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Application of nickel chitosan
nanoconjugate as an antifungal
agent for combating Fusarium rot
of wheat

Divya Chouhan?, Ankita Dutta?, Anoop Kumar?, Palash Mandal“* & Chandrani Choudhuri3*

Agro-researchers are endlessly trying to derive a potential biomolecule having antifungal properties
in order to replace the application of synthetic fungicides on agricultural fields. Rot disease often
caused by Fusarium solani made severe loss of wheat crops every year. Chitosan and its metallic nano-
derivatives hold a broad-spectrum antifungal property. Our interdisciplinary study deals with the
application of nickel chitosan nanoconjugate (NiCNC) against Fusarium rot of wheat, in comparison
with chitosan nanoparticles (CNPs) and commercial fungicide Mancozeb. CNPs and NiCNC were
characterized on the basis of UV-Vis spectrophotometry, HR-TEM, FESEM, EDXS and FT-IR. Both
CNPs and NiCNC were found effective against the fungal growth, of which NiCNC at 0.04 mg/mL
showed complete termination of F. solani grown in suitable medium. Ultrastructural analysis of F.
solani conidia treated with NiCNC revealed pronounced damages and disruption of the membrane
surface. Fluorescence microscopic study revealed generation of oxidative stress in the fungal system
upon NiCNC exposure. Moreover, NiCNC showed reduction in rot disease incidence by 83.33% of
wheat seedlings which was further confirmed through the observation of anatomical sections of the
stem. NiCNC application helps the seedling to overcome the adverse effect of pathogen, which was
evaluated through stress indices attributes.

It has been a great challenge over years for the agro-scientists to control fungal diseases that destroy a large
scale of economically important food crops. Fungal pathogens made severe losses to the world agricultural
production!*. One such detrimental pathogen is Fusarium spp. that causes infection in a wide range of plant
species. Majorly, it causes diseases like wilt, head blight, foot and root rot>°. Foot and root rot of wheat (Triticum
aestivum L.), occurring near the root-stem base, is one of the most common fungal diseases causing huge crop
loss in major wheat growing areas of Europe, Asia, North America and Australia’~'°. Several species of Fusarium
are considered as phytopathogenic fungi against small grained cereals like wheat, barley, oats, etc.!. There are
almost nine different species of Fusarium that causes rot disease in wheat as of reports published in 2020'2. The
species Fusarium solani is one of the most prevalent rot causing fungi in major economically important crop like
wheat'*!'*. Foot and root rot of wheat is reported to be predominantly caused by Fusarium solani and Fusarium
oxysporum'>1°. Epidemics of Fusarium rot results in severe crop loss every year due to significant reduction in
grain production and quality hindrance!’. The rot disease attacks the basal portion of the plant and blocks the
flow of water and nutrients to the foliage. Upon infection, several species of Fusarium produce health-threatening
secondary metabolites called mycotoxins, which get accumulated in the plants and intake of which may be lethal
to the human system'®. The species Fusarium solani is the largest producer of T-2 toxin (T = Trichothecene) which
is a precursor of neosolaniol, a neurotoxic compound'’. Thus, the management of Fusarium solani rot in major
economically important crops is crucial for minimizing the yield loss.

In recent years scientists have engineered versatile biomolecules such as nanoparticles (NPs) or nanocon-
jugates (NCs) and made their use to control fungal infections®®. Several researchers have used chitosan for
the synthesis of NPs or NCs due to its biocompatibility, greater permeability into biological membrane, cost-
effectiveness, low toxicity and eco-friendly nature??2. Scientists have already concluded chitosan as an antifungal
agent owing to its polycationic nature that can bind to various negatively charged cellular components of fungal
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pathogens®*-**. Conversion of chitosan into chitosan nanoparticles (CNPs) results in increasing its activity as
a fungicidal component due to its increased surface area and greater encapsulation efficiency?. Next to CNPs,
scientists have attempted for the synthesis of metallic conjugates of nanochitosan through versatile techniques,
such as, lonotropic Gelation Method, Emulsion Cross-linking, etc.?”-?%. But there are very few reports for the use
of metallic nanochitosan as a promising antifungal agent. In comparison to chitosan and CNPs, metallic NPs
conjugated with chitosan exhibit more biological activities due to its altered structural and functional properties
such as, increased size and surface area, presence of more cationic group, active functional groups and greater
condensing capacity?®.

The control of Fusarium infection in major economically important crops is a very challenging task to the
agro-researchers. Control strategies like crop rotation, use of botanicals, biological control and stubble manage-
ment are in practice to the farmers but the success rate on controlling the rot disease was not satisfactory**—2.
Synthetic chemical fungicides like Mancozeb through seed treatment or spraying are reported to control this
disease to a greater extent®’. Few reports from previous authors suggest the use of Mancozeb for imparting
50-100 percent inhibition of mycelial growth of E solani responsible for causing foot and root rot disease**.
But its excessive use is environmentally unfavorable due to its high toxic effect to the soil and crop system®.
In this context, the consideration of an eco-friendly, biodegradable molecule like chitosan and its conjugates is
more preferable. Anti-pathogenic activity of metallic nanoparticles like Ag, Cu, Zn, Fe, Ni, etc. has been reported
previously by several workers*’. Exposure of metal nanoparticles to the microbes generates oxidative stress that
induces respiratory cells damage and increases protein leakage by disintegrating membrane permeability. A group
of workers demonstrated the antifungal effect of silver nanochitosan against Fusarium species complex®®. But
the application of an expensive metal like silver for agricultural practices in developing countries is strenuous
for the farmers as well as the government.

The metal Nickel is an essential micronutrient required especially for the growth and upliftment of chlorophyll
content in wheat seedlings (1 mg kg™ of fresh weight)*. Its deficiency in plants may negatively affect nitrogen
metabolism, Fe uptake, plant growth and senescence. But higher level of Ni?* exposure brings toxicity to the
plants and gets accumulated in the soil giving rise to various health hazards*. There are also reports of Ni** ion
for displaying cytotoxicity against a large number of phytopathogens by inducing disease resistance capacity
in the plant system®”. Nickel act as a constituent for several metalloenzymes, such as, urease, superoxide dis-
mutase, methyl coenzyme M reductase, acetyl coenzyme A synthase, etc., as a result, its deficiency reduces the
enzyme activity and affects nitrogen assimilation®'. It is an inactive redox metal that does not generate Reactive
Oxygen Species (ROS) directly. But high exposure level may lead to lipid peroxidation and electrolyte leakage
in plants*2. Thus, Nickel is a vital micronutrient essentially required for plant growth and proper functioning of
their metabolism. Implementation of this vital metal at minimal concentration for the synthesis of nanoparticles
will result in the enhanced bioactivity of the synthesized molecule against phytopathogens. Till now, very few
information has been filed regarding the use of chitosan stabilized nickel nano particle against phytopathogens®.
But no information was recorded yet regarding the bioactivity of Nickel Chitosan Nanoconjugate (NiCNC)
against devastating pathogen Fusarium.

In our present study, we synthesized metallic nanoconjugate by incorporating a transitional metal and an
essential micronutrient—nickel within nanochitosan meshwork by developing tri-polyphosphate cross-linking
and applied the same for the control of Fusarium rot of wheat. The application of nickel nanochitosan conjugate
for the management of Fusarium rot disease in wheat and improvement of seedling vigour through pathogenic
stress tolerance capacity is a novel approach. The comparison between CNPs and NiCNC would help us to recog-
nize the promotive effect of metallic nanoconjugates (NiCNC) in controlling Fusarium rot over non-conjugated
chitosan nanoparticle (CNPs). In this context, Mancozeb was used for comparing the efficacy of synthesized
nanochitosan and nickel-complexed nanochitosan with commercial synthetic chemical fungicides. Hence, data
obtained from our study will assist to investigate the controlling measures for Fusarium rot in various other
crops through biopolymer nanoconjugates.

Results

Synthesis and characterization of CNPs and NiCNC. As a primary observation, the formation of
CNPs was indicated by the appearance of opaline solution and yellowish-orange for NICNC hydrogel. The results
for UV-visible absorption spectroscopy showed characteristics absorption peak for CNPs at 203 nm and NiCNC
at 241 nm in the UV region. High Resolution Transmission Electron Microscopic (HR-TEM) analysis of CNPs
showed fine spherical shaped nanoparticles of size ranging between 21 and 124 nm (measured through Image]
Software), whereas, NiCNC showed particle size ranging between 300 and 400 nm. Both CNPs and NiCNC
showed agglomerations with rough surface morphology entangled one upon another as revealed in Field Emis-
sion Scanning Electron Microscopic (FE-SEM) analysis. NICNC showed hexagonal sheet like nano-disc mor-
phology with pointed edges resembling high crystalline nature of the nanoparticle. Energy Dispersive X-ray
Spectrometry (EDXS) spectrum analysis showed the presence of nickel in NiCNC which confirms it as a metal
conjugated nanoparticle. All the necessary elements were confirmed in CNPs. Fourier Transformed Infrared
Spectroscopy (FT-IR) spectral analysis showed almost varied peak positions of synthesized CNPs and NiCNC.
FT-IR absorption peak at 3302.56 and 3173.68 cm™ of CNPs and NiCNC, respectively, corresponds to O-H
group and N-H group of stretching vibrations. The absorption band at 1675.45 and 1628.22 cm™ showed the
presence of amide I band in CNPs and NiCNGC, respectively. The peak obtained at 1379.09 cm™! signifies to the
presence of -C-O-H in plane bending vibrations or -CH, wagging or twisting in NiCNC. The absorption band
at 1527.94 cm™! resembles to N-H bending vibrations (amide II) in NiCNC which is absent in CNPs. The peak
obtained at 1275.63 cm™ for CNPs indicates the presence of P =0 stretching vibrations. All the peaks obtained
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between 400 to 600 cm™! in case of NiCNC are the characteristic peaks for metal oxide vibrations. Intense peak
at 576.93 cm™! obtained for NiCNC are due to the vibrations caused by Ni-O bond (Fig. 1).

Effect of CNPs and NiCNC on mycelium radial growth. The antifungal activity of CNPs and NiCNC
were evaluated by determining the colony diameter of E solani grown in PDA media treated with different con-
centrations of both the nanoparticles. After 7 days of incubation, it was observed that in comparison to CNPs,
NiCNC showed more efficient results with lesser colony diameter. Colony diameter reduced progressively with
increasing concentration of CNPs and NiCNC. The commercial fungicide Mancozeb at its reccommended dose
showed insignificant activity with respect to NiCNC (p<0.05). The untreated plate showed full colony growth
in 7 days (Fig. 2). 100% inhibition of radial growth was observed in case of NiCNC at 0.04 mg/mL, whereas,
0.04 mg/mL of CNPs showed 65.50% of growth inhibition. On the other hand, Mancozeb showed an inhibi-
tion percentage of 52.90 at its recommended dose. The antifungal activity of NiCl, at 0.04 mg/mL and 0.06 mg/
mL was found ineffective against the target fungus. Both the concentrations of NiCl, showed 28% and 32% of
mycelial growth inhibition.

Effect of CNPs and NiCNC on inhibition of spore germination and sporulation of F. solani. For
further elucidation of antifungal activity of the nanoparticles, we investigated the spore germination inhibition
percentage. When observed under light microscope after 6 h of treatment, a distinguished reduction in spore
germination was observed in case of NiCNC treatment in comparison with untreated and CNPs treated spores.
When the spores are exposed to 0.04 mg/mL of NiCNC solution, it showed 100% inhibition of spore germina-
tion, whereas, the dose of Mancozeb showed only 57.83% of inhibition of spore germination. On the other hand,
0.04 mg/mL of CNPs treatment on F. solani spores showed 89% inhibition of spore germination. The ICs, value
of CNPs and NiCNC were obtained as 0.021 and 0.019 mg/mL, respectively (Fig. 3).

Effect of different concentrations of CNPs and NiCNC for 72 h on suppression of sporulation of E solani
revealed that treatment with NiCNC showed a significant decrease in the conidial formation with its increasing
range of concentrations. The untreated plate showed 0.83 x 10° conidia/mL, whereas, NiCNC and CNPs resulted
in the formation of 0.02 x 10° and 0.05 x 10° conidia/mL, respectively at 0.04 mg/mL concentration. On contrary,
the dose of Mancozeb produced 0.13 x 10° conidia/mL (Fig. 4).

Effect of CNPs and NiCNC on viability of spore and lipid peroxidation status of F. solani.  Spores
treated with NICNC were found less viable with a viability percentage of 13 at 0.04 mg/mL, in comparison with
untreated spores showing 90% viability. CNPs treatment (0.04 mg/mL) showed 28% of viable spores in the
medium. Spores cultured with Mancozeb (16 mg/mL) showed 56% of viable spores (Fig. 5a).

The highest used concentration of NiCNC produces 77.77% of malonaldehyde (MDA) in the fungi, while,
the untreated fungi having 0.00% of MDA. On the other hand, CNPs produces a maximum of 38.66% MDA
when the fungi were treated with 0.04 mg/mL concentrations (Fig. 5b). In the contrary, the Mancozeb treatment
showed 32.00% of MDA.

Generation of ROS upon CNPs and NiCNC exposure on fungal system. Thelevel of ROS generated
in the fungal system after 72 h of nanoparticle application was measured by DCFH staining method. Figure 5¢c—f
shows images observed under fluorescence microscope related to ROS level generated in untreated, NiCNC,
CNPs and Mancozeb treated fungal mycelium. Our present study showed the generation of higher intensity of
fluorescence in NiCNC treated fungal mycelium followed by CNPs and Mancozeb treatment showing moderate
intensity of fluorescence. No expression of fluorescence was observed for untreated fungal mycelium.

Ultrastructural changes of conidial membrane upon CNPs and NiCNC treatment. The appli-
cation of synthesized nanoparticles for 72 h altered the morphology of the conidia of E solani. Both the nan-
oparticles have induced pronounced depression in the conidial morphology resulting in complete distortion
and severe damage of the membrane. The untreated fungal conidia showed a well-developed uniform surface
morphology with no structural abnormalities. Mancozeb treatment resulted in slight depression in the conidial
surface when compared with the untreated conidia; otherwise, there was no significant difference (Fig. 5g—j).

Evaluation of disease incidence on wheat seedlings. At the end of 20th day, the symptoms on the
inoculated seedlings were analysed based on 5-level scale of Santori and Infantino (2009) (Table 1). A significant
reduction in the disease incidence was observed in NiCNC treated seedlings in comparison with untreated seed-
lings. The untreated seedlings showed 93.33% of disease incidence with dark brown coloration of the stem and
root portion of the seedling. 36.66% dead plants were also noted on the tray after 20 days that could not survive
after infection. But, NiCNC treated seedlings showed almost healthy vigour with only 16.67% of infection. Both,
CNPs and Mancozeb treatment showed moderate amount of infection, 50% and 53.33%, respectively, on the
seedlings (Fig. 6a-h).

For further confirmation of the incidence of disease in the seedlings, anatomical sections of the stem por-
tion of both the untreated diseased and NiCNC treated inoculated soil grown seedlings were performed. Under
microscope it was observed that the diseased seedlings showed brown coloured, chlorophyll less rotten cells with
prominent occurrence of infection peg or appressorium that differentiate to form primary infectious hyphae
which further developed into invasive hyphae. Moreover, these cells showed totally disrupted cell wall. In contrast
to this, NICNC treated seedlings showed fresh green and healthy cells with intact cell wall (Fig. 6ij).
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Figure 1. Nano-hydrogel images of (a) CNPs and (b) NiCNC obtained through Ionotropic Gelation Method;
Characterization of CNPs and NiCNC through (c) UV-Vis spectra of CNPs and NiCNC; FE-SEM analysis of
(d) CNPs and (e) NiCNC; HRTEM analysis of (f) CNPs and (g) NiCNC; Particle size distribution histogram of
(h) CNPs and (i) NiCNC; EDXS analysis of (j) NiCNC and (k) CNPs and FT-IR analysis of (I) CNPs and (m)
NiCNC.

Among all the treatments, seedlings with NiCNC treatment showed higher vigour index. Moderate vigour
was observed in CNPs treated seedlings. Retarded vigour with short shoot and root length was observed in case
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Figure 2. Effect of CNPs and NiCNC on mycelium radial growth of E solani. (a) Mycelium radial growth of

E solani with different concentrations (0.001, 0.01, 0.02, 0.03 and 0.04 mg/mL) of CNPs and NiCNC on PDA
plate; (b) Graphical representation of colony diameter of E solani with different concentrations of CNPs and
NiCNC in comparison with Mancozeb, NiCl, and control at 7 days post-incubation; (¢) Graph showing Percent
Inhibition of Radial Growth (PIRG) of E solani under tested concentrations of CNPs and NiCNC. Values are
averages of three replicates (n=3), error bars indicate standard deviation (SD) and different letters (a, b, ¢, etc.)
indicate significant difference between treatments at p<0.05 by Duncan’s Multiple Range Test.
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Figure 3. Effect of CNPs and NiCNC on inhibition percentage of spore germination of E solani. (a)
Microscopic images of spore germination inhibition of E solani with different concentrations (0.001-0.04 mg/
mL) of CNPs and NiCNC in comparison with Mancozeb (16 mg/mL) and untreated (control) spores
(Magnification =400x); (b) spore germination inhibition percentage of E solani. Data are expressed as the
mean+ SD (n=3), different letters indicate significant difference between the treatments at p <0.05; (c) IC50
values of CNPs and NiCNC.

of Mancozeb treated seedlings. Normal vigour pattern was observed in untreated seedlings (Fig. 7a,b). The effect
of CNPs and NiCNC treatment in the mitigation of pathogenic stress on seedling vigour was evaluated through
plant height and root length stress tolerance index. Seedlings inoculated with E solani and further treated with
0.04 mg/mL of NiCNC showed maximum plant height and root length stress tolerance index. CNPs treated
inoculated seedlings showed moderate stress tolerance index of plant height and root length. Inoculated seed-
lings treated with Mancozeb showed lower stress tolerance index than both the applied nanoparticles. Seedlings
inoculated with F solani without any treatment showed least tolerance of pathogenic stress among all the treat-

ments (Fig. 7c-e).

Scientific Reports |  (2022) 12:14518 |

https://doi.org/10.1038/s41598-022-18670-2

nature portfolio




www.nature.com/scientificreports/

a
Control Mancozeb (16 mg/mL)
FE=
o =y i z
' ) / 9 ]
| — ~ L’I | T
% I .‘ \ =
N , - -
5 !
) i3 ¢ r . »
CNPs NiCNC
T i
Mg ~ 2 e -“)»_ - \‘,‘ 1
@ - : ] Ar B
= 2 - > 3
0.001 mg/mL e o B b A o 2 \ s s b
BN EESE NN =
D 7 B & 3 B
3 % %\
N g > ¥ i e CNP§ e NiCNC Mancozeb Untreated
== 1.00 A
82 ) : 3 i
( Lk A6 TE 1 h
IR ARNE | AEED o 080
0.0l mg/mL | * = S
= | o x
EEEEGE T = 0601 8 ‘
T7¥TE L E
H - - - 2
el el . 2 o040 fB
- 3
| Q
; 2 d
‘ . 0.20 - ¢ e b
0.02 mg/mL T : A }%’a
o 77 7 == a 0.00 - - —32 - .
—— : A B 0.001 0.0l 0.02 003 0.04
f 5 - Concentration (mg/mL)
k] )
l ' » - i |
B
0.03 mg/mL ! "
; \
0.04 mg/mL - z

Figure 4. Effect of tested concentrations of CNPs and NiCNC on suppression of . solani sporulation. (a)
Sporulation count on heamocytometer observed under light microscope; (b) Graphical representation of the
effect of CNPs and NiCNC in comparison with Mancozeb and untreated (control) spores on the formation of
conidia; Values are averages of three replicates (n=3), error bars indicate SD and different letters (a, b, ¢, etc.)
indicate significant difference between treatments at p<0.05.

Cytotoxicity test of CNPs and NiCNC. Mammalian cell line were exposed to a range of increasing con-
centrations (0.01-0.4 mg/mL) of CNPs and NiCNC, to evaluate their cytotoxicity percentage at each concentra-
tion. Results clearly indicate the fact that at lower range of concentrations from 0.01-0.250 mg/mL, both the
nanoparticles do not show any toxic effect to the seeded cells. The cells were not affected by the treatment of the
nanoparticles and reproduced in a healthy manner. Therefore, cellular viability remained unchanged in presence
of both the nanoparticles. But as the concentration of both the nanoparticles increases to 0.3 mg/mL, cells altered
to give negative response and causes reproductive inability of kidney cells.
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Figure 5. Effect of different concentrations of CNPs and NiCNC on (a) spore viability percentage and (b) MDA
percentage of . solani; Fluorescence microscopic observations showing generation of oxidative stress in E solani
conidia and mycelium due to the effect of (c) NiCNC (0.04 mg/mL), (d) CNPs (0.04 mg/mL), (e) Mancozeb

(16 mg/mL) and (f) untreated mycelium; morphological changes of E solani conidia directly exposed to (g)
NiCNC (0.04 mg/mL), (h) CNPs (0.04 mg/mL), (i) Mancozeb (16 mg/mL) and (j) distilled water observed
under scanning electron microscope.

5-level scale

0 E |2 |3 E
Treatment No. of seedlings Disease Index
Untreated 2 8 4 5 11 0.567¢
CNPs 15 3 5 5 2 0.433°
NiCNC 22 5 3 0 0 0.267*
Mancozeb 14 6 5 3 2 0.467°

Table 1. Representation for observation of seedling symptoms on the basis of 5-level scale by Santori and
Infantino (2009), their disease index values. The values followed by the letter a, b and ¢ showed significant
difference at p <0.05.

Discussion

In relation to minimize the negative impact of synthetic fungicides on environment and public health concerns,
the use of natural biological products like chitosan is gaining increased attention in the research world. Chitosan
is regarded as a powerful chelating agent that can easily form complex with transition metals and heavy metals*.
Various researchers have focused on the application of chitosan-metal complex in sequestration of metal ions,
dyeing, water treatment, catalysis and various other industrial applications. However, a report suggests that
chitosan-metal complex with bivalent ions (Cu, Zn, Ni, Fe) imparts promising anti-pathogenic activity than
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Figure 6. Disease symptoms of uninoculated and E solani inoculated wheat seedlings at 20th day, exposed to
(a,b) distilled water (untreated), (c,d) CNPs (0.04 mg/mL), (e,f) NiCNC (0.04 mg/mL) and (g,h) Mancozeb
(16 mg/mL); (i) longitudinal section of stem of the distilled water treated and E solani inoculated diseased
seedling and (j) NiCNC treated and F. solani inoculated seedling. Infectious hyphae were observed to ramify
only within the tissues of untreated seedlings.

bulk chitosan or free metal salts due to the altered structural changes in chitosan molecule having -NH, and
-OH as dominating reactive sites**. Chitosan and nanochitosan is known to inhibit a broad spectrum of fungal
pathogens, such as, Alternaria solani, E oxysporum, Aspergillus niger, Penicillium spp., Candida spp., Cordyceps
militaris, etc.*~%5,

The use of Nickel chitosan nanoconjugate for combating Fusarium rot in wheat has resulted in significant
reduction of disease incidence by 83.33%. Under in vitro examination, NiCNC at 0.04 mg/mL showed complete
termination of the growth of fungal colony on PDA plate. It was observed that with the gradual increase in the
concentration of NiCNC, the diameter of the fungal colony decreases. This confirms the dose dependent activ-
ity of metallic nanoparticles as suggested by different authors**°. Our outcome suggests that NiCNC had more
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Figure 7. (a) Observation of morphological vigour of E solani inoculated wheat seedlings at 20th day treated
with distilled water, CNPs, NiCNC and Mancozeb; (b) disease incidence percentage of variably treated wheat
seedlings; (c) Plant height and (d) Root length stress tolerance index of E solani inoculated wheat seedlings
treated with distilled water (untreated), CNPs, NiCNC and Mancozeb; (e) Vigour index of uninoculated and F.
solani inoculated wheat seedlings at 20th day. Values are averages of three replicates (n=3), error bars indicate
SD and different letters (a, b, ¢, etc.) indicate significant difference between treatments at p<0.05.

significant antifungal effect on E solani over a dose of Mancozeb and tested concentrations of CNPs. Mancozeb
reduced the fungal mycelial growth by 53%. It is a dithiocarbamate fungicide, classified by the Fungicide Resist-
ance Action Committee (FRAC) having multi-site action®'. Synthetic fungicides like, Mancozeb is reported to
have numerous malfunctions in mammalian model organisms™. It acutely affects male fertility, gastrointestinal
problems, scratchy throat, irritation, sneezing, coughing, bronchitis and transdermal absorption®***. Informa-
tion about potential toxicity of Mancozeb and other similar chemical fungicide, should not support its use in
agricultural fields especially on globally consumed major food crops like wheat. It has been revoked in European
Union since 2021 though used widely in different South-East Asian countries®. On the other hand, 0.04 mg/
mL of CNPs showed 65.50% of growth inhibition which concludes it to be less efficient antifungal agent than
NiCNC. The inductive effects of metallic nanoparticles or chitosan-metal complexes on different phytopatho-
gens are already described to be more efficient by various researchers®*-*°. The antifungal activity of bulk NiCl,
solution at 0.04 mg/mL and 0.06 mg/mL was found incompetent against the F solani growth. Even at a higher
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concentration of 0.06 mg/mL of NiCl,, the target pathogen is flourished with a remarkable colony growth. It is a
clear indication that NiCl, when punched with nanochitosan imparts potential antifungal activity at the aforesaid
concentrations®. The application of Ag-chitosan nano-composite against Fusarium spp. showed full inhibitory
action at 1 mg/mL whereas, in our study, NICNC showed complete inhibition of E solani at a very low dose
(0.04 mg/mL)*. A thorough review of the previous work strongly supports the idea that Ni** ion on absorption
into chitosan showed enhanced inhibitory effect against a number of plant pathogens®'.

NiCNC is able to successfully inhibit the germination of E solani spore at 0.04 mg/mL. Spores are the smallest
propagative unit of any fungal pathogen that leads to the successful establishment of disease in the host plant®.
Spore germination is very crucial for both vegetative and reproductive development of the pathogen. The ger-
mination of spore is very sensitive to abiotic stress, nutritional stress and host-pathogen communications®.
The complete termination of spore germination process at highest tested concentration of NiCNC defines it as a
potent sporicidal agent against . solani. It was evident from the results obtained that NiCNC exhibited stronger
antifungal activity than CNPs and Mancozeb as we found in case of radial colony growth.

Various researchers in their previous studies have recommended the use of metallic and metal oxide nanopar-
ticles as antifungal agent®’. Work done by Wani and Shah in 2012 revealed that there was significant inhibition
of spore germination in pathogens like Fusarium oxysporum, Alternaria alternata and Rhizopus stolonifer when
their spores were treated with magnesium oxide and zinc oxide nanoparticles. More specifically, the absorption
of Ni** ion into chitosan greatly affects the growth inhibition of Candida albicans®®. NiCNC can evidently target
the formation of conidia when exposed to highest tested concentration under suitable sporulation medium.
An assumption may be drawn that the direct interaction between chitosan-metal complex and hyphae disrupts
the cellular protein structure and its chemical nature, some of which are involved in conidiophore formation®’.
Furthermore, outcomes of our experiment are in agreement with the result obtained by Ahmed et al. (2016)*’
where they elucidated that Ni- nanoparticle showed a significant raise in the sporicidal activity against Fusarium
species at 50 ppm.

The colorimetric assay of XTT [2,3- Bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenyl-amino) carbonyl]-
2H-tetrazolium hydroxide has been originally developed to verify the vegetative and reproductive viability of
some clinically important fungi like Candida spp., Saccharomyces cervisiae, Penicillium chryogenum, Aspergillus
fumigatus, Aspergillus niger, Trichoderma atroviride®®. Sometimes the determination of minimum inhibitory
concentration for fungi becomes difficult due to non-homogenous growth of hyphae and filaments. This col-
orimetric quantification of fungal growth is known to be more precise and accurate. This assay is known in use
for bringing a complete inhibition in the metabolic activities within the fungal pathogens, as a result of which
the spore germination and its viability gets affected®”°. It was evidently observed that with the increase in the
dosage of NiCNC, the viability percentage of the spore decreases. Our results strongly support the outcomes
obtained by Ghasemian et al. (2012) where they mentioned that metallic nanoparticles are effective in reducing
spore viability percentage, particularly, for Fusarium solani and 60 mg/mL (minimum inhibitory concentration)
of copper nanoparticles were found to be effective as a sporicidal agent, as demonstrated by them®. It is proved
that the electrostatic interaction between the positive charges of the nanoconjugates and the negatively charged
fungal cellular components leads to membrane destabilization and cellular protoplasmic leakage, thereof result-
ing in non-viable spores®*”!.

The effect of NiCNC and CNPs on lipid peroxidation of fungi was evaluated by determining the MDA levels
produced as a result of generation of intracellular stress due to the application of nanoparticles. The polyunsatu-
rated fatty acids present in the fungal membrane contain methylene (-CH,-) group which are adversely affected
by the generation of Reactive Oxygen Species (ROS) and thereby causes peroxidation of lipids. This phenomenon
of lipid peroxidation completely disrupts the fungal membrane integrity and produces an aldehyde by-product
MDA, an indicator of lipid peroxidation. This MDA produced will react with 2’-deoxyguanosine (M,;G-dR)
present in the fungal DNA to form a propane adduct. This process significantly influences the fungal metabolism
by affecting various physiological functions of the cell including cell signalling, its growth and proliferation, dif-
ferentiation and apoptosis’. In the present study, the MDA levels in fungi were found to be raised with the rising
concentrations of NiCNC in comparison to control. The elevation of MDA levels is due to the deleterious effect
of ROS generated as a result of its interaction with fungal membrane lipids. Our study demonstrated the maxi-
mum detrimental effect of NICNC treatment on fungal cellular integrity in comparison to CNPs and Mancozeb.

The intensity of fluorescence observed in the fungal mycelia and conidia is directly proportional to the level
of ROS generated due to stress on exposure to nanoparticles”>”%. The fact that metallic nanoparticles can produce
measurably more intracellular ROS than their bulk counterparts can be well concluded through our experiment”.
It is observed in our study that 0.04 mg/mL of NiCNC produces maximum oxidative stress in fungal mycelium
and conidia by the emission of high intensity of fluorescence, whereas, CNPs (0.04 mg/mL) and Mancozeb
(16 mg/mL) produces moderate intensity of fluorescence. It can be clearly stated that NICNC could generate
maximum oxidative stress in the fungal system in comparison with CNPs and synthetic fungicide. ROS produced
due to metallic nanoparticle treatment can completely hinder the membrane integrity and functionality of the
fungi, thus leading to growth inhibition and death as well’>. In a study, it was illustrated that the increment in
the ROS level can imbalance the level of oxidant and antioxidants resulting in high oxidative stress followed by
the release of cytochrome C that leads to cell apoptosis”®. The agglomeration of metals into chitosan against F.
oxysporum has been proven to generate high intensity of fluorescence that strongly supports our study™.

Both NiCNC and CNPs treatment on fungal conidia has resulted into severe irreversible damages on the
conidial membrane including ruptured ends with increased membrane permeability and various surface anoma-
lies analyzed through SEM. The application of NiCNC on the conidia results in losing its protoplasmic content
followed by cellular leakage and seems to look like punctured conidia. This outcome was totally compatible with
the results obtained by Dananjaya et al. (2017) on treatment of silver chitosan nanoparticle against E oxysporum
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where they have observed cell wall damages and alteration in membrane permeability. It was confirmed earlier
that metal oxide nanoparticles could be docked on the surface of the pathogenic bacteria”.

In vivo experiments revealed that 0.04 mg/mL of NiCNC provide maximum protection against E solani
attack in the developing wheat seedlings. This chitosan-metal conjugate was able to reduce the disease incidence
to 16.67%. This concentration may be considered for the induction of resistance in wheat seedling against rot
disease. Researchers have already established the biological role of chitosan and its nanoparticles as a resistance
elicitor against fungal attack, more specifically against Fusarium spp.’®. Various reports suggest that chitosan
itself is effective in triggering plant innate immunity by showing low degree of symptom severity”. Scientists
have affirmed that treatment with chitosan and its nano-derivatives could significantly enhance disease resist-
ance among seedlings during germination stages®’. Moreover, metallic conjugates of nanochitosan could further
improve the disease resistance capacity as evaluated from disease incidence attribute of our study.

Not only for the prevention of rot disease but treatment with NiCNC can efficiently stimulate the seedling
vigour index. Seedlings treated with NiCNC are taller with green healthy leaves having larger root length than
the seedlings treated with synthetic fungicide, CNPs and distilled water. Seedlings treated with synthetic fun-
gicides showed low vigour index due to retarded growth with short plant height and smaller roots that might
depict the phytotoxic effect of the fungicide on the seedlings. This confirms the plant growth promoting activity
of chitosan nanoparticles and its derivatives. Chitosan is known to be a plant growth regulator that enhances
the biomass of the plant by decreasing the transpiration rate. In recent times, researchers have eager attention
on the mechanism of plant growth promoting activity of chitosan-based nanoparticles®2. It was proved that
chitosan nanoparticles could significantly increase the seedling growth through enriched nutrient uptake that
includes nitrogen, potassium, calcium, phosphorus and magnesium’”. More precisely, it could be concluded that
chitosan and its nano-derivatives promote the growth of germinating wheat seedlings through the activation of
IAA signaling pathway®*%. Results obtained from our study are in agreement with the findings made by previous
authors and it might be suggested that treatment with chitosan nanoparticles and its metallic derivatives could
actively enhance the growth of the wheat seedlings under biotic stress exposure. Researchers have concluded
that treatment with chitosan-based nanoparticles contributed in 1.5-fold increments of plant root and shoot
length®. This increment was evident in our study, showing increased plant height after treatment with NiCNC
when compared with untreated, CNPs and Mancozeb treated seedlings (Fig. 7e).

Ni** jon is also known to contribute in vegetative proliferation of the crops and deficiency of which may give
rise to reduced vegetative growth, enhanced plant senescence, disturbed nitrogen metabolism, development of
chlorosis, dwarfing of foliage, poor plant architecture and hindrance in normal Fe uptake®”. Lower level of nickel
exposure to the plants improves seed germination, chlorophyll synthesis and lateral root formation. Investigations
revealed that nickel have a prominent role in the synthesis of phytoalexins and induction of disease resistance
in plants®. As mentioned earlier in the introductory part, that Ni?* ion serves as a co-factor of different metal-
loenzymes such as urease, carbon monoxide dehydrogenase, etc. Therefore, it is evident that nickel is an essential
micronutrient required at lower concentration for normal functioning of the plant and amalgamation of nickel
with chitosan may enhance its bioactivity when applied to plants. Literature reveals that crop plants requires an
average of 3-1000 mg of Ni/kg of agricultural soil necessary for normal growth and functioning without any
toxic effect®. In our experiment, the highest tested bioactive concentration i.e., 0.04 mg/mL of NiCNC hydro-
gel solution actually contains 38% of Ni (estimated through EDXS analysis), which stands an approximate of
0.00668 mg/mL of Ni applied to each seedling. Experiments were conducted in plastic trays containing 5 kg of
soil for 30 seedlings. Each seedling was given treatment of 5 mL of NiCNC solution, therefore, for 30 seedlings
150 mL of NiCNC was applied in 5 kg of soil. Now, 150 mL of NiCNC would contain (0.00668 mg/mL x 150 mL)
1.002 mg/mL of Ni in 5 kg of soil (0.2 mg/mL Ni per kg soil) which is extremely low dose and have no chances
of toxicity and metal accumulation in the soil*>. Thus, the synthesized nickel chitosan nanoconjugate can be
considered as eco-friendly and non-toxic antifungal agent®.

Stress tolerance analysis of the seedlings inoculated with E solani revealed that application of NiCNC induces
greater pathogenic stress tolerance capacity by accelerating the plant height and root length. It is known that
stress caused due to pathogenic infection in plants may trigger plant height and affects root proliferation resulting
in retarded growth. The seedlings treated with distilled water could not withstand pathogenic stress resulting
in dead plants. Whereas, seedlings treated with CNPs showed moderate stress tolerance capacity in compari-
son with NiCNC treatment. Mancozeb treated seedlings resulted in lower tolerance of pathogenic stress next
to CNPs treatment. Our study suggests that the activity of synthetic fungicide cannot successfully combat rot
disease and invasion upon pathogen. Rather, excessive use of synthetic fungicides may lead to toxicity in plants,
soil and environment®. Results obtained from this study clearly demonstrate the promotive effect of the metal
(Ni**) ion inserted in chitosan meshwork. The significance of insertion of nickel ion into chitosan network is
to obtain the enhanced growth promoting activity of the wheat seedlings and uplifting of the anti-pathogenic
activity over bulk chitosan.

Our experiments strongly suggest that NICNC could actively eliminate the negative effect of pathogen in
wheat seedling against the rot disease. Thus, the structural conformation of NiCNC becomes important regard-
ing its antifungal activity. The formation of nanoparticles through Ionotropic Gelation Method is advantageous
because it does not use any organic solvents and the processing conditions are mild which do not allow in bring-
ing even a little change in the structure of the encapsulated drug®. UV-visible absorption spectroscopy showed
characteristics absorption peak for NiCNC at 241 nm in the UV region, which closely resemble the formation
of nanoparticles as described in previous reports®. Smaller particle size of the nanoparticle is advantageous
due to its capability of easy penetration and higher cellular uptake capacity?>**. Particles of NiICNC showed size
ranging between 300-400 nm. According to some previous reports, particle size below 500 nm is sufficient for
easy penetration into fungal cell wall®**". A group of workers already suggested that CNPs remain in the form
of nano-aggregates, as indicated in Fig. 1f °®. Moreover, EDXS analysis of NiCNC showed the presence of Ni in
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Figure 8. Comparison of cytotoxicity of CNPs and NiCNC on mammalian ACHN cells. Cellular toxicity was
evaluated based on the percentage of cytotoxicity with different concentrations of CNPs and NiCNC (0.01-
0.4 mg/mL). Data are expressed as the mean + standard deviation (n=3). Asterisk mark indicates significantly
different mean values (p <0.05) between CNPs and NiCNC treatments.

chitosan network which confirmed the metallic nano-composite formation through electrostatic interactions
between the hydroxyl groups of chitosan and the involving metal salt. This pattern of structure of NiCNC was
already confirmed in previous studies made by various researchers®. FE-SEM analysis revealed agglomerations
of both CNPs and NiCNC. This particular criterion of CNPs facilitates large surface area exposure is allowing it
to be a material easy for adsorption'®. Similarly, NICNC showed uniformly distributed highly porous agglom-
erated nanoparticles. These agglomerations or formation of nano clusters and porous nature of NICNC render
them as useful biomolecules having excellent adsorption property and various other applications in the field of
nano-medicine'”". FT-IR analysis showed involvement of essential functional groups that perform active role
in antifungal activity'%%

Results for cytotoxicity assay do not show any significant difference with the increased concentrations of
CNPs and NiCNC up to 0.25 mg/mL compared to untreated control (Fig. 8). Both the nanoparticles were found
cytotoxic from 0.3 mg/mL and beyond. A significant difference in the percentage of cytotoxicity was noted at
0.4 mg/mL. The enhanced percentage of cytotoxicity noted for NiCNC is may be due to the involvement of metal
ion in the nanoparticle®®. The cytotoxicity analysis suggests that CNPs and NiCNC are non-toxic to ACHN cells
up to 0.25 mg/mL whereas, the bioactive antifungal dosimetry applied to wheat seedlings against F. solani was
0.04 mg/mL which is much lesser than the toxic dose. Hence, the applied dose of NiCNC is non-toxic to human
cells and can be referred to be used in agricultural fields for globally eaten major food crop like wheat.

Researchers have enlightened various concepts for describing the mode of action of chitosan and its deriva-
tives in exhibiting antifungal activity. They claimed that the fungicidal activity could be due to the interplay
between the positively charged chitosan molecules and negatively charged fungal cell surface components, which
leads to increased membrane permeability following ionic imbalance!®. It is also recommended that chitosan
when enters into the fungal cell, interacts with the DNA by altering its structure thus inhibiting mRNA and
protein synthesis'®. Moreover, chitosan holds excellent metal binding capacity and is known to chelate the metal
ions which are essential for microbial growth. The amine groups of polycationic chitosan are responsible for
up-taking the metal ions'%. The transitional metal ion nickel is assumed to form a centrally localized tetrahedral
lattice structure with the positively charged amine groups of the chitosan!%. This super positive metal core in
the chitosan meshwork is responsible for the promotive antifungal activity by the dissolution of nickel ion that
interrupt electron transport in the pathogenic cell leading to membrane destabilization, protoplasmic leakage
followed by death of the fungi'®” (Fig. 9).

There are various other management strategies used for controlling Fusarium rot infection in crop plants.
Researchers have often used biocontrol agents like Trichoderma sp., Bacillus plumiles and specific isolates of
Streptomyces that reduces incidence of rot disease by 66-75%'%%'%°. These biocontrol agents reduce but does not
completely eradicate pest population neither promotes plant growth. Furthermore, the use of essential botanicals
like extracts of Azadirachta sp., Zingiber sp. and mustard-based botanicals showed higher efficacy in inhibiting F
solani mycelial growth''°. But for field application in large scale, a promising formulation with stability and pro-
longed antifungal activity is necessary, especially against ascospores'!!. In this regard, the use of nickel chitosan
nanoconjugate is advantageous because it facilitates greater disease reduction capacity with enhanced seedling
health, performs complete eradication of the pathogen under in vitro examination and could retain prolonged
antifungal activity. However, its wide scale field application is still required to be studied.

Conclusion

CNPs and NiCNC were successfully synthesized by Ionotropic Gelation Method and characterized based on their
various physio-chemical properties. The application of NiCNC exhibited potential growth inhibition property
against F. solani and efficiently controlled the incidence of rot disease (under specific laboratory conditions).
NiCNC treatment at 0.04 mg/mL completely terminates the mycelial colony growth, inhibits spore germination
and conidia formation. NiCNC exposure to the fungal conidia produces ultra-structural damages that results into
non-viable spores. Treatment with NiCNC produces high level of MDA in the pathogen resulting in increased
lipid peroxidation of the fungi. The use of CNPs and synthetic fungicide Mancozeb cannot efficiently combat
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Figure 9. Schematic illustration for the mechanism of action of nickel chitosan nanoconjugate towards fungal
pathogen.

against rot disease. Our data recommends that NiCNC could be used as an antifungal agent in the management
of rot disease caused by F. solani. NiCNC treatment generated high level of oxidative stress in the pathogen that
ultimately terminated the ramification of the pathogen in the plant system. Also, application with NiCNC could
potentially accelerate the seedling vigour index despite of biotic stress exposure. The concentration of nickel in
the synthesized conjugate was minimal and proved to be non-toxic to the wheat seedling through cytotoxicity
test and by promoting healthy seedling vigour. However, further studies are required to investigate the effect of
NiCNC on wheat pathogens through field application.

Materials and methods

Preparation of CNPs and NiCNC. The preparation of CNPs was carried out by following lonotropic
Gelation Method?®. Briefly, 0.2 g of low molecular weight chitosan (50,000-190,000 Da; 80% N-deacetylation;
Product 448,869; Sigma Aldrich, USA) was dissolved in 1% (v/v) acetic acid solution and left under continuous
stirring for 30 min. An anionic salt, Sodium Tripolyphosphate (STPP) (NasP;0,o; HSN Code: 28,353,100; SRL,
India) at the concentration of 1 mg/mL (40 mL) was added drop-wise into the chitosan solution under constant
magnetic stirring (REMI Equipments). A cloudy suspension formed spontaneously, resulted in NPs formation,
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was subjected to centrifugation at 10,000 rpm. The supernatant was discarded and pellet of CNPs gel was sun
dried and stored at 4 °C for further use.

NiCNC were prepared by following the method as described by Helen & Rani (2016) with minor
modifications*. Its synthesis was carried out by adding drop-wise 4% aqueous solution of nickel chloride
(NiCl,. 6H,0; RM760; Himedia, India) under constant magnetic stirring into chitosan solution. The solution
was refluxed at 120 °C for 15 min. To this 0.05 M ascorbic acid (CiHgOg MW 176.12; CMS1014; Himedia, India)
was added followed by the addition of 2 mL of 0.6 M NaOH. After further stirring for 30 min, 0.5 mL phenyl
hydrazine (C¢H(N,CL, . HCl; RM9448; Himedia, India) was added to the solution. The reaction was carried out
further by the drop-wise addition of STPP under constant stirring followed by centrifugation at 10,000 rpm for
10 min. The supernatant was discarded, and the pellet was obtained as gel.

Characterization of CNPs and NiCNC. The UV-Vis spectral absorbance of CNPs and NiCNC were col-
lected by using UV-Vis Spectrophotometer (Aligent Technologies, Carry 100 UV-Vis) with scanning range of
200-800 nm of wavelength. The morphology of CNPs and NiCNC were examined by HR-TEM performed on a
JEOL JEM 2100F with a magnification of 50x — 1.5 Mx and accelerating potential of 200 kV. The surface topog-
raphy of the nanoparticles was examined by JSM-7900F Schottky Field Emission Scanning Electron Microscope
(FE-SEM); JEOL, 0.1-30 kV. The presence of element down to boron, especially for NICNC, was also determined
by using EDXS. The functional groups present in the nanoparticles were detected through FT-IR analysis within
the scanning range of 500-4000 cm™ using KBr pellet technique. Before performing FT-IR analysis, the nano-
particles were sun-dried and grinded into fine powder using mortar-pestle. During analysis, 300 mg of dried
KBr was crushed and mixed with 2 mg of previously dried nanoparticles and placed in grease free sample cup. A
homogenous mixture of KBr and nanoparticle was prepared and used for sample spectral analysis.

Collection, isolation and identification of pathogenic fungi. Diseased seedling having typical
symptoms of stem and foot rot of wheat were collected from wheat growing fields of North Bengal, India for
the isolation of target pathogen. Permissions were obtained from the farmers for collection of diseased plant
parts. Diseased stem of about 1 cm were excised, surface sterilized and placed into sterile petri dishes containing
20 mL of autoclaved Potato Dextrose Agar (PDA) media. Plates are incubated for 7 days at 28 °C. After 7 days
the isolate was several times sub-cultured to obtain plates of pure culture. The pure culture was sent to IARI
(Indian Agricultural Research Institute, New Delhi, India) for identification and the pathogen was reported to
be Fusarium solani (ID. No. 11116.19). The pure cultures were maintained in PDA slants at 28 °C for further
use in experiments!!?.

Effect of CNPs and NiCNC on mycelium radial growth. The antifungal activities of CNPs and NiCNC
on mycelium radial growth of . solani were determined by poisoned food technique®®. A range of concentra-
tions (0.001, 0.01, 0.02, 0.03, 0.04 mg/mL) of CNPs and NiCNC were mixed with 20 mL of autoclaved Potato
Dextrose Agar (PDA) media. A mycelium disc of 5 mm diameter was excised using sharp and sterile cork-borer
from 7 days old sporulated culture of E solani grown on PDA media and seeded at the center of each treatment
plate. Each treatment plate was made upon three replicas. A plate treated with commercial fungicide, Manco-
zeb at its commercially recommended dose (16 mg/mL)'"® and a plate without any treatment was prepared for
comparison among all the treatments. The plates were incubated at 28 °C for 7 days. Radial growth of the fungal
colony was monitored daily until the fastest growing colony had covered the total diameter of the plate. The
inhibition of the fungal growth was calculated using the following formula and expressed as percent inhibition
of radial growth (PIRG)*:

Radial growth of colony in control plate — Radial growth of colony in treated plate

PIRG(%) = %100

Radial growth of colony in control plate

Spore germination inhibition assay. The activity of CNPs and NiCNC on spore germination inhibition
was assessed through concavity slide method. Conidial suspension was made by pouring 10 mL of sterile dis-
tilled water into the 7 days old sporulated culture tubes and gentle shaking followed by filtering the suspension
with cheese cloth. Then, 150 pL of conidial suspension was mixed with equal volume of CNPs and NiCNC at
different concentrations as used in the previous experiment. Similar set up was also prepared with 16 mg/mL of
Mancozeb. About 60 pL of the hybrid containing an approximately of 1.0 x 10° conidia/mL was put on the slide
and incubated for 6 h at 28 °C in a humid chamber. After 6 h, the conidia were examined under light microscope
(Magnus, ch-20i, Olympus). The total number of germinated spores was counted out of the total spores present
in six randomly chosen area of the slide under microscope. The spore germination inhibition % was calculated
using the following formula'!*:
Germinated spores in control — Germinated spores in treatment

Spore Germination Inhibition% = - - x 100
Germinated spores in control

Sporulation suppression assay. The effect of CNPs and NiCNC on sporulation suppression was exam-
ined by using an appropriate sporulation inducing medium i.e., Czapek Dox Agar medium, mixed with CNPs
and NiCNC solutions to obtain the final concentration as 0.001, 0.01, 0.02, 0.03, 0.04 mg/mL. The concentra-
tions were compared with a blank and Mancozeb. After complete sterilization, 4 mL of the hybrid was poured in
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the Petri dish and allowed to cool. Then, fungal inoculum of about 0.5 cm diameter was transferred aseptically
into the treated medium. The plates were incubated for 72 h at 28 °C. The spore density for each treatment was
measured using a haemocytometer under light microscope’".

Spore viability assay. For the quantitative estimation of viable spores, a colorimetric assay was carried out
using XTT 2,3- Bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenyl-amino)carbonyl]-2H-tetrazolium hydroxide
(TC239, Himedia, India). This assay also involves an electron coupling agent Menadione (CAS No. 58-27-5,
Sigma Aldrich, USA). Briefly, spore suspension (1.0 x 10° conidia/mL) was prepared in Czapeck liquid medium
and 100 pL of the suspension was cultured in 96 well flat bottom microplate for 4 h at 28 °C. After incubation,
100 uL of both the nanoparticles at different range of concentrations (0.001, 0.01, 0.02, 0.03, 0.04 mg/mL) were
added to the suspension and again incubated for another 4 h at same temperature. 50 uL of XTT solution at the
concentration of 400 ug along with 7 uL of menadione (25 pM) was added to the suspension. The microplates
were incubated for 3 h at 28 °C and optical density was measured at 450 nm"'*.

Determination of lipid peroxidation of F. solani. The effect of aforesaid concentrations of CNPs and
NiCNC on lipid peroxidation of the fungi was determined by the quantitative estimation of malondialdehyde
(MDA), an indicator of lipid peroxidation. Nanoparticles treated mycelial mat was harvested after 7 days of
incubation at 28 °C. The mycelial mat was washed thoroughly with sterile distilled water and then dried using
blotting paper. 2 gm of the mycelia was cold homogenized with 10 mL of 0.1 M sodium phosphate buffer (pH
7.0) in a pre-chilled mortar and pestle. This homogenate was cold centrifuged at 10,000 rpm for 12 min. The cell
free supernatant was used for MDA estimation. 100 pL of the homogenate was mixed with 3 mL of 0.335% (w/v)
thiobarbituric acid (Himedia, India) solution containing 10% (w/v) trichloroacetic acid (Himedia, India). The
mixture was subjected to boiling water bath for 15 min. The MDA level was determined in Spectrophotometer
169 (Systronics) and calculated with molar absorption co-efficient 1.56 x 10° at 530 nm'"®.

Analysis of ROS production upon CNPs and NiCNC treatment on F. solani. The oxidative stress
assay was carried out to detect the level of ROS produced in fungal hyphae as an effect of CNPs and NiCNC
treatment. A typical cell permeable, non-polar, non-fluorescent probe molecule 237’-dichlorodihydrofluorescein
diacetate (H,DCFH-DA) (D6665; Sigma Aldrich, USA) was used in this experiment. This hydrophobic mol-
ecule when enters inside the cell, gets deacetylated into 237 -dichlorodihydrofluorescein (DCFH) by intracellular
esterases. DCFH gets oxidized by ROS produced in the cell as a result of stress generation due to nanoparticle
exposure. DCFH converts to Dichlorofluorescein (DCF) which gives detectable green fluorescence on excita-
tion. The fungal hyphae were cultured in Potato Dextrose Broth (PDB) containing CNPs and NiCNC treatment
at 0.04 mg/mL and 16 mg/mL Mancozeb for 72 h at 28 °C. After 72 h the hyphae were collected by centrifuga-
tion at 10,000 rpm for 10 min. The media was discarded with supernatant. The hyphal cells were washed thrice
with Phosphate Buffer Saline (PBS) and the hyphae were kept suspended in the same. The hyphal suspension
was mixed with 40 uL of H,DCFH-DA in a dark chamber. The treatments were incubated for 2 h in the dark at
28 °C with periodic shaking. Finally, the generation of ROS was observed visually under fluorescence micro-
scope (Nikon Eclipse E200, Nikon, Tokyo, Japan) with excitation filter at 485 nm and emission filter at 525 nm”".

Analysis of ultra-structural changes of conidial membrane upon CNPs and NiCNC treat-
ment. The morphological changes in the fungal spore as a result of CNPs and NiCNC treatment at 0.04 mg/
mL and Mancozeb at 16 mg/mL were observed under Scanning Electron Microscope (SEM) (JSM-IT 100;
JEOL). The fungal spore in the PDB were treated with nanoparticles and incubated for 72 h. The fungal conidia
were subjected to pre-treatment before microscopic examination'*®.

Inoculation of plant material with pathogen and effect of CNPs and NiCNC treatment on rot
disease. To evaluate the ability of CNPs and NiCNC in reducing the incidence of rot disease, a trial was
performed. A Bread Wheat (Triticum aestivum L.) cultivar (PBW 343) collected from National Seed Corpora-
tion of India Ltd. was used for the experiment. All the plant experiments were in compliance with relevant
institutional, national, and international guidelines and legislation. The isolated F. solani was used as inoculum
for artificial inoculation in the seedlings to obtain symptoms of stem and foot rot in developing seedlings. The
concentration of the inoculum was 10° conidia/mL. Artificial inoculation of the pathogen was performed by
root irradiation method. Briefly, 5 mL of conidial suspension was poured surrounding the stem base of 4 days
old seedlings. After 24 h of inoculation, the same volume of 0.04 mg/mL of CNPs and NiCNC were applied fol-
lowing same procedure as above. Seedlings were grown in plastic trays (14 x30x7 cm) containing 5 kg of soil
mixed with vermiculite in 1:1 ratio. Treatments were categorized as follows: Untreated, CNPs (0.04 mg/mL) and
NiCNC (0.04 mg/mL) and Mancozeb (16 mg/mL) treated seedlings. Each treatment was again divided into F
solani inoculated and uninoculated set. For each set 30 seedlings were sown in equal distance in the trays. The
experiment was programmed for 20 days and regular watering was done. After the completion of 20 days, symp-
toms for rot caused by E solani were recorded for each plant on the basis of a 5-level scale suggested by Santori
and Infantino (2009)"”: 0 = symptoms absent; 1 = slight dark brown coloration on the root or foot base; 2 =dark
brown coloration on almost half of the stem or root; 3 =stem or root totally dark brown; 4= death of the entire
plant. The collected data were placed in McKinney formula (1923) for the evaluation of disease index''®.

k
Zk:l Fr.xx
nxg

Disease index =
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where F, _ number of infected seedlings in the treatment plot (according to 5-level scale); n equals the total
number of seedlings evaluated (n=30); x, equals the total number of infected seedlings from the control set up.
Disease incidence of the seedlings was also evaluated from the experiment!'®.

Total no. of diseased plants

x 100
Total no. of plants

%Disease Incidence =

Morphological vigour of the treated seedlings was analyzed using the following vigour index formula'?

Vigour index = (Shoot length -+ Root length) x Germination%

Stress tolerance analysis of the seedlings. Stress indices of the treated seedlings were calculated to
evaluate the effect of CNPs and NiCNC treatment in the mitigation of pathogenic stress on seedling vigour'*..
Height of the treated stressed plant

- x 100
Height of the control plant

Plant Height Stress Tolerance Index (PHSI) =

Root length of the treated stressed plant

Root Length St Tol Index (RLSI) =
oot Length Stress Tolerance Index ( ) Root length of the control plant

x 100

Determination of cytotoxicity of CNPs and NiCNC. Human kidney cell line (ACHN) was pro-
cured from National Centre for Cell Science (NCCS), Pune, India. Cytotoxicity was examined by using MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay'?»!*. Rapidly proliferating human kid-
ney cell line was seeded in a 96 well micro titre plate at 37 °C, in presence of 5% CO, in DMEM (Dulbecco’s
Modified Eagle Medium) Ham F-12 cell culture medium at a density of 6 x 10° cells/well. After 24 h, when the
cells reached at a significant confluency, CNPs and NiCNC nanoparticles were added in each well at different
concentrations ranging from 0.01- 0.4 mg/mL in triplicate. The treated plates were further incubated under same
condition for 24 h. Next day, plates were withdrawn from incubator and cell culture media was aspirated. 10 uL
of MTT dissolved in 1X PBS was added in each well and the plate was again kept for 3 h in the above-mentioned
condition. Finally, 50 pl of Isopropanol, was added to each well containing MTT solution and was shaken for
about 10 min. The absorbance was recorded at 620 nm in an ELISA reader.

The percentage of cell toxicity was calculated as [(C-T)/ Cx 100], where “C” is the mean optical density of
control (untreated cells) and “T” is the mean optical density of treated cells with different concentrations of
nanoparticles.

Statistical analysis. All the data obtained from the performed experiments were represented as the mean
of six different observations with standard deviation (SD) (Mean+SD). Statistical differences were analyzed
by using Duncan’s Multiple Range Test (DMRT) at p<0.05 (DSAASTAT ver. 1.022), where the treatments that
differ significantly were denoted by letter a, b, ¢, etc. Statistical analysis of the germination parameters between
inoculated and uninoculated seedlings were performed using unpaired two-tailed t-test to find the significant
difference between the different treatments using GraphPad Prism software ver. 6 for windows (GraphPad Soft-
ware, Inc. USA) at p <0.05.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary
information files.
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