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Abstract

microbial density in eggplant rhizosphere.

Background: Root-knot nematodes are among the world’s most damaging endoparasitic sedentary nematodes,
especially, Meloidogyne incognita that infects a wide range of plant hosts. The activity of different antagonistic
bacteria was studied for the low-cost and eco-friendly management of M. incognita on eggplant.

Main body: Twenty-five isolates were isolated from rhizosphere soils infected with nematodes. Of these, 6 isolates
displayed the highest activity, demonstrating 100% mortality of J2 nematodes under laboratory conditions. Partial
sequencing of 165 rRNA gene and phylogenetic analysis was used to identify the selected isolates and they were
found to be Paenibacillus amylolyticus, Brevibacillus agri, Gluconobacter frateurii, Beijerinckia mobilis, Achromobacter
aloeverae, and Pseudomonas stutzeri. The abilities of the selected isolates to produce hydrogen cyanide,
siderophores, chitinase, protease, indole acetic acid, and to dissolve phosphorus were also detected.

Conclusion: The results of the greenhouse experiment indicated that all the tested bacteria had a greatly
significant effectiveness for suppressing root-knot nematode M. incognita. Application of all the rhizosphere bacteria
and their combinations reduced the number of galls, number of juveniles, egg-masses, eggs, females, and total final
population. All bio-agent treatments succeeded in improving the plant growth parameters and increased the
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Background

Root-knot nematodes are among the world’s most dam-
aging endoparasitic sedentary nematodes (Trudgill and
Blok 2001). The different species in this genus have an
overall host range encompassing around 5500 species of
plants. Of the root-knot nematodes, Meloidogyne species
are known to be the most extensively distributed in
tropical and subtropical countries on a large range of
plant hosts including crop and vegetable seeds, orna-
mentals, fruit trees, and weeds (Luc et al. 2005). Bakr
et al. (2011) pointed out that root-knot nematodes are
one of the most crop productions limiting factor in
Egypt, and the incidence of the root-knot disease caused
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by Meloidogyne spp. was the greatest in sandy soil, espe-
cially in newly reclaimed areas.

Eggplant (Solanum melongena L.) is one of the world’s
most popular grown vegetable crops. In Egypt, eggplant is
known to be extremely susceptible to infection with root-
knot nematode (Abd-Elgawad 2014). This may raise the
vulnerability of the crop to certain wild diseases such as
bacterial and fungal wilt (Tharshani and Sivapalan 2009).

Management of plant-parasitic nematodes is more dif-
ficult than the management of other pests because nem-
atodes mostly inhabit the soil and usually attack the
plant roots (Nicol 2002). Although the application of
chemical nematicides is successful, simple, and has rapid
results, in some developing countries, they have started
to withdraw from the market due to concerns regarding
public health and environmental protection (Schneider
et al. 2003). Hence, the quest for a new, environmentally
sustainable alternative agent to control populations of
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plant-parasitic nematodes has become extremely rele-
vant. Biological control is made more common because
of its harmony with the climate and its non-toxic exist-
ence (Jiang et al. 2014). The use of such eco-friendly mi-
croorganisms helps to keep environmental integrity and
attain a pollution-free environment. Bio-agent stays suc-
cessful in soil for long periods of time after formation,
which in due course contributes to the principle of sup-
pressive soils (Trudgill and Blok 2001). While biological
control of plant-parasitic nematodes is still under re-
search and discovery. Consequently, for more efficient
biological control against root-knot nematodes, different
strains of antagonistic bacteria are very much needed.

Biological control of nematodes can be achieved
mainly by antagonists of the fungi and bacteria. The
nematodes-fungal antagonists consist of a variety of fun-
gal spp. which includes endo-parasitic fungi, nematode-
trapping fungi, toxin-producing fungi, parasites of seden-
tary nematodes, and vesicular-arbuscular mycorrhiza
(Timper 2014). Whereas the bacterial antagonists consist
of mainly three groups, viz., epiphytic, endophytic, and
endoparasitic bacteria. Bacteria attain biological control
by mechanisms such as antibiosis, competition, and
parasitism (Abd-Elgawad and Kabeil 2012); siderophores
produced by bacteria can also act as an induced systemic
resistance (ISR) determinant in plants (Lucas et al.
2014). Another mechanism for biocontrol may be the
production of hydrolytic enzymes such as chitinase and
protease (Vaidya et al. 2001).

Accordingly, the present research aimed to examine
the behavior of different antagonistic bacteria for low-
cost and environmentally sustainable control of plant
parasite root-knot nematodes M. incognita in eggplant
in vitro and under greenhouse conditions.

Materials and methods

Isolation of bio-agent

Different bacterial isolates were isolated from rhizo-
sphere soil of plants infected with root-knot nematodes.
The rhizosphere soil was obtained from North Sinai and
Cairo Governorates, Egypt. The isolation was carried out
on a nutrient agar (NA) medium. Colonies were recov-
ered and purified by successive streaking on the NA
medium. Cultures were maintained in the NA medium
and stored in 20% glycerol at —-20 °C.

Preparation of nematode inoculum

To initiate and propagate pure stock culture of the root-
knot nematode, M. incognita (Kofoid and White) Chit-
wood, galled roots of highly infected eggplants (Solanum
melongena) were collected. Single egg mass was used to
inoculate eggplants grown under greenhouse conditions.
The identification of females’ perennial pattern was done
according to Taylor et al. (1955). Two months later, re-
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inoculation on new seedling of eggplants continuously
was carried out for preparing pure egg mass culture of
M. incognita. The eggs and nematode J2s were used for
all the subsequent tests.

Effect of bacterial isolates and their supernatants on
mortality percentages of M. incognita J2

Bacterial isolates were screened for their abilities to in-
hibit the second juvenile (J2) of M. incognita. Mortality
percentage was calculated according to the method de-
scribed by Schneider and Orelli (1947). For mortality
test, 2 ml of freshly hatched J2s of M. incognita, contain-
ing 100 + 10 juveniles/ml was placed in each Petri dish
and 2 ml of bacterial culture from each bacterial isolate
containing 2 x 10® (cfu/ml) was added separately. Petri
dish with nematodes and without culture served as con-
trol. All dishes were incubated in an incubator at 25 +
2°C. The supernatant of 6 bacterial isolates with highly
suppressive effect against M. incognita were evaluated
for their activity against M. incognita as previously de-
scribed. After 48 h, the J2s were counted for mortality
and non-mortality under stereoscope. The mortality of
nematodes was confirmed by keeping them in tap water
for 24h. Nematodes were considered dead if they did
not respond to being touched by a small probe. The per-
centage of mortality was calculated from an average of 3
replicate. After exposure periods, J2s were washed, using
distilled water then transferred to clean Petri dishes for
24h to ensure that no recovery will be occurred. The
percentage of nematode mortality was calculated accord-
ing to Abbott’s formula (Abbott 1925).

. . _ T — C
Juvenile mortality% = ;55— % 100
Where T is % of nematode mortality in the treatment
and C is % of nematode mortality in the control.

Identification of the potent isolates

The methods described by Gordon et al. (1973) were
used to conduct cellular morphology and biochemical
tests. Young bacterial cultures (24 h) were used to dis-
play the cellular motility. Isolates were identified by dir-
ect extraction of genomic DNA from the colonies grown
on NA medium and was used as template for PCR by
using forward and reverse primers, F (5° AGA GTT
TGA TCC TGG CTC AG-3’) and R (5'-GGT TAC
CTT GTT ACG ACTT-3’), according to the modified
method of Ishikawa et al. (2000). The selected isolates
were sequenced, using 16S rRNA sequencing and assem-
bled in the BioEdit software (Hall 1999). The phylogen-
etic tree was constructed, using the neighbor-joining NJ
method (Saitou and Nei 1987).
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Characterization of nematicidal traits of the selected
isolates

The selected bacterial isolates which showed consider-
able mortality percentage for M. incognita were investi-
gated for the following traits.

Hydrogen cyanide production

The potential of bacterial isolates to produce HCN
qualitatively was assessed according to Bakker and
Schipper (1987). Nutrient agar slants contained 0.44%
glycine were streaked by selected bioagent bacteria. A
strip of sterile filter paper that had previously been
soaked in a solution of 0.5% picric acid and 2% Na,COj3
was added inside the NA slants and sealed with parafilm.
The inoculated slants were incubated at 28 °C for 48 h.
The change in filter paper color from yellow to brown
was verified as a positive reaction.

Siderophores production

Production of siderophores was determined by Reeves
et al. (1983) method. Selected isolates were grown in nu-
trient broth at 28 °C for 3 days and cultures supernatant
was collected by centrifugation (6000 rpm, 20 min). The
pH was adjusted to 2.0 with diluted HCl and in a separ-
ating funnel equal quantity of ethyl acetate was added,
and mixed well, then ethyl acetate fraction was collected.
This process was repeated 3 times to extract the entire
quantity of siderophore from the supernatant. Five millili-
ters of Hathway’s reagent (1.0 ml of 0.1 M FeC13in 0.1 N
HCl1to 100 ml distilled water +1.0 ml of 0.1 M potassium
ferricyanide) was added to 5ml of the ethyl acetate frac-
tion and shaken thoroughly. The absorbance was mea-
sured at 700 nm for dihydroxy phenols using a standard
curve prepared with dihydroxy benzoic acid and the quan-
tity of siderophore produced was expressed as pg/ml.

Chitinase production

Colloidal chitin preparation

Colloidal chitin was prepared according to Murthy and
Bleakley (2012). In brief, 20 g of crab shell powder was
suspended in 150 ml of concentrated HCI for 60 min at
room temperature. Then 2 L of distilled H,0 was slowly
added and left for 24 h at 4°C. After centrifugation, the
pellet was collected and washed several times with dis-
tilled water. The pH of the obtained colloidal chitin was
adjusted to 7 and stored at 4 °C.

Total chitinolytic activity

Chitinase activity was assayed by measuring the release
of reducing saccharides from colloidal chitin according
to Wang and Chang (1997) with minor modification.
The selected isolates were inoculated into the colloidal
chitin broth medium, composed of (in g/I) K,HPO,, 0.7;
KH,PO,, 0.3; MgS0,4.5H,0, 0.5; (NH,)2SOy; colloidal
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chitin 20; and pH 7.0 and were incubated for 5 days at
30°C. One milliliter of cultures supernatant was mixed by
0.5 ml of 1% solution of dinitrosalicylic acid and heated at
100 °C for 5 min. Absorbance of the reaction mixture was
measured at 582 nm after cooling to room temperature.
One unit of the chitinase activity was defined as the
amount of enzyme, which yields 1 pmol of reducing sugar
as N-acetyl-d-glucosamine equivalent per minute.

Protease production

Protease activity of the cultures supernatants of the se-
lected isolates was measured according to the techniques
described by Pokhrel et al. (2014), with slight modifica-
tions. In brief, 1 ml of each supernatant was incubated
with 0.1 M phosphate buffer (pH 7.0) and 2 ml 1% casein
solution at 50°C for 2h. The reaction was stopped by
the addition of 3 ml trichloroacetic acid and subsequent
centrifugation, 1 ml of this solution was mixed with 2.5
ml of 0.5M sodium carbonate and incubated at room
temperature for 30 min. One milliliter of Folin phenol
reagent was added and incubated again for 15min at
room temperature before being measured at 660 nm.
One unit of enzyme activity was defined as the amount
of enzyme needed to release 1 umol of tyrosine per min.

Determination of plant growth-promoting activities
Indole-3-acetic acid production

The selected bacterial isolates were screened for their
ability to produce IAA according to the method used by
Apine and Jadhav (2011). Bacterial isolates were grown
on nutrient broth medium (0.5% yeast extract, 1% pep-
tone, 0.5% NaCl, pH 7.2) supplemented with 0.1% L-tryp-
tophan and incubated at 30 °C for 48 h. After incubation,
culture supernatants were collected by centrifugation at
8000xg for 15 min. Two milliliters of supernatant were
mixed with 2ml of Salkowski reagent (1 ml of 0.5M
FeCl; in 49 ml of 35% (w/v) HCIO,) and incubated for
30 min at room temperature. Occurrence of a pink color
confirmed IAA production. Optical density was read at
wavelength of 530 nm, and the standard curve was pre-
pared with pure IAA (Merck, Germany) to estimate the
IAA concentration.

Inorganic phosphate solubilization

Phosphate solubilization ability was investigated accord-
ing to Liu et al. (2014). Pure cultures were inoculated in
a liquid Pikovskaya medium. The liquid cultures were
centrifuged and soluble phosphate in the supernatants
was determined by the molybdenum blue colorimetric
method (Watanabe and Olsen 1965).

Greenhouse experiment
The experiment was conducted at the experimental green-
house of Nematodes Research Unit, Plant Protection
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Department Desert Research Center, Cairo, Egypt. The
most active anti-nematodes bacterial isolates in the
in vitro test were cultured on nutrient broth medium. The
bacterial mass was harvested via centrifugation and fur-
ther suspended in saline buffer. Each isolate was then ar-
ranged by spectrophotometry to 10°cfu/ml at a
wavelength of 600 nm prior to greenhouse tests. The bac-
terial inocula were applied as a soil treatment at the rate
of 15 ml of bacterial suspension per plant. The commer-
cial bionematicide, Micronema, was applied as a soil
drench at recommended rates (6 cm/l) and the chemical
nematicide, Mocap (15% w/w ethoprophos; Bayer Crop
Science, UK) was applied at rate of 2 g per pot. Untreated
infected plants served as positive control and untreated un-
infected plants served as negative control. Four-week-old
eggplant seedlings cultivar Baladi, with uniform size were
transplanted singly in 15 cm clay pots filled with mixture of
autoclaved clay and sand soil (1:2, v/v). After 7 days, plants
were treated by the bacterial suspension. Ten-day-old
plants were inoculated with 2000 freshly hatched second
stage (J2) of M. incognita by making 3 holes at different
depths (2-3 cm) around the roots. After 15 days of infection,
the previously microbial inoculants were re-added at the
same rate. All plants received 1 g NPK (19-19-19) every 2
weeks. Pots were watered periodically every 3 days and kept
at 35°C + 2 °C in complete randomized design.

Reduction percentage in nematode enumeration and plant
growth parameters determination

Two months post-inoculation time, plants were
uprooted and soil of each pot was processed for nema-
tode extraction by sieving according to Baerman pan
technique (Southey 1970). Counts of J2 in soil of each
pot were determined by means of Hawksley counting
slide and stereoscope. Galls and egg masses were
counted, and their indices were recorded according to
Sharma et al. (1994). The average numbers of eggs/egg
masses were determined by rinsing four randomize se-
lected egg masses per root system of each replicate in
1% sodium hypochlorite to emerge eggs from egg
matrix, then the emerged eggs were suspended in water
and counted under a stereoscope. The reduction per-
centage in galls formation, egg-masses production, also
female’s numbers and J2s numbers were also calculated.
The final population (FP) was calculated for all treat-
ments by summation of the number of J2s in soil, egg
masses, and females. The reproduction rate of nematode
was calculated by dividing the nematode final population
on the nematode initial population according to Norton
(1978). Plant growth response based on shoot length,
fresh, and dry weights as well as root fresh weight and
length were determined for all treatments. Total micro-
bial counts in soil rhizosphere were carried out using
the decimal count technique.
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Statistical analysis

For the statistical analysis of the results, the data on the
experiments were subjected to analysis of variance
(ANOVA), and means were separated (p < 0.01) by Dun-
can’s multiple range test using the Statistical Analysis
Software (SAS-9.4, SAS Institute Taiwan Ltd, Taipei,
Taiwan).

Results and discussion

Isolation and screening of bacterial agents with
nematicidal properties

A total of 25 bacterial isolates were isolated from the
rhizosphere of nematode-infested soils in North Sinai,
Cairo Governorates, Egypt. Locations of soil samples, in-
fected plants, and number of isolated bacteria are repre-
sented in Table 1. Obtained isolates were tested for their
potential to inhibit the J2 of M. incognita in vitro tests.
Obtained results, after 48 h of exposure, revealed that all
bacterial cultures caused mortality (significant at p <
0.05) in M. incognita J2. The percentage of mortality
ranged between 44 and 100%. Isolates numbered as RE5,
RGY, RG10, BO16, BO17, and BB19 exhibited the high-
est percentage (100%) of mortality, followed by RT14
and BG8 that recorded 93 and 88.3%, respectively. The
lowest were obtained from the isolates BP23, BB18, RF7,
and RG11, which recorded 44, 45, 46.3, and 46.3%, re-
spectively (Fig. 1). The bacterial culture supernatants of
the 6 selected bacterial isolates were examined for their
nematicidal activities in vitro tests. Obtained results after
48 h of exposure, revealed that all culture filtrates caused
mortality to M. incognita J2 (Fig. 2). The supernatant of
isolate RG10 exhibited the highest mortality rate (100%),
followed by BB19 (98%). The lowest mortality rate
(89.33%) was obtained by the RG9 culture supernatant.
There are different species capable of antagonizing the
plant-parasitic root-knot nematode. The term “antagon-
ist” is used to describe a number of microorganisms in-
cluding frequent enemies such as parasitoids and
predators and even microorganisms that develop extra-
cellular hydrolytic enzymes, antibiotics, or cause sys-
temic plant resistance (Timper 2014).

Table 1 Isolation of bacterial agents

Location Infected plant Isolate number

Rommana Olive RO1, RO2, RO3

Rommana Figs RF4, RF5, RF6, RF7

Rommana Grape RG8, RGY, RG10, RG11
Rommana Tomato RT12, RT13, RT14

Baloza Olive BO15, BO16, BO17

Baloza Bean BB18, BB19, BB20, BB21, BB22
Baloza pepper BP23, BP24, BP25
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Identification of the selected isolates and phylogenetic
analysis

Morphological and biochemical characteristics of the se-
lected isolates are summarized in Table 2. The isolates
RF5 and RGY9 were Gram positive, whereas isolates
RG10, BO16, BO17, and BB19 were Gram negative. All
isolates were rod-shaped and motile and showed positive
reactions for catalase, gelatin liquefaction, and casein hy-
drolysis and a negative reaction for the urease test. The
16S rRNA nucleotide sequence revealed that the selected
isolates were closely related to Paenibacillus amylolyti-
cus, Brevibacillus agri, Gluconobacter frateurii, Beijer-
inckia  mobilis,  Achromobacter  aloeverae, and
Pseudomonas stutzeri with blast identity of 99, 98, 99,
97, 95, and 98%, respectively and 100% of query average.
Phylogenetic tree of the 6 bacterial strains and closely
correlated strains was illustrated in Fig. 3.

Characterization of nematicidal and plant growth-
promoting traits of the selected isolates

The applied bacteria were tested for the production of HCN
and siderophores. Pseudomonas stutzeri demonstrated a

strong capability of producing HCN, while the rest
did not. As for the development of siderophores, the
most productive isolate was G. frateurii (64.6 ug/ml),
followed by P. stutzeri and P. amylolyticus (46.4 and
41.2 ug/ml, respectively). No siderophores were de-
tected by the 3 other bacteria as shown in Table 3.
The six isolates were also checked for quantitative
test of extracellular chitinase and protease in liquid
medium. Data presented in Table 3 revealed that the
chitinase production varied from 27 to 51.1 U/ml, the
maximum production being observed for the isolate
G. frateurii (51.1U/ml) and A. aloeverae (48 U/ml),
while the lowest was observed for the isolate B. mobi-
lis (27 U/ml). All the selected isolates secreted prote-
ase enzyme at varied levels. The maximum protease
activity (388.61 U/ml) was attained by G. frateurii
followed by P. amylolyticus (306.91 U/ml) and P. stut-
zeri (297.66 U/ml), whereas the lowest enzyme activity
was observed by A. aloeverae and B. mobilis with en-
zyme activity (160.51 and 205.74 U/ml), respectively.
All the 6 tested bacterial isolates produced IAA in cul-
ture broth; the amount, however, varied significantly
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Fig. 2 Nematicidal activity of the selected bacterial culture filtrate on Meloidogyne incognita juvenile mortality after 48 h. LSD at 0.05 is 2.87
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Table 2 Morphological and biochemical properties of the selected isolates
Characteristic Bacterial isolate
RF5 RG9 RG10 BO16 BO17 BB19
Colony color Translucent Translucent Creamy White Translucent Light brown
Gram staining +ve +ve -ve -ve -ve -ve
Shape Rod Rod Rod Rod Rod Rod
Motility test + + + + + +
Spore forming + - - - _
Methyl red test + + + — — +
Oxidase test + - - + + +
Catalase test + + + + +
Arginie dihydrolysis - - - + _ _
Starch hydrolysis + - - - - +
Gelatin liquefaction + + +
Casein hydrolysis + + + + + +
H,S production - — + — _ +
Urease - - - — _ _
Voges-Proskauer test - - - - - +

among the strains and the order was G. frateurii > P.
stutzeri > P. amylolyticus > B. mobilis > A. aloeverae >
B. agri. Almost all isolates were able to dissolve phos-
phorus in the culture. The greatest solubilization was in-
duced by P. stutzeri (25.9 pg/ml), followed by G. frateurii
(22.5 pg/ml), and the least was induced by A. aloeverae
(13.6 pug/ml). Brevibacillus agri had no ability to dissolve
phosphorus in culture broth (Table 3). One of the most
promising alternate control methods for chemical nema-
ticides is the application of antagonistic microorganisms,
particularly those that generate lytic enzymes. Batool
et al. (2013) reported that P. aeruginosa caused more
than 90% mortality in in vitro tests, performed with M.
javanica, due to the high secretion of chitinase. Also,
Cetintas et al. (2018) reported that Paenibacillus casta-
neae and Mycobacterium immunogenum were effective
biocontrol agents for the management of the nematode
M. incognita. They added that proteases and chitinases
play an important role in the degradation of the nema-
tode cuticle and serve as nematicidal factors for biocon-
trol of nematode populations. Production of secondary
metabolites, including siderophores, protease, HCN, and
chitinase by P. fluorescens and P. putida, induce mortal-
ity in wheat cyst nematode Heterodera avenae and
inhibited egg hatching as reported by Ahmed (2017).
According to Tran et al. (2019), the antinematode,
Bacillus megaterium strain showed a good effect on
promoting pepper growth against Meloidogyne sp.
through its enzymatic activities, including chitinase
and protease activity. Also, Soliman et al. (2019) re-
ported that P. aeruginosa, P. polymyxa, Lysinibacillus

sphaericus, B. cereus, B. subtilis, and A. xylosoxidans
produced a high yield of chitinase, chitosanase, and
protease exhibited in vitro antagonism against M.
incognita.

In vivo evaluation of the nematicidal activity of the
selected isolates against M. incognita

Data recorded under in vivo studies (Table 4) showed
that the application of all bioagent treatments (P. amylo-
lyticus, B. agri, G. frateurii, B. mobilis, A. aloeverae, P.
stutzeri and their mixture) suppressed the total numbers
of M. incognita on eggplant in comparison to the nem-
aticide, Mocap 15% (Ethoprophos) and Micronema. The
reduction percentages of J2s, galls, females, egg masses,
eggs per egg mass, the final populations, and nematode
rates of build-up that occurred with all treatments were
diminished compared to control treatment. The greatest
reduction percentage of J2s was obtained from P. stutzeri
(78.21 %), and mixture of bacterial bioagent treatments
(77.12%), while the least was in case of B. agri (55.4%)
and P. amylolyticus (72.02%). Also, treatments of A.
aloeverae gave the most effect in galls, females, eggs/egg
mass reduction where they caused the reduction of
82.66, 80.28, and 69.20%, respectively. As well as G. fra-
teurii recorded the most effective egg masses, final
population, and rate of build-up giving 86.04, 77.75, and
1.23, respectively. The lowest females’ reduction percent-
ages were registered by P. amylolyticus (66%), while, B.
agri recorded the lowest final population reduction per-
centage (56.77%), followed by P. amylolyticus (71.17%).
The root-knot nematodes, Meloidogyne species, are the
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87 Sequence 1
89 Paenibacillus amylolyticus strain NBRC 15957
Paenibacillus polysaccharolyticus strain BL9
Paenibacillus xylanilyticus strain XIL14
Paenibacillus bovis strain BD3526
95 Paenibacillus gelatinilyticus strain PG1
Paenibacillus terreus strain D33

81 Fontibacillus panacisegetis

Sequence 2

Brevibacillus agri strain DSM 6348
Brevibacillus fulvus strain K2814
Brevibacillus thermoruber strain BT2
Bacillus alkalinitrilicus strain ANL-iso4
Bacillus isabeliae strain CVS-8
Bacillus thaonhiensis strain NHI-38
Bacillus fenggiuensis strain NPK15
Bacillus songklensis strain CAU 1033

Anoxybacillus calidus strain C161ab

Acetobacter peroxydans strain LMG 1635
Acetobacter papayae JCM 25143 strain 1-25
Acetobacter ghanensis strain LMG 23848
Acetobacter syzygii strain NBRC 16604

Asaia bogorensis strain 71

Asaia lannensis strain NBRC 102526
Gluconacetobacter diazotrophicus PA1 5 strain PAI 5
Komagataeibacter rhaeticus strain JCM 17122
Neokomagataea thailandica NBRC 106555 strain BCC 25710
Gluconobacter japonicus strain RBY-1

Gluconobacter cerinus strain LMG 1368

Sequence 3

Gluconobacter frateurii strain LMG 1365

Beijerinckia derxii subsp. venezuelae strain DSM 2329
Beijerinckia indica subsp. indica ATCC
Beijerinckia indica subsp. indica ATCC 9039
Beijerinckia fluminensis strain UQM 1685
Beijerinckia doebereinerae strain LMG 2819
Beijerinckia derxii strain ATCC 49361
Beijerinckia mobilis strain ATCC 35011
Beijerinckia mobilis strain DSM 2326
Sequence 4

Sequence 5

Achromobacter xylosoxidans strain LMG 1863
Achromobacter xylosoxidans strain Hugh 2838
Achromobacter denitrificans strain DSM 30026
Achromobacter ruhlandii strain EY3918
Achromobacter aloeverae strain AVA-1
Achromobacter insolitus strain CCUG 47057
Achromobacter spanius strain CCUG 47062

Achromobacter aegrifaciens strain LMG 26852

Achromobacter mucicolens strain R-46658
Pseudomonas pseudoalcaligenes strain Stanier 63
Pseudomonas alcaliphila strain NBRC 102411
Pseudomonas indoloxydans strain IPL-1
Pseudomonas taiwanensis DSM 21245 strain BCRC 17751
Pseudomonas entomophila L48

Pseudomonas plecoglossicida strain NBRC 103162
Pseudomonas kuykendallii strain H2

Pseudomonas guariconensis strain PCAVU11
Sequence 6

89 Pseudomonas stutzeri ATCC 17588 LMG 11199

Fig. 3 Phylogenetic tree of partial 165 rRNA sequence for isolate (a) RF5, (b) RG9, (c) RG10, (d) BO16, (e) BO17, and (f) BB19. The scale bar
represented 10% nucleotide substitutions. Percentages of bootstrap values recovered from 1000 trees are presented on the nodes
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Table 3 Plant growth-promoting traits of the selected isolates
Characteristic Bacterial isolate
Paenibacillus Brevibacillus agri Gluconobacter Beijerinckia Achromobacter Pseudomonas
amylolyticus frateurii mobilis aloeverae stutzeri
HCN production - - - - - +
Siderophore production (ug/ml) 412 - 64.6 - - 434
Chitenase production (U/ml) 374 334 51.1 270 480 450
Protease production (U/ml) 306.91 282.58 38861 205.74 160.51 297.66
IAA production (ug/ml) 1.7 12 24 16 1.5 19
Phosphate dissolving (ug/ml) 15.7 - 225 19.2 136 259

Each reported value is the mean of triplicate samples

most important group of plant-parasitic nematodes oc-
curring worldwide (Moens and Perry 2009). They could
rapidly establish feeding sites when found around plant
roots, by inducing specific developmental pathways to
suppress plant defense (Gheysen and Mitchum 2019).
The eggs and second stage developmental stages are the
most susceptible stages of plant-parasitic nematodes to
be controlled through biological control. These life
stages exist on soil particles outside of the plant in the
surrounded water film (hygroscopic water), which en-
ables the antagonistic micro-organisms to come into
contact, infect, and parasitize the nematodes. When
these two stages of the plant-parasitic nematodes are man-
aged, the nematodes’ life cycle would be disrupted and the
nematode’s population density would be decreased, result-
ing in an effective management (Allen 2004).

Effect of biocontrol agent on eggplant growth

The effect of biocontrol agents on the growth of egg-
plant infected with M. incognita was recorded in
Table 5. All the treatments improved the plant growth

parameters than the control. The treatment of G. frateurii
gave the highest increase in shoot length (38.15%), shoot
fresh weight (169.7%), and shoot dry weight (220.9%),
whereas the treatment of P. amylolyticus gave the highest
increase in shoot length (36.42), followed by A. aloeverae
(31.72%). Pseudomonas stutzeri recorded the highest in-
crease in shoot fresh weight (153.56%), followed by A.
aloeverae (144.05%) as well as the treatment of mixture of
bacteria recorded (170.9%) increase in shoot dry weight,
followed by treatments of P. amylolyticus and P. stut-
zeri recorded (163.63%). Also, variable responses of
root growth parameters were also detected. In gen-
eral, all treatments of the tested agent as well as
Micronema caused remarkable increase in plant growth
parameters. While the application of nematicide, mocap
(Ethoprophos) significantly decreased all measured plant
parameters when compared to control. These results agree
with that of El-Eslamboly et al. (2019). Applied bioagent
could not only promote plant growth but also improve
fruit quality by increasing nutrient contents such as carbo-
hydrate, protein, and vitamin (Rashid et al. 2016).

Table 4 Effect of the selected bacterial isolates on development and multiplication of Meloidogyne incognita infecting eggplant

Treatments Galls/root In soil Egg masses/root Eggs/egg mass Females FP RB
Paenibacillus amylolyticus 367¢ 2657" 2279 3517 302¢ 3186" 159
Brevibacillus agri 389° 42439 215° 278° 343f 48019 240
Gluconobacter frateurii 223° 2190° 95° 207° 186° 2471° 123
Beijerinkia mobilis 320° 2540° 2339 338 2607 3033° 151
Achromobacter aloeverae 2110 24134 1654 222° 180P° 2758 1.38
Pseudomonas stutzeri 294° 2073° 163¢ 3104 249° 2485° 124
Mixture 3249 2177¢ 211¢ 323¢ 310° 2698° 134
Micronema 202° 2550° 134° 3689 167° 28514 142
Mocap15% % 303° 33° 80° 58° 394° 0.196
Control 1217 9515" 681" 721" 9139 11109 555
LSD at 0.05 22895 85.28 13.948 17452 14582 90213

In each column, means followed by the same letters did not differ significantly at p < 0.05 according to Duncan’s multiple range test

FP final population included number of juveniles in soil +egg masses + females
RB rate of buildup, (Pf/Pi) where Pf is the final population/initial population
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Table 5 Plant growth parameters of eggplant affected by Meloidogyne incognita and treated by the selected bacterial isolates under

greenhouse conditions

Shoot dry weight (g)  Root length (cm)  Root fresh weight (g)

Treatments Shoot length (cm)  Shoot fresh weight (g)
Paenibacillus amylolyticus ~ 47.3%° 2187°¢
Brevibacillus agri 4367°¢ 18.64%
Gluconobacter frateurii 479° 27.24°
Beijerinkia mobilis 4420¢ 1641°
Achromobacter aloeverae — 45.67°% 2465
Pseudomonas stutzeri 4333° 2561°
Mixture 42 2142
Micronema 36° 1333
Mocap15% 35.33¢ 1242
Healthy plant 40¢ 16.37¢
Infected plant 3467 10.19
LSD at 0.05 3.9987 2812

29° 20°° 2.86%
2.22% 1667 3.09°
3.53° 23.67° 443°
2.15% 18> 265°
248° 16 4342
29° 17°¢ 368°
298° 17.33%¢ 329>
15¢ 12.33%f 257¢
1.21¢f 12¢f 19
207° 14,33 2.87%
11 1033 16°
03709 372 059

In each column, means followed by the same letters did not differ significantly at (p < 0.05) according to Duncan’s multiple range test

Effect of nematode infection and application of a
biocontrol agent or pathogens on total microbial count
(TMC) in eggplant rhizosphere

Microbial density as affected by nematode infection and
application of pathogens were shown in Fig. 4. Results
indicated that TMC was higher by the application of the
bacterial isolates than that obtained under the applica-
tion of nematicide. The highest increment in TMC was
recorded in rhizosphere of plants treated with B. mobilis
(136 x 10*cfu/g dry soil), followed by A. aloeverae and
P. amylolyticus (123.7 and 117.67 x 10*cfu/g dry soil),
respectively. The highest population of the rhizosphere
soil in the treated plots may be due to the production of

different bioactive substances by the bacterial isolates
which can ultimately improve plant defense response or
antagonize soil nematodes (Jiang et al. 2018).

Conclusion

Obtained results proved the effectiveness of the 6 bacter-
ial isolates against the root-knot nematode (M. incog-
nita) under in vitro and under greenhouse conditions.
The tested microorganisms significantly reduced the
average number of galls, females, number of ]2s, final
population, and finally the rate of build-up. In addition,
the bacterial isolates enhanced eggplant growth and mi-
crobial populations in rhizosphere soil.

160 1362

117.67° 115b¢

123.7°

d
120 99.3¢ 106 100.7¢  4eq
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80
37¢
40 ‘
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51.
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Fig. 4 Effect of nematode infestation and application of bioagent on total microbial count in eggplant rhizosphere. LSD at 0.05 is 11.01
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