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Abstract

A chitinolytic bacterium Chitinophaga sp. S167 producing extracellular chitinases was isolated from a soil sample in India.
The extracellular chitinases produced by S167 were concentrated by ammonium sulphate precipitation (AS70) and seven
bands corresponding to chitinases were observed by zymography. Optimum temperature and pH of AS70 were between
40 and 45 °C and pH 6.0 respectively with high stability at 20-40 °C and pH 5-7. AS70 inhibited the growth of Fusarium
oxysporum, Alternaria alternata and Cladosporium sp. in vitro. The culture conditions for the high level production of extra-
cellular chitinases were optimized resulting in 48-folds higher chitinase production. As the combination of chitinases could
be more potent in biocontrol of plant diseases, it was checked if AS70 could control postharvest fungal infection caused by
Fusarium oxysporum on tomatoes. AS70 treated tomatoes showed significant lower incidence of infection (11%) by F. oxyspo-
rum as compared with 100% in the control at 5 days post inoculation. Further, AS70 caused significant mortality in second
stage juveniles of root knot nematode, Meloidogyne incognita, a major agriculture pest responsible for economic losses in
agriculture. This study highlights the antifungal and nematicidal activity of chitinases produced by Chitinophaga sp. S167.
To the best of our knowledge, this is the first report of the biocontrol potential of the chitinases produced by Chitinophaga sp.
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Introduction Chitinases (EC 3.2.1.14) are involved in catalysis of

B-1—4 linkages in chitin and belong to glycoside hydrolase

The genus Chitinophaga, named for the ability to degrade
chitin was originally described by Sangkhobol and Skerman
(1981). Presently, it comprises of more than 30 species that
have been isolated from a variety of habitats such as soil,
roots, vermicompost, bark and rocks (Kim et al. 2019). C.
pinensis, the type strain of the genus Chitinophaga, secretes
biotechnologically relevant carbohydrate active enzymes,
some of which are as yet uncharacterized (Del Rio et al.
2010; Larsbrink et al. 2017).
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(GH) families 18, 19 or 48 (Henrissat and Bairoch 1993;
Seidl 2008). Based on their modes of action, chitinases are
classified as endochitinases, that cleave chitin polymers at
random sites and exochitinases progressively cleave chitin
from non-reducing end of the chitin chain, releasing N-acetyl
D-glucosamine (NAG) monomers and diacetyl chitobiose in
the process (Horn et al. 2006). Another chitinolytic enzyme,
chitobiase, converts NAG dimers to NAG monomers.
Chitin is the second abundant biopolymer on earth, and is
present in abundance in marine and terrestrial habitats. It is an
important structural component of cell walls in fungi, whereas
in nematodes, it provides structural support to eggshell and
pharyngeal lining (Hartl et al. 2012; Heustis et al. 2012). Due
to the lack of chitin in plants and vertebrates, phytopathogenic
fungi and phytophagous nematodes can be targeted by chi-
tinases, without any adverse effect on the environment, verte-
brates and plants. Therefore, there is an emphasis on replacing
agrochemicals with the microorganisms as biocontrol agents in
agriculture. In view of the environmental problems caused by
chemicals, there is an enhanced interest in finding new strains

@ Springer


http://orcid.org/0000-0001-8744-4357
http://crossmark.crossref.org/dialog/?doi=10.1007/s11274-020-02864-9&domain=pdf

90 Page2of15

World Journal of Microbiology and Biotechnology (2020) 36:90

of microorganisms to effectively combat the problems of plant
pathogenic fungi and nematodes to increase agriculture pro-
ductivity. The occurrence of chitinases is widespread among
bacteria where multiple chitinolytic enzymes produced by an
individual strain is a common occurrence (Fuchs et al. 1986;
Romaguera et al. 1992; Saito et al. 1999; Tsujibo et al. 2003).

Several studies have highlighted the preponderance of the
genus Chitinophaga in natural habitats that abound in phy-
topathogenic fungi and nematodes. C. pinensis effectively
degrades fungal cell walls and utilizes fungal biomass as
nutrient source for its growth (McKee et al. 2019). The genus
Chitinophaga was found to be enriched in the microbial com-
munity associated with the decomposition of fungal mycelia
in litter and soil samples (Brabcovi et al. 2016; Mehmood
et al. 2020). Recently, a study showed that Chitinophaga
spp. colonizing the rhizosphere and endosphere of the roots
of sugar beet exerted protection against Rhizooctonia solani
invasion by secreting chitinases (Carrién et al., 2019). Another
study implicated the presence of Chitinophaga in soyabean
root associated bacterial community in conferring protection
against soyabean cyst nematode (Hu et al. 2019). In spite of
the studies which implicate the strongly chitinolytic genus Chi-
tinophaga in suppression of fungal and nematode infections in
plants, it has received less attention as a potential biocontrol
agent. Chitinases from several yeast, fungi and bacteria have
been extensively studied as biocontrol candidates, but to our
knowledge, there are no reports on the biocontrol efficacy of
chitinases produced by Chitinophaga spp. (Dukare et al. 2019;
Subbanna et al. 2018; Carmona-Hernandez et al. 2019).

The annotation of the genome sequence of C. pinensis
DSM 2588 revealed that some chitinases encoded in the
genome had distinct domain architectures (Del Rio et al.
2010). Recently, GH18 domain of carbohydrate active
protein of C. pinensis has been shown to be a potent exo-
chitinase with immense potential in bioconversion of chitin
waste (Ramakrishna et al. 2018). The present study aimed
to determine the potential of the chitinases secreted by the
soil isolate, Chitinophaga sp. S167, as a biocontrol agent
against fungal pathogens and a nematode pest of the cul-
tivated plants. The potential of the extracellular chitinases
produced by S167 as biocontrol agent of postharvest fungal
disease caused by F. oxysporum in tomatoes was explored.
The effect of S167 chitinases on the second stage juveniles
of root node nematode, Meloidogyne incognita, the most
destructive pest in agriculture, was also evaluated.

Materials and methods
Sample collection and isolation of bacteria

Soil sample, collected from Guru Nanak Dev University at
Amritsar, Punjab, India was air-dried and stored at a cool

@ Springer

and dark place. For isolation of the bacteria, soil sample
treated with cycloheximide (50 pg/mL) was placed on the
paste of E. coli cells laid on the water-clerigel medium
(0.1% CaCl,-2H,0, 20 mM HEPES buffer, 0.8% clerigel
and 50 pg/mL cycloheximide; pH 7.2) at the temperature
ranging from 20 to 32 °C (Reichenbach and Dworkin 1992).
The bacteria were picked up from the swarms emerging on
the surface of the plate and inoculated on CY medium (0.3%
casitone, 0.1% yeast extract, 0.1% CaCl,-2H,0O; pH 7.2) con-
taining 1.5% agar powder. The isolated bacteria were puri-
fied by repeatedly picking up the cells from the edge of the
swarms. The isolates were maintained on CY medium for
further experiments.

Screening for chitinase activity

Swollen chitin (SWC) and glycol chitin were prepared by the
method of Monreal and Resse (1969) and Trudel and Asselin
(1989) respectively. The screening of bacteria with chitinase
activity was carried out on glycol chitin agar (0.01% glycol
chitin, 1.5% agar) and SWC agar (0.5% SWC, 1.5% agar)
with chitin as the sole carbon source. The cells were spotted
on the plates and incubated at 30 °C to check if the halos
appeared around the isolated bacteria. Further, the isolated
strains were cultivated in CY broth supplemented with 0.5%
SWC and the chitinolytic activity of the cell free culture
supernatant (CS) was determined on the soluble chitinase
substrate (0.01% glycol chitin) and 0.5% SWC incorporated
in 1% agarose gel. CS was added in the wells punched in the
gel and the zone of clearance was observed after incubating
the plates at 30 °C for 72 h after staining with 0.1% Ranipal.

Identification of the isolate and phylogenetic
analysis

The isolated bacteria were grown on CY agar medium for
48 h at 30 °C. The cells were scrapped from the surface of
the plate, washed with PBS and genomic DNA was extracted
using HiYield Genomic DNA Mini Kit (Real Biotech Cor-
poration, Taiwan).

The isolate was identified on the basis of 16S rRNA gene
sequence. A set of universal 16S rDNA forward and reverse
primers i.e., 8F (5'-AGA GTT TGA TCC TGG CTC AG-3")
and 1492R (5'-GGT TAC CTT GTT ACG ACT T-3') respec-
tively were used to amplify 16S rRNA gene using genomic
DNA as a template. PCR reaction mix (50 puL) consisted
of 5 uL 10X Taq reaction buffer, 0.2 uM of each primer,
200 uM dNTPs (New England Biolabs, United States), 20 ng
of genomic DNA and 1.5 U Tag DNA polymerase (GeNei,
India). The conditions used for PCR amplification were:
initial denaturation for 5 min at 95 °C, followed by (i) 5
cycles of denaturation at 95 °C for 45 s, annealing at 45 °C
for 45 s, and primer extension at 72 °C for 45 s, then (ii) 5
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cycles of denaturation at 95 °C for 45 s, annealing at 50 °C
for 45 s, and primer extension at 72 °C for 45 s, followed by
(iii) 20 cycles of denaturation at 95 °C for 45 s, annealing at
55 °C for 45 s, and primer extension at 72 °C for 45 s, (iv)
final extension step at 72 °C for 10 min. The amplified 16S
rRNA gene was resolved on 1.2% agarose gel and purified
from the gel using HiYield Gel/PCR DNA Kit (Real Biotech
Corporation, Taiwan).

The amplicon of 16S rRNA gene was sequenced at
Bioserve Biotechnology Pvt. Ltd., Hyderabad, India. The
sequence was submitted to GenBank (www.ncbi.nlm.nih.
gov/genbank/) and the accession number was obtained. The
bacterial strain was identified on the basis of 16S rRNA
gene sequence similarity using the EzTaxon server (https://
www.ezbiocloud.net/eztaxon/identify). Phylogenetic analy-
sis based on 16S rRNA sequence of the isolated strain and
the sequences of the strain obtained from GenBank database
was carried out using Mega 7 software package employing
Neighbour-Joining (N-J) method with 1000 bootstrap rep-
licates as statistically significant (Felsenstein 1985; Saitou
and Nei 1987; Kumar et al. 2016).

Chitinase assay

CY medium supplemented with 0.5% SWC was used for
chitinase production at the shake flask level. After 3 days
of growth, CS was obtained by centrifugation of broth at
8000 rpm for 10 min. Chitinase activity was assayed by
p-dimethylaminobenzaldehyde (DMAB) method (Reissig
et al. 1955). The reaction mix containing 0.5 mL of 1% SWC
and 0.5 mL CS was incubated at 40 °C for 1 h followed
by centrifugation at 5000 rpm for 10 min. To 500 pL of
the supernatant, 100 uL of 0.8 M potassium-tetraborate was
added and the reaction mix was placed in the boiling water
bath for 3 min. After cooling, 3 mL of diluted DMAB [10 g
of DMAB dissolved in 100 mL of acetic acid which contains
12.5% (v/v) 10 N HCI] reagent was added to the reaction
mix and incubated at 37 °C for 20 min for color develop-
ment. Absorbance was measured at 545 nm. Chitinase activ-
ity was determined using N-acetylglucosamine as standard.
One unit of chitinase activity was defined as the amount of
enzyme which liberated 1 pmole of N-acetylglucosamine
per second.

Characterization of chitinase
SDS-PAGE and zymogram analysis of chitinase

S167 was grown in CY medium supplemented with 0.5%
SWC at 30 °C for 72 h. The enzyme extract was prepared
by adding ammonium sulphate to 70% saturation in the CS
with stirring. The mixture was incubated for 4 h at 4 °C
and centrifuged at 10,000 rpm for 30 min at 4 °C. The

resulting precipitate was dissolved in a minimum amount
of 25 mM Tris—HCI buffer at pH 8.0 and dialysed against
the same buffer for 24 h at 4 °C. The protein concentration
of the enzyme extract (AS70) thus obtained was determined
by Bradford method with bovine serum albumin (Sigma) as
the standard. AS70 was visualized by Blue silver stain after
separation by 12% sodium dodecyl sulphate—polyacrylamide
gel electrophoresis (SDS-PAGE) (Laemmli 1970; Candiano
et al. 2004).

Zymogram analysis was performed by incorporating
0.01% glycol chitin in 12% polyacrylamide gel. After elec-
trophoresis, the gel was incubated in 1% tritonX-100 for
1 h. The gel was washed 3 times in water and incubated
in 100 mM Tris—Cl1 buffer (pH 6.0) for 16 h at 40 °C. The
activity bands pertaining to the enzymes were visualized by
staining with 0.01% Ranipal for 10 min followed by washing
with water to remove the excess stain.

Temperature optimum and stability

To determine the temperature optimum, substrate was mixed
with AS70 and assayed after incubation for 1 h at different
temperatures (25 °C, 30 °C, 35 °C, 37 °C, 40 °C, 45 °C and
50 °C). The maximum activity of the chitinase was consid-
ered as 100%. The stability of the enzyme was determined
by pre-incubating the enzymes at different temperatures for
15 min, 30 min, 45 min and 60 min followed by the standard
assay. The residual activity of the chitinase was determined
and the relative activity was calculated. The activity of AS70
without pre-incubation was considered 100%.

pH optimum and stability

The substrate was prepared in different buffer systems
(sodium acetate for pH 4-5, sodium phosphate for pH 6-7,
Tris—HCI for pH 8-9). AS70 was incubated with the sub-
strate for 1 h at the optimum temperature with intermittent
mixing followed by the standard assay of the chitinase. The
stability of the enzyme was determined by pre-incubating
AS70 in the buffers of different pH for 16 h followed by
enzyme assay. The activity of AS70 without any pre-incu-
bation was considered 100%.

Evaluation of antifungal activity in vitro

Freshly grown fungal cultures (Fusarium oxysporum, Cla-
dosporium sp. and Alternaria alternata) were spread on
Potato dextrose agar (PDA) medium and wells were punched
in the medium. AS70 (400 pg) was added into the wells
and the plates were incubated at 30 °C. To obtain the intra-
cellular fraction of S167 cells (cell lysate), the cell pellet
obtained after removing CS was resuspended in 25 mM
Tris—Cl pH 8.0 and subjected to sonication. The suspension
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was centrifuged at 10,000 rpm for 20 min and the superna-
tant was evaluated for antifungal activity. The plates were
observed for the appearance of the zone of growth inhibition
of fungi.

Optimization of chitinase production

To maximize chitinase production by Chitinophaga sp.
S167, the medium and process were optimized for shake
flask cultures by one factor at a time approach.

Media and inducer for chitinase production

S167 was grown in Luria Bertani broth (LB), Nutrient Broth
(NB) and CY medium, each supplemented with 0.5% SWC
and chitinase activity was determined after every 24 h.
The induction of chitinase was checked by incorporating
1% inducer (chitin flakes, swollen chitin or fungal mat) in
the selected medium and the enzyme production was deter-
mined. To be used as inducer, fungal mat was prepared by
growing Cladosporium sp. for 5 days in potato dextrose
broth. The cells obtained by centrifugation at 10,000 rpm
were washed with water and dried overnight at 50 °C. The
dried fungal mass was powdered in mortar and pestle, auto-
claved and stored for further use. The concentration of the
selected inducer was also optimized.

Effect of incubation time on chitinase production

To determine the incubation period for maximal production
of chitinase, S167 was inoculated in the optimized medium
and chitinase activity was measured after every 24 h.

Effect of temperature and initial pH on chitinase production

The effect of incubation temperature on the production of
chitinase was determined by growing S167 at 30 °C, 35 °C
and 40 °C. The effect of the initial hydrogen ion concentra-
tion on production of chitinase was determined by growing
S167 in the medium of different initial pH values (4-9).
Chitinase was assayed every 24 h to determine the produc-
tion of chitinase.

Effect of carbon and nitrogen sources on chitinase
production

To check the effect of carbon source on chitiase produc-
tion, 0.3% casitone in CY medium was replaced with dif-
ferent carbon sources (sucrose, cellulose, glucose, SWC
and casitone) at 1% concentration. The activity of chitinase
was determined at a 24 h interval. The carbon source which
supported maximum production of chitinase was further
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tested at different concentrations for the enhancement in the
enzyme production.

The effect of different organic and inorganic sources of
nitrogen (1%) on chitinase production was studied. Yeast
extract, peptone, ammonium sulphate and urea were added
in the medium containing the optimized carbon source for
chitinase production. Further, the selected nitrogen source
was tested for the enhanced production of chitinase at dif-
ferent concentrations ranging from 0.1 to 1%.

Protection assays against fungal infection caused
by Fusarium oxysporium in tomatoes

The protective effect of AS70 on the ripe tomato fruit chal-
lenged by F. oxysporum was investigated. The tomato fruits
were washed with tap water and the surface was disinfected
with 0.1% sodium hypochlorite for 10 min followed by
washing in tap water and air drying prior to use. Each fruit
was wounded (3 mm deep and 3 mm wide) with a sterile
razor. 100 pL of conidial suspension (10° conidia/mL) was
incubated with 100 pL. of AS70 (1 mg/mL) and heat inacti-
vated AS70 (boiled for 15 min) for 12 h at 30 °C. 10 uL of
this conidial suspension was then added in each wound. The
fruits were kept in plastic boxes lined with moist filter paper
to maintain high humidity and incubated at 30 °C. The num-
ber of infected wounds and the diameter of infection in each
wound were measured each day post inoculation (dpi). Three
replicates of each treatment were taken and the experiment
was repeated 3 times. The incidence and severity of disease
were calculated as:

_ number of rotten wounds

Disease incidence (% ) = %100
otal number of wounds
Severity of disease (% )
average lesion diameter of treated wound

average lesion diameter of control

Evaluation of nematicidal activity in vitro

Nematicidal activity of the AS70 was determined using sec-
ond stage juveniles (J,,) of Meloidogyne incognita. The sus-
pension of nematode juvenile (250 J,¢/50 pL) was added to
1 mL of the extract (1 mg/mL) in 35 mm petri plates. 25 mM
Tris—HCI solution of pH 8 served as negative control. The
experiment consisted of three replicates. The plates were
kept at room temperature (25 +2 °C) for 7 days and were
daily examined for dead J,.. Living and dead juveniles were
counted by using manual counter while viewing under the
light microscope. Percentage mortality was calculated by
using the equation (Sun et al. 2006):
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Dead juveniles

Juvenile mortality (% ) = 100

Total juveniles

The malformed, immobile or motionless juveniles when
probed with a fine needle were considered to be dead.

Statistical analysis

All experiments were conducted in triplicates and were
subjected to statistical analysis. To determine difference in
mean, t-test or one-way analysis of variance (ANOVA) was
performed.

Results

Isolation and identification of chitinase producing
bacteria

During a study carried out to explore the terrestrial myxo-
bacterial diversity, few swarming bacteria designated as
S167, S166, S165, S136 and S109 produced clear zones on
glycol chitin agar medium after incubation at 30 °C for 24 h
indicating the production of extracellular chitinase (Fig. 1a).
Among these bacteria, S165 and S167 showed chitinolytic
activity on SWC agar medium (Fig. 1b). The cell free cul-
ture supernatant (CS) of all the isolates showed hydrolytic
activity on glycol chitin (Fig. 1c) whereas CS of S165 and
S167 showed hydrolytic activity on SWC (Fig. 1d). Based on
the size of zone of clearance on chitin substrate media, the
chitinase secreted by S167 in the extracellular medium was
selected for further study. S167 is a Gram-negative, yellow
coloured, rod-shaped motile bacterium and was identified
on the basis of 16S rRNA gene sequence. The 16S rDNA of
S167 showed the greatest similarity (98.62%) on EzTaxon
to C. ginsengisoli. The phylogenetic relationship of S167 to
other strains in chitinophagaceae family showed that S167
clustered with C. ginsengisoli had a bootstrap value of 94
(Fig. 2). The GenBank accession number for the 16S rRNA
gene sequence of S167 strain is KP017541.

Characterization of extracellular chitinase
from S167

When S167 was cultivated in CY medium without any sup-
plementation with chitinous materials, no chitinase activity
could be detected in the CS even after cultivating the cells
till 7 days of growth. Therefore, CY medium was supple-
mented with 0.5% SWC which induced chitinase in S167
as observed in the SWC medium (Fig. 1b). The extracel-
lular medium containing chitinases was concentrated by
70% ammonium sulphate precipitation and analyzed by
12% SDS-PAGE and zymography (Fig. 3a). The zymogram

showed seven clear bands of chitinase activity with molecu-
lar weights ranging from 20 to 100 kDa (Fig. 3b). The con-
centrated enzyme extract (AS70) was used further to study
its functional characteristics.

The optimal temperature of AS70 was from 40 to 45 °C.
Further, only 63% and 40% relative activity was observed
at 50 °C and 37 °C respectively (Fig. 4a). The enzymes
retained more than 85% of the initial activity at 20 °C and
40 °C after incubtion for 60 min whereas a drastic reduc-
tion in the activity to 24% and 13% was observed within
15 min at 50 °C and 60 °C respectively (Fig. 4b). Further,
the enzymes were active at the pH ranging from 5.0 (86%
relative activity) to 7.0 (93% realtive activity) with the opti-
mum activity at pH 6.0 (Fig. 4c). The chitinases retained
100% activity at pH 6.0 after 16 h whereas the residual activ-
ity of 57% and 71% was observed at pH 5 and 7 respectively
(Fig. 4d).

Antifungal activity of Chitinophaga sp. S167
chitinases in vitro

Plate assay was performed to determine if AS70 inhibited
the growth of the phytopathogenic fungi, viz. Fusarium
oxysporum, Alternaria alternata and Cladosporium sp.
AS70 exhibited inhibitory activity against the test fungi
whereas S167 cell lysate (intracellular fraction) had no
effect on the growth of the test fungi (Fig. 5). Subsequent to
the appearance of the zone of clearance, the fungal growth
remained inhibited for 10 days on the culture plate.

Optimization of physiochemical parameters
for enhancing chitinase production

For opimization of the enzyme production, various physi-
cal and biochemical parameters were determined. Among
the growth media tested, LB did not support the growth of
S167 and the maximum chitinase activity (2.19 U/mL) was
observed in CY medium followed by NB (Fig. 6a). Chitinase
activity could be detected after 24 h of growth and reached
its maximum after 72 h (Fig. 6b).

Further, chitinase activity reached its highest (4.5 U/
mL) when S167 was cultivated at 35 °C (Fig. 6¢). Also,
chitinase production was affected by the initial pH of the
culture medium. It was observed that the culture medium
with pH 8.0 supported the maximum production of chitinase
after 72 h at 35 °C (8.5 U/mL) (Fig. 6d).

Among the chitinous materials examined for the optimal
induction of chitinase, 1% SWC showed the maximal induc-
tion (22 U/mL) of the chitinase (Fig. 6e). Using chitin flakes
and fungal cell mat, the chitinase activity of 0.8 U/mL and
2.1 U/mL respectively was observed. As 1% SWC showed
maximal chitinase production, the concentration of SWC
for the enhanced chitinase production was also determined.
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(a)

(b)

(@

Fig. 1 Screening of chitin hydrolyzing isolates. a Dot assay on 0.01% glycol chitin agar plate, b Dot assay on 0.5% SWC agar plate, ¢ chitino-
lytic activity of CS on 0.01% glycol chitin, d chitinolytic activity of CS on 0.5% swollen chitin. E. coli was used as negative control

The supplementation of CY medium with 1.5% and 1%
SWC yielded the maximum chitinase production of ~24 U/
mL (Fig. 6f). Thus, for further optimization, 1% SWC was
selected as an inducer of chitinase.

To check the effect of various carbon sources on chitinase
production, 0.3% casitone in CY medium was replaced with
1% carbon source (SWC, glucose, sucrose, cellulose, casi-
tine or galactose). All the tested carbon sources except galac-
tose resulted in an increase in the production of chitinase
(Fig. 7a). Among all the carbon sources, the maximum pro-
duction was obtained in SWC (27 U/mL). Further, differ-
ent concentrations (0.5-2.5%) of SWC were determined to
evaluate the production of chitinase by S167. The addition
of 1.5% SWC showed the maximal production (44.85 Units/
mL) of chitinase (Fig. 7b).

A number of organic and inorganic sources of nitrogen
(1% Peptone, yeast extract, ammonium sulphate and urea)
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were evaluated for the optimum production of chitinase. It
was observed that none of the nitrogen sources could ele-
vate the production of chitinase as compared to the control
(medium containing 1.5% SWC, 0.1% yeast extract and 0.1%
CaCl,) (Fig. 7c). Thus, to deduce the concentration of yeast
extract for optimum production of chitinase, different con-
centrations of yeast extract (0.1-1%) was added in the opti-
mized medium components (1.5% SWC and 0.1% CaCl,). It
was observed that 0.5% yeast extract enhanced the chitinase
production to 96 U/mL (Fig. 7d).

Protection assays against fungal infection caused
by F. oxysporum in tomatoes

The potential of AS70 to protect the tomatoes from the
infection caused by F. oxysporum was checked. AS70
exerted significant protection against F. oxysporum in the
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Fig.2 Phylogenetic tree of Chitinophaga sp. S167 constructed using neighbour joining method based on 16S rRNA gene sequence showing
relationship with other members of Chitinophagaceae family. Myxococcus xanthus was used as an outgroup

infected tomatoes (Fig. 8). At 4 dpi, 88% of the wounds
treated with heated AS70 showed infection of the fungus
whereas none of the AS70 treated wounds was infected.
AS70 was efficacious in controlling the infection, as
at 6 dpi, the disease incidence of 33% was observed as

compared to heated AS70 which had the disease incidence
of 100%. Moreover, AS70 displayed a significant decrease
in disease severity (10%) in tomatoes as compared to
heated AS70 (100%). The mean disease severity caused
by F. oxysporum was significantly (p <0.05) reduced by
AS70.
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Fig.3 a SDS-PAGE of extracel-
lular chitinases produced by
S167; Lane 1: marker, Lane 2:
extracellular crude protein (CS),
Lane 3: AS 70, b Zymogram of
chitinases; Lane 1: CS of S167,
Lane 2: AS 70
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Nematicidal activity of Chitinophaga sp. S167
chitinase in vitro

Further, AS70 caused significant mortality in second stage
juveniles of M. incognita. ~85% mortality was observed in
AS70 (1 mg/mL) treated J,,, whereas Tris—HCl treated J,
showed only 7.2% mortality after 168 h. The effect of AS70
was dose dependent, as with the increasing concentration of
AS70, survival of J,, was severely affected. Over the period
of 168 h, as the time goes on, the mortality significantly
increased (Fig. 9).

Discussion

S167 was isolated from soil in India which exhibited potent
chitinolytic activity on SWC and glycol chitin containing
medium. On the basis of /65 rRNA gene sequence, the genus
of the isolated strain was identified as Chitinophaga sp. S167
and it clustered with C. ginsengisoli in the phylogenetic tree.
Though the novel species of Chitinophaga spp. are being
isolated and the genome sequence of C. pinensis DSM 2588
has been reported to harbour genes coding for chitin degrad-
ing enzymes, only one chitin degrading enzyme has been
characterized from C. pinensis till date (Ramakrishna et al.
2018). The potential of chitinases produced by Chitinophaga
spp. has not been probed for any biocontrol applications.
Chitinases with antifungal and nematicidal activities are
viewed as the environmentally friendly alternatives to the
use of harmful synthetic chemicals to control plant diseases
caused by fungi and nematodes (Berini et al. 2018).

As mentioned above, S167 was cultivated in CY medium
supplemented with 0.5% SWC to induce chitinolytic genes
resulting in the detection of chitinase activity in the CS.

nium sulphate (70%) precipitated CS of E. coli was used as negative
control. 167 AS: AS 70, 167 lysate: intracellular fraction of S167

Chitinase encoding genes are induced by different forms of
chitin in different organisms (Keyhani and Roseman 1996;
Miyashita et al. 2000; Li and Roseman 2004). The extra-
cellular chitinases produced by S167 were concentrated
by ammonium sulphate precipitation for preliminary bio-
chemical and functional characterization. Zymogram using
glycol chitin as substrate revealed that S167 secreted seven
chitinases into the medium. It is known that bacteria gener-
ally produce more than one chitinase, presumably, to act on
the diverse forms of chitin (Berini et al. 2018). Bacterial
chitinases active over a wide range of pH and temperature
have been isolated. Chitinases in AS70 had optimal tem-
peratures of 40—45 °C and retained ~ 85% relative activity
at 20—40 °C. Chitinases from Serratia marcescens B4A, B.
subtilis B298 and Enterobacter spp. showed optimal tem-
peratures of 40—45 °C (Zarei et al. 2011; Lestari et al. 2017;
Park et al. 1997). The enzymes that are active at low tem-
perature can be economically beneficial as they can save
energy in the biotechnological and ecological processes by
obviating the need to operate at elevated temperatures. AS70
showed maximum activity between pH 5 and 7 with the
highest activity at pH 6.0. The enzymes were highly stable
(100% activity) up to 16 h at the optimal pH, whereas at pH
7.0, the enzymes were highly active (>70% residual activ-
ity). Various chitinases from Bacillus spp. have pH opti-
mums similar to S167 chitinases (Wang et al. 2006, 2018;
Chang et al. 2010).

Owing to the lack of chitin in vertebrates and plants, chi-
tinases are deemed as potent alternatives to the toxic fun-
gicides to control phytopathogens, the causative agents of
many plant diseases that pose threat to production and qual-
ity of crop. The extracellular chitinases produced by S167
inhibited the growth of phytopathogenic F. oxysporum, Cla-
dosporium and A. alternata. To the best of our knowledge,
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this is the first report pertaining to the antifungal activity
of the chitinases produced by Chitinophaga sp. The only
chitinase studied from C. pinensis (GenBank accession num-
ber ACU59676.1) has been suggested to be efficient in the
bioconversion of chitin waste (Ramakrishna et al. 2018). The
chitinases secreted by S167 might have varied spectrum of
antifungal activities or could be acting synergistically on
chitin in fungal cell walls. The culture filtrate of Serratia
marcescens bearing chitinolytic activity was shown to be a
potent biocontrol agent against Sclerotium rolfsii (Orden-
tlich et al. 1988). The chitinases produced by S. marcescens

@ Springer

2170 have been reported to synergistically act in degrada-
tion of chitin (Suzuki et al. 2002). Several chitinases from
Gram-negative bacteria i.e., Serratia spp., Enterobacter sp.,
Alcaligenes spp. and Streptomyces spp. are known to exhibit
antifungal activity against phytopathogenic fungi (Gherbawy
et al. 2012; Berini et al. 2018).

The production of different enzymes in microbial cul-
tures can be increased by optimizing the media components
and growth conditions. The increased yield of the enzymes
would be required to test the utility of the enzymes in vari-
ous processes. As extracellular chitinases secreted by S167
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showed potential to inhibit phytopathogenic fungi, the con-
ditions for the production of these enzymes were optimiza-
tion. In CY medium supplemented with 0.5% SWC, S167
produced too few enzyme (2 U/mL) in the extracellular
medium. The pH of the growth medium influences the per-
meability of the cell membranes in bacteria which affects
the enzyme secretion into the medium. The enzyme produc-
tion was increased more than 4 -fold after 72 h of growth
of S167 in the medium of initial pH 8.0 at 35 °C. Bacillus
lichenformis and B. pabuli K1 have been shown to produce
maximum chitinase in the medium of pH 8 (Gomaa 2012;
Frindberg and Schniirer 1994). The decrease in the produc-
tion of the enzyme thereafter could be due to the accumula-
tion of the hydrolysis products of SWC in the medium.

It is well-documented that the expression of chitinase in
bacteria is induced by chitin (Uchiyama et al. 2003). S167
showed a further threefold increase in chitinase expression
with the supplementation of 1% SWC in the medium. It is
known that carbon source not only supports growth of the
organism but also influences the product formation. Chit-
nase production may be enhanced with a particular carbon
source supporting its growth whereas others may decrease
its production (Beier and Bertilsson 2013). Among the dif-
ferent carbon sources used, 1.5% SWC as the sole source of
carbon in the medium further enhanced chitinase production
by further twofold. Thus, the presence of casitone in the
(CY) medium might be inhibiting the induction of one or
more secretory chitinase(s) in S167. The production of chi-
tinase in B. thuringiensis and B. licheniformis was optimized
using colloidal chitin medium supplemented with 1.5% chi-
tin (Gomaa 2012).

Among the different organic and inorganic nitrogen
sources added to the medium, yeast extract was the most
effective and resulted in the highest chitinase production.
The organic source of nitrogen is expected to enhance the
yield of the chitinase because it contains amino acids or
some growth factors that can be metabolised directly by
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the cells (Bhattacharya et al. 2016). The addition of 0.5%
yeast extract in the medium resulted in a final yield of 96
U/mL chitinase. In Aeromonas punctata HS6, yeast extract
was found to be the most favourable nitrogen source for chi-
tinase production (Saima and Roohi 2013). Therefore, after
the process and medium optimization, a substantial overall
enhancement (48-fold) in chitinase production was observed.

The post-harvest fungal diseases in tomatoes caused by
various soil borne fungi such as Fusarium sp. and Alter-
nata sp. cause considerable loss of produce (Agrios 1997).
To control these pathogens, chemical fungicides are used
which are hazardous to human health and environment. Our
results suggest that S167 chitinases have the great poten-
tial to control postharvest diseases of tomatoes caused by
F. oxysporum. In the wounds treated with heat inactivated
AS70 (control), the fungal infection started appearing after
24 h of inoculation whereas the infection in the enzyme
treated wounds was evident after 120 h of inoculation. For
the control of post harvest fungal diseases in fruits, the
action of chitinases as antagonists produced predominantly
by Bacillus spp. is reported (Swain et al. 2008; Wang et al.
2013). This is the first report of application of chitinases to
control the postharvest decay of tomatoes by Fusarium sp.
Kong et al. (2016) reported the antifungal activity of com-
bination of thymol and salicylic acid to control Fusarium
sp. infection in tomatoes. Another study reported the sup-
pression of growth of Fusarium spp. on tomato slices by the
volatile and non-volatile metabolites of Trichoderma spp.
(El-Katatny et al. 2011). Thus, the potential of Chitinophaga
sp. S167 should be explored as a biocontrol agent because
of its ability to secrete multiple chitinases with potent anti-
fungal activity.

S167 chitinases also exhibited nematicidal activity against
the J, stage of M. incognita. In the literature, there is no
report of nematicidal activity of the chitinases produced by
Chitinophaga spp. There are reports of J2 mortality by the
CS of Bacillus spp. which contained chitinases and proteases
(Lee and Kim 2016; Wei et al. 2014). We did not detect
any protease activity in AS70 indicating that chitinases are
causing J, mortality. Thus, the potent nematicidal effect of
the S167 chitinases against M. incognita is a promising alter-
natve for synthetic toxic nematicides. Moreover, chitinases
are superior biocontrol agents over proteases because plants
and vertebrates do not contain chitin (Neeraja et al. 2010).
Recently, Chitinophaga has been identified as one of the
key taxa contributing to the suppression of soyabean cyst
nematode (Hu et al. 2019; Hamid et al. 2017).

Several chitinolytic microorganisms abound in diverse
environments and they present a sustainable approach in con-
trol of phytopathogenic fungi, insects and nematodes. The
use of chitinase producing organisms viz., actinomycetes,
bacteria and fungi as biocontrol agents have been extensively
exploited (Veliz et al. 2017; Subbanna et al. 2018). Due to
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the limited success obtained in the use of whole microor-
ganisms as biocontrol agents, there is an enhanced focus on
the bioproducts (enzymes, secondary metabolites etc.) as
plant pathogen antagonists and chitinases figure prominently
in this list (Raymaekers et al. 2020; Swiontek-Brzezinska
et al. 2014; Alves et al. 2020; Subbanna et al. 2018; Kumar
et al. 2018). Moreover, chitinases are outstanding candidates
to prevent contamination of fruits in the postharvest stage,
because they are selective against fungi without causing any
damage to the fruit (daSilva 2019). Another advantage of
using enzymes is that they can be produced in bioreactors
for large scale applications.

The present study underlines the importance of chitinases
produced by Chitinophaga sp. S167 in controlling the phy-
topathogenic fungi and M. incognita, a parasitic nema-
tode. Our results showed that chitinases produced by S167
inhibited the infection of F. oxysporum through postharvest
wounds on tomatoes. Further work will focus on the evalu-
ation of potential of S167 chitinases in inhibiting diverse
fungal pathogens that infect various fruits at the postharvest
stage. The stability and activity of the enzyme preparation
on fruits stored at different temperatures would be probed
in the future course of investigation. It will be tested if S167
chitinases can act synergistically with the cocktail of other
cell degrading enzymes for more efficacious control of post-
harvest decay of fruits. Moreover, the in vitro nematicidal
activity of S167 chitinases will be further validated by car-
rying out in vivo studies in the nematode infested plants.

Conclusion

The present study is the first one to investigate the biocontrol
potential of the multiple chitinases secreted in the extracel-
lular medium by newly isolated Chitinophaga sp. S167. The
extracellular concentrated crude extract of chitinases from
S167 (AS70) was optimally active at 40 °C and pH 6. AS70
inhibited the growth of phytopathogenic fungi in vitro, high-
lighting its potential use as a biocontrol agent. To overcome
the bottleneck of low production of enzymes in native host
to study their applications, various physical and biochemi-
cal parameters were optimized to increase the production of
chitinases by S167. Chitinase production could be enhanced
by 48 folds by growing S167 in the medium supplemented
with (1%) SWC as carbon source and (0.5%) yeast extract
as nitrogen source at 35 °C and pH 8.0. The application
of AS70 conferred complete protection to tomatoes against
the F. oxysporum infection till 4 dpi. AS70 also caused
significant mortality in second stage juveniles of M. incog-
nita showing its nematicidal potential. Thus, this study has
pointed out the importance of this underexplored genus for
its application as biocontrol agent in plant diseases.
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