods and other sources at 1 mg·mL−1 virtually ar-
rested the conidia germination (ca. sixfold reduction from controls, Figure 3) of the banana
wilt pathogenic fungus FocTR4. Most chitosan reduced FocTR4 conidia germination even
at a low concentration (0.01 mg·mL−1). For P. chlamydosporia, no significant (p-value < 0.05)
differences in FocTR4 spore germination were found for the tested three sources of chitosan.
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Figure 2. Effect of chitosan from biofouling amphipods and other sources on conidia germination of
the nematophagous fungus P. chlamydosporia. Treatments: (T8) Commercial chitosan; (M4) Chitosan
from biofouling amphipods; (M5) Chitosan from commercial (turtle feed) amphipods. (*) indicates
significant differences from controls (p < 0.05).
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Figure 3. Effect of chitosan from biofouling amphipods and other sources on conidia germination
of the phytopathogenic fungus FocTR4. Treatments: (T8) Commercial chitosan; (M4) Chitosan
from biofouling amphipods; (M5) Chitosan from commercial (turtle feed) amphipods. (*) indicates
significant differences from controls (p < 0.05).
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3. Discussion

In our study, we have extracted and characterized chitosan from amphipods associated
with biofouling in aquaculture facilities. Chitosan is often obtained from the exoskeletons
of marine organisms, mainly crustaceans [25]. This uses waste from the seafood industry
via a circular economy approach [15]. However, the current work is, to the best of our
knowledge, the first report using amphipods associated with integrated aquaculture as a
source for chitosan extraction.

The chitosan extraction yield from amphipods (2.2–2.8%) is significantly lower than
that from the exoskeletons of larger crustaceans (e.g., crab, shrimp, or crayfish) [25]. Extrac-
tion yields ranging from 9.2 to 22.9% of the initial dry weight are reported, depending on
the organism used as raw material.

Raman scattering spectroscopy can provide information on the chemical structures
and physical shapes of molecules using characteristic spectral patterns [26]. However,
sample fluorescence can be a major issue [27]. In this work, we have experienced that
problem. Despite testing several lasers, we were unable to identify this polysaccharide in
amphipod extracts using Raman spectroscopy. Fourier transform infrared spectroscopy
(FTIR) is the most widely used spectroscopy technique to study vibration in molecules that
avoids fluorescence problems. FTIR has allowed us to identify chitosan from amphipod
samples. In our analyses, we detected the characteristic wavelengths [28], corroborating
the fact that the amphipod extractions contained chitosan or chitin.

The essential parameter for chitosan characterization is the degree of N-deacetylation,
determining the physiological and functional characteristics of the biopolymer [29]. Using
FTIR data, we have estimated more than 80% of the degree of N-deacetylation of chitosan
from biofouling amphipods and other sources, including commercial samples.

In our study, we have found that the conidia germination of the biocontrol fungus
Pc123 is unaffected by low concentrations of chitosan from biofouling and commercial-fed
amphipods. This agrees with previous studies using chitosan from large crustaceans [30].
However, 1 mg·mL−1 causes a reduction from 100% of spore germination to ca. 50% of
spore germination, as described using chitosan from crustaceans [30]. P. chlamydosporia is a
chitosan-resistant fungus. Chitosan increases growth, sporulation, and pathogenicity to
plant parasitic nematodes of this fungus [30–33]. On the other hand, our results indicate
that chitosan from biofouling amphipods at 1 mg·mL−1 can inhibit the germination of
FocTR4, a wilt fungus highly pathogenic on bananas. According to our data, FocTR4 conidia
germination seems more resistant than other Fusarium wilt pathogens, such as Fusarium
oxysporum f. sp radicis-lycopersici, a tomato pathogen [33]. Chitosan treatment, applied as
a soil drench, showed protection against several wilt diseases, including that caused by
different Fusarium species on tomatoes [33]. In a recent study, chitosan inhibited Fusarium
spp. involved in potato wilt [34]. In contrast, the biocontrol fungus Pc123 is tolerant to
chitosan concentrations (0.01 mg·mL−1), which significantly reduces the germination of
Foc TR4. These results suggest that the combination of chitosan and biocontrol agents
can help manage disease sustainably in banana and other crops. This has been shown
for plant parasitic nematodes [31]. Chitosan has also been described as a plant defense
elicitor inducing the expression of salicylic and jasmonic acid pathways in plants [35].
Our results on a new source of chitosan and its application with biocontrol agents and
against pathogens and for plant defense induction could open new possibilities for its use
in agriculture and other markets.

4. Conclusions

In this study, we promote the IMTA system, an environmentally friendly aquaculture
procedure. We suggest using amphipods as secondary species to transform them into
chitosan, a biopolymer used in numerous fields (e.g., medicine, industry, and agriculture).
Chitosan extraction from amphipods is a good approach to valorizing biofouling from
fisheries. This chitosan, from a new source, should be tested in future studies for appli-
cations that do not require large quantities, such as biomedicine. Methods for chitosan
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extraction from amphipods should be optimized to maximize yields. However, at present,
our results show that chitosan, obtained from amphipods associated with biofouling of
aquaculture facilities, can arrest germination—and, therefore, the pathogenicity—of the
wilt fungus FocTR4. This virulent new banana pathogen is expanding worldwide, but there
are no efficient management methods. Ultimately, amphipod chitosan can help global food
security. Our study, thus, contributes to economic sustainability via a new source of income
for seafood and aquaculture (fish farms) companies, opening possibilities to generate blue
and green circular economy industries.

5. Materials and Methods
5.1. Sample Collection and Preparation

Samples were collected from a fish farm in the coastal waters of Murcia (Spain,
37◦48.93′ N/0◦41.73′ W) by scraping fouling organisms from shallow mooring ropes
(1–10 m depths). Amphipods were extracted by introducing fouling samples into con-
tainers with fresh water for 3 min. Then, they were sieved through a 500 µm mesh and
preserved in 70% ethanol. In the laboratory, the subsamples of at least 20% of the amphipod
biomass samples were sorted, and amphipods were identified at a species level. The re-
maining samples were used for chitin/chitosan extraction and characterization. The species
composition of amphipod samples is described in Table 3. We have also used amphipods
from turtle foods (Gammarus spp. for turtle feed, Terra Viva) for comparison purposes.

Table 3. Taxonomic composition of amphipods causing biofouling.

Genus/Species Percentage (%)

Jassa spp. 59.7
Ericthonius punctatus 27.7

Elasmopus rapax 5.5
Stenothoe spp. 5

Caprella equilibra 2.3

5.2. Chitosan Extraction

Amphipod samples were dried at room temperature for 4 h and crushed in a mortar
with liquid nitrogen until a homogeneous powder was obtained. Then, the sample was
demineralized using a 0.5 M hydrochloric acid at a 1:30 w/v ratio for 2 h at room tempera-
ture under constant stirring [36]. The sample was washed with deionized H2O to pH 7 and
left to dry at 60 ◦C for 6 h. Protein removal was performed in a 0.5 M sodium hydroxide
with a w/v 1:40 for 19 h at room temperature under constant stirring. The chitin obtained
was washed with deionized H2O to pH 7 and left to dry in an oven at 60 ◦C for 6 h. Chitin
was bleached by shaking it in 2% sodium hypochlorite [25] at a 1:100 w/v ratio for 10 min.
The sample was washed with deionized H2O to neutral pH and left to dry in an oven at
60 ◦C for 6 h. Chitin was deacetylated with 50% sodium hydroxide in a 1:100 w/v ratio at
100 ◦C for 2 h under constant stirring [37]. Finally, the obtained chitosan was washed with
deionized H2O to a pH of 7 and dried at 60 ◦C for 6 h.

5.3. Chitosan Characterization

Commercial chitosan (Marine BioProducts GmbH, Rosenheim, Germany), chitin
(Sigma-Aldrich, St. Louis, MO, USA), and chitosan obtained from amphipods were sub-
jected to Raman scattering spectroscopy, Fourier transform infrared spectroscopy (FTIR),
and degree of deacetylation (%DD) calculation.

Raman scattering spectroscopy was used to detect the bond vibrations of the functional
groups that make up chitosan and chitin samples to provide information on their chemical
structures and physical forms [26]. NRS5100 Raman spectrometer was used. Both 785 nm
and 1064 nm lasers were used. The latter usually generated fewer fluorescence emission
artifacts. A study of the whole spectrum and another at the 1500–1800 cm−1 region,
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characteristic for differentiating chitin and chitosan, were carried out (Prof. A. C. Prieto,
University of Valladolid, Spain. Personal communication).

FTIR analysis was carried out to characterize the obtained chitosan and compare them
with chitin and commercial chitosan samples. This technique is based on the excitation of
the molecules to be studied to observe the infrared absorption of the bonds they present,
assigning the peaks corresponding to the bending and/or stretching of the bonds at wave-
lengths (in cm−1) characteristic of the molecules under study. The characteristic bands used
for chitosan are in the 3200–3400 cm−1 region, corresponding to the N–H bond of amide
I and the O–H bond associated with the pyranose ring, respectively [38]. The 1650 cm−1

bands corresponding to the residual N-acetyl groups and the 1590 cm−1 corresponding to
the NH2 groups were analyzed to differentiate the chitin and chitosan spectra [39]. When
chitin is deacetylated, the intensity of the 1650 cm−1 bands decays, while the 1590 cm−1

band increases, indicating that the acetyl groups have been hydrolyzed and substituted
by NH2 groups [40]. Infrared spectra studies were carried out using the FT/IR-4700Type
spectrophotometer (BRUKER, Billerica, MA, USA). The measurements were performed
using the ATR PRO ONE mode of operation at an incidence angle of 45º, in the range of
500–4000 cm−1. The number of scans was 3632, accumulating 16 scans per scan point, with
a resolution of 4 cm−1.

Chemically, chitin and chitosan are polyglucosamines distinguished only by the degree
of acetylation, or the degree of deacetylation (one inverse of the other), of the amino groups.
Chitin usually has a degree of deacetylation between 5 and 30% [28], whereas the %DD of
chitosan must be greater than 50% to be considered such a molecule [41]. This parameter is
one of the most important to determine the functional and physiological characteristics of
the polymer. The spectra obtained in the FTIR study were used to calculate N-acetylation.
The values obtained in the characteristic bands of amide III (1320 cm−1) and, as a reference,
the methyl groups (1420 cm−1) were taken. Calculations of the degree of N-acetylation
were obtained from the following equation [28]:

% Degree o f N − acetylation = 31.92× A1320

A1420
− 12.2

The degree of N-deacetylation (DD) of chitin or chitosan is the complementary value
demonstrated as follows [42]:

% DD = 100− Degree o f N − acetylation

5.4. Preparation of Chitosan Solutions

Chitosan from a given source was dissolved in 0.25 M HCl under continuous stirring
to obtain an initial concentration of 10 mg·mL−1, and pH was adjusted to 5.6 with 1 M
and 0.1 M NaOH [17]. The obtained solution was dialyzed for salt removal for 48 h. The
dialyzed chitosan was autoclaved (120 ◦C, 20 min) before use. We also prepared a 0.25 M
HCl solution and adjusted it to pH 5.6 using 1 M and 0.1 M NaOH. This solution was
dialyzed and autoclaved for chitosan [17].

5.5. Effect of Chitosan on Spore Germination

The fungal material used was strain Pc 123 of the nematophagous fungus Pochonia
chlamydosporia 123 (Pc123, ATCC No. MYA-4875; CECT No.20929) isolated from eggs of
Heterodera avenae in Seville. A further fungus used was a strain of Fusarium oxysporum
f. sp. cubense Tropical Race 4 (FocTR4) (E.F. Smith) Snyder and Hansen, NRRL36114
(CBS 102025), isolated from the hybrid (Musa acuminata (AA) ×M. balbisiana (BB)) Pisang
Manurung (AAB) in Indonesia. The strain was acquired from the Institute of Fungal
Biodiversity Westerdijk NL (authorization MiPAAF 31519, dated 6 December 2017), a
former CBS collection of the Netherlands. Fungi were routinely grown on potato dextrose
agar (PDA, Oxoid, Basingstoke, Hampshire, UK).
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Conidia used for these experiments were collected from 2-week-old cultures of fungi
growing in the media described above. The conidia were collected from the plates with
1 mL sterile distilled water, passed through a glass wool filter to remove hyphae, counted,
and diluted to 1 × 106 conidia·mL−1.

Three chitosan sources were used for experiments: commercial chitosan (T8, Biolog
Heppe, GmbH Landsberg, Bremen, Germany), chitosan from aquaculture amphipods
extracted as before (M4), and chitosan extracted for commercial amphipods (freeze-died
natural Gammarus spp. for turtle feed, Terra Viva) (M5).

We designed moist chamber experiments in 9 cm diameter Petri dishes with autoclaved
filter paper moistened with 1 mL of autoclaved distilled water to observe the effect of
chitosan on Pc123 and FocTR4 conidia. We used 10 µ/L droplets with a concentration of
1 × 106 conidia·mL−1 with chitosan at either 0.01 or 1 mg·mL−1 on autoclaved microscopic
glass slides. Controls consisting of autoclaved distilled water or HCl–NaOH buffer pH = 5.6
were also prepared.

For each treatment, 6 plates were prepared with 3 drops each. Three of the plates
were incubated at room temperature and under 16 h light/8 h dark for 24 h and the
other three for 48 h. After incubation, drops on slides were observed under an Olympus
BH2 microscope (Olympus, Tokyo, Japan) with a Leica DFC 480 camera (Leica, Wetzlar,
Germany). Observations were made at 20×magnification, observing a random field (with
a total number of conidia of 200–800, approx.) and counting all germinated and non-
germinated conidia, thus obtaining a germination percentage for each treatment and time.

5.6. Statistical Analysis

To analyze the effect of chitosan on the germination of Pc123 and FocTR4, a two-factor
ANOVA was performed by considering ‘Time’ (fixed and orthogonal) with two levels (24 h
and 48 h) and ‘Treatment’ (fixed and orthogonal) with four levels (H2O, Buffer, chitosan
concentration (0.01) and (1) mg·mL−1) on 3 samples to every level for each of the three-
chitosan studied. The dependent variable was the germination percentage. Normality was
tested with the Kolmogorov–Smirnov test. If normality was not met, as this study was
balanced and n > 30, ANOVA was considered sufficiently robust. The homogeneity of
variances was tested with Barlett’s test. Data were transformed if necessary. However, if
the homogeneity of variances was not met, a p-value of α < 0.01 was considered significant.
If significant differences were found in the ANOVA, an a posteriori test (Tukey HSD) was
performed. All statistical analyses were carried out with the free software R v 4.1.2 [43].
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