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A B S T R A C T

Antagonistic Lysinibacillus sp., Bacillus subtilis, and Pseudomonas fluorescens were proven to control Ralstonia
solanacearum that causes bacterial wilt on potatoes. Present study reports in vitro evaluation of a formulation
containing PGPR and endophytic bacteria with the novel biocontrol delivery system (BDS) consisted of graphite
and silica NPs. Crystal structure, morphology, elemental analysis and size distribution of particles in the sus-
pension were respectively observed by XRD, SEM, EDS, and PSA. While the morphology and bacterial existence
were observed by SEM, UV–vis, and photoluminescence spectroscopy. The ability of above BDS to form sy-
nergistic effect and inducing antagonistic interactions against R. solanacearum was evaluated by measuring the
diameter of inhibition zone (DIZ). It is highlighted that the widest inhibition zones were resulted from biocontrol
with graphite + silica NPs, indicating that BDS significantly affects the biocontrol mechanism. Compared to
control, the inhibition zones caused by Lysinibacillus sp. were widest in the formulation with 3% graphite +5%
silica NPs; by B. subtilis were in the formulation with 5% graphite +5% silica NPs, and 5%; by P. fluorescens were
in the formulation with 5% graphite +5% silica NPs.

1. Introduction

Potato (Solanum tuberosum L.) is an important food security crop
with great potential for poverty alleviation and combating malnutrition
in the developing world (FAO, 2008). However, significant harvest
failure can be caused by several constraints such as poor seed quality,
soil fertility, and plant pathogens (FAO, 2009). One of the most de-
structive diseases limiting potato production in many potato growing
area, including the developing countries in Asia and Africa, is bacterial
wilt caused by Ralstonia solanacearum (Allen et al., 2004; Gildemacher
et al., 2011). This bacterium also affects many plant species including
tomato, tobacco, banana, peanut, ginger, and other solanaceous crops
(CABI, 2018). Diverse mechanism of the pathogen affecting the plant
such as causes wilt on potato plants and rot on potato tubers. The
bacterium is difficult to control because it survives in residues of in-
fected plants in the soil (Hayward, 1991; Pradhanang and Momol,
2013). The spread of asymptomatic, latently infected seed tubers pro-
motes the establishment of this pathogen in new areas (Allen et al.,

2004). Crop rotation is useful to decrease the inoculum of bacterial wilt
pathogen and control the disease. One of the other environmentally
friendly control methods is biocontrol by using antagonistic agents,
such as plant growth promoting rhizobacteria (PGPR) and endophytic
bacteria.

Root surface and root system are colonized by a wide range of soil
bacteria which are able to stimulate plant growth and health (Saharan
et al., 2011). These plant growth-promoting rhizobacteria (PGPR) en-
hance the growth of plants and crops. Besides this direct effect, many
PGPR increases crop production indirectly by their antagonistic effect
against phytopathogens. PGPR affect plant growth through several
mechanisms, such as nitrogen fixation, phosphate and potassium solu-
bilization, siderophore production, antibiosis, and protective enzymes
synthesis (Shaikh et al., 2016). PGPR that is capable of enhancing the
growth of vegetables such as potato, carrot, onion, etc. belong to genera
Azotobacter, Azospirillum, Pseudomonas, Bacillus, and many more (Rai
and Nabti, 2017; Gouda et al., 2018). Boukerma et al. (2017) reported
the activity of PGPR Pseudomonas fluorescens and P. putida in the
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biocontrol of tomato Fusarium wilt.
Endophytic bacteria colonize plant tissues intracellularly as well as

intercellularly without causing disease symptoms on the plant. These
microbes have important roles in plant health. They colonize an eco-
logical niche similar to that colonized by plant pathogens but do not
cause disease or damage to their hosts. Several bacterial endophytes
have been reported to support growth and improve the health of plants
(Nair and Padmavathy, 2014) and therefore may be important as
sources of biocontrol agents. The mechanisms by which endophytic
bacteria control phytopathogens are a competition of space,

siderophore production, inhibitory substances production such as an-
tibiotics or HCN which may end up to disease suppression (Ramesh and
Phadke, 2012). The mechanism of indirect disease control is by mod-
ulating the plant immune response, including the induction of systemic
acquired resistance.

In some earlier screening studies, an endophytic isolate of
Lysinibacillus, isolated from potato root, and PGPR isolates of Bacillus
subtilis and Pseudomonas fluorescens, isolated from the rhizosphere of
chrysanthemum were collected since they were able to control bacterial
wilt disease on potato plants (Hersanti et al., 2009). This endophytic

Fig. 1. Scanning Electron Microscope (SEM) images of (a) graphite and (b) SiO2 nanoparticles and corresponding size distribution with average size of 58.9 nm.

Fig. 2. The obtained X-ray Diffraction (XRD) spectroscopy of amorphous SiO2 nanoparticles.

Fig. 3. The obtained elemental analysis by energy dispersive spectroscopy (EDS) of SiO2 nanoparticles.
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Lysinibacillus was also able to reduce potato tuber soft rot (Istifadah
et al., 2016). These three antagonistic isolates were intentionally for-
mulated to be prepared as a biopesticide. Biocontrol agents must be
formulated in a suitable delivery system to maintain their condition and
to provide easier handling in field application (Naakeeraan et al.,
2005). These antagonists were formulated with graphite suspension
enriched with silica NPs. In the earlier study, the bacterial isolates were
also proven to be viable in the formulation. Graphite is a composite
black material, rigid, strong and light, synthetically produced, and
environmentally friendly as the toxicity is very low. Graphite has a
larger surface for the bacteria and silica NPs to cling onto in a for-
mulation.

The incorporation of nanotechnology by means of nanoparticles as a
delivery system is in the early stage of development. The main idea
behind the application of nanoparticles is to lower the indiscriminate
use of conventional pesticides to be in line with safe environmental
applications. In the early stage of the development of the delivery
system, polymer-based formulations have received the greatest atten-
tion such as application of biopolymer chitosan (Prem et al., 2015;
Perez et al., 2018) followed by formulations containing inorganic

nanoparticles (e.g., silica, titanium dioxide) and nanoemulsions (Xu
et al., 2016). The detailed review related to a smart formulation of the
biocontrol delivery system for agriculture can be found in the recent
review elsewhere (Sandeep et al., 2019).

The role of carbon in plant growth is extremely valuable. The source
of carbon in plants is used to create healthier specimens and some are
converted into carbon dioxide, but some of the carbon is locked into the
soil which plays important roles in adsorption of various minerals re-
sources. Thus, application of graphitic which is one of the most stable
allotropes of carbon as a biocontrol delivery system has promising

Fig. 4. The obtained elemental analysis by energy dispersive spectroscopy (EDS) of graphite.

Table 1
EDS elemental analysis of silica NPs.

Element Weight % Weight % σ Atomic %

C K 15.780 2.405 23.749
O K 45.275 1.729 51.152
Al K 1.334 0.222 0.893
Si K 37.611 1.391 24.206

Table 2
EDS elemental analysis of graphite.

Element Weight % Error % Atomic %

C K 72.98 3.78 78.34
O K 26.77 10.18 21.57
Si K 0.06 61.77 0.03
S K 0.1 57.65 0.04
K K 0.02 68.29 0.01
Cu K 0.08 76.54 0.02

Fig. 5. Particle size distribution of SiO2 nanoparticles: (a) without dispersing
agent (b) with dispersing agent PEG 400.
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advantages such as a host for various bacteria and also adsorbed soil
minerals.

Silica plays an important role in soil and shows beneficial effects on
plants include disease and insect resistance, plant structural fortifica-
tion, and regulation of the uptake of other plant nutrients. Silica sti-
mulates photosynthesis and graphite dioxide translocation, reduces
abiotic stress such as temperature, radiation, nutrient deficiency, and
toxicity, and increases plant resistance to biotic stress. Silica has also a
role in strengthening plant tissues, so the plant becomes more resistant
to pests and pathogens (Etesami and Jeong, 2018). Silica NPs is useful
in overcoming some limitation in the use of biopesticide, such as
variability in the performance of PGPR and endophyte due to various
environmental factors that affect their growth and multiplication in the
plants (Gouda et al., 2018).

Therefore in the present study, the delivery system of PGPR and
endophytic bacteria were formulated using graphite and silica NPs. The
objective of the present investigation is the in vitro study on the for-
mulation of delivery biocontrol system with graphite and silica NPs on
the PGPR and endophytic bacteria. The evaluation was carried out on
various treatments such as the in vitro antagonism between isolates of
Lysinibacillus, Bacillus subtilis, and Pseudomonas fluorescens, in gra-
phite + silica NPs formulation, against R. solanacearum. In addition, the
investigation was also carried out on the highest inhibition due to
varying in the concentration of silica NPs in the formulation.

2. Material and methods

2.1. Bacterial isolates

Lysinibacillus, the CKU3 isolate, is an endophytic bacterium isolated
from potato root grown in a potato field in Garut, West Java, Indonesia,
and became a collection in the Laboratory of Phytopathology,
Universitas Padjadjaran. This isolate was screened by challenging the in
vitro growth of Erwinia carotovora and R. solanacearum, and caused the
highest inhibition (Istifadah et al., 2016). PGPR B. subtilis and P.
fluorescens were isolated from the root of chrysanthemum at the Or-
namental Plants Research Center, Segunung, West Java, Indonesia.
These isolates were also collected by the Laboratory of Phytopathology,
Universitas Padjadjaran. R. solanacearum was isolated from the basal
stem of potato that showed wilt symptoms in a potato field in Lembang,
West Java, Indonesia.

2.2. Biocontrol delivery system (BDS)

2.2.1. Preparation of silica NPs and graphite suspension
Amorphous silica particle was prepared using 350ml of Na2SiO3

(Technical grade, PT Bratachem, Indonesia) and mixed with 700ml of
water and 100ml of HCl 12M as a catalyst. The stirring was done at
room temperature until the clear homogeneous mixture was obtained.
The final product was recovered by filtration, followed by cleaning with
distilled water in order to neutralize the acid until the pH became
neutral. The product was dried at 60 °C for 12 h to obtain a white

Fig. 6. Scanning Electron Microscope (SEM) images of bacterial isolate P. Fluorescens at different delivery formulation and image magnification of10,000: (a) only
SiO2 nanoparticles 3 wt% and (b) SiO2 nanoparticles 3 wt % and graphite 5 wt %.
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powder of silica particle. The PEG 1.5 wt % was dissolved in distilled
water and mixed by a magnetic stirrer for 60min, then 3 wt% of silica
NPs was added to the mixture and stirred for 60min. The suspension
was ultrasonically agitated to obtain well-dispersed silica NPs suspen-
sion. The graphite powder was obtained from low-grade graphite with
60–80% carbon content (Merch KGaA, Germany). In order to observe
another mineral in the graphite powder, EDS observation was carried
out. The suspension of graphite and silica NPs were used to formulate
the BDS as required for the various treatments.

2.2.2. Characterization of delivery system
The morphology and size of obtained silica NPs and graphite

powder were evaluated by means of scanning electron microscopy
(SEM) using Hitachi SU 3500, FEI, Inspect-S50. The crystallinity of the
silica NPs was measured by XRD Rigaku (Cu Kα with λ=1.54060 Å)
PANanalytical X'Pert. The impurities of both silica NPs and graphite
were investigated using EDS elemental analysis (Energy Dispersive X-
rays Fluorescence Spec, Rigaku). The particles size of silica NPs sus-
pension in distilled water was observed using PSA Beckman Coulter LS
13 320. While the BDS were observed by means of SEM with a similar
instrument, UV–vis (Spectrostar Omega) and photoluminescence spec-
troscopy (PerkinElmer LS55) to observe the morphology and the ex-
istence of the bacteria, respectively. The contact angle of BDS suspen-
sion was observed in glass plates and potato surface to determine the
hydrophobicity of the suspension by using a high-resolution camera
adopted from (Lamour et al., 2010).

2.3. Viability test of the bacterial isolates in the formulation

The viability test was carried out to evaluate the viability of the
antagonists in the formulation with graphite + silica NPs. Suspension
of the antagonist only, suspension of the antagonist + silica NPs (0.5%,
1%, 3%, and 5%), and suspension of antagonist in 5% graphite + silica
NPs (0.5%, 1%, 3%, and 5%) were serially diluted and plated on nu-
trient agar on day 1, and day 3 after mixing the antagonist with the
graphite + silica NPs. The three antagonist populations were prepared
to 107 cfu/ml when mixing. The total plate counts were assessed by
counting the colony number on the medium after 3 days of incubation.

2.4. In vitro antagonism between the bacterial isolates in the formulation
against R. solanacearum

To evaluate the antagonism between the bacterial isolates in the
formulation against R. solanacearum, the experiment was arranged in a
completely randomized design with 9 treatments and 3 replicates. The
data were statistically analyzed by analysis of variance, continued with
Duncan's multiple range test (5%), using SPSS21.0 application. To
prepare the antagonism test, 100 μL diluted suspension of R. solana-
cearum was spread inoculated onto nutrient agar in a Petri dish by using
L shape glass, and air-dried for several minutes. Filter paper discs
(8 mm diameter) were dipped in antagonist suspensions (formulated
with graphite + different concentration of silica NPs). Then they were
placed on the inoculated agar plates, 4 discs per plate. The antagonism
was shown by inhibition zones around the filter paper discs, and
measured by the width of the clear zones. The inhibition zones on
treatments (IHT) were also compared to the control (IHC) by

Fig. 7. Scanning Electron Microscope (SEM) images of bacterial isolate Lysinibacillus at different delivery formulation and image magnification of 5000 and 10,000:
(a) only SiO2 nanoparticles 3 wt% and (b) SiO2 nanoparticles 3 wt % and graphite 5 wt %.
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subtracting IHT with IHC and dividing the result by IHC, as follow:

=

−Comparison of inhibition IHT IHC
IHC (1)

3. Results

3.1. Graphite and silica NPs

Fig. 1a shows the SEM image of graphite powder after ball milled

Fig. 8. Scanning Electron Microscope (SEM) images of bacterial isolate B. subtilis at different delivery formulation and image magnification 5000 and 10,000: (a) SiO2

nanoparticles 3 wt% and (b) SiO2 nanoparticles 3 wt % and graphite 5 wt%.

Fig. 9. UV–Visible spectroscopy of various delivery formulation: (1) SiO2:G
(graphite): Bs (Bacillus subtilis): Lys (Lysinibacillus), (2) SiO2:G:Bs, (3)
SiO2:G:Lys, (4) SiO2:G, (5) only Bs, (6) only Lys, and (7) Bs + Lys.

Fig. 10. Photoluminescence (PL) spectroscopy of various delivery formulation:
(1) SiO2:G (graphite): Bs (Bacillus subtilis): Lys (Lysinibacillus), (2) SiO2:G:Bs, (3)
SiO2:G:Lys, (4) SiO2:G, (5) only Bs, (6) only Lys, and (7) Bs + Lys.
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and filtered by mesh 400. The SEM images of silica as shown in Fig. 1b
shows nano-sized particles with average size of 58.9 nm and relatively
homogenous in size. X-ray diffraction disclosed the presence of crys-
talline domains due to silica nanoparticles content in an amorphous
structure as shown in Fig. 2.

Figs. 3 and 4 show the EDS elemental analysis of silica NPs and
graphite powder, respectively. The elemental analysis for amorphous
silica NPs shows 75 atomic % contain Si and O with impurity domi-
nated by carbon 23 atomic % and a small amount of aluminum 0.89
atomic % as shown in Table 1. While for the graphite powder consist of
78.3 atomic % carbon and another small amount of impurities includes
Si, S, K, and Cu (Table 2) which is common existing minerals in the soil
and considered safe for the plant.

Fig. 5 shows the particle size distribution of 5 wt% silica NPs sus-
pension in distilled water without dispersing agent and with dispersing
agent PEG. Silica NPs were agglomerated in suspension without dis-
persing agent as shown in Fig. 5. a with average size of 1.5 μm. The
average size of suspension close to their primary size after dispersing
agent of PEG was added 50wt% of silica NPs weight. Similar treatment
for the graphite was applied in preparing the suspension for the BDS
with properly diluted according to the various experimental design of
the treatments.

3.2. Characteristics of the delivery system

Based on the observation on the morphology of as-prepared BDS,
the PEG acting as a dispersing agent in suspension, and also as biopo-
lymer binder to both silica NPs and graphite. It is clearly observed from
Fig. 6a equipt with higher magnification of SEM images, silica NPs were
bound by PEG to form agglomerated microsize-sized particles which are
consisted of primary nanosized silica particles. This type of morphology
allows the bacterial isolate P. fluorescens to be either encapsulated or
absorpted on the surface of agglomerated particles. In addition, when
graphite was added to the system, more dense agglomeration was ob-
served as shown in Fig. 6. b. It is highlighted that the presence of
graphite prevents the PEG to form biopolymer film as shown in Fig. 6 a
at an image magnification of 10.000.

In contrast, the SEM image of BDs with Lysinibacillus showed dif-
ferent morphology which was higher agglomerated sized both with or
without graphite as shown in Fig. 7a and b. This figures indicated that
the bacterium also plays an important role in the formation and mor-
phology of the BDS. Similarly, the SEM images of B. subtilis (Fig. 8), also
indicated the same role. However, denser agglomerated silica NPs
embedded with graphite and PEG was observed. This results indicated
that the isolate of bacteria clearly affects the morphology of the BDS
which is in agreement with SEM images of BDS for the P. fluorescens and
Lysinibacillus.

In order to prove that the bacteria exist in the agglomerated parti-
cles of BDS, the samples were subjected to UV–Vis and PL analysis
(Figs. 9 and 10). The observation was carried out for the suspension of
(1) SiO2:G (graphite): Lys (Lysinibacillus), (2) SiO2:G:Bs (Bacillus sub-
tilis), (3) SiO2:G:Pf (P. fluorescens); (4) SiO2:G, (5) only Bs; (6) only Lys,
and (7) Pf.

UV–vis spectroscopy shows a weak absorption maximum at
270–280 nm for bacteria Bacillus subtilis (5), Lysinibacillus (6) and P.
fluorescens (7) (Fig. 9). The highest intensity resulted from the absorp-
tion of P. fluorescens (Fig. 9) (6). In contrast, the SiO2:G shows strong
two weak absorptions at 240–250 and 280–290 nm. It was highlighted
that when BDS was incorporated into the BDS (sample 1, 2 and 3), the
peaks at 270–280 nm was significantly increased, this indicated that the
BDS hosted the bacterias. Similarly also was observed in photo-
luminescence spectroscopy (Fig. 10). All samples are excited with wa-
velength 254 nm aims to excite the bacteria.

Photoluminescence spectroscopy for the bacteria shows two peaks
at 400 and 450 nm for the Bacillus subtilis (5), Lysinibacillus (6) and P.
fluorescens (7) (Fig. 10). The highest intensity resulted from the ab-
sorption of Lysinibacillus (6). When samples of suspension contained
SiO2:G (4) without bacteria, the intensity was very low. In contrast,
when the bacteria embedded with the BDS (SiO2:G), the intensity of
luminescence spectroscopy was significantly decreased compared to
only bacteria, however, the two peaks assign for bacteria still appeared.
This indicated that the silica and graphite have properly hosted bac-
teria.

The contact angle of BDS suspension (Fig. 11) were observed in

Fig. 11. Contact angle of suspension of various delivery formulation compare with water at glass plates and potato surfaces: (1) SiO2:G (graphite): Bs (Bacillus
subtilis): Lys (Lysinibacillus), (2) SiO2:G:Bs, (3) SiO2:G:Lys, (4) SiO2:G, (5) only Bs, and (6) only Lys.
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glass plates and potato tuber surface to determine the hydrophobicity of
the suspension in comparison to water. This result shows that all
samples were hydrophilic (contact angle less than 90°) in both types of
surfaces indicated that the BDS easily adsorped on the surface of potato
tuber. This means BDS formulation is suitable for the potato tuber
surface application.

3.3. Viability test of the bacterial isolates in the formulation

Fig. 12 shows the population of the bacteria on day 3 that represent
the viability of Lysinibacillus (a), B. subtilis (b), and P. fluorescens (c).
This results showed that three bacterial isolates were viable in the BDS
of graphite and silica NPs. In contrast, the viability of the Lysinibacillus
and P. fluorescens compared to the control were not significantly dif-
ferent, but the viability of the B. subtilis was significantly different
compared to control. The highest viability of B. subtilis was obtained
from the formulation of 5% graphite +5% silica NPs with a population
of 9.48 × 109 cfu/ml on day 3. This result indicated that the existent of
SiO2 and graphite (G) did not affect the viability of all bacteria. Fur-
thermore, the survival of the bacteria in the formulation needs to be
investigated on more than day 3 and this will be a subject for further

study.

3.4. In vitro antagonism between the bacterial isolates in the BDS against R.
.Solanacearum

The antagonism between the antagonist isolates against R. solana-
cearum was observed as the means of inhibition zone width around the
filter paper discs on the R. solanacearum culture (Table 3). The largest
inhibition zones caused by endophytic Lysinibacillus, 5.51 mm, was at
3% concentration of silica NPs in graphite formulation; B. subtilis,
6.69 mm, at 5% silica NPs in the graphite formulation; P. fluorescens,
4.56 mm, was caused also by 5% silica NPs in graphite formulation. The
inhibition zones caused by the three antagonists indicated the antibiosis
mechanism of antagonism. Compared to control, inhibition zones of the
treatments of Lysinibacillus sp. were 0.69–10.24 times wider, and
treatments of Bacillus sp. were 0.37–12.6 times respectively (Table 3).
However, two treatments of Pseudomonas fluorescens (without graphite,
with 0.5 and 1% of silica NPs) caused smaller inhibition zones com-
pared to control, although the others were 0.05–0.85 times wider
(Table 3). Generally, the formulation of BDS by graphite and silica NPs
showed wider inhibition zones compare to control, indicating that the

Fig. 12. The population of the bacteria that represent the viability of (a) Lysinibacillus, (b) B. subtilis, (c) P. fluorescens.
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delivery system significantly affects the mechanism of biocontrol. In
addition, Fig. 13 shows the diameter of inhibition zone (DIZ) from the
best treatment of Lysinibacillus (a), B. subtilis (b), and P. fluorescens (c).

4. Discussion

It was shown that the width of the inhibition zones caused by the
antagonist in the formulation of graphite and silica NPs was higher than
the treatment of silica NPs only. This result indicated that the graphite
has a role as the site for the bacteria as well as the silica NPs.
Application of BDS was able to deliver a higher bacterial population.
Therefore, it was produced a higher antibiotic compound to inhibit the
pathogen's growth. In addition, silica NPs is also antibacterial which
reduces the growth of R. solanacearum. It was also reported that the
addition of up to 5000 ppm silica NPs inhibited the bacterial growth
(Singh, 2016). Moreover, Karunakaran (2013) reported that silica NPs
is not toxic to soil bacterial community. Remarkably silica NPs triggers
the growth of PGPR and increases the total soil bacterial population.
Thus, nanosilica can be included for fertilizer formulations to improve
beneficial soil bacterial community.

The antibiosis mechanism indicated by inhibition zones around the
filter paper disc + Lysinibacillus, filter paper disc + B. subtilis, and filter
paper disc + P. fluorescens was not the only antagonism mechanism. In
the present study, however, only the antibiosis mechanism was ob-
served. The indirect mechanism of PGPR in increasing crop yield varies,
including the production of antibiotics, other secondary metabolites,
bacteriocin, hydrogen cyanide, and siderophore, competitive interac-
tion in root colonization, obtaining nutrients and suitable niche, and
induced systemic resistance (Gupta et al., 2000).

Lysinibacillus produces adenosine deaminase (Kathiresan et al.,
2014). Adenosine deaminase is a toxic metabolite, may cause disrup-
tion on the development and growth, and the viability of other bacterial
cells. B. subtilis produces antibiotics which inhibit the pathogen growth.
Chen et al. (2008) isolated three antibiotics produced by B. subtilis JA.
They were identified to the lipopeptide families, surfactin, iturin, and
fengycin. These compounds could function as biocontrol agents against
a large spectrum of pathogens. The mechanism of P. fluorescens in in-
hibiting the growth of R. solanacearum was caused also by the antibiotic
compound produced by P. fluorescens. Some antibiotics that inhibit
Rhizoctonia solani and Pythium ultimum produced by P. fluorescens were
identified by Howell and Stipanovic (1979, 1980).

The primary mechanism of biocontrol by PGPR involves the pro-
duction of antibiotics such as phenazine-1-carboxyclic acid, 2,4-dia-
cetyl phloroglucinol, oomycin, pyoluteorin, pyrrolnitrin, kanosamine,
zwittermycin-A, and pantocin (Fernando et al., 2005). However,
Dwimartina et al. (2017) reported that endophyte and rhizobacteria,
identified as B. subtillis and B. cereus could produce IAA, dissolve
phosphate and inhibition zones against R. syzygii subsp. syzygii, the
cause of Sumatra disease on the clove.

In our study, a novel material of graphite was used as carrier for-
mulated in the biocontrol delivery system. It was found that this ma-
terial did not cause significant reduction of the population of the an-
tagonistic bacteria. This study suggested the in vitro abilities of the
three antagonistic isolates, formulated in graphite as the BDS, in in-
hibiting the growth of R. solanacearum. The antagonistic bacteria
proved effective under in vitro conditions have to be screened for their
performance in natural conditions before they can be used as biocontrol
agents. It is because in the natural conditions (in vivo) they have to
effectively colonize in the rhizosphere and tissue of the host plant, and
they need to compete with other soil microflora for nutrients (Kloepper
et al., 1988). In this study, the presence of silica NPs in the formulation
was able to maintain the population of the three antagonistic isolates,
indeed it increased the initial population in the case of B. subtilis.
Karunakaran (2013) concluded that silica NPs had a favourable effect
on beneficial bacterial population and nutrient value of soil, the colony
forming unit (cfu) was doubled in the presence of silica NPs.

As a comparison to our study on the formulation of the BDS, talc is
used widely as a BDS in controlling plant pathogens. Ramesh and
Phadke (2012) used talc in the formulation as the BDS for both in vitro
as well as a field study of the control of R. solanacearum using PGPR and
endophyte. They collected 17 antagonistic bacterial isolates against R.
solanacearum in vitro and in vivo on eggplant. Most of the isolates were
identified as Pseudomonas and Bacillus. Suryadi et al., 2013 used a talc-
based delivery system of bacterial consortium formulation consisted of
Pseudomonas aeruginosa + Bacillus cereus and some other composition
to control several rice pathogens. Lumsden et al. (1995) used Gliocla-
dium virens formulated in alginate prill as the delivery system and in-
corporated into soilless potting media for the control of the damping-off
pathogens Pythium ultimum and Rhizoctonia solani on vegetable and
ornamental seedlings. However, some BDS did not use any carrier in the
formulation. Nawangsih et al. (2011) selected some endophytic

Table 3
Inhibition zone width on the R. solanacearum culture.

Treatments Inhibition zone width (mm) Comparison of Inhibition
(compare to control)

Lys Bs Pf Lys Bs Pf

A (control) 0.49 a 0.49 a 2.46 bc – – –
B (0.5% SiO2) 1.94 a 0.67 a 1.53 a 2.96 0.37 −0.38
C (1% SiO2) 1.03 a 0.74 a 2.37 ab 1.10 0.51 −0.04
D (3% SiO2) 0.87 a 1.02 b 2.6 bcd 0.78 1.08 0.06
E (5% SiO2) 1.80 a 0.80 ab 3.45 de 2.67 0.63 0.40
F (0.5%

SiO2 + 5%
G)

5.11 b 1.50 c 2.59 bcd 9.43 2.06 0.05

G (1% SiO2 + 5%
G)

3.84 b 1.67 c 3.39 cde 6.84 2.41 0.38

H (3% SiO2 + 5%
G)

5.51 b 5.46 d 3.79 e 10.24 10.1 0.54

I (5% SiO2 + 5%
G)

0.83 a 6.69 e 4.56 f 0.69 12.6 0.85

- Lys (Lysinibacillus), Bs (Bacillus subtilis), Pf (Pseudomonas fluorescens).
- Numbers followed by a different letter in a column were significantly different
according to Duncan's multiple range test (5%).

Fig. 13. The selected picture of diameter of inhibition zone for the best treatments against R. solanacearum by (a) Lysinibacillus, (b) B. subtilis (c) P. fluorescens.

L. Djaya, et al. Biocatalysis and Agricultural Biotechnology 19 (2019) 101153

9



bacteria to control tomato bacterial wilt disease and obtained 2 isolates
that reduced the wilt incidence identified as Staphylococcus epidermidis
and Bacillus amyloliquefaciens. They applied the endophytes directly
from the culture on agar medium, without carrier delivery system. Rado
et al. (2015) suggested 3 actinomycete strains efficient as biocontrol
agents against potato bacterial wilt. They did not involve a carrier in
the delivery system. Okigbo and Osuinde (2003) reported that B. sub-
tillis reduced fungal leaf spot on mango, they apply the antagonist also
with no carrier formulation or BDS.

5. Conclusions

Isolates of endophytic Lysinibacillus and PGPR B. Subtilis, and P.
fluorescens that reduce the wilt disease incidence caused by R. solana-
cearum on potato plant were viable in the biocontrol delivery system
formulated with graphitic and silica NPs. Those individual bacterial
isolates in the formulation were also able to inhibit the in vitro growth
of R. solanacearum. The widest inhibition zones were shown by the
formulation with graphite and silica NPs, indicating that the delivery
system significantly affects the mechanism of biocontrol.

Acknowledgments

The authors would like to appreciate Universitas Padjadjaran for
funding this study through Academic Leadership Grant, contract No:
872/UNG.3.1/LT/2017. The authors are also very grateful to Syanita
Fadillah, Risa Rismaniar Ruhyaman, and Winona Retni Pawestri for
their assistances in the laboratory works.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bcab.2019.101153.

References

Allen, C., Kelman, A., French, E.R., 2004. Soft rot. In: Stevenson, W.R., Loria, R., Franc,
G.D., Weingartner, D.P. (Eds.), Compendium of Potato Diseases. Am. Phytopathol.
Soc., St. Paul. USA, pp. 11–13. https://doi.org/10.1046/j.1365-3059.2002.06934.x.

Boukerma, L., Benchabane, M., Charif, A., Khélifi, L., 2017. Activity of plant growth
promoting rhizobacteria (PGPRs) in the biocontrol of tomato Fusarium wilt. Plant
Protect. Sci. 53, 78–84. https://doi.org/10.17221/178/2015-PPS.

Centre for Agriculture and Biosciences International (CABI), 2018. Ralstonia Solanacearum
(Bacterial Wilt of Potato). Datasheet.. https://www.cabi.org/isc/datasheet/45009,
Accessed date: 18 April 2018.

Chen, H., Wang, L., Su, C.X., Gong, G.H., Wang, P., Yu, Z.L., 2008. Isolation and char-
acterization of lipopeptide antibiotics produced by Bacillus subtilis. Lett. Appl.
Microbiol. 47 (3), 180–186. https://doi.org/10.1111/j.1472-765X.2008.02412.x.

Dwimartina, F., Arwiyanto, T., Joko, T., 2017. Potential of endophytic and rhizobacteria
as an effective biocontrol for Ralstonia syzygii subsp. syzygii. Asian J. Plant Pathol.
11 (4), 191–198. https://doi.org/10.3923/ajppaj.2017.191.198.

Etesami, H., Jeong, B.R., 2018. Silicon (Si): review and future prospects on the action
mechanisms in alleviating biotic and abiotic stresses in plants. Ecotoxicol. Environ.
Saf. 147, 881–896. https://doi.org/10.1016/j.ecoenv.2017.09.063.

FAO, 2008. Why Potato. International Year of the Potato 2008. http://www.fao.org/
potato-2008/en/aboutiyp/index.html, Accessed date: 18 April 2018.

FAO, 2009. Sustainable potato production: guidelines for developing countries. Food and
Agriculture Organisation of the United Nations, Rome978-92-5-106409-2.

Fernando, W.G.D., Nakkeeran, S., Zhang, Y., 2005. Biosynthesis of antibiotics by PGPR
and its relation in biocontrol of plant diseases. In: Siddiqui, Z.A. (Ed.), PGPR:
Biocontrol and Biofertilization. Springer, Dordrecht, Netherlands, pp. 67–109.
https://doi.org/10.1007/1-4020-4152-7_3.

Gildemacher, P.R., Schulte-Geldermann, E., Borus, D., Demo, P., Kinyae, P., Mundia, P.,
Struik, P.C., 2011. Seed potato quality improvement through positive selection by
smallholder farmers in Kenya. Potato Res. 54, 253–266. https://doi.org/10.1007/
s11540-011-9190-5.

Gouda, S., Kerry, R.G., Das, G., Paramithiotis, S., Shin, H.S., Patra, J.K., 2018.
Revitalization of plant growth promoting rhizobacteria for sustainable development
in agriculture. Microbiol. Res. 206, 131–140. https://doi.org/10.1016/j.micres.2017.
08.016.

Gupta, A., Gopal, M., Tilak, K.V.B.R., 2000. Mechanism of plant growth promotion by
rhizobacteria. IJEB 38, 856–862. http://nopr.niscair.res.in/handle/123456789/
24043.

Hayward, A.C., 1991. Biology and epidemiology of bacterial wilt caused by Pseudomonas

solanacearum. Annu. Rev. Phytopathol. 29, 65–87. https://doi.org/10.1146/annurev.
py.29.090191.000433.

Hersanti, Rupendi, T., Purnama, A., Hanudin, Marwoto, B., Gunawan, O.S., 2009.
Screening of isolates of Pseudomonas fluorescens, Bacillus subtilis and Trichoderma
harzianum antagonistic against Ralstonia solanacearum on potato. Jurnal Agrikultura
20 (3), 198–203.

Howell, C.R., Stipanovic, R.D., 1979. Control of Rhizoctonia solani on cotton seedlings
with Pseudomonas fluorescens and with an antibiotic produced by the bacterium.
Phytopathology 69, 480–482.

Howell, C.R., Stipanovic, R.D., 1980. Suppression of Pythium ultimum-induced damping-
off of cotton seedlings by Pseudomonas fluorescens and its antibiotic. Pyoluteorin.
Phytopathol. 70, 712–715.

Istifadah, N., Umar, M.S., Sudrajat, Djaya, L., 2016. The abilities of endophytic bacteria
from potato roots and tubers to suppress soft rot disease (Erwinia carotovora pv.
carotovora) in potato tuber. Jurnal Agrikultura 27 (3), 167–172.

Karunakaran, G., Suriyaprabha, R., Manivasakan, P., Yuvakkumar, R., Rajendran, V.,
Prabu, P., Kannan, N., 2013. Effect of nanosilica and silicon sources on plant growth
promoting rhizobacteria, soil nutrients and maize seed germination. IET
Nanobiotechnol. 7 (3), 70–77. https://doi.org/10.1049/iet-nbt.2012.0048.

Kathiresan, K., Saravanakumar, K., Sahu, S.K., Sivasankaran, M., 2014. Adenosine dea-
minase production by an endophytic bacterium (Lysinibacillus sp.) from avicennia
marina. Biotechnology 4 (3), 235–239. https://doi.org/10.1007/s13205-013-0144-2.

Kloepper, J.W., Lifshitz, R., Schroth, M.N., 1988. Pseudomonas inoculants to benefit plant
protection. ISI Atlas Sci. Animal and Plant Sciences 60–64.

Lamour, G., Hamraoui, A., Buvailo, A., Xing, A.Y., Keuleyan, S., Prakash, V., Eftekhari-
Bafrooei, A., Borguet, E., 2010. Contact angle measurements using a simplified ex-
perimental setup. J. Chem. Educ. 87 (12), 1403–1407. https://pubs.acs.org/doi/10.
1021/ed100468u.

Lumsden, R., Lewis, J.A., Fravel, D.R., 1995. Formulation and delivery of biocontrol
agents for use against soilborne plant pathogens. In: Hall, F.R., Barry, J.W. (Eds.),
Biorational Pest Control Agents. American Chemical Society, pp. 166–182. https://
pubs.acs.org/doi/abs/10.1021/bk-1995-0595.ch011.

Naakkeeran, S., Fernando, W.G.D., Siddiqui, Z.A., 2005. Plant growth promoting rhizo-
bacteria formulations and its scope in commercialization for the management of pests
and diseases. In: Siddiqui, Z.A. (Ed.), PGPR: Biocontrol and Biofertilization. Springer,
Netherlands, pp. 257–296. https://doi.org/10.1007/1-4020-4152-7_10.

Nair, D.N., Padmavathy, S., 2014. Impact of endophytic microorganisms on plants, en-
vironment and humans. Sci. World J. 11. Article ID 250693. https://doi.org/10.
1155/2014/250693.

Nawangsih, A.A., Damayanti, I., Wiyono, S., Kartika, J.G., 2011. Selection and char-
acterization of endophytic bacteria as biocontrol agents of tomato bacterial wilt
disease. HAYATI J. Biosci. 18 (2), 66–70. https://doi.org/10.4308/hjb.18.2.66.

Okigbo, R.N., Osuinde, M.I., 2003. Fungal leaf spot diseases of mango (Mangifera indica
L.) in Southeastern Nigeria and biological control with Bacillus subtilis. Plant Protect.
Sci. 39, 70–77. https://doi.org/10.17221/3829-PPS.

Perez, J.J., Francois, N.J., Maroniche, G.A., Borrajo, M.P., Pereyra, M.A., Creus, C.M.,
2018. A novel, green, low-cost chitosan-starch hydrogel as potential delivery system
for plant growth-promoting bacteria. Carbohydr. Polym. 202, 409–417. https://doi.
org/10.1016/j.carbpol.2018.07.084.

Pradhanang, P.M., Momol, M.T., 2013. Survival of Ralstonia solanacearum in soil under
irrigated rice culture and aquatic weeds. J. Phytopathol. 149 (11–12), 707–711.
https://doi.org/10.1046/j.1439-0434.2001.00700.x.

Prem, L.K., Xu, X., Patricia, H., 2015. Chitosan nanoparticle based delivery systems for
sustainable agriculture. Int. J. Biol. Macromol. 77, 36–51. https://doi.org/10.1016/j.
ijbiomac.2015.02.039.

Rado, R., Andrianarisoa, B., Ravelomanantsoa, S., Rakotoarimanga, N., Rahetlah, V.,
Fienena, F.R., Andriambeloson, O., 2015. Biocontrol of potato wilt by selective rhi-
zospheric and endophytic bacteria associated with potato plant. AJFAND 15 (1),
9762–9776.

Rai, A., Nabti, E., 2017. Plant growth-promoting bacteria: importance in vegetable pro-
duction. In: Zaidi, A., Khan, M.S. (Eds.), Microbial Strategies for Vegetable
Production. Springer International Publishing, pp. 23–48. . https://doi.org/10.
1007%2F978-3-319-54401-4-2.

Ramesh, R., Phadke, G.S., 2012. Rhizosphere and endophytic bacteria for the suppression
of eggplant wilt caused by Ralstonia solanacearum. Crop Protect. 37, 35–41. https://
doi.org/10.1016/j.cropro.2012.02.008.

Saharan, B.S., Nehra, V., 2011. Plant growth promoting rhizobacteria: a critical review.
Life Sci. Med. Res. 21, 1–30.

Sandeep, K., Monika, N., Neeraj, D., Giovanna, M., Ashraf, A.H., Ki-Hyun, K., 2019. Nano-
based smart pesticide formulations: emerging opportunities for agriculture. J.
Control. Release 294, 131–153. https://doi.org/10.1016/j.jconrel.2018.12.012.

Shaikh, S.S., Sayyed, R.Z., Reddy, M.S., 2016. Plant growth promoting rhizobacteria: a
sustainable approach to agro-ecosytstem. In: Hakeem, K.R., Akhtar, M.S., Akmar, S.N.
(Eds.), Plant, Soil and Microbes. Springer International Publishing, Switzerland, pp.
181–201. https://doi.org/10.1007/978-3-319-27455-3_10.

Singh, S., Kumar, A., 2016. Engineered nanomaterials: safety and health hazard. IJNN 1
(1), 1–23.

Suryadi, Y., Susilowati, D.N., Kadir, T.S., Zaffan, Z.R., Hikmawati, N., Mubarik, N.R.,
2013. Bioformulation of antagonistic bacterial consortium for controlling blast,
sheath blight and bacterial blight diseases on rice. Asian J. Plant Pathol. 7 (3),
92–108. https://doi.org/10.3923/ajppaj.2013.92.108.

Xu, Q., Xuemei, X., Xiaowen, S., Hong, N., Lin, L., 2016. Preparation of nanoscale Bacillus
thuringiensis chitinases using silica nanoparticles for nematicide delivery. Int. J. Biol.
Macromol. 82, 13–21. https://doi.org/10.1016/j.ijbiomac.2015.10.030.

L. Djaya, et al. Biocatalysis and Agricultural Biotechnology 19 (2019) 101153

10

https://doi.org/10.1016/j.bcab.2019.101153
https://doi.org/10.1016/j.bcab.2019.101153
https://doi.org/10.1046/j.1365-3059.2002.06934.x
https://doi.org/10.17221/178/2015-PPS
https://www.cabi.org/isc/datasheet/45009
https://doi.org/10.1111/j.1472-765X.2008.02412.x
https://doi.org/10.3923/ajppaj.2017.191.198
https://doi.org/10.1016/j.ecoenv.2017.09.063
http://www.fao.org/potato-2008/en/aboutiyp/index.html
http://www.fao.org/potato-2008/en/aboutiyp/index.html
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref10
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref10
https://doi.org/10.1007/1-4020-4152-7_3
https://doi.org/10.1007/s11540-011-9190-5
https://doi.org/10.1007/s11540-011-9190-5
https://doi.org/10.1016/j.micres.2017.08.016
https://doi.org/10.1016/j.micres.2017.08.016
http://nopr.niscair.res.in/handle/123456789/24043
http://nopr.niscair.res.in/handle/123456789/24043
https://doi.org/10.1146/annurev.py.29.090191.000433
https://doi.org/10.1146/annurev.py.29.090191.000433
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref16
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref16
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref16
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref16
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref17
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref17
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref17
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref18
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref18
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref18
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref19
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref19
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref19
https://doi.org/10.1049/iet-nbt.2012.0048
https://doi.org/10.1007/s13205-013-0144-2
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref22
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref22
https://pubs.acs.org/doi/10.1021/ed100468u
https://pubs.acs.org/doi/10.1021/ed100468u
https://pubs.acs.org/doi/abs/10.1021/bk-1995-0595.ch011
https://pubs.acs.org/doi/abs/10.1021/bk-1995-0595.ch011
https://doi.org/10.1007/1-4020-4152-7_10
https://doi.org/10.1155/2014/250693
https://doi.org/10.1155/2014/250693
https://doi.org/10.4308/hjb.18.2.66
https://doi.org/10.17221/3829-PPS
https://doi.org/10.1016/j.carbpol.2018.07.084
https://doi.org/10.1016/j.carbpol.2018.07.084
https://doi.org/10.1046/j.1439-0434.2001.00700.x
https://doi.org/10.1016/j.ijbiomac.2015.02.039
https://doi.org/10.1016/j.ijbiomac.2015.02.039
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref32
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref32
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref32
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref32
https://doi.org/10.1007%2F978-3-319-54401-4-2
https://doi.org/10.1007%2F978-3-319-54401-4-2
https://doi.org/10.1016/j.cropro.2012.02.008
https://doi.org/10.1016/j.cropro.2012.02.008
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref35
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref35
https://doi.org/10.1016/j.jconrel.2018.12.012
https://doi.org/10.1007/978-3-319-27455-3_10
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref38
http://refhub.elsevier.com/S1878-8181(18)31025-9/sref38
https://doi.org/10.3923/ajppaj.2013.92.108
https://doi.org/10.1016/j.ijbiomac.2015.10.030

	In vitro study of plant growth promoting rhizobacteria (PGPR) and endophytic bacteria antagonistic to Ralstonia solanacearum formulated with graphite and silica nano particles as a biocontrol delivery system (BDS)
	Introduction
	Material and methods
	Bacterial isolates
	Biocontrol delivery system (BDS)
	Preparation of silica NPs and graphite suspension
	Characterization of delivery system

	Viability test of the bacterial isolates in the formulation
	In vitro antagonism between the bacterial isolates in the formulation against R. solanacearum

	Results
	Graphite and silica NPs
	Characteristics of the delivery system
	Viability test of the bacterial isolates in the formulation
	In vitro antagonism between the bacterial isolates in the BDS against R. .Solanacearum

	Discussion
	Conclusions
	Acknowledgments
	Supplementary data
	References




