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Abstract

The use of chitosan as an alternative for fungicides has received more attention worldwide. Hence, this study aimed to
evaluate in vitro and in vivo antifungal activity of chitosan against Fusarium solani causing root rot in fenugreek. Chitosan
treatments ranged from 0.1 to 2gL~! were tested against F. solani on to potato dextrose agar and in potato dextrose broth.
The results revealed that increase in concentrations of chitosan significantly reduced growth, dried biomass, sporulation and
spore germination of F. solani. The hyphal swellings and distortion of F. solani mycelia were induced by chitosan. Fenu-
greek seeds treated with chitosan at 2 gL ™! and 0.5 gL.~! showed reduced F. solani infection and increased seed germina-
tion, respectively. In pot and field studies, fenugreek seeds treated with chitosan at 2.0 gL.™! greatly reduced root rot disease
severity and also enhanced yield parameters. The activity of defence enzymes, such as chitinase, -1, 3-glucanase and total
phenol were increased in chitosan treated in fenugreek plants. This increased activity offered protection to fenugreek plants
against F. solani to a greater extent. The results showed that chitosan could be used as inducer of defense response and has

the potential of controlling fenugreek root rot disease.
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Introduction

Fenugreek (Trigonella foenum-graecum L.), a leafy veg-
etable and seed spice with medicinal properties and, has
economic importance in national and international mar-
ket. Fusarium solani is a soil-borne fungal pathogen and
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incitant of root rot disease in fenugreek in India (Ramteke
et al., 2019). Fusarium solani can also infect different eco-
nomically important crops like tomato, potato and pepper
causing huge crop loss. To manage the root rot disease of
fenugreek, growers are using different formulations of many
synthetic fungicides. The sustainable use of synthetic fungi-
cides is hazardous and toxic to both the people and domestic
animals and that leads to environmental pollution (Ragab
et al. 2012). Hence, there is a need of the hour to explore
possible eco-friendly alternatives for synthetic fungicides
that can reduce disease severity and crop loss in plants. The
use of chitosan is one such environment friendly approach
in managing root rot diseases in different crops. Chitosan
is a deacetylated N-glucosamine natural polycationic lin-
ear biopolymer obtained from chitin. Chitin is a polymer
N-acetyl glucosamine present in fungal cell walls and insect
exoskeletons. Chitosan has a great demand in the market
due to its nontoxicity, biodegradability, biocompatibility
and fungicidal properties (Kumar 2000; Rinaudo 2006).
The antifungal efficacy of chitosan is based on its solubil-
ity, degree of deacetylation, molecular weight and fungal
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species (Park et al. 2002; Goy et al. 2009). Chitosan controls
pathogenic microorganisms by different mechanism viz.,
preventing growth, sporulation, spore viability, germina-
tion and disrupting cell and induction of different defense
responses in host plant during the plant pathogen interac-
tions (Hassan and Chang 2017). Several studies have showed
that the chitosan has antifungal activity against a wide range
of plant pathogens (Hernandez-Lauzardo et al. 2011; Bhat-
tacharya 2013; Jabnoun-Khiareddine et al. 2015; Zivkovic
et al. 2018; Mohammed et al. 2019). Currently, interest has
been developed among the growers for the use of chitosan
due to its antifungal properties in plant protection. There-
fore, innate ability of chitosan to resist fungal pathogens
using seed treatment has been enhanced. The several studies
have demonstrated that the use of seed coating of chitosan
controlled the different fungal pathogens. Bhaskara Reddy
et al. (1999) reported that chitosan treatment of wheat seeds
reduces seed borne F. graminearum infection and Lizarraga-
Paulin et al. (2011) reported that seed coating on maize to
control F. moniliforme. Recently, Abd-El-Kareem et al.
(2018) showed that bean root rot disease caused by F. solani,
Sclerotium rolfsii and Rhizoctonia solani was reduced by the
application of chitosan under greenhouse conditions. Moreo-
ver, the use of chitosan increases photosynthesis, enhances
plant growth, stimulates nutrient uptake, increases seed ger-
mination and plant vigour (Gavhane et al. 2013). Survey of
literature showed potential of chitosan to manage F. solani
causing root rot on fenugreek is unexplored. Therefore, the
present investigation has been undertaken to evaluate the
antifungal activities of chitosan in terms of reduction in
mycelial growth, dry biomass, sporulation, spore germina-
tion of F. solani and to study its impact on root rot disease
development under glasshouse and field conditions.

Materials and methods
Pathogen

Fusarium solani FS5 (NFCCI-4501) isolate was obtained
from National Fungal Culture Collection of India, Agharkar
Research Institute, Pune, India. Earlier studied by Ramteke
et al. (2019) investigated the F. solani (FS5) causes root rot
disease of fenugreek in India. Fusarium solani was main-
tained on potato dextrose agar (HiMedia, India), in the dark
at 25 °C and stored at 4 °C for further studies.

Fenugreek seeds

The seeds of fenugreek cv. Jaora were purchased from local
market in Pune, India.
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Fungicide

The commercial grade Carbendazim (Dhanustin 50% WP)
was provided by Dhanuka Agritech Ltd., India.

Chitosan

The extra pure chitosan powder with a degree of deacety-
lation 76.4% was procured from ISF Chitin and Marine
Products, LLP (Ernaculum, Kerala, India). Chitosan was
dissolved in 0.25 N HCI followed by centrifugation at
1000 rpm for 15 min to remove undissolved particles. To
precipitate the chitosan, the viscous solution was neutral-
ized with 2.5 N NaOH solution. The precipitated chitosan
was filtrated through two layered muslin cloth and thor-
oughly washed with distilled water to remove salts and
impurities. Further, chitosan was dried at 60 °C for 24 h
and used for different studies. A 20 gL~! stock solution
of chitosan was prepared by dissolving it in 0.1 M glacial
acetic acid and heated to 55 °C with constant agitation for
24 h. The final volume of chitosan solution was taken to
200 mL adjusted with distilled water and maintained pH
of 5.6 by adding 1 N NaOH. Chitosan stock solution was
autoclaved for 20 min at 121 °C.

Effect of chitosan on radial growth of F. solani

An antifungal activity of different concentrations of chitosan
was determined against F. solani by a radial hyphal growth
bioassay on PDA medium (Al-Hetar et al. 2011). Conical
flasks containing PDA medium amended with each concen-
tration of chitosan viz. 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.75, 1, 1.5
and 2 gL~ and poured in sterilized Petri plates of 90 mm
diameter. A 5 mm culture plug of F. solani from seven days
old colony was placed upside down in the center of the Petri
plates. Four replications were maintained for each concen-
tration of chitosan and the experiment was repeated thrice
in a completely randomized design. The plates were sealed
with parafilm and incubated in dark at 27 + 1 °C. The plates
without chitosan were treated as control. The radial growth
of the test pathogen F. solani was measured on every day for
up to 8 days of post-inoculation (dpi) along with the control.
The untreated control Petri plates showed complete growth
of 90 mm at 8 dpi. The percentage of inhibition zone of
radial growth of F. solani was calculated using the formula
(Tiru et al. 2013) as follows: IC % =(C1 —C2)/C1x 100,
where: IC %is the percentage of inhibition, C1is the mean
diameter of growth in the control and C2is the mean diam-
eter of growth in chitosan treatment. The mycelia from
the margin of 6 days old colonies of F. solani grown in
chitosan amended and control plates were observed for
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morphological changes under compound microscope model
LB 460 (Labline, India).

Effect of chitosan on growth of F. solani in potato
dextrose broth

The chitosan solutions and potato dextrose broth (PDB)
medium were autoclaved separately at 121 °C for 20 min
and combined after autoclaving to obtain various concentra-
tions viz. 0, 0.1, 0.5, 0.75, 1 and 2 gL_]. The in vitro assay
was performed in 24-well plate with four replications for
each treatment. In each well poured 2 mL of PDB medium
amended with different concentrations of chitosan as men-
tioned above. The well poured only with PDB medium was
treated as a control. The 100 uL of conidial suspension of
F. solani was added in each well and incubated at 25 °C.
After 10 days of incubation the dry biomass of the fungus
was determined by drying at 60 °C for 24 h. The percentage
inhibition of mycelial growth based on dry weight of bio-
mass was calculated according to the method described by
Al-Hetar et al. (2011). This experiment was repeated thrice
and average values were presented in final dataset.

Effect of chitosan on sporulation of F. solani

The effect of chitosan on sporulation of F. solani was
assessed using PDB medium amended as described above.
Mycelial growth of F. solani was permitted to extend to the
edge of the control plates and after 14 days of incubation
at room temperature, four plates for each treatment were
flooded with 10 mL sterile-distilled water, which was then
placed on an orbital shaker running at 140 rpm for 20 min to
liberate spores from the mycelia, 100 pl of suspension was
pipette out and counted the number of spores per mL using a
Neubauer-hemocytometer under the compound microscope
(40x). Four replications were maintained for each concentra-
tion and the experiment was repeated thrice. The percentage
inhibition of sporulation (PS) was calculated using the for-
mula: PS =sporulation in control — sporulation in chitosan
treatment/sporulation in control X 100.

Effect of chitosan on spore germination of F. solani

To assess the effect of chitosan on spore germination of F.
solani, a conidial suspension was prepared from 14 days
old culture and 100 pL aliquot of a conidial suspension of
1 x 10° spores mL~! were plated on 0.5% agar plate con-
taining different concentration of chitosan viz, 0, 0.1, 0.2,
0.3,0.4,0.5,0.75,1, 1.5 and 2 gL_1 separately and plates
were incubated at 27 °C. After 8 h of incubation, the spore
germination was measured for approximately 200 spores per
treatment under compound microscope (100x). The spores
were scored as germinated when germ tube length was equal

or more than the diameter of spore. The experiment was
repeated three times with three replications of each concen-
tration. The percent inhibition of spore germination (% SG)
was calculated using the formula (Plascencia et al. 2003).
The percent inhibition of spore germination (% SG) = per-
cent inhibition of spore germination in control — percent
inhibition of spore germination in chitosan treatment/percent
inhibition of spore germination in control x 100.

Effect of seed treatment on seed infection by F.
solani

The fenugreek seeds were treated with different concentra-
tion of chitosan viz., 0.5, 1 and 2 gL_l. The sterile distilled
water used as a negative control and carbendazim 50%
WP fungicide @ 0.5 gL.=! was used as a positive control.
After 24 h of treatment, 25 seeds were kept in 90 mm Petri
dish and 1 x 10° mL~! conidial suspension was sprayed on
seeds using hand atomizer and incubated at 25 °C under
12 h alternate light and darkness. Four replications were
maintained for each concentration and the experiment was
repeated twice. After 5 days of incubation, F. solani infec-
tion was observed under stereomicroscope (5X) and percent-
age of infected seeds were calculated using formula: percent
seed infection =number of seed infected/total number seed
observed x 100.

Effect of seed treatment with chitosan on disease
incidence in pot experiments

The plastic pots having diameter of 15 cm were sterilized
with 2% formalin and left for 2 h to dry and filled with auto-
claved sandy loam soils. About 100 fenugreek seeds were
treated with 0.5, 1 and 2 gL_1 of chitosan. The untreated
seeds served as negative control and carbendazim 50% WP
at 0.5 gL ™! treated seeds as a fungicide control. Each pot
was filled with 5 kg of sterile soil and nine replications
of each treatment were maintained. Each pot was infested
with 100 mL of F. solani spore suspensions (1 x 10’ conidia
mL~Y). After 24 h, 50 seeds of respective treatments were
sown in each pot and sterile water irrigated at an interval of
24 h. After 7 days, seed germination was recorded and radi-
cle length was measured using camel ruler (30 cm). After
30 days, 25 seedlings were randomly selected and root rot
disease was recorded using the rating scale as follows: 0=no
root rot; 1 =1 to 25% of roots with visible lesions or root rot;
2 =approximately 26 to 50% of the roots rot or damaged;
3=51 to 75% of the root rot and 4=76 to 100% root rot or
completely damaged, four categories were used previously
by Abo-Elyousr et al. 2014; Ali et al. 2018 and per cent
disease index (PDI) was estimated according to Ali et al.
(2018).
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Field experiments for assessment of chitosan
against root rot disease

In order to assess the effect of chitosan on fenugreek
root rot disease under field conditions, two experiments
were conducted during November—-December, 2019 and
July—August, 2020 at Green Cultivate Agro Farm, Man-
jari, Pune, Maharashtra, India. (Longitude 18.511974 °N
and Latitude 73.982261 °E). About 1 kg of fenugreek seeds
were treated with chitosan at the concentration of 0.5, 1 and
2 gL.! and carbendazim 50% WP (0.5 gL~!) as fungicide
control. For seed sowing, 10X 6 sq. feet area of soil bed
was prepared. The fenugreek seeds were sowed in the main
field after 15-min soaking in respective treatment solution.
The experiment was arranged in a randomized block design
(RBD) and each treatment was replicated by four times.
After 30 days of sowing, the observation of root rot disease
incidence was recorded and PDI was estimated according
to Ali et al. (2018).

Plant growth parameters in fenugreek plants

For studying plant growth parameters, 25 seeds were sown
in plastic pots containing sandy loam soil. The seedlings
were grown in a pot and field conditions. Application of chi-
tosan with different concentrations was carried out by soak-
ing fenugreek seeds in chitosan solution for 15 min before
sowing. At 30 days old, the plants were harvested and plant
height was recorded using camel ruler (30 cm). The number
of leaves per plant was also measured. Fresh weight and
dry weight of total plant were also measured along with
the control. For dry weight, plant tissues were oven-dried at
80 °C for 24 h. Four replications were maintained for each
concentration and the experiment was repeated twice.

Total phenol content in fenugreek plants

The 30-day-old fenugreek plants were dried at 40 °C in hot
air oven and whole fenugreek plant material (shoot + root)
of (10 g) from each sample was used for preparation of
extract. Samples were subjected for extraction with 75 mL
(80% v/v) ethanol at 40 °C for 10 min; the extraction pro-
cess was repeated thrice. The total phenolic content in
plant extracts was determined using the Folin—Ciocalteu
reagent method described by Ainsworth and Gillespie
(2007). The 0.2 mL extract was mixed with 0.6 mL of
water and 0.2 mL of Folin—Ciocalteu’s reagent (1:1). After
5 min, 1 mL of (8% w/v Na,COj; in water) sodium carbon-
ate was added in the mixture and the volume was made
up to 3 mL using distilled water. The reaction was kept in
the dark for 30 min and the absorbance was measured at
765 nm against the reagent blank using a spectrophotom-
eter (UV-Vis Spectrophotometer). The phenolic content

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

was calculated as gallic acid equivalents GAE/g of dry of
fenugreek plant on the basis of a standard curve of gallic
acid (5-500 mg L™1). This test was carried out in triplicate
and repeated twice.

Chitinase and B-1,3-glucanase enzymes assay

Fenugreek seedlings from pot and field studies were
harvested after 30 days of seed treatment for evaluating
defense-related enzyme activities and harvested seedlings
were immediately kept in liquid nitrogen, lyophilized and
then crushed to a fine powder using mortar and pestle.
1 g of crushed powder was added in 10 mL of 0.05 M
sodium phosphate buffer (pH 6.5) and dissolved by vortex
for 2 min and then centrifuged at 20,000 rpm for 15 min at
4 °C. After centrifugation, the supernatant was considered
as the crude extract and used for its protein estimation and
enzyme activity. The total protein content in crude extract
was determined by comparison with bovine serum albumin
(BSA) standard (Bradford 1976).

The chitinase activity was performed by the dinitro-
salicylic acid method (Dai et al. 2011). For assay, mixture
containing 20 pug mL~! colloidal chitin as the substrate
and 1 mL aliquot of enzyme crude extract was incubated
at 40 °C for 24 h, the reaction was stopped by the addi-
tion of 0.8 ml of 0.03 M dinitrosalicylic acid and boiled
for 10 min. After cooling, the reducing sugar released
during reaction by chitinase activity was measured at
575 nm (Nelson 1944). The activity of chitinase enzyme
was expressed as ug of glucosamine (GIcN) per mg™! of
protein per min~! of incubation period. The p-1, 3-glu-
canase activity was performed according to the method
described by Chandrasekaran et al. (2017) with slight
modifications. Briefly, the extract from both, the control
and inoculated plants were used for the assay. The reac-
tion mixture (1 mL) consisted of 200 mL extract sample,
600 pL buffer (0.05 M sodium phosphate buffer (pH 6.5)
and 200 pL of 2% laminarin as a substrate. This reaction
mixture incubated at 40 °C for 1 h. After incubation, the
released glucose was further assayed using the method of
dinitrosalicylic acid (DNSA). The -1, 3-glucanase activ-
ity was calculated using the standard curve procedure.

Statistical analysis

The data obtained during in vitro and in vivo (pot and
field experiments) were analyzed using analysis of vari-
ance (ANOVA) through SAS version 9.3; SAS Institute
Inc., Cary, NC, USA. The mean value of treatments was
compared using Tukey’s studentized range test using SAS
system.
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Results

Effect of chitosan on in vitro growth, dry weight,
sporulation, spore germination and morphology
of F. solani

An antifungal activity of different concentrations of
chitosan was determined against F. solani by a radial
hyphal growth bioassay on to PDA medium. The chitosan
amended PDA medium inhibited radial mycelial growth
of F. solani. The inhibitory effect of chitosan on F. solani
was increased with the increase in concentration up to 2
gL~!. The inhibition obtained was alone due to chitosan
concentration, with a maximum radial growth inhibition of
98.04% recorded at 2 gL~! (Tablel, Fig. 1A). After 7 days
of incubation, dry biomass of F. solani was determined
and presented in Table 1 and Fig. 1B. The dry biomass was
significantly decreased with an increase of chitosan con-
centrations (0.1, 0.5, 0.75, 1 and 2 gL_l) when compared
with control. The maximum inhibition (96.71%) of dry
biomass was recorded at chitosan (2 gL_l). Also, micro-
scopic observation showed that the chitosan-induced mor-
phological changes, such as hyphal swelling, distortion
mycelium of F. solani (Fig. 1C). Moreover, chitosan signif-
icantly reduced the sporulation of F. solani with increased
tested concentrations i.e., 86.37% at 2 gL.=! (Table 1). The
results obtained for spore germination were presented in
Table 1. After 18 h of incubation, chitosan at all tested
concentrations (0.1-2 gL.=!) were showed reduced spore
germination of F. solani ranged from 30.67 to 99.7% as
compared to spore germination (10.73%) in untreated
control. Microscopic observation of F. solani grown on

PDA (without chitosan) did not show any morphological
anomaly (Fig. 1C). The morphological changes, such as
hyphal swelling and distortion in F. solani were induced
on PDA amended with chitosan (Fig. 1D).

In vitro fenugreek seed infection assay
and germination efficacy

Six days after inoculation, the infection of F. solani on
fenugreek seed was recorded 89.60% in untreated control
(T1) (Table 2, Fig. 2A). Although, on chitosan treated seeds
at 0.5-2.0 gL_l, the infection was reduced from 44.00 to
11.20%. Moreover, in carbendazim (0.5 gL_l) treated seeds,
the infection was 8.80%. The carbendazim was found to
inhibit the highest infection (8.80%) of F. solani on fenu-
greek seeds followed by chitosan dose @ 2.0, 1.0 and 0.5
gL~!. The seed germination was found to be significantly
higher (98.40%) at chitosan (0.5 gL‘l) concentration as com-
pared to control (96.80%) and carbendazim treated seeds
(97.60). The radicle length of fenugreek seedlings due to
chitosan (0.5 gL.™!) was also observed significantly higher
(3.76 cm) over control (2.26 cm) and carbendazim (3.34 cm)
(Table 2, Fig. 2A).

Effect of chitosan on root rot disease incidence
in fenugreek plants in pot and field experiments

The percent disease index (PDI) of root rot disease in pot
and field experiments was presented in Table 3. The root
rot disease incidence was recorded since initiation of the
disease, i.e., at 16 DAT (days after treatment) and to the
last i.e., terminal observation which was recorded at 30
DAT. In pot experiment, untreated control PDI was 68.25%.

Table 1 Effect of chitosan on
radial growth, dry biomass,

Chitosan concentra-

Inhibition (%)

. tion (gL™") - - - I
sporulation and spore Radial growth Dry biomass Sporulation Spore germination
sporulation of F. solani FS 5

0 0.00h 0.0e 00.00f 10.73h
0.1 9.02¢ 11.10d 18.18¢ 30.67¢g
0.2 10.98¢ ND 25.49de 52.13f
0.3 14.90f ND 27.24de 62.43¢
0.4 19.99¢ ND 31.85cd 69.97d
0.5 47.71d 80.04c 37.62¢c 74.93¢
0.75 60.59¢ 89.34b 47.20b 79.3b
1.0 94.90b 94.06ab 78.64a 95.27ab
1.5 96.86ab ND 82.71a 98.47a
2.0 98.04a 96.71a 86.37a 99.7a
CD 2.71 6.31 9.30 4.13

The bold numbers indicate the CD value obtained by statistical analysis of the data, values within columns
followed by the same letters are not significant different P=0.05 according to Tukey’s Studentized Range

(HSD) Test
ND not determined
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Fig. 1 A Inhibition of radial A
growth of F. solani FS5 by dif-
ferent concentrations of chitosan
amended in potato dextrose
agar. B Growth inhibition of F.
solani FS5 at concentrations

of chitosan amended in potato
dextrose broth in 24 well plate.
Microscopic observation (400x)
mycelial of F. solani FS5, C
grown on PDA; D grown on
PDA amended with 0.5 gL.™!
chitosan. Red arrow color
showing distortion of F. solani
mycelium

Chitosan concentration gLt

Chitesan concentration gL
0.1 050 075 10

Table 2 Effect of chitosan on fenugreek root rot disease incidence
and growth parameters

Treatment In vitro seed treatment

F. solani Seed germina-  Radicle

infection tion efficacy (%) length

(%) (cm)
Control 89.60d 96.80a 2.26¢
Chitosan 0.5 gL.™! 44.00c 98.40a 3.76a
Chitosan 1 gL.™! 14.40b 96.80a 3.32ab
Chitosan 2 gL~ 11.20b 96.00a 2.80bc
Carbendazim 0.5 gL~ 8.80a 97.60a 3.34ab
CD 1.80 4.01 0.57

A number indicated in bold are the CD values obtained by statistical
analysis of the data, values within columns followed by the same let-
ters indicates no significant difference at P=0.05 according to Tuk-
ey’s Studentized Range (HSD) Test

Although, the lowest mean of PDI 9.75 was recorded in
carbendazim treated seedlings. However, PDI 13.75 fol-
lowed by 16.5 and 20.5 were recorded at 2, 1 and 0.5 gL_l

I Ul a
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chitosan concentrations, respectively. Moreover, in field
experiment conducted during November—December2019;
chitosan (2 gL ") treatment showed PDI 22.00 as compared
to untreated control (PDI 66.70), but slightly more than
fungicide control (PDS 18.50). The efficacy of chitosan
increased with increase in concentrations in pot and field
experiments. However, in field experiment conducted during
July—August2020, the lowest root rot incidence was recorded
at chitosan (2 gL_l) treatment (PDI 21.50) as compared to
untreated control (PDI 72.20), but statistically at par with
fungicide control (PDI 21.20).

Effect of chitosan on growth parameters
in fenugreek plants

The number of leaves, plant height, fresh weight and dry
weight of fenugreek plants after 30 days chitosan seed
treatment were evaluated and presented in Table 3. In pot
experiment, the number of leaf and height of plant (28.20,
25.20 cm) were recorded the highest at 2gL.~! chitosan
when compared with untreated control (18.50, 16.60 cm)
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Fig.2 Effect of chitosan seed treament (2 gL ') on fenugreek seed germination, radicle growth, infection of F. solani. In vitro study: A control,

B treated; pot study: C control, D treated; field study: E control, F treated

and fungicide control (24.70, 21.50 cm). The fresh and
dry weights contents of fenugreek plants also significantly
higher (1.41 g, 0.28 g) at 2gL~! chitosan over untreated
control (0.93 g, 0.19 g) and fungicide control (1.24 g,
0.25 g). Moreover, in 1st and 2nd field trials, significance
difference was observed in number of plants, plant height,
fresh and dry weights among chitosan treated plants,
untreated control and fungicide control plants. In 1st field
trial, the highest increase in no. of leaves (30.40), plant
height (27.60 cm), fresh weight (1.38 g) and dry weight
(0.28 g) were recorded at 2 gL.™! chitosan as compared to
untreated control and fungicide control. More or less simi-
lar values for growth parameters were recorded in 2nd field
trial. Overall, chitosan (2 gL~!) was found to be superior
among pot and field trials (Fig. 2B and C).

Total phenolic content

Phenolic activity was increased with increasing chitosan
concentrations (0.5-2 gL.™!). At higher chitosan (2 gL~}
concentration, total phenolic content was recorded the
highest activity in 1st field trial (Nov-Dec, 2019) and
found superior over untreated control and fungicide con-
trol (Fig. 3A).

Induction of chitinase and B-1,3-glucanase enzymes

The results presented in Fig. 3B and C showed higher
enzyme activity of chitinase and p-1, 3-glucanase in chitosan
treated fenugreek plants as compared to fungicide control
after 30 days. In field trial (Nov—Dec 2019), chitinase activ-
ity was increased followed by pot experiment and field trial
at higher chitosan at 2 gL.~!). The p -1, 3-glucanase activity
was observed slightly higher in untreated control followed
by chitosan at 0.5 gL.™!) and chitosan at1 gL.=!). However,
B-1, 3-glucanase activity suddenly increased at chitosan (2
gL~!) and observed superior over fungicide control in field
trial (July—August, 2020). Similar trend was observed in pot
experiment and 1st field trial.

Discussion

Fusarium root rot disease caused by F. solani is the most
common disease in fenugreek in India (Ramteke et al. 2019).
For, management of this disease, farmers are dependent on
the application of several number chemical fungicides.
Although the sustained use of chemicals is hazardous and
adversely affecting human health and environment. Hence,

chitosan was evaluated for antifungal activity and induced
4
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1.21b 0.15b

24.20b

38.11c 24.40c

1.09b 0.22b

21.90b

38.40d 27.70b

20.5¢  24.60b 22.10b 1.23b 0.25b

Chitosan

0.5 gL.™!
Chitosan 1

1.38a 0.28b

27.50a

27.00b 27.80c

1.26ab 0.25ab

25.10ab

28.50 ab

27.60c

1.38a 0.27a

25.20ab

16.5cd  27.60a

gL
Chitosan 2

1.41a 0.33¢c

0.28a 21.50a 29.90a 28.20a

1.38a

27.60a

22.00b 30.40a

1.41a 0.28a

27.40a

13.75bc  28.20a

gL
Carbenda-

1.39a 0.25b

27.90a

21.20a 28.70ab

1.13b 0.23b

22.60b

18.50a 26.52b

21.50b 1.24b 0.25b

24.70b

9.75a

zim 0.5
gL
CD

0.11 0.018

2.14

1.94

3.74 0.18 0.037 2.62

2.11

3.88 0.09 0.01 2.65

1.80

5.80

0.05

A number indicated in bold are the CD values obtained by statistical analysis of the data, values within columns followed by the same letters indicates no significant difference at P

according to Tukey’s Studentized Range (HSD) Test

resistance in fenugreek plants against F. solani. In the pre-
sent study, the antifungal activities of chitosan against F.
solani, a causa agent of root rot disease of fenugreek under
in vitro and in vivo conditions were investigated. Chitosan
showed significant effect on reduction in the radial growth
of F. solani in PDA medium with increase in concentrations
as compared to the control. The maximum mycelial growth
reduction was observed using chitosan at 2 gL.~!. Moreover,
the dry biomass of F. solani was significantly decreased with
increase in chitosan concentrations (i.e., 0.1, 0.5, 0.75, 1 and
2 gL™!) over control. Similarly, the results were recorded
by many researchers with different crops against different
pathogens. Mycelial growth of F. solani f. sp. phaseoli and
F. solani f. sp. pisi was inhibited at the minimum concen-
trations of 12 and 18 mgmL~!, respectively (Kendra and
Hadwiger 1984). The degree of inhibition of fungi is mostly
correlated with chitosan concentration representing the
application of appropriate dose of chitosan related to its per-
formance (Baustista Banos et al. 2006). The mycelial growth
of F. oxysporum the causative agent of wilt disease of pepper
(Capsicum annum L.) was completely inhibited at 4.5 gL.~!
chitosan (Ragab et al. 2012). Similarly, Bhattacharya (2013)
reported that maximum inhibition of mycelial growth and
sporulation of F. solani causing root rot of Coleus forskohlii
by chitosan was achieved at 0.20% concentration. In addition
to this, Jabnoun-Khiareddine et al. (2015) reported that chi-
tosan applied at concentrations varying from 0.5 to 4 gL ™! is
effective in inhibiting the radial growth of ten tomato patho-
genic fungi, i.e., F. oxysporum f. sp. lycopersici, F. oxyspo-
rum f. sp. radicis-lycopersici, F. solani, Verticillium dahlia,
Colletotrichum coccodes, Rhizoctonia solani, Pythium apha-
nidermatum, Sclerotinia sclerotiorum, Botrytis cineria and
Alternaria solani. Complete inhibition of linear growth of
Rhizoctonia solani and Sclerotium rolfsii causing root rot
disease in bean (Phaseolus vulgaris L.) plants were obtained
with chitosan at 8 gL' concentration (Abd-El-Kareem et al.
2018). Mohammed et al. (2019) showed that chitosan com-
pletely inhibited mycelial growth of Rhizoctonia solani
causing black scurf disease in potato at 1% concentration.
Al-Hetar et al. (2011) investigated the high sensitivity of F.
oxysporum f. sp. cubense in PDB where mycelial growth
completely inhibited at tested concentrations of chitosan.
Similar results were also obtained on broth cultures in the
present study. In general, sporulation of fungi treated with
chitosan is reported to be lower than in untreated fungi.
Moreover, in some reports, no spore formation was observed
after chitosan treatment. However, recently, Ramteke (2019)
studied the complete inhibition of spore formation of F.
solani at 10 gL.™! chitosan treatment. The antifungal activ-
ity of chitosan is related to its ability to interfere with the
plasma membrane function (Leuba and Stossel 1986) and
the interaction of chitosan with fungal DNA (Hadwiger and
Loschk 1981). Chitosan’s antifungal activities are due to its
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polycationic nature, so that cationic chitosan interacts nega-
tively with charged fungal cell membrane components such
as proteins, phospholipids, thus interfering with the normal
growth and metabolism of the fungal cells (Bautista-Banos
et al. 2006). The present results showed that chitosan works
at threshold concentration for inhibiting mycelial growth,
sporulation and spore germination of F. solani. Microscopic
observation of F. solani treated with chitosan showed that
the morphological changes, such as mycelial swelling and
hyphal distortion in mycelium of F. solani. The present find-
ing was in accordance with those of Al-Hetar et al. (2011)
who reported that chitosan at concentrations of more than
1.6 mgmL~! was found to induce morphological changes in
F. oxysporum f. sp. cubense and in Alternaria alternata, Bot-
rytis cineria, Penicillium expansum and Rhizopus stolonifer
four phytopathogenic fungi Oliveira-Jr. et al. (2012). Moreo-
ver, in vitro assays showed that chitosan treated fenugreek
seeds significantly reduced F. solani infection and improved
seed germination and seedling radicle growth. Photchana-
chai et al. (2006) also reported that chitosan seed treatment
reduced Colletotrichum sp. infection and improved seedling
performance.

The PDI of root rot disease in fenugreek plants in pot and
field studies was also significantly reduced after 30 days of
chitosan seed treatment. Chitosan at higher concentration at
2 gL.=! showed great reduction in root rot disease severity
caused by F. solani and found superior over untreated con-
trol and at par with standard fungicide. Chitosan applied to
fenugreek seeds provided protection to fenugreek plants bet-
ter or similar to that of carbendazim from root rot incidence.
The protective in vivo effect of chitosan against pathogens
has also been reported by numerous researchers. The use
of chitosan for maize seed coating inhibited the growth of
F. moniliforme (Lizarraga-Paulin et al. 2011). Jabnoun-
Khiareddine et al. (2015) reported that chitosan applied as
soil drench at 4 gL_1 concentration, showed varied degree
of protection against Verticillium wilt, Fusarium wilt and
Fusarium crown and root diseases of tomato in Tunisia.
Abd-El-Kareem et al. (2018) showed that chitosan at 8 gL‘1
was found effective in reducing bean root rot disease caused
by F. solani, Sclerotium rolfsii and Rhizoctonia solani under
greenhouse conditions.

Chitosan has been used as a natural seed treatment and
plant growth enhancer in agriculture as an eco-friendly
biopesticide to boost the innate ability of plants to defend
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themselves against infection of fungal pathogens (El-
Sawy et al. 2010). In the present study, chitosan treatment
enhanced yield contributing parameters in fenugreek such
as number of leaves, height, fresh and dry weight of plants
in pot and field experiments over untreated control and
fungicide treated control. El-Tantawy (2009) also found
that spraying the tomato plants with chitosan increased all
vegetative growth parameters viz., plant height, number of
branches, number of leaves, fresh and dry weight of plants.
Similarly, Mondal et al. (2012) reported that application of
chitosan increased similar growth parameters along with
some biochemical and physiological parameters such as
nitrate reductase and photosynthesis which enhanced the
plant growth and development in okra (Hibiscus esculentus
L.). In the current study, total phenolic contents were found
to be accumulated more in chitosan treated fenugreek plants
as compared to the untreated control and fungicide treated
control in pot and field experiments. Similar findings were
obtained in chitosan treated potato tubers against Fusarium
species (Mejdoub-Trabelsi et al. 2020). It was interesting to
note that the contents of chitinase, p-1,3-glucanase enzymes
were found to be increased in chitosan treated plants over
untreated control and fungicide treated plants in pot and
field experiments. The reduction of root rot disease severity
in fenugreek plants treated with chitosan treatments might
be due to enhanced activity of defence enzymes produced
against F. solani. Avdiushko et al. (1993) reported that the
oxidative enzymes such as polyphenol oxidase, peroxidase
and other enzymes, such as chitinase and f-1,3-glucanase
enzymes are associated with defence reactions against plant
pathogens. Ryals et al. (1996) stated that the development
of systemic acquired resistance (SAR) is often found associ-
ated with various cellular defense enzyme responses such as
synthesis of pathogenesis related (PR) proteins, phytoalexins
and accumulation of reactive-oxygen species, rapid altera-
tions in cell wall and enhanced activity of various defense
related enzymes. Chitinase and f-1,3- glucanase degrades
the fungal cell wall and cause lysis of fungal cells. These
enzymes are associated with the host—pathogen interactions
for protection of plants against fungal infections. The results
from the present study showed chitosan offered a protection
to fenugreek plants in pot and field experiments against F.
solani in the form of SAR. Benhamou et al. (1998) observed
that chitosan seed treatment induces resistance in suscepti-
ble tomato plants against F. oxysporum f. sp. radicis-lyco-
persici by restricting fungal growth to the outer rot tissues
and eliciting defense reactions including structural barri-
ers. The results revealed that chitosan has a dual effect. It
acts as antimicrobial agent as well as activates plant defense
response during host—pathogen interactions. These findings
were in line with the recent studies on potato plants wherein
chitosan increased the expression of defence-related genes
and synthesis of lytic enzymes against pathogen example
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Rhizoctonia solani (Mohammed et al. 2019) and Fusarium
species (Fitza et al. 2013; Mejdoub-Trabelsi et al.2020). Chi-
tosan reduced root rot incidence and provided protection to
fenugreek plants at a great extent. This may be due to induc-
tion of plant defense reactions responsible for creation of a
toxic environment which adversely affecting the pathogen by
causing fungal growth inhibition (Sarwar et al. 2005). The
dual effects of chitosan led to reduced disease severity due
to callose deposition, lignification, synthesis of abscisic acid,
phytoalexins and PR proteins (Bautista-Banos et al. 2006;
Cavalcanti et al. 2007; Jabnoun-Khiareddine et al. 2015).
The current findings showed that chitosan is very effective
against F. solani in vitro and in vivo field experiments and
reduced root rot disease severity by induction of resistance
with increased growth parameters of fenugreek plants. Fur-
ther work is needed on detailed understanding on the exact
mode of action of chitosan at molecular level.

In conclusion, present study showed inhibitory activity
and plant defense response of chitosan against F. solani
causing root rot disease of fenugreek. Moreover, growth
parameters of fenugreek plant were increased by chitosan
treatment. Based on the findings, from the present study,
chitosan could be used as an alternative to fungicides to
control root rot disease and enhance the growth of fenu-
greek. Due to nontoxic, elicitor as well as antifungal activ-
ities, chitosan has found to be the potential plant protectant
against Fusarium root rot disease.
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