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ABSTRACT

In the era of climate change, environmental degradation caused by the unabated and indiscriminate usage of
synthetic nematicides, there is urgent demand to develop safe alternatives for management of nematode diseases.
In this respect, this study aimed to isolate, characterize, and evaluate novel chitinolytic rhizobacteria as biocontrol
agents against Meloidogyne incognita infecting Capsicum annuum L. Among seventeen chitinolytic bacterial
isolates, which were isolated from nematode suppressive soil, five isolates exhibited high chitinolytic activity.
These isolates were identified based on 16S rRNA gene analysis as Chryseobacterium daecheongense (isolate
AB1), Bacillus toyonensis (isolate AB2), Pseudomonas lini (isolate AB3), Lactobacillus helveticus (isolate AB4)
and Klebsiella oxytoca (isolate AB5). In vitro studies revealed that maximum nematode mortality (100%) was
recorded for isolates AB3 and ABS5; while maximum egg hatching inhibition (90.86 and 86.27%) in AB3 and
ABA4, respectively. Under field conditions, maximum inhibition in gall formation, female numbers, egg-mass
production, developmental stages and final population of juveniles in soil, was recorded for AB3, AB4 and AB5
isolates, respectively. The accumulation of phenolic compounds, peroxidase and polyphenol oxidase in pepper
leaves were induced by different bacterial treatment which played a significant role in resistance of the plant to
biotic stress. The histological study showed poor formation of regular giant cells in pepper roots treated with
chitinolytic bacterial strains. Root transverse section of pepper plants infected with M. incognita and treated with
isolates AB3 and AB4 showed maximum healthy pattern and less necrotic points compared to the control. In
conclusion, this study demonstrated that among the tested bacterial stains, P. lini (AB3), L. helveticus (AB4) and
K. oxytoca (AB5) showed high biocontrol prospects against M. incognita and could be introduced and formulated
as a promising, affordable and safe bionematicides. Moreover, C. daecheongense (AB1) was recorded for the first
time for its nematicidal activity.
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INTRODUCTION

Meloidogyne species, root-knot nematode, is the most extensively studied nematode species attacking plants. Gall
formation in roots infected with Meloidogyne species results in disruption of nutrient and water absorption causing
above-ground symptoms such as stunting, wilting, chlorosis, and decreased crop yields (Collett et al. 2021). Plant-
parasitic nematodes posed 15% of annual crop yield estimating losses of 100-157 billion USD all over the world
(Phani et al. 2021). The negative impacts of agrochemicals have created urgent need to develop alternative safe
and eco-friendly sustainable approaches. Biological control using rhizobacteria with characteristic metabolites is
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a promising approach that is required for its eco-friendly and sustainable management (Soliman et al. 2019;
Mohammed Al-Shemmary & Salih Al-Taee 2021; El-Sayed et al. 2022; Hanash et al. 2022). Sweet pepper
(Capsicum annuum L.) is a popular and economically-important vegetable crop in Egypt and worldwide due to
its high quantities of ascorbic acid and important nutritional elements which provide beneficial impacts on human
health (Abdel Aziz & Geeth 2018). It occupies the second rank among vegetable crop areas grown under plastic
houses in Egypt (Alkharpotly 2018). Most common pepper varieties are susceptible to the southern root-knot
nematode M. incognita causing excessive economic losses annually (Sorial et al. 2020). Chitin is an
aminopolysaccharide that dispersed widely in nature. It is a rigid and resistant structural component that
contributes to the mechanical strength of chitin-containing organisms. Chitin can be considered as the key
structural constitute of nematode eggshell (Dukariya & Kumar 2020). The disturbance of chitin synthesis or its
hydrolysis led to death of nematode embryos, laying defective eggs or moulting failure. Thus, the components
involved in the chitin metabolic process are promising targets for development of biological nematicidal agents
(Asaturova et al. 2022). Enzyme technology is a promising to be used in many eco-friendly industrial sectors.
Various microorganisms produce wide range of hydrolytic enzymes working effectively on different substrates,
such as cellulose and chitin (Mohammed 2020). Chitinases have received increased attention due to their
remarkable role in biotechnological applications, especially in agriculture for controlling phytopathogenic fungi,
nematodes and harmful insects (Poria et al. 2021) However, the enhancement of microbial production of
extracellular novel chitinases by modification of culture medium composition is critical to achieve optimal yield
and productivity with a low cost (Doan et al. 2021; Subramani et al. 2022). Several bacterial species are important
sources of bioactive natural compounds including chitinases and have advantages of being cultivated in a short
time and could be produced effectively in a large-scale manner (Akeed et al. 2020). Several species
of Bacillus such as B. pumilus (Agarwal et al. 2018) and B. licheniformis (Sasi et al. 2020) have shown promising
chitinolytic activities. In addition, Paenibacillus sp. (Doan et al. 2021) Lactobacillus species (Horvath-Szanics et
al. 2020) and rhizobacterial Pseudomonas species exhibited remarkable chitinolytic activities and mycolytic
action, so that recommended as safe biological control agent (Dukare et al. 2020). The objective of the current
study was to isolate, characterize and enhance the nematicidal activity of promising chitin-degrading
rhizobacterial strains, under both in vitro and in vivo conditions.

MATERIALS AND METHODS

Sample collection and isolation of chitinolytic bacteria

For isolation of bacteria, ten soil samples were randomly collected from nematode infected pepper field in
Qalyubia Governorate in North-Eastern of Egypt. Plants showing healthy appearance were uprooted and shacked
carefully to remove the excess soil around the roots. The adhering soil mixed to represent composite sample. The
collected samples were transferred to the laboratory under controlled temperature conditions. The soil samples
were mixed gently and transferred to one representative sample which then bi-fold serially diluted in saline
(0.85%, NaCl w/v) followed by plating in triplicate on colloidal chitin agar (CCA) medium (Murthy & Bleakley
2012) The colonies surrounded by distinct clear zones on creamish background were considered as chitinase
producer and were purified on Luria-Bertani (LB, HiMedia® Laboratories Ltd., Mumbai, India) medium.

Safety assessment of bacterial isolates

Hemolytic activity

The hemolytic activity test was performed by streaking the selected bacterial isolates on Columbia Blood Agar
plates supplemented by 5% sheep blood and incubated at 30 °C for 48 h. The strains that sowed green-hued zones
around the colonies (a-hemolysis) or did not produce any effect on the blood plates (y-hemolysis) were considered
non hemolytic, while strains produced blood lysis zones around the colonies were classified as hemolytic (B-
hemolysis; Mangia et al. 2018).

Antibiotic sensitivity test

Seven antibiotics, listed in Table 1, were used for determination of the susceptibility/resistance of the selected
bacterial strains to antibiotics. One hundred microliter of the active bacterial suspensions was spread separately
on the surface of LB containing plates. The antibiotics discs were placed on surface of plates and incubated at
30°C for 24 h. The results were measured according to the instructions given by the manufacturer (Rzepkowska
et al. 2017).
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Table 1. Antibiotics and their concentrations used in antibiotic sensitivity test.

Number Antibiotics Final concentration (ug mL™?)
1 Fusidic Acid (FA) 10
2 Cefotaxime (CTX) 30
3 Vancomycin (VA) 30
4 Clindamycin (DA) 2
5 Ceftriaxone (CRO) 30
6 Amikacin (AK) 30
7 Erythromycine (E) 15

Molecular characterization of the selected rhizobacterial isolates

Molecular characterization of the five selected bacterial isolates was done according to the method of Rochelle et
al. (1995) Genomic DNA was extracted from each single bacterial colony cultured on LB media at 30 °C for 24
h on a rotary shaker at 120 rpm. The culture was centrifuged at 13000 rpm for 5 min at 4°C and pellet was
subjected to genomic DNA extraction using the DNeasy mini kit (Qiagen, CA, USA) according to the
manufacturer’s instructions. The extracted DNA was used as a template for PCR to amplify 16S rRNA gene. In
order to analyse the 16S rRNA, forward primer 8F (5’AGT TGA TCC TGG CTC AG 3') and reverse primer
1492R (5'TAC CTTGTT ACG ACT T3') were used. Purified PCR products were sent for sequencing at Macrogen
(South Korea). For obtaining accession numbers, the deduced sequences were submitted to the GeneBank
database. Identification of phylogenetic neighbours and calculation of pairwise similarity of these sequences were
performed using the National Centre for Biotechnology Information (NCBI) taxonomy tree building service and
DNAMAN ver. 7 software.

Chitinase activity

Chitinase activity was assayed spectrophotometrically by estimating the amount of free reducing sugars formed
after colloidal chitin hydrolysis according Somogyi method modified by Neish (Neish 1952). Single colony from
each actively-growing bacterial strain were inoculated in colloidal chitin broth medium and incubated at 30°C for
5 days on rotary incubator at 180 rpm. Bacterial cultural filtrates were obtained by centrifugation at 8,000 rpm for
5 min at 4°C. A reaction mixture (1 mL supernatant + 1 mL of 1% colloidal chitin suspension in 0.2 M-phosphate
buffer pH 6.5 was incubated on shaking water bath at 40°C and 70 rpm for 1 h. One mL of the previous mixture
was added to 2 mL copper reagent then incubated at 100 °C for 20 min. Two mL of Arsenomolybdate reagent
was added and finally the total volume was made up to 25 mL with distilled water. The released reducing sugars
were measured at 520 nm. One unit of the chitinase activity was defined as the amount of enzyme which yields
one UM of reducing sugar as N-acetyl-D-glucosamine (Glc NAC) equivalent per minute.

Biomass and culture filtrate of BCAs

Bacterial strains were cultured in conical flasks containing LB broth medium which modified by supplementation
with 1% colloidal chitin as a sole carbon source for chitinase induction and incubated at 30 °C for 48 h on a shaker
(180 rpm). For separation of culture filtrate, the bacterial culture (100 mL) was centrifuged at 6000 g for 20 min
at 4 °C and then the supernatant was passed through 0.22 um in diameter nitrocellulose filter, sterile culture
filtrates were then used in the following experiments.

Nematicidal activity assay (In vitro study)
The nematicidal activity of bacterial biomass and free cell culture filtrates was assayed in in vitro by the percentage
of inhibition of egg hatch and second stage juveniles (J2s) mortality of M. incognita (Abdellatif et al. 2021)

Effect of bacterial strains on M. incognita (J2s) vitality

One hundred freshly hatched J2s M. incognita were added to plate (3 cm in diameter) containing 0.2 mL of each
bacterial culture (10° CFU mL™), separately. Petri-dishes which containing nematode suspensions only were
served as control. Each treatment was conducted in triplicates. After 24 h of exposure, J2s which did not move
even after needle stimulation were considered dead (Cao et al. 2021). In order to determine the effects of
extracellular metabolites of the antagonists on J2s mortality, 0.2 mL from each bacterial culture filtrate was used
instead of bacterial culture and the same previous steps were followed. The nematode mortality rate (%) was
calculated (Schneider & Orelli 1947).
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Mortality (%) = number of dead nematodes/total number of nematodes x 100

Effect of bacterial strains on M. incognita egg hatching

One mL M. incognita egg suspension containing approximately 100 eggs was added to petri-dish containing 0.2
mL bacterial culture (10° CFU mL™) of each bacterial strain, separately. Water in petri dishes supplied with eggs
suspension was served as control. To determine the effects of extracellular metabolites on egg hatching, 0.2 mL
from each bacterial culture filtrate was used instead of bacterial culture and the same previous steps were followed.
The incubation was performed in completely dark conditions at 30 °C. After five days of exposure, the number of
hatched eggs was counted under a stereomicroscope. Relative hatching and Hatching inhibition (%) were
calculated as follows:

Relative hatching (%) = Number of hatched J2 in each treatment /number of hatched J2 in water x 100
Hatching inhibition (%) = 100 — Relative hatching (%)
Field experiment
Preparation of Natural Chitinous Amendment
The exoskeleton of shrimp was collected and cleaned carefully, then prepared as fine powder to be used as cost-
effective chitinous source (Ledchumanakumar et al. 2021).

Preparation of bacterial treatments
The five bacterial strains were grown separately in 2 liter LB broth medium supplemented with 1% colloidal chitin
as a sole carbon source and incubated on a rotary shaker at 180 rpm and 30 °C for 48 h.

Experimental design

The experimental area was naturally infested with M. incognita that was identified previously by Sequence
Characterized Amplified Region (SCAR) marker system. Initial population densities of M. incognita were
determined one week prior to planting according to Barker (1985). This field experiment was carried out during
March 2021 at Wadi EI Natrun, Beheira Governorate, Egypt. The environmental conditions during this season
were temperature (25-35 °C) and humidity (40-60%). Two days after transplantation of pepper seedlings, the
cultivated soil was irritated with liquid suspension of natural chitinous amendment (10 g L) to act as food base
for chitinolytic bacteria. The experiment was conducted in a completely randomized block design with five
treatments representing the investigated bacterial strains. The positive control represented by Oxamyl active
compound-based nematicide, while plants that did not received any treatment were acted as negative control (Liu
et al. 2020) Each treatment was replicated three times and each replicate represented by 10 plants. Different
bacterial treatments were applied monthly at the rate of 20 L /fed. Moreover, pepper plants in all treatments were
fertilized based on the fertilization program that recommended by Centre Lab. of Organic Agriculture, Agriculture
Research Centre, Egypt. Three months later, at harvesting time, three plants were chosen at random from each
treatment, carefully uprooted and the following data were recorded:

a. Chitinolytic Bacterial Population in Soil
At the end of the experiment, different soil samples were collected from rhizosphere of each treatment separately.
The population of chitinolytic bacteria was assessed by spreading 100 uL of each diluted soil suspension on
colloidal chitin agar plate. Three replicates for each soil sample. The plates were incubated at 30 °C for 5 days.
The numbers of bacteria with clear zones around the colonies were recorded (Kuddus & Ahmad 2013)

b. Plant Growth parameters
Length of shoot and root, fresh and dry weight of shoot and root, number and weight of fruits per plant were
recorded. Also, the total chlorophyll was measured according to Askar and Treptow protocol (Askar & Treptow
1993)

c. Nematode parameters
Number of galls, egg-masses, and females per 5 g of root system, number of eggs per egg-mass as well as
nematode population in 250 g soil were counted.

d. Biochemical studies
Estimation of peroxidase (PO) and polyphenol oxidase (PPO)
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Enzymes such as PO and PPO were extracted by homogenizing leaves of pepper plants and estimated. In a
precooled mortar and pestle, 3 mL of 50 mM ice-cold sodium phosphate buffer (pH 6.0) was used to homogenize
the sample. The homogenate was centrifuged at 10,000 rpm and 4 °C for 10 min. Extracted crudes were used for
the determination of ensuing enzyme activity (Wang et al. 2011; Tian et al. 2002)

Estimation of total phenolic compounds and proline
The Folin-Ciocalteau technique was used for colorimetric measurement of total phenols (Slinkard & Singleton
1977) and proline content was estimated according to Jinal and Amaresan methodology (Jinal & Amaresan 2020).

e. Fruit quality characteristics
Firmness measurements (g cm2) were determined using push/pull powers Dynamometer Model DT 101. Sugars
were extracted from samples by 70% ethyl alcohol and clarified by lead acetate. The excess of lead acetate was
precipitated by sodium oxalate. Total sugars were determined in the clarified solution as outlined in AOAC (2005)
Ascorbic acid content was estimated in fresh fruits using 2,4- dichlorophenol indophenol according to the method
described by AOAC (2005). The results were expressed as mg ascorbic acid per g of sample.

f.  Histological studies
The selected portions of M. incognita infected pepper roots from all treatments were carefully washed from soil.
Roots cut into 3-5 mm long sections, then fixed in FAA solution according to Southey (1986). The histological
studies was performed according to the protocol described by Sorial et al. (2020).

Statistical analysis

Statistical analysis was conducted by SPSS 2008, version 17.0, applying the General Linear Model’s procedure.
Significant differences among treatments were evaluated using Duncan’s multiple range test (p < 0.05; SPSS
2008).

RESULTS

Screening and isolation of chitinolytic bacteria

Seventeen rhizobacterial isolates were appeared on the chitinase producer selective medium containing colloidal
chitin as a sole carbon source (Fig. 1). According to the diameter of clear zone (> 5 mm) around the bacterial
colony, five chitinolytic bacterial colonies were selected and purified on LB medium and stored at 4°C for further
investigation. These isolates were named as AB1, AB2, AB3, AB4 and ABS5 (Fig. 2).

—

Fig. 2. Selected chitionolytic bacterial isolates on LB medium; a: AB1, b: AB2, ¢: AB3, d: AB4, e: ABS.
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Safety assessment of bacterial isolates

On blood agar medium, no change in colour was observed around bacterial isolates AB1, AB2 and AB4 (y-
hemolysis). The other two isolates, i.e., AB3 and AB5 showed a-hemolysis. The absence of -hemolysis in all
isolates indicates their safe properties for agricultural applications. With respect to susceptibility to antibiotics,
most isolates exhibited susceptibility to Cefotaxime and Amikacin, while most isolates were resistant to
Clindamycin (Table 2).

Table 2. Antibiotic susceptibility profiles of the selected bacterial isolates.
Isolatecode FA (10pug) CTX (30pg) DA@Rpg) VA@BOpg) CRO((B0pg) AK(30pg) E (15p9)

AB1 S S R R | | S
AB2 R S R R S S R
AB3 R S R R | S R
AB4 R S R R | S R
AB5 S S S R S S S

Note: Resistant (R), intermediate (I), and susceptible (S); S: > 21 mm, I: 16-20 mm, R: < 15 mm. FusidicAcid (FA), Cefotaxime (CTX), Clindamycin (DA),
Vancomycin (VA), Ceftriaxone (CRO), Amikacin (AK), Erythromycine (E).

Molecular characterization of the selected rhizobacterial isolates

The five bacterial isolates designated as AB1, AB2, AB3, AB4, and AB5 were identified by analysis of the
sequence similarity of 16S rDNA gene sequence with those in Genbank database as Chryseobacterium
daecheongense, Bacillus Toyonensis, Pseudomonas lini, Lactobacillus helveticus and Klebsiella oxytoca,
respectively. The DNA sequence for the 16s rDNA of these strains has been deposited in the GenBank database
with accession humbers shown in (Table 3). The sequence alignment and phylogenetic trees of the five bacterial
strains were generated (Figs. 3, 4, 5,6 and 7).

Table 3. Genetic identification of the selected bacterial isolates

Genus (PCR) Species Strain No. of base pairs NCBI accession Similarity with
(16S rDNA) symbol amplified number
Chryseobacterium  daecheongense AB1 700 MZ148124 Chryseobacterium daecheongense

N15101- 93.35%

Bacillus toyonensis AB2 550 MZ148324 Bacillus toyonensis strain 1/4R2A-
Z-4
-99.2%
Pseudomonas lini AB3 539 MZ148421 P. lini JZY5-59- 99.81%
Lactobacillus helveticus AB4 550 MZ148422 Lactobacillus helveticus strain
IMAU94192
- 89.10%
Klebsiella oxytoca AB5 813 MZ148423 Klebsiella oxytoca strain CdS

-99.7%
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MZ148124.1__Chryseobacterium__daecheongense_ This
MK389292.1_Chryseobacterium__daecheongense
KF015228.1__Chryseobacterium__daecheongense
AB681658.1__Chryseobacterium_daecheongense
HOQ220103.1__Chryseobacterium_daecheongense
MT772188.1_Chryseobacterium_daecheongense
LCO034277.1_Chryseobacterium_sp.
LCO034269.1__Chryseobacterium_sp.
KYO064112.1__Chryseobacterium_sp.
KJ186951.1 Chryseobacterium__gambrini
MT596556.1__Chryseobacterium_sp.
KP900020.1_Chryseobacterium_sp.
NR_043715.1__Chryseobacterium_taivwanense
AJ309324.1 _Chryseobacterium_defluvium
HG738132.1__Chryseobacterium__geocarposphaerae
NR_112113.1__Chryseobacterium_proteolyticum
NR_044299.1 Chryseobacterium_soli
AY883415.1_Chryseobacterium_soldanellicola
NR_113721.1__Chryseobacterium_balustinum
AJ271009.1__Chryseobacterium_scophthalmum
KJ644318.1__Chryseobacterium_shandongense
KC560016.1__Chryseobacterium__takakiae
KF434119.1_Chryseobacterium_profundimaris
NR_117008.1__Chryseobacterium_culicis
AYA68449.1__Chryseobacterium_gleum
AJ271010.1__Chryseobacteriunm_joosteii

NR_115201.1_Elizabethkingia_meningoseptica

Fig. 3. Phylogenetic relationship based on 16S rDNA gene sequence showing relationships of Chryseobacterium
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L 1 1 1 J

MZ148421.1__Pseudomonas_ lini_ This_ Study__ 100%
AY035996.2_Pseudomonas__lini

AJ292381.1__Pseudomonas_ brassicacearum
KF857481.1__Pseudomonas_ chlororaphis 98%
DQ158873.1__Pseudomonas_ chlororaphis

FJ652607.1_Pseudomonas_ chlororaphis _960/0

AF364098.1_ Pseudomonas__marginalis
95%%06

AJ278812.1_Pseudomonas_ protegens

NR_102835.1__Pseudomonas_ fluorescens jﬂ
NR_074739.1_Pseudomonas_ putida

O,
EF660438.1_ Pseudomonas_sp. 93%
JX524167.1_Pseudomonas_aeruginosa 100%
GU566322.1__Pseudomonas_sp. 100%
8296
EU364810.1_Pseudomonas__aeruginosa 100%] 9794 | —=_°

NR_074828.1__Pseudomonas_ aeruginosa

NR_074829.1__Pseudomonas_ stutzeri

HG738847.1__Pseudomonas_ aeruginosa
Fig. 5. Phylogenetic relationship based on 16S rDNA gene sequence showing relationships of Pseudomonas lini strain AB3

with other close homologous strains.
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MZ148422.1_ Lactobacillus__helveticus_This_Study__
KT985407.1_Uncultured_ Lactobacillus_sp. 100%
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MN587971.1_Lactobacillus__gallinarum 899%%
1P0%
AM113779.1_Lactobacillus__helveticus 1£99%
EU878007.1_Lactobacillus_acidophilus
99%
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98%
AY773947.1_ Lactobacillus_acidophilus
AY944408.1_ Lactobacillus_amylovorus ] 83%
AB205055.1_ Lactobacillus__buchneri
KP763916.1_ Lactobacillus_plantarum 100% 929
KJ779105.1_ Lactobacillus_plantarum 100%
KY596004.1_Lactobacillus_plantarum 94% 90%0
EU147302.1_Lactobacillus__brevis
89%0

AF469172.1 Lactobacillus_casei

JN175331.1_ Lactobacillus_fermentum
Fig. 6. Phylogenetic relationship based on 16S rDNA gene sequence showing relationships of Lactobacillus helveticus strain
AB4 with other close homologous strains.
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100% 90% 80% 70% 60% 50%  40%
L 1 1 1 1 1 [

MZ148423.1_ Klebsiella_oxytoca_This_Study__ 100%

MT271953.1_ Klebsiella_oxytoca

HQ259699.1 Enterobacteriaceae_bacterium 00%
AF543296.1_Klebsiella_oxytoca [ 99%
AB244452.1_Klebsiella_oxytoca 00%
0,
DQ226215.1_Klebsiella_oxytoca 00%
98%

AB353047.1_Klebsiella_oxytoca
AF543283.1_Klebsiella_oxytoca

- 98%
NR_041749.1_Klebsiella_oxytoca I- 00%
DQ294284.1 Klebsiella_oxytoca 98%
NR_024643.1_Klebsiella_aerogenes -

44%

NR_025635.1_Klebsiella_variicola -

AJ871851.1 Klebsiella_oxytoca
Fig. 7. Phylogenetic relationship based on 16S rDNA gene sequence showing relationships of Klebsiella oxytoca strain AB5
with other close homologous strains.

Assay of chitinase activity

All selected bacterial isolates recorded significant chitinase activity. P. lini showed the highest chitinase activity
(8.00 U mL) followed by K. oxytoca (7.32 U mL). Other bacterial isolates recorded moderate chitinolytic
activity (Fig. 8).

10

Chitinase Activity (U mL?)
ON DO
=
<
N

Bacterial Isolates

Fig. 8. Chitinolytic activity of the isolated bacteria.

Nematicidal Activity of the Chitinolytic Bacteria

Biomasses and culture filtrates of the tested bacteria showed significant mortality in M. incognita J2 after 24 h of
exposure, compared to control. P. lini and K. oxytoca exhibited the highest percentage of mortality (100%). L.
helveticus displayed also remarkable mortality rate (97.28 and 93.21%) when applied as bacterial biomass and
culture filtrates, respectively (Table 4). Moreover, the microscopic study revealed that distinct morphological
distortions have been observed in J2s treated with different bacterial strains compared to untreated control (Fig.
9). Remarkable lysis followed by collapse in the inner content of J2s was the most distinguished morphological
malformation for all bacterial treatments.



58 Isolation, Identification and...

Table 4. Nematicidal activity of biomasses and culture filtrates of isolated bacteria.

Juveniles Mortality (%)

Biomass Culture Filtrate
No. of No. of
immobile Mortality (%6) immobile Mortality (%6)
Treatments juveniles juveniles
. 88.66° 88.46 75.00¢ 74.57
Chryseobacterium daecheongense
b d
Bacillus toyonensis 95.33 95.25 81.33 81.01
Pseudomonas lini 100.00° 100.00 100.00° 100.00
ab b
Lactobacillus helveticus 97.33 97.28 93.33 9321
Klebsiella oxytoca 100.00° 100.00 86.00° 85.76
Oxamyl active compound-based nematicide 100.00% 100.00 100.00? 100.00
Control (Nematode Alone) 1.664 1.66 1.66f 1.66

Note: Values with the same letter are not significantly different.

Ovicidal Activity of Chitinolytic Bacteria

Both biomasses and culture filtrates of the tested bacteria exhibited significant reduction in M. incognita eggs
hatching as compared to control. The inhibitory impact varied depending on bacteria species. The highest ovicidal
activity was detected in P. lini and L. helveticus biomasses after 5 days of exposure. With respect to culture filtrate,
P. lini and K. oxytoca recorded the highest inhibition (Table 5). These results revealed that, the high rate (%) of
nematicidal and ovicidal activities of the P. lini and K. oxytoca culture filtrates are in accordance with their
chitinase activity.

Fig. 9. Malformation effect of the tested bacteria strains on M. incognita J2s (a) Untreated control, (b) Chryseobacterium
daecheongense, (c) Bacillus toyonensis, (d) Pseudomonas lini, (e) Lactobacillus helveticus, (f) Klebsiella oxytoca, ()
Oxamy! active compound-based nematicide.

Field Experiment

Effect of bacterial treatments on the total count of chitinolytic bacteria in rhizosphere of pepper plant
The treatment of soil with different chitinolytic bacteria in combination with natural chitin increased remarkably
the total population of chitinolytic bacteria. The maximum total count was attained in K. oxytoca followed by P.
lini and L. helveticus. Treatment with oxamyl active compound-based nematicide, negatively affected the
population of chitinolytic bacteria even when compared to untreated control (Table 6).
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Table 5. Ovicidal activity of biomasses and culture filtrates of the isolated bacteria.
Ovicidal Activity (%)

Biomass Culture Filtrate
Treatments No. of hatched Relativ Inhibition No. of hatched Relativ Inhibition
eggs e (%) eggs e (%)
hatchin hatchin
g (%) g (%)

Chryseobacterium daecheongense 17.66° 18.65 81.35 45,00° 47.53 52.47
Bacillus toyonensis 24.66° 26.05 73.95 54.66° 57.74 42.26
Pseudomonas lini 8.66° 9.14 90.86 22.00° 23.24 76.76
Lactobacillus helveticus 13.00% 13.73 86.27 38.00° 40.14 59.86
Klebsiella oxytoca 14.33% 15.13 84.87 26.00° 27.46 72.46
Oxamyl active compound-based 23.00° 24.29 75.71 23.00° 24.29 75.71
nematicide
Control (Nematode Alone) 94.66° - - 94.66° - -

Note: Values with the same letter are not significantly different.

Table 6. Effect of different treatments on chitinolytic bacterial count.

Treatments Chitinolytic Bacterial count/g soil
Chryseobacterium daecheongense 1.3 x 10°«

Bacillus toyonensis 2.3 x 10°%«
Pseudomonas lini 4.8 x 10%°
Lactobacillus helveticus 3.3 x 105

Klebsiella oxytoca 5.6 x 10%

Oxamyl active compound-based nematicide 2 x 10%

Untreated Control 1 x 104

Note: Values with the same letter are not significantly different.

Effects of bacterial treatments on pepper growth parameters, yield and fruit quality

Treatments with different bacterial strains significantly induced bell pepper growth parameters including fresh
and dry shoot and root weights (Table 7). P. lini and L. helveticus showed the best improvement in pepper growth;
followed by K. oxytoca, C. daecheongense and B. toyonensis (Fig. 10). The control treatment recorded the lowest
number of fruits, weight of fruit and fruit yield per plant. Plants treated with P. lini recorded the highest number
of fruits, weight of fruit and fruit yield per plant (Table 8). With respect to fruit quality, the highest fruit firmness
was recorded in Oxamyl active compound-based nematicide (3.26 g cm), followed by K. oxytoca (3.19 g cm?),
then P. lini (3.05 g cm), while the lowest in untreated control (2.08 g cm). The total sugar content of pepper
fruits was increased significantly by different bacterial treatments. The highest amount of total sugar was recorded
in L. helveticus and P. lini. Total sugar contents of fruits treated with oxamy! active compound-based nematicide
remained unaffected.

Ascorbic acid content of bell pepper was also increased significantly in treated plant. L. helveticus was found to
be the best bacterial treatments in elevating vitamin C contents of bell pepper fruits, while the lowest vitamin C
in untreated control (Table 9).
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Table 7. Effect of the isolated bacteria on pepper growth parameters.
Growth parameters

Treatments Shoot Root
length (cm)  Fresh weight () Dry weight (g) Length  Fresh weight (g)
(cm)
Chryseobacterium daecheongense 51.33° 121.66% 17.33b 21.66° 55.00°
Bacillus toyonensis 51.33° 111.66% 17.00° 19.66% 53.33°
Pseudomonas lini 70.332 248.33 33.33 32.66° 73.332
Lactobacillus helveticus 70.66° 218.33° 28.33¢ 32.00° 55.00°
Klebsiella oxytoca 67.33 165.00% 20.00° 25.00° 49.33%
Oxamy| active compound-based nematicide 68.00° 173.00% 20.33° 26.00° 63.33%
Untreated control 41.66° 73.00° 14.00° 16.00¢ 34.00°

Note: Values with the same letter are not significantly different.

Fig. 10. Effect of differeht treatents on Bell pepper growth (a) Chryseobacterium daecheongense, (b) Bacillus toyonensi,

(c) Pseudomonas lini, (d) Lactobacillus helveticus, (€) Klebsiella oxytoca, (f) Oxamyl active compound-based nematicide,
(9) Untreated control.

Table 8. Effect of bacteria on Yield components of pepper.
No. of fruits/plant ~ Weight of one fruit (g)  Fruit yield/plant

Treatments (9)
Chryseobacterium daecheongense 5.66% 24.00° 150.00°
Bacillus toyonensis 7.00% 24.00° 173.33°
Pseudomonas lini 9.33* 25.00% 215.00%
Lactobacillus helveticus 9.00%® 26.00° 235.00%
Klebsiella oxytoca 7.66™ 24.00° 183.33°
Oxamyl active compound-based nematicide 8.00%¢ 25.00% 182.66°
Untreated control 5.33¢ 20.00¢ 126.66¢

Note: Values with the same letter are not significantly different.

Table 9. Effect of bacterial treatments on fruit quality.

Treatments Firmness  Total sugars (%) Ascorbic acid (mg /100g FW)
(gem?
Chryseobacterium daecheongense 2.34% 3.65° 42.66°
Bacillus toyonensis 2.64% 3.23¢ 41.86°
Pseudomonas lini 3.05® 4.26 53.86°
Lactobacillus helveticus 2.98%® 4.31° 55.73%
Klebsiella oxytoca 3.19° 3.05¢ 54.66°
Oxamyl active compound-based nematicide 3.26% 2.08¢ 47.86°
Untreated control 2.08¢ 2.17¢ 40.93°

Note: Values with the same letter are not significantly different.
Effect of bacterial treatments on different nematode parameters
Population densities of M. incognita in soil and root were significantly suppressed with all bacterial treatments.
K. oxytoca and L. helveticus exerted the maximum suppression of nematode population (81.94 and 82.45%) with
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the least reproduction factor (Rf = 0.38 and 0.37) respectively (Table 10). P. lini also exhibited remarkable
inhibition in nematode population (76.77 %). Root galling was reduced significantly in P. lini (82.59%), L.
helveticus (77.27%) and K. oxytoca (70.45%; Table 11). Similar trend was found in the number of egg masses
with the reduction rate of 82.66, 72.44 and 59.27% in P. lini, L. helveticus and K. oxytoca, respectively. Fecundity
expressed by number of eggs /single egg mass was negatively affected by the five bacterial treatments.
Noteworthy, Oxamyl active compound-based nematicide exceeded all bacterial treatments and significantly
recorded the highest reduction in total nematode population (88.64%), the least of Rf (0.24), RGI (1.00) as well
as the least EI (1.00).

Table 10. Effect bacterial treatments on the population density of M. incognita.

- - Final
Treatments No}205f Ojuver.1llles Nos. of ffemaltes/ NO{ of d;e\éelopfmen:al populatio R;d. R Effici
g soi g of roo stages/ 5 g of roo 0 o F ency
Chryseobacterium 195.00¢ 19.66° 10.33° 224.99¢ 303 1. 3488
daecheongense 4 40
Bacillus toyonensis 230.00° 24,66 8,665 263325 1&;.4 715 18.60
Pseudomonas lini 65.00¢ 6.00¢ 4.66° 75.00¢ 76;.7 50O 76.74
Lactobacillus helveticus 50.00¢ 5,66 2 66° 58 30% 811.9 3?3 82.32
Klebsiella oxytoca 45.00¢ 8.66¢ 3.00° 56.66% 825.4 3?7 82.79
Oxamy! active compound- 4 . . . 886 0. 8883
based nematicide 3333 133 200 36.66 4 24
Control (Nematode Alone) 270.00° 38,66 14332 322 998 i 125 -

Note: Values with the same letter are not significantly different; Final population is calculated as the sum number of juveniles, females and developmental
stages; Red. (%) (Reduction percentage) = (F.C-F. T)/F.C x 100 where, F.C: final population in untreated control and F.T: final population in treated plant;
Reproduction factor (RF) = Nematode final population/Nematode initial population.

Table 11. Effect of bacterial treatments on development and reproduction of M. incognita.

R R
No. ofgalls/5¢g ¢ R No. of egg masses/ 5 € E No. of eggs/ Red.
Treatments of root d. Gl of root d. | egg mass %
% g % g9 0
Chryseobacterium 21.66" 0. 14.33 5. 3 231,66 24.04
daecheongense 77 12
Bacillus toyonensis 23.33" 4. o 16335 50. 3 228.33% 25.13
97 00
Pseudomonas lini 7.66° 8., 5.66° 82 2 158.33¢ 48.08
59 66
Lactobacillus helveticus 10.00° 77. 9 9.00° 72. 9 245,00° 1967
27 44
Klebsiella oxytoca 13.00° 70. 3 13.30° 59. 3 290.00% 2786
45 27
Oxamyl active compound- ’ 97. " 96. .
based nematicide 100 72 ! 100 93 ! 216.66 28.96
Control (Nematode Alone) 44.00% - 4 32.66° - 4 305.00? -

Note: Values with the same letter are not significantly different; RGI: Root gall index and El: egg masses index was as follows:
0 = no galls or egg masses, 1= 1-2; 2= 3-10; 3= 11-30; 4= 31-100 and 5= more than 100 galls or egg masses.

Effect of bacterial treatments on accumulation of resistance compounds in leaves of pepper infected with
M. incognita

It was found that nematode infection increased the accumulation of resistance compounds in leaves of pepper.
The highest amounts of proline were accumulated in leaves of untreated control. The lowest proline values were
found in plants which treated with L. helveticus, P. lini and K. oxytoca. Accumulation of total phenolic compounds
increased in L. helveticus, K. oxytoca and P. lini treatments. There is no significant difference in other treatments.
Peroxidase (PO) and polyphenol oxidase (PPO) activities were obviously raised in pepper leaves of plants treated
with P. lini, L. helveticus and K. oxytoca (Table 12).
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Giant cells are smaller than those of untreated infected roots in case of C. daecheongense and B. toyonensis
treatments (Figs. 11-12). The transverse sections of roots treated with P. lini (Fig. 13) and L. helveticus (Fig. 14)
exhibited healthier pattern and less necrotic points compared to untreated control. Giant cells contained less or
free of cytoplasm in the case of K. oxytoca (Fig. 15); Pepper roots infected with M. incognita and treated with
Oxamyl active compound-based nematicide, was poorly formed giant, while the xylem cells exhibited small
abnormalities in the structure when compared to control (Fig. 16). Generally, all treatments did not prevent M.
incognita from penetrating the roots but different time was required to reach the vascular cylinder to develop giant
cells and to complete life cycle. M. incognita induced alterations in cells of cortical region in pepper roots. In
untreated control, giant cells were found in vascular parenchyma cells with different shapes from circular to

irregular shape (Fig. 17).

Table 12. Effect of bacterial treatments on concentration of resistance compounds in leaves of pepper infected with M.

incognita
Proline (mg g*) fresh Total phenol (mg g*) fresh PO PPO
Treatments leaves leaves A Absorbance units/mg
protein

Chryseobacterium daecheongense 0.420° 14.56° 1.050¢ 0.171%®
Bacillus toyonensis 0.343¢ 14.79° 1.206° 0.139%
Pseudomonas lini 0.240°% 15.50% 1.580? 0.186°
Lactobacillus helveticus 0.206° 16.072 1.480° 0.201°
Klebsiella oxytoca 0.253¢ 15,592 1.523%» 0.197°
Oxamyl active compound-based 0.420° 14.65° 0.990¢% 0.148"
nematicide
Control (Nematode Alone) 0.606% 14.43° 0.970° 0.128°

Note: Values with the same letter are not significantly different; PO: peroxidase, PPO: polyphenol oxidase.

Fig. 11. Root transverse section of
pepper plants infected with M.
incognita and treated  with
Chryseobacterium daecheongense

Fig. 12. Root transverse section of
pepper plants infected with M.
incognita and treated  with
Bacillus toyonensis strain AB2.

Fig. 13. Root transverse section of
pepper plants infected with M.
incognita and treated  with
Pseudomonas lini strain AB3.

strain AB1.
Fa oS

Fig. 14. Root transverse section of
pepper plants infected with M.
incognita and treated with
Lactobacillus helveticus strain
AB4.

Fig. 15. Root transverse section of
pepper plants infected with M.
incognita and treated with
Klebsiella oxytoca strain AB5.

Fig. 16. Root transverse section of
pepper plants infected with M.
incognita and treated with Oxamyl

active
nematicide.

compound-based
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Fig. 17. Root transverse section of
pepper plants infected with M.
incognita.

Note: Gc: Giant cells; N: Necrosis; Nu: Nuclei

DISCUSSION

Soil microbial communities play a crucial role in soil fertility, sustainability, and plant health. However, intensive
agriculture with increasing chemical inputs and recent changes in environmental conditions had influenced native
soil microbial communities. Recently, research on the application of microorganisms, such as bacteria, fungi and
actinobacteria for management of phytonematodes has drawn attention (Migunova & Sasanelli 2021). During the
present study five promising chitinolytic bacterial isolates were isolated and selected for investigation of their
nematicidal activity. They have been identified molecularly as C. daecheongense, B. toyonensis, P. lini, L.
helveticus and K. oxytoca. Chitinolytic bacteria can decompose chitin under both aerobic and anaerobic
conditions, and have been isolated from soil, compost, and shellfish waste. Bacterial members belonging to
Alteromonas, Aeromonas, Bacillus, Pseudomonas, Serratia, and Chromobacterium have been popularly reported
for their chitinase activity (Poria et al. 2021; Abdellatif et al. 2021). Furthermore, the chitinolytic activity of
Bacillus toyonensis PNTBL1 (Tallur et al. 2016). Lactobacillus spp. (Horvath-Szanics et al. 2020) and Klebsiella
oxytoca (Tamrela et al. 2021) was proved. The critical role of microbial chitinase production to cause disruption
and malformation in eggs and larvae of root-knot nematodes was stated by Jha & Modi (2018) and Sayed et al.
(2019). These results were confirmed by the recent study as the five isolated novel chitinolytic bacterial strains
were successful in suppressing the egg hatching and vitality of larvae of M. incognita. In addition, application of
the five chitinolytic bacterial isolates to soil amended with natural chitin was effective against M. incognita and
enhances the soil population of chitinolytic bacteria especially in the rhizosphere zone. Most of these chitinolytic
strains suppressed galling and reduced population densities of M. incognita. P. lini was the most effective strain
as biocontrol agent. In addition, C. daecheongense was found to be biocontrol agent against M. incognita for the
first time. Moreover, the growth and quality parameters of nematode infected pepper plants were promoted by
different bacterial treatments. In unison with the present results, numerous studies have reported suppression in
nematode populations with the application of bacterial treatment under field conditions. The prominent efficacy
of five bacterial strains (Bacillus cereus, B. subtilis, Pseudomonas putida, P. fluorescens, and Serratia
proteamaculans) against M. javanica was stated (Zhao et al. 2018). In addition to chitinase production, a cyclic
dipeptide Cyclo (L-Pro-L-Leu), was identified as promising nematicidal compound that secreted by P.
simiae MB751 (Sun et al. 2021). The highest reduction in M. incognita population and galling were noticed in
tomato plants treated with P. fuorescens. Such reduction was also suggested to be related to the production of
phytohormones that indirectly enhance plant health (Noureldeen et al. 2021). Genome analysis of B. toyonensis
as a novel agent against phytopathogens proved its production to vital antimicrobial compounds such as chitinases,
novel bacteriocins, non-ribosomal peptides and N-acyl homoserine lactonase at high frequency (Lopes et al.
2017). Moreover, both genetic and experimental evidence demonstrating that B. toyonensisis can be considered
as plant growth-promoting bacterium (Contreras Pérez et al. 2019). Recently, Lactobacillus brevis have been
recorded as novel promising natural nematicidal agents for their production of wide variety of key organic acids
such as lactic acid, succinic acid and malic acid which have lethal effect on nematode J2s (Seo et al. 2019). The
nematicidal activity of natural organic acids produced by lactic acid bacteria was confirmed by (Ibrahim et al.
2022) The current study suggested that the chitinase production by L. helveticus may has synergetic effect with
organic acids and promote the nematicidal potentiality of this bacterial strain. It was found that, coating of soybean
seeds  with Klebsiella  pneumoniae SnebYK  culture not only decrease the infection rate
of Heterodera glycines, but also reduce the proportion of adult female nematodes in soybean roots under field
conditions (Liu et al. 2018). The field study conducted by EI-Ashry et al. (2022) showed the effectiveness of
rhizobacteria in decreasing M. incognita reproduction in pepper plants. Moreover, the combination between
rhizobacteria and other natural materials such as composted cattle manure, promoted tomato growth effectively
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and enhanced the plant tolerance to root-knot nematodes infection (El Ashry et al. 2020) In another study, the
application of waste shrimp water as organic amendment increased pepper yield relative to untreated control
(Zheljazkov et al. 2011). The present study noticed a significant decrement in fruit quality of nematode infected
plants. Application of different chitinolytic bacterial strains treatments improved the fruit quality remarkably,
compared to untreated control. This is consistent with previous findings that application of three plant growth-
promoting rhizobacterial strains i.e. Bacillus cereus AR156, Bacillus subtilis SM21, and Serratia sp. XY21
improved sweet pepper fruit quality in terms of soluble sugar, soluble solid and vitamin C (Zhang et al. 2019).
Proline can accumulates in many plant species in response to both biotic and abiotic stresses and plays a role in
protection of plant cells against oxidative damage (Janmohammadi et al. 2013). During the current study proline
content of pepper leaves was accumulated significantly due to nematode infection. The highest values were
recorded for uninoculated control, while pepper inoculated with bacterial treatments showed significant decrease
in proline quantity. It was found that proline accumulation was negatively correlated with disease incidence. The
present study also revealed an increase in the levels of total phenol of plants treated with Pseudomonas lini strain
AB3, Lactobacillus helveticus strain AB4 and Klebsiella oxytoca strain AB5, compared to un-inoculated control.
These are in accordance with Abd-el-Khair et al. (2019) who noticed remarkable stimulation total phenols in
levels of cowpea infected with M. incognita in the presence of B. subtilis, B. pumilus and P. fluorescens
treatments. It was suggested that the control of phenolic compounds activity by microorganisms mainly occurred
due to the induction of activities of the polyphenol oxidase and chalcone synthase activities that mediated the
accumulation of phenolic compounds at infection sites to protect the cell wall from nematode attack (Khanna et
al. 2019). Moreover, Polyphenol oxidase (PPO) and peroxidase (PO) are modulated by biotic and abiotic stresses
and responsible for induced systemic resistance. They are also related to the interaction between plants and
microorganisms (Sahebani et al. 2020). PO and PPO are thought to reinforce cell walls lignification and
suberization at the border of infection and so these limit spread of pathogens (Passardi et al. 2004). In the present
studies the activity of both PO and PPO raised significantly in pepper plants treated with P. lini strain AB3, L.
helveticus strain AB4 and K. oxytoca strain AB5. In harmony with Abdelrahman et al. (2021) the treatment of
Rhizoctonia solani infected onion with B. subtilis, P. fluorescens, or B. megaterium increase the induction of the
defence enzymes, i.e., PO and PPO and reduce the disease severity, compared to un-inoculated infected control.
Rhizosphere inhabiting bacteria, such as P. fluorescens and B. subtilis activate the peroxidase activity in tomato
plants which can be effective against results obtained by Sahebani & Hadavi (2009). In addition, the present
investigation of histological alterations in pepper roots infected with M. incognita indicated that roots treated with
P. lini and L. helveticus showed a few galls but no formation of giant cells while K. oxytoca showed less
malformation and disruption in xylem layer, compared to un-inoculated control.

CONCLUSION

In conclusion, five chitinolytic bacterial isolates, C. daecheongense, B. toyonensis, P. lini, L. helveticus and K.
oxytoca, isolated from nematode suppressive soil were identified as eco-friendly alternatives for controlling root-
knot nematodes. Among them, P. lini exhibited the highest chitinolytic and nematicidal activities in the laboratory
and could be stably used under field conditions to control root-knot nematodes and promote pepper growth
significantly. Proline, phenolic compounds, peroxidase and polyphenol oxidase accumulation was induced by
different bacterial treatment and play a role in the resistance of pepper against nematodes. However, the
commercial applications of these isolates require further investigation to develop effective bio-formulations for a
sustainable agricultural approach.

Abbreviations
PCR: Polymerase chain reaction; CCA: Colloidal chitin agar; rDNA: Ribosomal DNA; J2s: Juveniles
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