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Chitosan has been considered an environmental-friend-
ly polymer. However, its use in agriculture has not been 
extended yet due to its relatively low solubility in water. 
N-Methylene phosphonic chitosan (NMPC) is a water-
soluble derivative prepared by adding a phosphonic 
group to chitosan. This study demonstrates that NMPC 
has a fungicidal effect on the phytopathogenic fungus 
Fusarium solani f. sp. eumartii (F. eumartii) judged by 
the inhibition of F. eumartti mycelial growth and spore 
germination. NMPC affected fungal membrane per-
meability, reactive oxygen species production, and cell 
death. Also, this chitosan-derivative exerted antifungal 
effects against two other phytopathogens, Botrytis cine-
rea, and Phytophthora infestans. NMPC did not affect 
tomato cell viability at the same doses applied to these 
phytopathogens to exert fungicide action. In addition to 
water solubility, the selective biological cytotoxicity of 

NMPC adds value in its application as an antimicrobial 
agent in agriculture.

Keywords : antifungal activity, Fusarium solani f. sp. 
eumartii, N-methylene phosphonic chitosan derivative, So-
lanum lycopersicum

Fusarium solani f. sp. eumartii (F. eumartii) is a fungus 
that causes dry potato rot, one of the most economically 
impacting diseases in the United States, Argentina, Brazil, 
and Canada. F. eumartii infection produces reddish-brown 
mottling symptoms in tubers between leaf veins and dry rot 
(Carpenter, 1915). Although F. eumartii has been histori-
cally considered a potato pathogen, it also infects tomato 
plants (Solanum lycopersicum). Chemical fungicides, such 
as benzilate and thiabendazole, are frequently used to con-
trol fusariosis. However, these fungicides are heavy-duty 
chemicals that often cause detrimental effects, including 
pollution and toxicity. Specifically, they produce reproduc-
tive and developmental problems in laboratory animals 
at high oral doses, including skeletal malformations, in-
creased mortality in rats, and multiple anomalies in mice 
(Gupta, 2018). The resistance of different Fusarium spp. 
against several chemical fungicides has also been previous-
ly described (Hou et al., 2018; Qiu et al., 2014; Zhou and 
Wang, 2001). From all these issues, there is still demand 
for a more sustainable and eco-friendly type of fungicides 
and technological improvement to prevent emerging trans-
boundary agriculture and food threats, such as pests and 
diseases (Food and Agriculture Organization of the United 
Nations, 2017). In this sense, chitosan-based polymers pos-
sess proper characteristics since they have not toxicity for 
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the environment and humans (Malerba and Cerana, 2018; 
Maluin and Hussein, 2020).

Chitosan is a linear polysaccharide composed of ran-
domly spread β-(1-4) linked D-glucosamine and N-acetyl-
D-glucosamine. This biopolymer displays three functional 
groups, including primary and secondary hydroxyls and an 
amine group. It is obtained from chitin which is abundant 
and easy to isolate from crustacean exoskeletons (Younes 
and Rinaudo, 2015). Most of the agricultural applications 
reported for the chitosan has been related to its capacity 
for the stimulation of plant innate defense mechanisms 
(Chakraborty et al., 2020) but, also several studies have 
demonstrated its antimicrobial properties against a set of 
fungi and bacteria (Duan et al., 2019; Wang et al., 2020). 
Chitosan is also helpful in controlling the population of 
plant pathogenic nematodes (El-Sayed and Mahdy, 2015; 
Fan et al., 2020; Kalaiarasan et al., 2006; Westerdahl et al., 
1992). Unfortunately, one disadvantage for its wide use in 
agriculture is its poor water solubility (de Oliveira Pedro et 
al., 2013). Therefore, chitosan derivatives compounds have 
been considered in terms of solubility, gelling, amphiphi-
lic hydrophobic properties, and enhanced biocompatibil-
ity when compared to unmodified chitosan (Sahariah & 
Már Másson). The derivatization has been a widely used 
procedure to improve the physicochemical properties of 
chitosan-based compounds (Verlee et al., 2017). The syn-
thesis of O-, N- or N, O-substituted derivatives has been 
extensively studied (Argüelles-Monal et al., 2018). Heras et 
al. (2001) described the obtention of the water-soluble N-
methylene phosphonic chitosan (NMPC) by reacting chi-
tosan with a phosphonic group. NMPC is soluble in water 
over a wide range of pH values, and it is a Ca2+ and transi-
tion metal chelator (Ramos et al., 2003). NMPC was de-
scribed as a non-viral gene carrier in HeLa cells, indicating 
its high potential in clinical applications (Zhu et al., 2007). 
However, so far, it has not been demonstrated to have 
antimicrobial properties on any pathogenic microorgan-
isms. In this work, we demonstrated the NMPC-mediated 
antimicrobial action on different phytopathogens such as F. 
eumartii, Botrytis cinerea, and Phytophthora infestans. In 
addition, we studied cellular and biochemical downstream 
events associated with the mode of action of NMPC on the 
phytopathogen F. eumartii. The antifungal effects on these 
phytopathogens and the minimal cytotoxicity compared on 
plant cells suggest that NMPC may be an effective alterna-
tive treatment for phytopathogens in agriculture.

Materials and Methods 

Biological materials. Estación Experimental Agropecuaria 

(EEA) INTA, Balcarce (Argentina) provided the isolated 
3122 from F. eumartii (Radtke and Escande, 1973). This 
fungus was grown on solid potato dextrose agar (PDA; 
Merck, Darmstadt, Germany) medium at 25ºC in darkness. 
Spores from 8-day-old culture plates were collected and 
suspended in sterile distilled water (Terrile et al., 2015). B. 
cinerea strain B05.10 was cultured as described by Benito 
et al. (1998). P. infestans mating type A2 was grown and 
preserved on fresh potato tuber slices (Andreu et al., 2010). 

Tomato cell suspensions (S. lycopersicum cv. Money 
Maker, line Msk8) were grown in Murashige-Skoog me-
dium described by Laxalt et al. (2007). 

NMPC preparation. The chitin, chitosan, and NMPC 
were prepared as described by Heras et al. (2001). Briefly, 
chitosan (2% w/v) was dissolved in 1% (v/v) glacial acetic 
acid. Equals parts of chitosan and phosphorous acid (w/
w) were mixed drop-wise with continuous stirring for 1 h. 
Then, an equal part of 36.5% (w/v) formaldehyde was add-
ed drop-wise for an additional 1 h with reflux at 70°C. The 
clear pale yellow solution was dialyzed against distilled 
water in dialysis tubing with a cut-off value of 2,500 Da for 
48 h or until the pH of the water was raised to 6.8. Finally, 
the solution was frozen and freeze-dried. The characteris-
tics of NMPC used in this study are 615,595 Da, viscosity 
22.5 mPa/seg, substitution degree 1.54, elemental analysis 
(%) C, 34.68; H, 7.10; N, 5.15; P, 7.93. The solubility of 
NMPC in aqueous media over an extended pH range and 
its filmogenic nature was verified as previously described 
(Heras et al., 2001). 

Measurements of spore and sporangium germination. 
The antifungal activity of NMPC on F. eumartii and B. 
cinerea spores and P. infestans sporangia was evaluated as 
described by Mendieta et al. (2006). F. eumartii (1 × 106 
spores/ml) and B. cinerea spores (1 × 105 spores/ml), and 
P. infestans sporangia (5 × 104 sporangia/ml) were treated 
with different concentrations of NMPC (0.5, 1, 1.5, 2.5, 5, 
and 10 µg/ml) in a final volume of 50 µl of 1% sucrose and 
put on micro slides.The spores of F. eumartii and B. cine-
rea were incubated at 25°C, while P. infestans sporangia 
at 18°C for 24 h in darkness. Germinated spores and spo-
rangia were quantified in a hemocytometer under a light 
microscope Eclipse E200 (Nikon, Tokyo, Japan). We con-
sidered spores and sporangia germinated when the germ 
tube length was longer than one-half of the reproductive 
structure (Plascencia-Jatomea et al., 2003). We analyzed at 
least 250 spores or sporangia per replicate, with 3 replicates 
per treatment. We estimated the IC50 values as the concen-
tration of NMPC that reduce germination by 50%. 
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Inhibition of F. eumartii mycelial growth. Final concen-
trations (5, 50, 100, or 500 µg/ml) of NMPC were incu-
bated with 0.5 cm-diameter disks of PDA agar containing 
F. eumartii mycelia in flasks containing 100 ml of fresh 
potato dextrose broth medium. F. eumartti was grown at 
25°C with shaking at 100 rpm in darkness. After 4 days, 
fungal culture was filtered through muslin to get mycelia 
and placed in an oven at 65ºC for 3 h. The mycelial-dry 
biomass was measured, and the IC50 value was estimated.

Fungicidal activity on F. eumartii cells. F. eumartii 
spores (1 × 104 spores/ml) were treated with 1 and 5 µg/
ml of NMPC or distilled water in a final volume of 60 
µl. Samples were incubated at 25ºC for 24 h in darkness 
and then spread on PDA. After 3 days, the colonies were 
counted, and the number of colony-forming units (cfu) was 
calculated in each sample. 

F. eumartii cell viability assay. F. eumartii cell viability 
was determined by propidium iodide (PI; Sigma-Aldrich, 
St. Louis, MO, USA) exclusion as described by Terrile et 
al. (2015). PI is used to evaluate cell viability as a nucleic 
acids stain. Once the dye is bound to nucleic acids, its 
fluorescence is enhanced 20-30-fold (Novo et al., 2000). 
F. eumartii spores (1 × 106 spores/ml) were treated with 
1 and 5 µg/ml of NMPC at 25ºC for 24 h in darkness. PI 
was added at a final concentration of 120 µM, and the F. 
eumartii spores were observed in an Eclipse E200 micro-
scope (Nikon) with a G-2E/C filter set containing an exci-
tation filter at 540/25 nm, suppressor filter at 630/60 nm, 
and a dichroic mirror at 565 nm. 

Membrane permeabilization assay. We detected fungal 
cells with compromised cell membranes by recording the 
fluorescence of the DNA-binding dye SYTOX Green (Mo-
lecular Probes, Eugene, OR, USA). Permeabilization of the 
fungal membrane allows the dye to cross the membranes 
and to intercalate into the DNA. This association displays 
an intense fluorescence emission when it is excited by blue 
light illumination (Rioux et al., 2000). The spores were 
incubated with 5 µg/ml of NMPC or distilled water at 25ºC 
for 1, 2, and 4 h in darkness. Next, 1 µM of SYTOX Green 
(Invitrogen) was added, and immediately the spores were 
observed with an Eclipse E200 fluorescence microscope 
equipped with a B-2 A fluorescein filter set (Nikon).

Measurements of endogenous H2O2. The endogenous 
H2O2 level was assessed by peroxidase-dependent staining 
using 3,3′-diaminobenzidine (DAB; Merck). DAB polym-
erizes in contact with H2O2 in the presence of peroxidase, 

producing an insoluble colored complex (Thordal-Chris-
tensen et al., 1997). F. eumartii spores at a final concentra-
tion of 1.5 × 106 spores/ml were incubated with 2.5 and 5 
µg/ml of NMPC at 25°C for 4 h. Then, 0.5 mg/ml of DAB 
was added to each sample and incubated for an additional 
1 h before rinsing. The spores were observed under an 
Eclipse E200 light microscope (Nikon). 

Tomato cell viability assay. Tomato cell suspensions were 
grown in Murashige-Skoog medium (Duchefa, Haarlem, 
The Netherlands) supplemented with 5.4 M naphthalene 
acetic acid, 1 M 6-benzyladenine, and vitamins (Duchefa) 
at 24°C with continuous agitation in darkness as described 
by Laxalt et al. (2007). Tomato cell viability was assayed 
by Evans blue staining (Sukenik et al., 2018). The cells 
were incubated with 10 and 100 µg/ml of NMPC at 30°C 
for 24 h in darkness. As a positive control, cells were 
treated with 1% Triton X-100 (v/v). Twenty-five µl of 
1% Evans blue solution were added to 50 µl of treated-
suspension cells, incubated at room temperature for 5 min, 
and observed under Eclipse E200 light microscope (Nikon). 
The extent of dye uptake by dead cells was quantified spec-
trophotometrically by incubating 250 µl of each suspension 
with 150 µl 1% Evans blue for 5 min at room temperature. 
Unbound Evans blue stain was removed by washing four 
times with 0.1 M Tris-HCl pH 7.5. Cells were collected 
by centrifuging at 800 rpm for 15 s and lysed with 250 µl 
100% dimethyl sulfoxide (Sigma-Aldrich) at 100°C for 15 
min. The absorbance at 595 nm was measured by using a 
microplate reader ELx800 (BioTek, Winooski, VT, USA). 

Statistical analysis. The values shown in each figure are 
the mean values ± SD of at least 3 experiments. Data were 
subjected to analysis of variance (one-way ANOVA) and 
post hoc comparisons with Tukey's multiple range test at P 
< 0.05 level. GraphPad Prism 5 (GraphPad Software Inc., 
San Diego, CA, USA) was used as a statistical software 
program.

Results

NMPC is an antifungal chitosan derivative. As a first ap-
proach to evaluate the antifungal effect of NMPC, we in-
cubated F. eumartii and B. cinerea spores and P. infestans 
sporangia with different concentrations of NMPC for 24 h. 
We observed that NMPC inhibited the germination of dif-
ferent cell types in a dose-dependent manner, with almost 
100% of spores and sporangia inhibited at 10 µg/ml NMPC 
(Fig. 1A and B). The estimated IC50 values for F. eumartii, 
B. cinerea, and P. infestans were 2.5 ± 0.9, 4 ± 1.2, and 2 
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± 1.3 µg/ml, respectively. The IC50 value of NMPC) on F. 
eumartii was similar to the IC50 obtained when chitosan 
was used as control (4.3 ± 2.3 µg/ml) (Supplementary Fig. 
1). This fact allowed us to deep into the action of NMPC 
as a water-soluble and antifungal agent on F. eumartii cells 
currently used as a phytopathogen model. NMPC caused a 
significant dose-dependent inhibition of mycelial growth, 
with a dry mass reduction nearly to 60% at 50 µg/ml of 
NMPC compared to control (Fig. 2). In this case, the esti-
mated IC50 for mycelial growth was 22 ± 5.2 µg/ml, almost 
9 times higher than the estimated IC50 value for F. eumartii 

spore germination.
To study the fungicidal effect, we incubated F. eumartii 

spores with different concentrations of NMPC for 24 h and 
then plated them on an NMPC-free PDA medium for 3 

Fig. 1. Antimicrobial dose-dependent effect of N-methylene 
phosphonic chitosan (NMPC). (A) The values represent the per-
centages of total spores/sporangia present in each sample after the 
incubation with different concentrations of NMPC for 24 h. Each 
value is the mean ± SD of at least 3 independent experiments. 
(B) Representative images are shown. Scale bars = 22 µm (upper 
panels), 15 µm (middle panels), 30 µm (lower panels).

Fig. 2. N-Methylene phosphonic chitosan (NMPC) inhibits Fu-
sarium solani f. sp. eumartii (F. eumartii) mycelial growth. F. 
eumartii was inoculated in a liquid potato dextrose broth medium 
with different concentrations of NMPC and incubated for 4 days. 
The quantification of the mycelial-dry weight is expressed as the 
percentage of control (100%). Each value is the mean ± SD of 3 
independent experiments. Different letters point out statistically 
significant differences (Tukey’s test, P < 0.05).

Fig. 3. N-Methylene phosphonic chitosan (NMPC) mediates 
fungicidal action on Fusarium solani f. sp. eumartii (F. eumartii) 
spores. Spores were incubated with 1 or 5 µg/ml NMPC for 24 
h and then plated on the Petri dishes containing fresh potato dex-
trose agar media to allow fungal growth. F. eumartti was grown 
for 3 days at 25ºC. Values represent the percentage of colony-
forming units compared to control (100%). Each value is the 
mean ± SD of at least 3 independent experiments. Different let-
ters point out statistically significant differences (Tukey’s test, P 
< 0.05). Representative images are shown (inset).
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days. Interestingly, the incubation with 5 µg/ml of NMPC 
almost abolished fungal growth, suggesting a sensitive 
NMPC-mediated fungicidal action (Fig. 3). As shown in 
Fig. 4, while control spores remained unstained by PI, a 
dose-dependent increase in the percentage of PI-positive 
spores was observed in NMPC treated F. eumartii cells. 
We detected the highest toxicity (91.3%) at 5 µg/ml NMPC 
(Fig. 4B).

NMPC triggers membrane permeabilization and en-
dogenous H2O2 in F. eumartii cells. We analyzed the cell 
membrane integrity of F. eumartii spores by using SYTOX 
Green. Spores incubated with 5 µg/ml of NMPC during 

different times were stained with SYTOX Green and sub-
jected to microscopic analysis. Fig. 5A shows that SYTOX 
Green-mediated fluorescent spores increased over time. 
While control spores remained virtually unstained, 22% of 
spores displayed green-fluorescence at 1 h after treatment, 
and 65% of them were positive for SYTOX Green at 4 h 
after initial treatment (Fig. 5B). Next, NMPC-mediated 
cytotoxicity was explored by measuring endogenous H2O2 
production in F. eumartii spores. The levels of H2O2 gradu-
ally increased in a dose-dependent manner by NMPC 
treatment. After 4 h of 5 µg/ml NMPC treatment, 98% of 
spores were stained, compared with the untreated control 
(Fig. 6). These findings indicated that cell membrane per-
meabilization and H2O2 production are triggered by NMPC 

Fig. 4. N-Methylene phosphonic chitosan (NMPC) affects Fu-
sarium solani f. sp. eumartii (F. eumartii) cell viability. Fungal 
spores were incubated with 1 µg/ml or 5 µg/ml NMPC for 24 
h and stained with propidium iodide. Dead spores are observed 
in red fluorescence. (A) Representative images are shown. The 
bright-field image for each treatment is shown below the respec-
tive fluorescent images. Scale bars = 22 μm. (B) Values represent 
the percentage of the stained spores present in each sample. Each 
value is the mean ± SD of at least 3 independent experiments. 
Different letters point out statistically significant differences 
(Tukey’s test, P < 0.05). 

Fig. 5. N-Methylene phosphonic chitosan (NMPC) induces cell 
membrane permeabilization. Kinetic of cell membrane permeabi-
lization by 5 µg/ml NMPC in fungal spores. Cell membrane per-
meabilization was visualized in Fusarium solani f. sp. eumartii 
(F. eumartii) spores by SYTOX Green probe. (A) Representative 
images are shown. Scale bars = 22 μm. (B) Values represent the 
percentage of green spores present in each sample. Each value is 
the mean ± SD of at least 3 independent experiments. Different 
letters point out statistically significant differences (Tukey’s test, 
P < 0.05). 
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treatment, and these events could promote the death of F. 
eumartii spores. 

NMPC does not affect tomato cell viability. Considering 
NMPC as a putative antimicrobial agent with potential ap-
plication in plants, we studied its toxicity on tomato cells. 
We incubated tomato cell suspension cultures with 10 and 
100 µg/ml NMPC for 24 h. Then cells were stained with 
the vital dye Evans blue. The quantification of dye uptake 
showed that cell viability did not significantly decrease 
after incubation with 10 and 100 µg/ml NMPC (Fig. 7B). 
Most tomato cells were unstained with 10 µg/ml NMPC 
(93%). Even at 100 µg/ml NMPC, the majority of tomato 
cells excluded the dye (85%), and their morphology re-
mained unchanged (Fig. 7A). However, control cells treat-
ed with 1% Triton X-100 showed nuclei and cytoplasm 
fully stained, and the cell size seemed smaller than those 
treated either with water or NMPC (Fig. 7A). The viability 
of cells incubated with Triton X-100 was 7% compared 
with 98% in untreated cells (Fig. 7B). 

Discussion 

This study demonstrated that NMPC exerted antimicrobial 
activity on various phytopathogens with agricultural and 
economic relevance. According to estimated IC50 values, 
NMPC displayed antifungal action at similar doses on dif-
ferent pathogens: F. eumartii, B. cinerea, and P. infestans. 
In particular, NMPC caused cell membrane damage and 
loss of cell viability on F. eumartii spores. Interestingly, 
NMPC concentrations needed to reach sublethal doses 
in F. eumartii spores were significantly lower than those 
previously reported for a chitosan N-derivative (Eweis et 
al., 2006; Liu et al., 2018; Wei et al., 2019; Zhang et al., 
2020). Previously, Ippolito et al. (2017) reported that the 
synthetic fungicide Mancozeb presented antifungal action 
on F. eumartii spore germination. These effects observed 
with Mancozeb are similar to NMPC antifungal activity on 

Fig. 6. N-Methylene phosphonic chitosan (NMPC) induces 
H2O2 production in Fusarium solani f. sp. eumartii (F. eumartii) 
spores. Spores were treated with 2.5 or 5 µg/ml NMPC for 4 
h before 3,3′-diaminobenzidine (DAB) staining and subjected 
to microscopic analysis. (A) Representative images are shown.  
Scale bars = 22 μm. (B) Values are expressed as a percentage of 
total spores present in each sample. Each value is the mean ± SD 
of at least 3 independent experiments. Different letters point out 
statistically significant differences (Tukey’s test, P < 0.05). 

Fig. 7. N-Methylene phosphonic chitosan (NMPC) does not af-
fect tomato cell viability. Suspension-cultured tomato cells were 
incubated with different concentrations of NMPC for 24 h and 
then stained with Evans blue. As negative and positive controls, 
water and 1% Triton X-100 respectively, were included. (A) 
Representative images of at least 3 independent experiments are 
shown. Scale bars = 20 μm. (B) Quantification of cell viability 
was estimated by recording Evans blue retention in tomato cells. 
Values are expressed as the percentage of water control (100%). 
Each value is the mean ± SD of at least 3 independent experi-
ments. Different letters point out statistically significant differ-
ences (Tukey’s test, P < 0.05). 
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F eumartti. In plants, F. eumartii infection involves spore 
attachment and germination before host penetration, lesion 
formation, and tissue maceration (Prins et al., 2000). Thus, 
the effect of NMPC becomes of particular importance 
since the progress of the infection to successfully thrive 
plant tissues needs the efficient germination of spores and 
the formation of infective hyphae (Laluk and Mengiste, 
2010). F. eumartii hyphae proved to be sensitive to the 
antifungal compound with an estimated IC50 value of 22 
µg/ml NMPC. However, F. eumartii spore germination 
registered an IC50 much lower (2.5 µg/ml), indicating its 
differential behavior and cell-specific sensitivity. In agree-
ment, mycelium and spores differential sensitivities have 
been demonstrated for other chitosans (Bautista-Baños et 
al., 2006; Terrile et al., 2015). The spore germination of F. 
oxysporum has resulted in more sensitivity to N-derivative 
chitosan N-/2(3)-(dodec-2-enyl) succinyl than hyphal 
growth, being the IC50 values nearly to 5 µg/ml and 1,000 
µg/ml, respectively (Tikhonov et al., 2006). A similar ef-
fect on F. oxysporum spore and mycelial treated with six 
different quaternary N-alkyl chitosan derivatives was also 
described (Badawy, 2010). An explanation could be that 
the lipid membrane composition of fungal cells is a cru-
cial point related to sensitivity to chitosan. Feofilova et al. 
(2015) reported that linoleic acid predominates in mycelial 
cells while oleic acid is more abundant in spores of dif-
ferent members of the Penicillium genus, supporting the 
notion that the actively growing fungal cellular structures 
contain more unsaturated lipids than those under exog-
enous dormancy. It has been demonstrated that the ratio 
between oleic and linoleic acids is higher in conidia from 
F. oxysporum and F. roseum than in mycelia (Rambo and 
Bean, 1969). Thus, we hypothesized that the differential 
sensitivity of F. eumartii cells to NMPC could be related to 
the different lipid compositions of each cell. Palma Guer-
rero et al. (2010) demonstrated that the plasma membranes 
of other chitosan-sensitive fungi are more abundant in 
polyunsaturated fatty acids than chitosan-resistant fungi. A 
Neurospora crassa mutant with depletion of polyunsatu-
rated fatty acids and reduced membrane fluidity showed 
increased resistance to chitosan, suggesting that cell per-
meabilization by chitosan may be dependent on membrane 
fluidity. 

In addition, the mechanism of action of chitosan and 
derivatives could also be linked to its capacity to chelate 
certain necessary nutrients, trace elements, and metal ions 
required for fungal growth (Qin et al., 2008; Rabea et al., 
2003). NMPC has an aminoalkyl phosphonic ligand with 
chelating properties (Heras et al., 2001). Ramos et al. (2003) 
also proved that NMPC is a powerful chelating agent of 

Ca2+ and other ions. Thus, we cannot discard that NMPC 
as a chelator compound could also affect Ca2+ levels in F. 
eumartii cells. Kim et al. (2015) demonstrated the Ca2+ 
requirement in fungal developmental processes such as 
germination, hyphae development, and nutrient uptake. 
The role of different Ca2+ channels in controlling spore 
germination and hyphal growth in F. oxysporum cells was 
also demonstrated (Kim et al., 2018). In the same sense, 
the antimicrobial action against Aspergillus flavus and A. 
parasiticus correlated with the chelation effect of N-car-
boxymethyl chitosan by disturbing the uptake of nutritional 
divalent ions (Cuero et al., 1991). However, whether the 
potent fungicidal action of NMPC involves chelation of 
Ca2+ or other ions needs to be explored.

In F. eumartii spores, NMPC-mediated cell membrane 
permeabilization was also concomitant with endogenous 
ROS production. Thus, cellular H2O2 induction may result 
from the primary effect of cell membrane permeabilization. 
Moreover, ROS production could cause lipids peroxidation 
of polyunsaturated fatty acids consequently, inducing cell 
membrane permeabilization (Howlett and Avery, 1997). 
In summary, cellular and biochemical events could be re-
sponsible for the loss of F. eumartii cell viability mediated 
by NMPC. Like NMPC, the chitosan derivatives, ATMCS 
and ATPECS inducted cell membrane damage on F. oxy-
sporum hyphae (Qin et al., 2014). Recently, Lopez-Moya 
et al. (2021) reported that chitosan induces damages to 
the plasma membrane in the rice phytopathogen Magna-
porthe oryzae and influences NADPH oxidase-dependent 
synthesis ROS, which is essential for fungal pathogenic-
ity. NMPC could also bind to the negative charge of the 
membrane surface, causing permeabilization in F. eumartii 
spores. This fact would be supported by the fact that the 
current hypothesis that explains the antimicrobial action of 
chitosan relies on its positive charges that enable electro-
static interactions with the negative charging of the patho-
gen surface, thus increasing membrane permeability and 
resulting in cell death (Maluin and Hussein, 2020). 

Interestingly, lethal doses of NMPC on F. eumartii did 
not exert toxicity in tomato cells. Considering the potential 
of NMPC as a fungicide, its harmlessness to plant cells is a 
crucial feature. In support of these findings, Asgari-Targhi 
et al. (2018) analyzed the effect of bulk and nano-chitosan 
on the growth of the Capsicum annuum. These authors 
demonstrate that the application of chitosan-based com-
pounds resulted in non-phytotoxic and extended growth of 
the seedlings. In the same sense, the application of chitosan 
nanoparticles on wheat and barley showed similar results 
(Behboudi et al., 2017). 

In conclusion, the findings show that NMPC would be 
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a promising eco-friendly biofungicide to protect tomato 
plants against different phytopathogens. Its application 
could mitigate the broad use of chemical pesticides by en-
suring low plant and environmental toxicity. 
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