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Bacillus thuringiensis (B.t) is well known for its biocontrol potential against a variety of insects. Ne-
maticidal potential of ten B.t isolates was tested against root-knot nematodes (Meloidogyne javanica (Treub)
Chitwood) in vitro, under greenhouse as well as in field conditions. Eggs and second stage juveniles (J2) were
exposed to 5 and 25% concentrations of bacterial cell-free aqueous extracts up to 96 h. B.t isolates showed
lesser degrees of nematicidal activity at 5% concentration. However, some B.t isolates (B.t-14, B.t-16 and
B.t-64) greatly reduced egg hatching and increased J2. All B.t isolates revealed suppressed egg hatching and
increased mortality of J2 at 25% concentration. Soil applications with most of the B.t isolates under greenhouse
and field conditions significantly improved height and fresh weights of root-knot nematode parasitized okra
(Abelmoschus esculentus (L.) Moench). Some isolates, including B.t-64 reduced the number of galls and egg
masses. B.t-64 reduced gall formation up to 70% under greenhouse conditions. However, 29% of decrease was
observed in field conditions. Similarly, B.t-64 treated plants showed a 56% decreased in eggs/egg mass in a
field experiment. Population of root-knot nematodes in the rhizosphere was decreased up to 61% in the field
experiment as compared to control.

Keywords: Biocontrol, Bacillus thuringiensis, nematodes, okra, soil drench.

Bacillus thuringiensis Berliner, a Gram-positive spore forming bacterium is widely
distributed in the environment and has been isolated from soil, water samples, insects and
leaves of deciduous and coniferous trees (Bernhard et al., 1997; Mizuki et al., 1999; Hill
et al., 2004; Vilas-Bdas and Lemos, 2004). B. thuringiensis is capable of producing crys-
tal proteins during sporulation phase known as delta-endotoxins. These crystal proteins
are specific to a wide variety of insects and pests (Vilas-Boas et al., 2000). Root-knot
nematodes Meloidogyne species are known to attack a wide range of economically impor-
tant crops, including vegetables and cause severe yield losses in tropical and sub-tropical
agriculture (Luc et al., 2005). Application of microorganisms antagonistic to root-knot
nematodes or compounds produced by these microbes such as antibiotics, siderophores
and enzymes could provide an additional opportunity for managing the damage caused
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by root-knot nematodes. Bacillus species are reported to contain more than 8.5% of the
genome that is devoted to synthesizing antibiotics and siderophores to compete with other
microorganisms in rhizosphere (Chen et al., 2007). There are several reports of nemati-
cidal activities of several Bacillus species (Li et al., 2005; Yap, 2013; Adam et al., 2014;
Flor-Peregrin et al., 2014). Production of metabolites by rhizosphere bacteria causes lysis
of nematode eggs and reduces egg hatching in Heterodera schachtii (Oostendorp and
Sikora, 1990). Most of rhizobacteria act against plant-parasitic nematodes by means of
metabolic by-products, enzymes and toxins. The effects of these toxins include the sup-
pression of nematode reproduction, egg hatching and juvenile mortality and survival of
nematodes (Siddiqui and Mahmood, 1999). Many isolates of B. thuringiensis have been
used as biological control agents against root-knot nematodes (Zuckerman et al., 1993;
Wei et al., 2003; Dhawan et al., 2004; Mohammed et al., 2008; Khan et al., 2010).

Okra (Abelmoschus esculentus (L.) Moench) considers as an important vegetable
crop rich in proteins and edible oil. Mucilage in fruits comprised pectin and carbohy-
drates. Root-knot nematodes consider as a major threat of okra. A study revealed that
Meloidogyne species prevailed in 85.28% of okra fields in Punjab province of Pakistan
with an average incidence of 38.89% (Hussain et al., 2012). This study was designed to
assess B.t isolates against Meloidogyne javanica (Treub) Chitwood in the greenhouse as
well as field conditions in okra. Lower concentrations of cell free extracts of B.t isolates
were also tested to assess mortality of J2 and hatching of eggs. As far as we know, no
detailed study was conducted to evaluate the potential of number of B.t isolates in soil
against root-knot nematodes in sub-tropical regions of the world.

Materials and Methods

Bacterial cultures

Bacillus thuringiensis (B.t) strains previously isolated from rhizosphere of different
crops (okra, brinjal, cotton, tomato, onion, cabbage and watermelon crops) around the
Sindh province of Pakistan (Khan et al., 2010). Identified bacterial cultures were grown in
Luria-Bertani broth for 24 h and stored in 20% glycerol at —80 °C. B.t isolates were grown
in Luria-Bertani broth at 37 °C for 48 h in shaking incubator (120 rpm) in dark and centri-
fuged twice at 716 g for 20 min. The pellets and supernatants were separated. Pellets were
re-suspended in sterilized distilled water and density of the suspension was maintained
to 10° cells/ml for greenhouse experiment and 10" cells/ml for field experiment. Super-
natants (culture filtrate) were collected in sterilized capped bottles before use. Different
concentrations (5 and 25%) of bacterial culture filtrate were prepared by adding sterile
distilled water for in vitro studies. B.t endotoxins are well known for nematicidal activity
(Bottjer et al., 1985; Payne, 1992; Wei et al., 2003). However, the nematicidal potential of
B.t exotoxins were not well documented. That is the reason behind this study to assess the
nematicidal potential of B.t exotoxins.
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Root-knot nematode culture

Root-knot nematode species were identified in the laboratory by observing the per-
ennial pattern in adult females as described by Taylor and Netscher (1974). Root-knot
nematodes were identified as Meloidogyne javanica (Treub) Chitwood. The root-knot
nematodes were cultured on eggplant seedlings in pots containing autoclaved soil under
greenhouse conditions from a single egg mass.

In vitro nematicidal activities
Hatching of juveniles

Eggs of M. javanica were obtained as described by Hussey and Barker (1973).
A suspension of eggs was prepared in sterilized distilled water. Thereafter, 100 ul of egg
suspension (40-70 eggs) was transferred to each glass cavity block (4 ml final volume) of
different concentrations of cell free filtrate (final concentration maintained at 5 or 25%)
and kept at room temperature (25=+ 2 °C). After 24, 48, 72 and 96 h, number of hatched
juveniles were counted under a low power (X 6) stereomicroscope. The toxicity of fil-
trate was assessed on the basis of mean percentage of the hatched eggs (Cayrol et al.,
1989). Each treatment was replicated six times. Glass cavity blocks with 4 ml sterile water
served as control.

Mortality of J2 of M. javanica

Parasitized roots of eggplant (Solanum melongena L.) were collected and washed
thoroughly with distilled sterilized water before use in the bioassay to avoid other mi-
crobes. Egg masses of M. javanica were collected from the roots with the help of a needle
under stereomicroscope, placed in sterile distilled water and incubated at room temper-
ature for 48 h. Roots were washed. After hatching, the juveniles were collected and a
suspension of juveniles was prepared in sterile distilled water. Subsequently, 100 g1 sus-
pension of J2 (35-55) was added to all replicates of each concentration of cell free filtrate.
After 24, 48, 72 and 96 h exposure, numbers of dead juveniles were counted. The toxicity
of filtrate was assessed on the basis of mean percentage of the dead juveniles. Nematodes
were considered dead if they did not move when probed with a fine needle (Cayrol et al.,
1989). Other conditions of mortality assay as described in hatching section.

Greenhouse studies

Sandy clay loam soil was obtained from an experimental field of the Department of
Botany, University of Karachi. Five seeds of okra Abelmoschus esculentus (L.) Moench
cv. OH-152 were sown in each plastic pot (8 cm diameter) containing 300 g of soil. One
week after seedling emergence (seeds start to emerge from day three, however, we con-
sidered when maximum emergence was obtained at day seven), two seedlings were main-
tained in each pot and seedlings were drenched with 20 ml of bacterial cell suspension
(9% 10° cells/ml). In controls 20 ml sterile distilled water was used for drenching. The
second day after bacterial application, each pot was inoculated with 2000 J2 of root-knot
nematode M. javanica. Pots were randomized on a greenhouse bench. Observations on
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plant growth parameters and root-knot nematode parasitism were recorded after 45 days
of nematode inoculation. The experiment was repeated to find variability in the obser-
vations. However, the variance between the repeated experiments were closely similar;
therefore, the analysis was performed on pooled replicates.

Plant growth parameters including shoot lengths, shoot weights, root lengths and
root weights were recorded immediately after harvesting. Galls and egg masses on roots
were counted under stereomicroscope ( X 6). Egg masses were stained with 0.015% Phlox-
ine B for 20 minutes before counting (Daykin and Hussey, 1985). Number of eggs per egg
mass were counted in 10 egg masses that were randomly collected from each root and
treated with 2% NaOClI for 2 minutes (Hussey and Barker, 1973). Released eggs were col-
lected in 400 mesh sieve and 10 ml egg suspension was prepared with distilled water. Eggs
were counted under a compound microscope (10X). Root-knot nematode population in
rhizosphere was determined by modified Bearmann funnel technique (Townshend, 1962).

Field studies

Seeds of okra were sown in 2 X 1 meter micro plots at experimental field of Depart-
ment of Botany, University of Karachi, according to the randomized complete block de-
sign. After one week of seedling emergence the seedlings were drenched with cell suspen-
sion of actively growing cultures of B. thuringiensis isolates B.t-64 (5.5 x 10" CFU ml™),
B.t 14 (5.15x 10" CFU ml™") and B.t-16 (3.8 x 10" CFU ml™) 300 ml per meter of row.
Seedlings drenched with sterile distilled water were kept as control. Second day of bacte-
rial application, the seedling rows were then inoculated with 12000 J2 of root-knot nem-
atode. Experiments were conducted twice with similar protocols. Plant growth and nema-
tode parasitism by counting number of galls/root system and egg masses/root system were
recorded two months after nematode inoculation.

Analysis of data

Data were analyzed for descriptive statistics and analysis of variance (ANOVA).
The follow-up of ANOVA included calculation of Tukey’s HSD to compare the treatment
means (Gomez and Gomez, 1984).

Results

Egg hatching of root-knot nematodes

Cell free culture filtrate of different B. thuringiensis isolates, viz. B.t-6, B.t-7, B.t-8,
B.t-9, B.t-10, B.t-13, B.t-14, B.t-15, B.t-16 and B.t-64 were tested at different concentra-
tions (5% and 25%) against hatching of juveniles. Cell-free culture filtrates significantly
reduced (P < 0.001) the hatching of M. javanica juveniles compared to controls. After 96
h of exposure B.t isolates at 5% concentration showed varied response on hatching of
juveniles. B.t-64 and B.t-16 treated plants showed minimum hatching of juveniles, i.e.
19.3% and 20.48%, respectively. Other B.t isolates caused 28—57% hatching of juveniles
as compared to controls where 67.5% egg hatching was recorded (Fig.1A). At 25% ex-
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Fig. 1. Effect of aqueous extract of B.t isolates at 5 (A) and 25% (B) concentrations on hatching of J2 of
root-knot nematodes. Treatments: 1 = Control, 2 =B.t-6, 3=B.t-7, 4=B.t-8, 5=B.t-9, 6 =B.t-10,
7=B.t-13, 8=B.t-14, 9=B.t-15, 10=B.t-16, 11 =B.t-64

Treatments and time bars with same letters are not significantly different from each other according
toTukey’s HSD. Hatching % was observed after 24, 48, 72 and 96 hours of exposure.
Each bar comprise mean of six replicates.

tract concentration, all the bacterial isolates significantly (P < 0.001) reduced the hatching
percentages. However B.t-64 treated plants showed 100% reduction in hatching of juve-
niles, followed by B.t-16 and B.t-14 as compared to untreated controls (52.9%) (Fig. 1 B).

Mortality of root-knot nematodes

Two concentrations (5 and 25%) of the cell free culture filtrate were assessed to
determine the mortality of J2 at 24, 48, 72 and 96 h. Most of B.t isolates used in this
study caused significant (P <0.001) increase in mortality of J2 of root-knot nematode
with respect to time. At 5% concentration, some bacterial isolates, including B.t-64 signif-
icantly increased the mortality of J2 by 75%, followed by B.t-14 (66%) and B.t-16 (65%)
after 96 h of exposure (P <0.001) (Fig. 2A). Mortality response at 25% concentration in-
creased significantly (P < 0.001) with respect to time. Maximum mortality of J2 (81.7%)
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was observed for B.t-64 treated plants followed by B.t-16 (64.3%) and B.t-14 (50.5%) as
compared to controls that showed 12% mortality. Application of other B.t isolates resulted
in mortality percentages of J2 ranged between 13 to 33% (Fig. 2B).

Greenhouse studies

Shoot height of okra was significantly enhanced in soil drench treatments with B.t.
isolates compared to controls. Maximum shoot height of 28 cm was recorded in plants
treated with B.t-13, followed by B.t-64 (25 cm). B.t-10 (2.27 g), B.t-6 (2.2 g) and B.t-64
(2.2 g) showed higher shoot weights compared to untreated controls (Fig. 3A and C).
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Fig. 2. Effect of aqueous extract of B.t isolates at 5 (A) and 25% (B) concentration on mortality of J2 of
root- knot nematodes. Treatments: 1 = Control, 2 =B.t-6, 3=B.t-7, 4=B.t-8, 5=B.t-9, 6 =B.t-10,
7=B.t-13, 8=B.t-14, 9=B.t-15, 10=B.t-16, 11 =B.t-64

Treatments and time bars with same letters are not significantly different from each other according
toTukey’s HSD. Mortality % was observed after 24, 48, 72 and 96 hours of exposure.

Each bar comprise mean of six replicates.
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A significant increase in root length was observed in plants treated by B.t-64 and B.t-14
(17 and 15 cm), i.e. 112.5, and 88% increase compared to non-treated control (8 cm).
Root weight also significantly increased following soil drench with B.t isolates. B.t-
16 and B.t-14 treatments resulted in higher root weights compared to other treatments
(Fig. 3B and D).

Number of galls/root system was greatly reduced in B.t-64, B.t-6 and B.t-14 treated
plants (28, 39, and 40 galls/root system), compared to untreated controls (94 galls/root
system) (Fig. 4A). B.t-13, B.t-6 and B.t-16 showed 46% lower egg mass formation in
roots as compared to controls (Fig. 4B). The least number of eggs/egg mass was counted
in B.t-64-treated plants, which was 42% lower than the control. B.t-16 and B.t-16 treat-
ments also resulted in prominent decline in the number of eggs/egg mass (Fig. 4C). Soil
drenched with most of the B.t isolates significantly reduced nematode population in the
soil. B.t-64 and B.t-16 treated plants exhibited 652 and 672 nematodes/200 g soil, which
is 43 and 41% lower than controls, respectively (Fig. 4D).
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Fig. 3. Effects of Bacillus thuringiensis isolates on growth of okra under greenhouse conditions.
Treatment bars with same letters are not significantly different from each other according to Tukey’s HSD.
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Fig. 4. Effects of Bacillus thuringiensis isolates on nematode parasitism in okra under greenhouse
conditions.

Treatment bars with same letters are not significantly different from each other according to Tukey’s HSD.

Field studies

Shoot height significantly increased in all tested B.t isolates under field conditions.
B.t-64 and Bt-14 treated plants exhibited 61 cm shoot height, which was 28% higher as
compared to control (47.8 cm) (Fig. SA). Shoot weights increased in B.t-14 and B.t-64
treated plants, i.e. 19 and 10% higher, respectively than the controls. However, reduction
in shoot weight was recorded in B.t-16 treated plants by 22% (Fig. 5B). Similarly, root
length was enhanced in Bt-64 and B.t-14 treated plants and declined in Bt-16 treated
plants compared to untreated controls (Fig. 5C). Varied root weights were recorded in
different treatments, while root weight significantly improved in B.t-14 treated plants,
whereas, in B.t-64 and B.t-16 treated plants a decline was recorded (Fig. SD).

Number of galls/root system was significantly (P <0.05) reduced in all the
B.t-treated plants. However, B.t-16 and B.t-64 treated plants exhibited the least number
of galls i.e. 32% lower than the non-treated controls (Fig. 6A). Soil drenched with B.t
isolates significantly reduced (P < 0.001) egg masses/root system. B.t-64 and B.t-16 treat-
ments resulted in 25 and 29 egg masses in roots, followed by B.t-14 showing 30 egg
masses/root system compared to untreated controls showing 36 egg masses/root system
(Fig. 6B). Eggs/egg mass were significantly (P <0.001) reduced in soil drenched with
B.t isolates treatments with B.t-64, B.t-14 and B.t-16 isolates resulted in 324, 506 and
517 eggs/egg mass, respectively, i.e. 56, 33 and 31% lower as compared to non-treated
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Treatment bars with same letters are not significantly different from each other according to Tukey’s HSD.
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control (750 eggs/egg mass) (Fig. 6C). Soil drench application of B.t isolates significantly
(P<0.001) reduced nematode population/200 g soil. B.t-64, B.t-14 and B.t-16 caused
62, 44 and 35% reduction, respectively, in nematode population/200 g soil compared to
controls (Fig. 6D).

Discussion

Studies on B.t isolates showed reduced hatching of J2 and caused significant mor-
tality of juveniles of M. javanica. In a previous study, the larvicidal potential of Bacillus
cereus was observed with its collagenolytic/proteolytic enzyme (Sela et al., 1998) ex-
erting its effect on the cuticle of M. javanica. Proteases from bacteria (Bacillus species)
(Lian et al., 2007) and fungi (Monacrosporium microscaphoides) were also identified as
potential nematicidal agents (Wang et al., 2006). It is an established fact that bacteria pro-
duce proteases which cause lysis of proteinaceous metabolites. The actual mode of action
of ammonia is still unclear (Oka, 2010). Cell free B.t extract reduced hatching of juveniles
and caused substantial mortality to J2 of root-knot nematodes at 50% concentration (Khan
etal., 2010). However, in the present study, similar results were obtained at lower concen-
trations (5 and 25%) of cell free extracts of B.t. isolates.

Some B.t isolates, including B.t-64, B.t-16 and B.t-14 in greenhouse and field
studies were found effective in enhancing plant growth and reducing root-knot nematode
parasitism. These B.t. isolates were previously found to increase plant growth and reduce
nematode parasitism in okra and mung bean when applied as a seed treatment (Khan et
al., 2010). However, a previous study suggested that application of Bacillus species by
different methods significantly altered the penetration of bacteria in plants. Further, it was
recorded that soil drench method proved more effective than the seed treatment (Bressan
and Borges, 2004).

B. thuringiensis isolated from surface sterilized nodules of soybean plant improved
plant growth and enhanced the ability of the nodulation capacity of nodule forming bac-
teria, hence suggesting the potential as plant-growth-promoting bacteria (PGPR) (Bai et
al., 2002). Shishido et al. (1996) observed an appreciable increase in plant growth of
pine and spruce after the application of three strains of Bacillus polymyxa. Some volatile
compounds from Bacillus species have the ability to trigger the greatest level of growth
promotion in Arabidopsis thaliana (Ryu et al., 2003). The ability of bacteria to colonize
root surface is considered an important feature in the soil for plant growth promoting effi-
ciency. Previously, De-Bashan et al. (2010) reported that Bacillus pumilus ES4 effectively
colonized root tips and root elongation areas and altered the bacterial community. Re-
duced efficiency of B. thuringiensis under field conditions may due to competition with
other rhizosphere inhabiting microorganisms for space and nutrition. Further, moisture
and temperature extremes greatly affect the cell count of B.t isolates in soil (Khan et al.,
2011). However, endospore forming ability is a unique feature helping Bacillus species
to survive in soil for a long period of time. It was reported that sporogenic strains of B.t
rapidly formed spores and survive till 20 days in soil (Vilas-Bdas et al., 2000). Treatments
with Bacillus species enhance production of defense related biochemicals with improved
growth of solanaceous plants in greenhouse and field conditions (Akram et al., 2013;
Abbasi et al., 2014). Some other reports suggest that Bacillus species influence the effec-
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tiveness of arbuscular mycorrhiza and when B. pumilus was co-inoculated with Glomus
deserticola improved dry matter production in Medicago sativa (Medina et al., 2003).
Formulation of Bacillus firmus when applied to tomato plants increased plant height and
biomass by 71 and 50% in greenhouse, while in the field trials, plant showed 29-31%
higher shoot height and 20-24% greater plant weight (Terefe et al., 2009). Root-knot
nematode parasitism decreased with the application of B.t isolates in soil. Severity of
parasitism was recorded in terms of gall and egg masses/root system, number of eggs per
egg mass and nematode population in the rhizosphere. Previous reports demonstrated that
B. thuringiensis soil drench reduced galling of Meloidogyne species on roots of tomato by
51-59% (Khyami-Horani and Al-Banna, 2006). Terefe et al. (2009) worked on B. firmus
formulation against root-knot nematode infestation in tomato. They reported reduced gall
formation, nematode population and number of eggs under greenhouse and field condi-
tions. Similarly, Sharma (1994) achieved reduced parasitism of M. incognita in barley
following the application of B. thuringiensis. A similar study by Keren-Zur et al. (2000)
showed reduced root-knot disease in cucumber and tomato following the B. firmus for-
mulation in greenhouse and field trials. Lesser root fresh weight in control plants having a
greater number of galls probably due to the small sized galls. The size of the galls varies
in different plant species due to many factors, including variation in the size of giant cell,
number of giant cells per feeding site and number of nuclei per giant cell (Vovlas et al.,
2005). Sometimes more than one females are closely found in roots in a single gall which
further increases the size of the galls. However, we observed fewer egg masses compared
to galls indicating that not more than one female per galls. Root colonizing bacteria may
alter plant gene expression in roots that further affecting root exudation (Van Loon, 2007).
However, sometimes plants exhibit induced systemic resistance without expressing any
changes in genes after the application of rhizobacteria (Van Loon and Bakker, 2007).
Some studies have been conducted on transgenically expressed cry protein genes in roots
of tomato to suppress the root-knot nematode parasitism (Li et al., 2007; Li et al., 2008).
The study leads us to suggest that application of B.t isolates was found to be more effec-
tive as compared to previous studies (Khan et al., 2010), where B.t isolates applied on
seeds before germination against root-knot nematodes. In conclusions, the study demon-
strated that B.t isolates adopted to rhizosphere conditions where isolates directly affected
root-knot nematodes. Reduced juvenile population in the rhizosphere and reduced nem-
atode parasitism thereby showed positive effects on plant growth. However, the biocon-
trol potential varied in B.t isolates under greenhouse and field conditions. More studies
needed to find out activities of some of the tested isolates, including B.t-64 and B.t-16.
Both isolates demonstrated better results compared to other tested isolates.
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