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Certain soil bacteria produce beneficial effects on the growth and health of plants; hence, their use is
steadily increasing. Five strains of Bacillus with plant growth-promoting potential were selected in this
study, which produced indole-3-acetic acid levels below 50 mg.mL�1. On the other hand, while only
strains M8 and M15 dissolved phosphorus, the latter was the only strain that did not produce sidero-
phores. Only strains M8 and M16 significantly inhibited the in vitro growth of Botrytis cinerea and
Fusarium solani phytopathogens, whose inhibition ranges fluctuated between 60% and 63% for strains
M8 and M16 against B. cinerea and between 40% and 53% for strains M8 and M16 against F. solani.
Based on these results, the need to implement resistance induction against gray mold on pepper plants
was determined using strains M8 and M16. In this case, strain M16 inhibited the propagation of the
necrotic spot by approximately 70%, whereas strain M8 significantly reduced the superoxide dismutase
activity in systemic leaves, which substantially increased in plants inoculated with strain M8 and infected
with the pathogen. Accordingly, the use of native rhizobacteria may entail biotechnological progress for
the integrated management of crops in agriculture industry.
� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Plant growth-promoting rhizobacteria (PGPR) include a small
bacterial community that colonizes the rhizosphere, from which
they exert positive effects on plant growth and health (Barriuso
et al., 2008). PGPR may promote growth directly through indole-
3-acetic acid (IAA) secretion, phosphorus dissolution, and sidero-
phore production (Olanrewaju et al., 2017) and indirectly through
increased tolerance to environmental stress, plague and phy-
topathogen control, and induced systemic resistance (Abbey
et al., 2019; Figuereido et al., 2016; Enebe and Babalola, 2019).

Bacillus species can be found within the PGPR community; such
genera are of high biotechnological importance because some
strains are potentially antagonistic in the rhizosphere, wherein it
has been estimated that virtually 8% of the genome is intended
for the production of inhibitory substances such as antibiotics,
antimycotics, volatile organic compounds, antimicrobial peptides,
and lytic enzymes (Choudhary and Johri, 2009; Kumar et al.,
2011), thus allowing for the control of pathogenic microorganism
growth. As a result, the isolation and assessment of Bacillus species
would make it possible to identify the biotechnological potential
present in soils (Chowdhury et al., 2015).

PGPR may induce plant resistance to certain pathogens (Kumar
et al., 2016; Olanrewaju et al., 2017). Resistance induction is a
defense mechanism in plants when they interact with certain fac-
tors released by several microorganisms, such as siderophores,
homoserine lactones, antimicrobial peptides, and volatile organic
compounds or may be conducted by certain parts of cells such as
flagella (Jain et al., 2016).
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This immune component of plants is an efficient biological con-
trol medium against different types of pathogens such as bacteria,
fungi, viruses, insects, and nematodes (Kumar et al., 2016). This
process begins with the interaction between roots andmicroorgan-
isms, which leads to a jasmonic acid- and ethylene-dependent
response, thereby developing an intracellular signaling cascade in
distal tissues (Jain et al., 2016; Verma et al., 2016). Such signaling
is completed with the accumulation of the transcription factor
NPR-1 (a non-expressor of pathogenesis-related protein 1), which
acts as a master regulator of the immune system and ultimately
leads to the accumulation of defense proteins in systemic tissues
(Jain et al., 2016; Ramšak et al., 2018; Verma et al., 2016), allowing
plants to achieve baseline resistance to inhibit the establishment
and propagation of phytopathogens (Kumar et al., 2016).

In recent years, the use of PGPR in agriculture industry has
improved, thereby promoting sustainable production practices.
Therefore, disease control either directly (antagonism) or indirectly
(resistance induction) by PGPR is profitable and a sustainable alter-
native in agriculture industry. This way, the search for alternatives
to control gray mold (Botrytis cinerea Pers.: Fr) is crucial given that
its control involves the use of chemical compounds that negatively
affect the environment as well as the health of producers and con-
sumers in traditional practices (Abbey et al., 2019; Gullino, 1992).
As a result, this pathogen develops resistance to such chemical
compounds (Rupp et al., 2017; Tsitsigiannis et al., 2008).

Pepper (Capsicum annuum L.) originates from tropical America
and has gained importance as its fruit is used for medicinal and
culinary purposes (Singletary, 2011). The pepper crop ranked fifth
in Venezuela with regard to vegetable production, with a cultiva-
tion of 101,000 tons in 2006 (Gutiérrez, 2008). Over the past dec-
ade, pepper production has seen a significant drop; only during
2016–2017, the production decreased by 13%, which can be attri-
butable to the lack of certified seed and absence of fertilizers and
agrochemicals in the country (FEDEAGRO, 2018).

Moreover, pepper cultivation is susceptible to attack by B.
cinerea, with sudden breakage of young leaves being the most com-
mon symptom (Tsitsigiannis et al., 2008). Infected leaves show
severe symptoms of chlorosis, and the mycelium may infest the
stem through the petiole, causing withering in the upper branches
(Cheewawiriyakul et al., 2006). Pepper plants grown in green-
houses are highly susceptible to this disease (Jaimez et al., 2010);
therefore, comprehensive handling involving the use of biological
control as a preventive strategy may prevent its occurrence. Fur-
thermore, it may help reduce the use of toxic fungicides that cause
pollution (Gerbore et al, 2014). In Venezuela, the incidence of gray
mold has been reported in Mérida, resulting in leaf scorch in
Lisianto (Domínguez et al., 2008).

Several studies have focused on the search for Bacillus strains
capable of inducing resistance to B. cinerea. In this sense, different
strains of Bacillus amyloliquefaciens and Bacillus subtilis induced
resistance against B. cinerea in tomato plants (Cawoy et al.,
2014). Two Bacillus strains, Bacillus megaterium KUDC1728 and
Bacillus pumilus KUDC17322 significantly increased pepper plant
growth and that each strain significantly reduced Stemphylium
lycopersici incidence in the same crop (Son et al., 2014). Similarly,
increased resistance to gray mold in pepper plants inoculated with
B. velezensis strains 5YN8 and DSN012 has been identified (Jiang
et al., 2018). In grapes (Vitis vinífera cv. Glera), it has been found
that B. licheniformis strain GL174 significantly reduced the area of
necrotic lesion caused by B. cinerea in different forms of foliar
application (Nigris et al., 2018). Considering the relevance of pep-
per cultivation in Venezuela and some regions as well as the high
incidence of B. cinerea and the problems caused by the use of
chemical fungicides, this study focused on the selection of native
strains of Bacillus spp. isolated from the rhizosphere of a corn plant
capable of presenting PGP mechanisms and inducing resistance to
gray mold using pepper plants as a reference.

2. Material and methods

2.1. Isolation and identification of rhizobacteria

Isolates were derived from the rhizosphere of a corn plant col-
lected from a plantation located in La Mucuy Alta (8�37028.200N
71�03019.600W), Municipality of Santos Marquina, Mérida, Vene-
zuela. The root with attached soil (2.24 g of dry rhizospheric soil)
was immersed in a solution of 0.05% Tween 20 for 1 h and con-
stantly stirred at 160 rpm. Serial dilutions were performed from
the resulting suspension, the first dilution (in sterile distilled
water) was heated at 80 �C for 10 min. The second dilution was
performed in LB broth and was maintained at 30 �C under constant
stirring (100 rpm) for 2 h. After that, this dilution was heated to
80 �C for 10 min (De Vos et al., 2009). Whereas the two last dilu-
tions were performed in sterile distilled water for subsequent
planting in a nitrogen-free medium (20 g.L�1 sucrose, 0.1 g.L�1

K2HPO4, 0.4 g.L�1 KH2PO4, 0.2 g.L�1 MgSO4�7H2O, 0.1 g.L�1 NaCl,
0.011 g.L�1 FeCl3, 0.002 g.L�1 Na2MoO4, 0.003 g.L�1 MnSO4�4H2O,
and 20 g.L�1 agar; pH 7.0) modified from Ma and Chen (2008).
Thirty isolates were selected from colonies through macroscopic
analyses and cultivated at least five times in the same nitrogen-
free medium. Finally, the isolates were maintained in a TGL med-
ium at 30 �C (Zeigler, 2013).

2.1.1. Bacterial characterization
To find differences among isolates, Gram and endospores stain-

ing (Doetsch, 1981), and biochemical tests (catalase test, urea
hydrolysis, nitrate reduction test, citrate use test, Voges–Proskauer
test, and methyl red test) (Smibert and Krieg, 1981) were con-
ducted. Isolates that presented characteristics of Bacillus (en-
dospores formations and Gram+) were selected to subsequent
studies.

2.1.2. Identification of rhizobacteria
Isolated strains were identified using the 16S ribosomal RNA

gene analysis. Sequences were amplified using colony polymerase
chain reaction (PCR) (Bergkessel and Guthire, 2013). PCR was con-
ducted under standard conditions by the addition of 4 mL bacterial
lysis solution using the primers spA 50-AGA GTT TGA TCC TGG CTC
AG-30 and pcB 50-TAC CTT GTT ACG ACT T-30 (Wilson et al., 1990).
PCR products were sequenced using Sanger sequencing. Sequence
similarity analysis and comparisons were performed using
sequences from NCBI’s GenBank databases with the BLASTN tool
(Altschul, et al., 1997; Benson et al., 2012) and Ribosomal Database
Project RDP database (Wang et al., 2007). Relationships analysis
was also performed using the MEGA X program (Kumar et al.,
2018) and maximum likelihood phylogenetic method with a
2000-replicate bootstrap.

2.1.3. Inoculum preparation
Each inoculum was prepared in sterile saline solution (0.89%

NaCl) based on 24-h cultures in a TGL medium. Cells were counted
in the Neubauer chamber and inocula were adjusted to a cell den-
sity of 1 � 108 cells.mL�1, except for the IAA production test, where
the inocula were adjusted to a cell density of 1 � 107 cells.mL�1.

2.2. Determination of plant growth-promoting characteristics

For determining direct mechanisms as growth promoters, iso-
lates were tested for IAA production, siderophore production, and
inorganic phosphate solubilization.
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2.2.1. IAA production
To determine IAA production by each strain, 0.5 mL inoculum

was added to 2.5 mL minimal broth (0.45 g.L�1 KH2PO4, 0.10
g.L�1 NaCl, 0.40 g.L�1 NH4Cl, 0.78 g.L�1 KNO3, 0.50 g.L�1 MgSO4

�7H2O, 0.10 g.L�1 CaCl2�2H2O, 0.005 g.L�1 FeSO4�7H2O, 0.00156 g.
L�1 MnSO4�H2O, 0.0014 g.L�1 ZnSO4�7H2O, and 10.98 g.L�1 D (+)-
glucose; pH 6.4) (Reyes et al., 1999) either supplemented or not
by 0.5 mg.mL�1 L-tryptophan (Glickmann and Dessaux, 1995). An
uninoculated control (bacteria-free sterile saline solution) was
simultaneously prepared for both treatments, and strain Sp7 of
Azospirillum brasilense was used as the positive control, which
has been reported as an IAA producer with and without tryptophan
(Spaepen et al., 2007). Cultures were incubated at 30 �C for 5 days,
and constantly stirred at 70 rpm. However, given that a group of
bacteria did not grow in minimal broth, they were cultured in
MR-VP broth (Smibert and Krieg, 1981).

IAA concentration was established in accordance with the col-
orimetric reaction with the Salkowski reagent (2:1 ratio; 10 mM
FeCl3 and 3.5 M HClO4). Therefore, cultures were centrifuged at
3000 g for 10 min at 20 �C, and 0.1 supernatant was mixed with
2 mL Salkowski reagent. The reaction was conducted in dark for
30 min at room temperature, and absorbance was measured at
530 nm (Bric et al., 1991). IAA concentration was estimated using
an absorbance versus IAA standard curve. This trial was performed
in triplicate for each isolate.
2.2.2. Siderophore production
Siderophore production was determined using chrome azurol

sulfonate (CAS) plates (Schwyn and Neilands, 1987) with King’s B
medium (Glickmann and Dessaux, 1995) as the base medium with
CAS solution (40 mL aqueous solution of 0.182% hexade-
cyltrimethylammonium bromide in addition to 60 mL of a
0.101% CAS solution in 0.166 mM FeCl3�6H2O and 1.66 mM HCl)
(Schwyn and Neilands, 1987). Isolates were planted in this med-
ium and incubated at 30 �C for 7 days. Siderophore production
was confirmed based on the presence of a yellowish halo around
the growth area.
2.2.3. Phosphorus solubilization
For evaluating their capacity to solubilize phosphorus, strains

were planted on minimal medium by replacing KH2PO4 with trical-
cium phosphate [0.278 g.L�1 Ca3(PO4)2 and 15 g.L�1 agar] (Reyes
et al., 1999). Plates were incubated at 30 �C for 21 days, and the sol-
ubilization index (halo/colony) was estimated (Premono et al.,
1996).
2.3. In vitro antagonism against phytopathogens

To assess the antagonistic effect of the strains, dual cultures
were performed in PDA medium with Botrytis cinerea and Fusarium
solani phytopathogens in individual experiments. Both phy-
topathogens belong to the strain collection of the Laboratorio de
Fitopatología of the Instituto de Investigaciones Agropecuarias of
the Universidad de Los Andes. For each isolates, two 10 mL drops
(separated by 3.2 cm) of the inoculum were planted on PDA plates.
For control, two 10 mL drops of saline solution were planted. After
incubation at 30 �C for 24 h, a PDA disc (with the phytopathogen)
was placed between both drops, and incubated at 25 �C during 6
days. Experiments were conducted in triplicate, including for con-
trol. The growth inhibition percentage of each phytopathogen was
estimated using the following equation:

Inhibition (%) = [1 � (diameter of each treatment / control
diameter)] � 100 (Yu et al., 2011).
2.4. Induction of resistance against B. cinerea in pepper plants

2.4.1. Plant cultivation and maintenance
Yolo Wonder pepper seeds were disinfected as per the method

reported by Blanco et al. (2018); individually planted in an inert
and sterile commercial substrate (pH 5.8 and conductivity of
0.127 dS.m�1); and damped with sterile distilled water up to its
field capacity. Seedbeds were taken to a growing room with 16-h
light, 8-h darkness, and an average temperature of 23 �C ± 1 �C
and irrigated every alternate day using sterile distilled water. After
21 days, plants were taken to the greenhouse with an average tem-
perature of 26 �C ± 2 �C, relative humidity of 64.90% ± 0.09%, and
brightness of 140.619 ± 103.504 mmol.m�2.s�1. Plants were irri-
gated on a weekly basis using sterile distilled water and fertilized
twice a week with 10 mL sterile Hoagland nutrient solution (Taiz
and Zeiger, 2010) at one quarter of its concentration.

2.4.2. Inoculation with rhizobacteria
Strains M8 and M16 were selected for this trial because both

had PGP mechanisms and antagonistic activity against both phy-
topathogens. The M8 inoculum was prepared as stated above,
whereas the M16 inoculum was prepared using a culture in MR-
VP broth grown for 24 h at 30 �C and constantly stirred at
100 rpm. In this case, cells were washed through centrifugation
at 3000 g for 5 min and resuspended in 5 mL of sterile saline solu-
tion. This procedure was repeated once, and cells were counted
using the last resuspension by adjusting cell density to 1 � 108

cells.mL�1. Two groups of 56-day-old plants were inoculated at
the root with 10 mL of sterile saline solution (controls) and two
groups with 10 mL of the inoculum.

2.4.3. Infection with B. cinerea and determination of the severity index
One culture of B. cinerea on PDA was placed under incandescent

light bulbs in growing rooms, with a photoperiod of 16-h light/8-h
darkness at 23 �C ± 1 �C. After 13 days, conidia were removed from
the mycelium with 10 mL sterile distilled water, and the suspen-
sion was filtered through four layers of sterile gauze pads. Conidia
were counted in the Neubauer chamber and the inoculum was
adjusted to a density of 5 � 105 conidia.mL�1 with a sterile solution
of 0.5 mg.mL�1 glucose and 0.5 mg.mL�1 KH2PO4 (De Meyer et al.,
1998).

Infection was conducted 7 days after treating the plants with
each isolate. A group of control plants and a group of plants inoc-
ulated with the isolate were infected with 20 mL pathogenic inocu-
lum at the center of the firts two leaves. The plants were kept in a
wet chamber for 48 h, and the diameter of the expanding lesion
was measured from day 3 to 9 after infection (DAI) in five repli-
cates. Diameters were transformed into circular area units; average
calculations were made for each individual per day, and the bio-
control efficacy (BE) was estimated on DAI 9 using the following
equation:

EB (%) = [diameter of lesion of infected plants � (diameter of
lesion of plants treated with rhizobacteria

/ diameter of lesion of infected plants)] � 100 (Jiang et al., 2018)

2.4.4. Measurement of superoxide dismutase (SOD) activity
A homogenate was prepared as per the report by Dhindsa et al.

(1981) by grinding the noninfected leaves in 5 mL cold phosphate
buffer (0.05 M, pH 7.0) supplemented with 1% polyvinylpyrroli-
done. The homogenate was centrifuged at 3000 g for 50 min at
0 �C; the pellet was discarded, and the supernatant was used as
an enzymatic extract by keeping it on ice during the entire process.
The inhibition of nitro blue tetrazolium (NBT) photochemical
reduction was used to determine the SOD activity (Beauchamp
and Fridovich, 1971). Each 3 mL reaction volume contained the fol-
lowing: 0.05 M phosphate buffer (pH 7.8), 13 mM DL-methionine,
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75 mM NBT, 0.09 mM EDTA, 0.05 mL extract, and 2 mM riboflavin.
Two 20-W actinic lights were shed on the mixtures for 2 min,
and absorbance was measured at 560 nm against a blank that com-
prised the same reaction mixture but under dark conditions. The
SOD specific activity is expressed in U.mg�1 of protein. One SOD
unit equals 50% of NTB photochemical reduction inhibition
(Giannopolitis and Ries, 1977). Protein content was determined
by Biuret test using bovine serum albumin as the standard
(Gornall et al., 1948).

2.4.5. Statistical analysis
Experiments conducted in greenhouses were performed in ran-

domized blocks with triplicates and 5 replicates per repetition.
Normally distributed data were analyzed using ANOVA with the
LSD test (p � 0.05) using STATGRAPHICS 5.1, whereas non-
normally distributed data distributed were analyzed with Krus-
kal–Wallis test (p � 0.05) with INFOSTAT.
3. Theory/calculation

Nie et al. (2017) found that Arabidopsis inoculation with Bacillus
cereus AR256 significantly reduced Botrytis cinerea incidence,
which was accompanied by PR1 protein accumulation, hydrogen
peroxide accumulation, and callose deposition; these parameters
were enhanced in plants that were inoculated with both the
microorganisms. Moreover, these researchers found that the
response elicited by this approach depended on the JA/ET signaling
pathways. Conversely, Son et al. (2014) reported that Bacillus
megaterium KUDC1728 and Bacillus pumilus KUDC17322 signifi-
cantly increased pepper plant growth and that each strain signifi-
cantly reduced Stemphylium lycopersici incidence in the same
crop. Furthermore, Jiang et al. (2018) found that the 5YN8 and
DSN012 strains of Bacillus velezensis efficiently controlled B. cinerea
growth and that each strain upregulated defense-related genes in
pepper plants. These researchers found that a reduction in the inci-
dence of gray mold was accompanied by the accumulation of
defense-related enzymes and hydrogen peroxide.

The use of Bacillus strains as potential elicitors of resistance
against gray mold has dramatically increased in recent years.
Therefore, the isolation, characterization, and evaluation of the iso-
lated strains are important steps in this field. The application of
characterized and isolated bacteria as plant growth-promoting
bacteria (PGPB) in the roots of pepper plants would allow address-
ing questions related to the capacity to induce resistance against B.
cinerea. This can be achieved via the inoculation at the root level of
several selected strains followed by infection of the leaves with the
pathogen. Subsequently, several physiological parameters can be
studied to assess whether the inoculation with the strain and
one round of infection with the pathogen alter the physiological
state of the plants.
4. Results

4.1. Strain isolation, selection, and characterization

In total, 30 colonies were isolated; however, based on Bacillus
characteristics (endospores formation and Gram+), only 5 were
selected. These isolates were morphologically characterized by
biochemical tests, and molecular identification was conducted
using 16S ribosomal RNA gene analysis (Table 1).

Three isolates (M3, M15, M16) reduced nitrates to nitrites and
two (M3 and M16) hydrolyzed urea. Two isolates (M8 and M16)
showed positive results Voges–Proskauer test. Positive results
were obtained for Gram staining and endospore production for
all isolates. Based on the identification using 16S sequences, all
isolates were found to belong to Bacillus, with a similarity between
99% and 100% in relation to the species reported in the GenBank
and RDP databases. Phylogenetic analysis confirmed the identity
of these species when grouped in the same clades (Fig. 1).

4.2. In vitro scrutiny in plant growth promotion

During the selection of a bacterial strain capable of acting as
PGPR, the direct mechanisms that may promote plant growth are
evaluated. In this sense, the plant growth-promoting characteris-
tics presented by the maize rhizosphere strains were observed
(Table 2). At this point, it is important to note that all strains
selected during isolation grew in medium not supplemented with
nitrogen. Therefore, the biological fixation of nitrogen may be one
of the plant growth-promoting mechanisms of these strains.

Only strain M10 produced IAA (p � 0.05) in minimal broth sup-
plemented with tryptophan and had a higher concentration than
the positive control (Sp7), whereas strain M16 did not significantly
differ from the negative control (without inoculum). However, this
strain was also significantly similar to the positive control (Sp7)
but had a lower concentration. In minimal broth without trypto-
phan, no strain produced IAA. Regarding MR-VP broth, only strain
M15 was found to be an IAA producer (p � 0.05) regardless of the
presence or absence of tryptophan.

All strains, except strain M15, produced siderophores, but only
strains M8 and M15 dissolved tricalcium phosphate. Accordingly,
strain M8 had a greater efficiency of phosphorus solubilization
than strain M15 given that the halo/colony diameter ratio was sig-
nificantly higher (p � 0.05) than that estimated for strain M15 at
14 days of culture.

4.3. In vitro antagonism against phytopathogens

The antagonistic potential that a strain can have in the rhizo-
sphere can be estimated in vitro by dual cultures with other
microorganisms. In this study, 5 strains were assessed against phy-
topathogens B. cinerea and F. solani. Only strains M8 and M16 sig-
nificantly inhibited (p � 0.05) the growth of both phytopathogens
(Table 3, Fig. 2), and strain M16 had a significantly greater inhibi-
tion percentage (p � 0.05) against B. cinerea than strain M8.

In the co-culture of F. solani and strain M16, the area of inhibi-
tion and thickening of colony edges were observed (Fig. 2C),
whereas in the co-culture with strain M8 and F. solani, it not was
observed that last behavior (Fig. 2B).

4.4. Induction of resistance against gray mold

Based on the PGPR properties displayed by strains M8 and M16
(Table 2) and their antagonistic potential (Table 3, Fig. 2), these iso-
lates were selected for resistance induction against the necro-
trophic phytopathogen B. cinerea in pepper plants. Progression of
necrotic lesions in pepper leaves infected with B. cinerea for DAI
9 can be seen (Fig. 3). Necrotic lesion area did not display signifi-
cant differences (p > 0.05) between plants inoculated with strain
M8 and control plants (Fig. 3A).

On the other hand, necrotic lesion area showed significant dif-
ferences (p � 0.05) between control plants and plants inoculated
with strain M16 at DAI 9. Similarly, the development of necrotic
lesions in plants inoculated with strain M16 did not vary signifi-
cantly between DAI 3 and DAI 9, showing that with this treatment,
necrotic lesions did not spread to leaves. This differs from what
occurred in control plants wherein there was significant difference
(p � 0.05) in terms of necrotic lesion area at the beginning and end
of the experiment, thus showing a tendency of necrotic lesions to
continue spreading (Fig. 3B).



Table 1
Morphological and biochemical characteristics of species isolated from maize rhizosphere. Species were identified with 16S ribosomal RNA gene analysis.

Isolate Nitrate reduction Urease Citrate use Voges–Proskauer Methyl red Catalase Related species Similarity (%)

M3 + + + � � + Bacillus megaterium 99
M8 � � + + + + B. pumilus 99
M10 � � � � + + B. clausii 99
M15 + � � � + + B. megaterium 100
M16 + + + + + + B. licheniformis 100

Symbols (+) indicate a positive test result.

Fig. 1. Phylogenetic tree of isolates frommaize rhizosphere. The bootstrap contained 2000 replicates and phylogenetic relations established following the Hasegawa-Kishino-
Yano model.

Table 2
In vitro plant growth-promoting mechanisms for the 5 selected Bacillus strains.

Indole-3-acetic acid production (mg mL�1)
Minimal medium MR-VP broth Ca3(PO)2 solubilization index

Strains (+Trp) (�Trp) (+Trp) (�Trp) Siderophores Halo/Colony

M3 13.85 ± 1.33 BC 0.00 ± 0.00b ND ND + –
M8 ND ND 5.56 ± 1.96b 1.71 ± 1.48 bc + 1.21 ± 0.06a

M10 43.59 ± 9.25 A 0.00 ± 0.00b ND ND + –
M15 ND ND 18.80 ± 1.96 a 3.42 ± 1.48b – 1.02 ± 0.04b

M16 17.09 ± 1.48 ABC 3.42 ± 1.48b ND ND + –
Control (�) 0.86 ± 1.48C 0.00 ± 0.00b 2.14 ± 0.74b 0.00 ± 0.00c ND ND
Sp7 (+) 23.08 ± 0.00 AB 9.66 ± 5.77 a 21.80 ± 5.59 a 13.68 ± 1.48 a ND ND

Data are presented as the average of three replicates ± standard deviation. The symbol (+) indicates positive test result.
ND: not determined, uppercase letters: Kruskal–Wallis test, lowercase letters, LSD test. Different letters within the same column indicate significant difference (p � 0.05).
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Table 3
Percentage of inhibition of phytopathogen growth for the 5 selected Bacillus strains.

Percentage of inhibition (%)

Treatments Botrytis cinerea Fusarium solani

Control 0.00 ± 0.00c 0.00 ± 0.00C

M3 0.00 ± 0.00c 6.67 ± 6.67 BC

M8 60.77 ± 1.15b 40.00 ± 0.00 AB

M10 0.00 ± 0.00c 22.22 ± 7.70 ABC

M15 0.00 ± 0.00c 6.67 ± 11.55 BC

M16 62.69 ± 2.67 a 53.33 ± 0.00 A

Values are shown as average ± standard deviation. Uppercase letters: Kruskal–
Wallis test, lowercase letters, LSD test. Different letters within the same column
indicate significant difference (p � 0.05).
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Further, the BE percentage at DAI 9 significantly differed
(p � 0.05) between strains M8 and M16 (Fig. 4). Strain M8 dis-
played a BE percentage of approximately 40%, whereas strain
M16 biologically controlled B. cinerea at approximately 70%.

Fig. 5 shows the necrotic lesion caused by infection with B.
cinerea in the first two leaves of pepper plants. In this figure, the
necrotic lesion is more intense at DAI 2 in control plants than in
plants inoculated with strain M8 or M16. A similar behavior was
observed at DAI 9 when the lesion was greater in control plants.
Fig. 2. Growth inhibition of two phytopathogens (A and D) Fusarium solani and B. cinerea
strain M8. (C) Growth inhibition halos of F. solani compared with those of strain M16. (E)
inhibition halos of B. cinerea compared with those of strain M16.
In this case, the necrotic lesion is less evident in plants inoculated
with strain M16 than in those inoculated with strain M8, consis-
tent with the results shown in Figs. 3 and 4.

Fig. 6 shows the SOD activity of systemic plant leaves in all
treatments. Inoculation with strain M8 had significantly
(p � 0.05) lower SOD activity than the other treatments (Fig. 6A).
Additionally, the SOD activity was 214% higher (p � 0.05) in plants
inoculated with strain M8 and infected with the pathogen than in
plants inoculated with strain M8 only. On the other hand, the SOD
activity did not differ significantly (p > 0.05) for treatments with
strain M16 (Fig. 6B).
5. Discussion

In agriculture, the use of beneficial bacteria has increased in the
past few years. Therefore, the isolation, identification, and evalua-
tion of these bacteria are important steps to suggest multifaceted
inoculants to producers. In this study, Bacillus species isolated from
the rhizosphere of a corn plant showed broad characteristics as
promising PGPR. Furthermore, it is important to know the micro-
bial interactions of the soil to improve fertilization, particularly
when they are influenced by different phosphate sources
(Gumiere et al., 2019).
in PDA, respectively. (B) Growth inhibition halos of F. solani compared with those of
Growth inhibition halos of B. cinerea compared with those of strain M8. (F) Growth



Fig. 3. Progression of necrotic lesion area in infected pepper plant leaves inoculated
with strains M8 (A) and M16 (B). Dots indicate the average of 5 repetitions and bars
indicate standard deviations. Different letters indicate significant difference
(p � 0.05) as per the LSD test. DAI = days after infection.

Fig. 4. Percentage of biocontrol efficacy against gray mold in pepper plants
inoculated with Bacillus strains M8 and M16.
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On comparing the morphological and biochemical characteris-
tics of the isolates with those of isolates reported in Bergey’s Man-
ual of Systematic Bacteriology (Logan and De Vos, 2009), it was
found that the 5 selected isolates belong to Bacillus. This was con-
firmed with molecular and phylogenetic analysis using the Gen-
Bank database, which it was found that all isolates belong to
Bacillus and that there is a high similarity of strains M3 and M15
with Bacillus megaterium, M8 with B. pumilus, M10 with Bacillus
clausii, and M16 with Bacillus licheniformis.
Bacillus species have many biotechnological applications, par-
ticularly in agriculture industry (Tiwari et al., 2019). Several Bacil-
lus species have shown plant growth-promoting mechanisms
(Akinrinlola et al., 2018; Castellano-Hinojosa et al., 2018). The
mechanisms employed by PGPR to promote growth vary, with
IAA production being one of the most used mechanisms by bacteria
(80% bacteria living in the rhizosphere are IAA producers) (Podile
and Kishore, 2006). In this study it was quantified the amount of
IAA produced by strains M3, M10, and M16 in minimal broth sup-
plemented or not with tryptophan, and in MR-VP broth for strains
M8 and M15. IAA production by strain M10 in minimal broth with
tryptophan represents the first report on IAA production by B. clau-
sii. Given that the analysis of IAA production was performed at
5 days of culture and that strain M16 did not differ from both con-
trol groups, it is suggested that M16 produced IAA during a certain
growth phase considering that IAA production or degradation
depends on the stage of growth (Duca et al., 2014). Additionally,
B. licheniformis strains have been proven to be IAA producers
(Baldan et al., 2015). On the other hand, only strain M15 produced
IAA significantly in MR-VP broth with or without tryptophan, pro-
ducing six times more IAA in broth with tryptophan than without
tryptophan. This suggests that strain M15 uses alternative routes
to produce IAA. Based on these results, the selected strains pro-
duced IAA at a concentration of 50 mg.mL�1, consistent with the
results reported by Kavamura et al. (2013).

Siderophore production was proven in most strains, with strain
M15 showing negative results. Siderophores are organic com-
pounds with a low molecular weight secreted by some bacteria
to sequester the rhizosphere’s ferric ion (Aguado-Santacruz et al.,
2012). Siderophore–iron complex formation increases the possibil-
ity of iron uptake by the roots of certain plants, thus causing
increased plant growth. Several studies have proven siderophore
production by strains belonging to Bacillus (Kesaulya et al., 2018;
Son et al., 2014; Yu et al., 2011). In this study, B. clausii strain
M10 is reported as a siderophore producer, which may indicate
its use as a possible PGPR because this species is usually promoted
only as a probiotic (Lippolis et al., 2013). Likewise, siderophore
production may be indicative of a strain’s potential to induce resis-
tance as being part of the factors that trigger this defense mecha-
nism (Saikia et al., 2005; Yu et al., 2011).

On the other hand, the tricalcium phosphate solubilization was
only positive for strains M8 and M15, with strain M8 being more
efficient in dissolving phosphorus than strain M15. However,
in vitro phosphate solubilization depends on the type of phosphate
and medium characteristics (Wang et al., 2012). Phosphorus is the
secondmost important element for living organisms and one of the
most abundant elements found in soil. However, it has low avail-
ability due to the reactions it undergoes with iron, aluminum,
and calcium, thereby producing insoluble phosphates (Khan
et al., 2014). Therefore, it is crucial to isolate and identify microor-
ganisms capable of dissolving this mineral. The application of Bacil-
lus species is one of the methods employed for phosphorus
solubilization in agriculture (Tiwari et al., 2019). Accordingly, Bacil-
lus species such as B. megaterium, B. cereus, and B. pumilus have
proven to have phosphorus-dissolving capacity (Kavamura et al.,
2013; Son et al., 2014; Timmusk et al., 2011).

Additionally, among the 5 selected strains, the antagonistic
effect of B. pumilus strain M8 and B. licheniformis strain M16
against the phytopathogens B. cinerea and F. solani was proven.
Other studies have proven the antagonism of Bacillus strains
against F. solani (Yu et al., 2011). In this study, the growth inhibi-
tion percentage of F. Solani was 40% and 54% for strains M8 and
M16, respectively. At this point, it is important to note that the
behavior that this pathogen showed with M16 (thickening of col-
ony edges) without direct contact, may be due to a substance
secreted by this strain. Conversely, with strain M8, the behavior



Fig. 5. Necrotic lesion caused by infection with Bacillus cinerea in the first two pepper plant leaves. (A and E) Control plants at DAI 2. (B and F) Control plants at DAI 9. (C and
G) Plants at DAI 2 inoculated with strains M8 and M16, respectively. (D and H) Plants at DAI 9 inoculated with strains M8 and M16, respectively. DAI = days after infection.

Fig. 6. Superoxide dismutase (SOD) activity in pepper plants. (A) SOD activity in
pepper plants inoculated with strain M8. (B) SOD activity in pepper plants
inoculated with strain M16.
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was different because there was a reduction in colony strength,
which may indicate the production of a volatile component.

On the other hand, the growth inhibition percentage of B.
cinerea was 60% and 63% for strains M8 and M16, respectively,
higher than that reported in other studies (Kim et al., 2013; Xu
et al., 2016). Recent studies have proven the controlling effect
Bacillus strains can have on B. cinerea by the production of lipopep-
tides (Nigris et al., 2018), secondary metabolites, or volatile organic
compounds (Jiang et al., 2018). Therefore, strains M8 and M16 may
present many of these mechanisms to inhibit the growth of F.
solani and B. cinerea, such as the secretion of siderophores, antimi-
crobial peptides, volatile organic compounds, and lytic enzymes
(Chowdhury et al., 2015; Grady et al., 2016). This study proved
the production of siderophores by these isolates, which may repre-
sent a mechanism of competition for ferric ion. Additionally, strain
M16 demonstrated chitinase production in a parallel experiment
conducted by other researchers in the Laboratorio de Fitobiotec-
nología, Departamento de Biología, Facultad de Ciencias, Universi-
dad de Los Andes (unpublished data).

Based on the plant growth-promoting characteristics and
antagonistic activity of strains M8 and M16, these strains were
selected for the resistance induction test against gray mold in pep-
per plants. According to the results, strain M8 did not significantly
inhibit the spread of necrotic lesions in pepper leaves infected with
B. cinerea (Fig. 3A), inconsistent with the results of strain M16,
which significantly inhibited the growth of necrotic lesions during
the 9-day experiment (Fig. 3B). The hypersensitive response (HR)
at DAI 3 it was reduced by 66% in plants previously inoculated with
strain M16. This reduction is important given that it has already
been proven that B. cinerea infection is favored in Arabidopsis based
on HR (Govrin and Levine, 2000); therefore, the use of strain M16
as an inoculant may reduce long-term damages produced by this
pathogen. Therefore, strain M16 reduced necrotic lesion spread
at DAI 9 by 71% (Fig. 4). Compared with these results, other
studies have showed induction of resistance against B. cinerea in
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Arabidopsis thaliana by B. cereus strain AR156 (Nie et al., 2017). In
turn, in grapes (Vitis vinífera cv. Glera), it has been found that B.
licheniformis strain GL174 significantly reduced the area of necrotic
lesion caused by B. cinerea in different forms of foliar application
(Nigris et al., 2018). In peppers, the induction of resistance against
B. cinerea by B. velezensis strains 5YN8 and DSN012 has been pro-
ven, with BE of 50% at DAI 30 (Jiang et al., 2018). In comparison
with last study, M16 produced a BE was 69.59% at DAI 9 in pepper
plants.

Meanwhile, SOD activity did not vary in the experiment using
M16 (Fig. 6B). While in the M8 experiment, SOD activity was lower
in pepper plants inoculated with M8 only, and increased signifi-
cantly when infected with B. cinerea (Fig. 6A). In another study,
SOD activity varied between 0.7 to 1.4 U.mg-1, being higher in pep-
per plants inoculated with rhizobacteria and infected with B.
cinerea (Jiang et al., 2018). Similar results have been found in
cucumber plants inoculated with B. megaterium L8 and infected
with Pythium aphanidermatum (Liang et al., 2011).

6. Conclusions

Rhizobacteria belonging to Bacillus was isolated that displayed
mechanisms that may increase plant growth. Strains M8 and
M16 significantly inhibited the growth of F. solani and B. cinerea,
representing an alternative to control these phytopathogens. This
fact leads to the evaluation of these strains against phytopathogens
being of economic importance. Lastly, strains M8 and M16, when
inoculated separately at the root level in pepper plants, promoted
a physiological response that led to the inhibition of the spreading
of the necrotrophic pathogen B. cinerea; therefore, in addition to
controlling this pathogen directly, these strains also induced resis-
tance against it in pepper plants. Accordingly, it would be possible
to produce a biocontroller for on-site evaluation against these phy-
topathogens in pepper. These finds represent a potential of bacteria
for global agribusiness and agricultural microbiology. It is recom-
mended to test plant growth promotion in vivo for this crop and
other crops by strains M8 and M16 both in greenhouses and on site
and to determine the molecular and biochemical mechanisms that
may induce resistance.
Acknowledgements

We would like to thank MSc. Yulimar Castro for her support in
some experiments and Engineer Kleyra Quintero for kindly provid-
ing us with phytopathogens.

Funding

This study was funded by CDCHTA-Universidad de Los Andes
(project C-1983-17-01-B) and Universidad Simón Bolívar (project
P-03020030617).

Declarations of interest

None.
References

Abbey, J.A., Percival, D., Abbey, Lord, Asiedu, S.K., Schilder, A., 2019. Biofungicides as
alternative to synthetic fungicide control of grey mould (Botrytis cinerea)—
prospects and challenges. Biocontrol. Sci. Technol. 29, 207–228. https://doi.org/
10.1080/09583157.2018.1548574.

Aguado-Santacruz, G.A., Moreno-Gómez, B., Jiménez-Francisco, B., García-Moya, E.,
Preciado-Ortiz, R.E., 2012. Impacto de los sideróforos microbianos y
fitosideróforos en la asimilación de hierro por las plantas: una síntesis. Rev.
Fitotec. Mex. 35, 9–21.
Akinrinlola, R.J., Yuen, G.Y., Drijber, R.A., Adesemoye, A.O., 2018. Evaluation of
Bacillus strains for plant growth promotion and predictability of efficacy by
in vitro physiological traits. Int. J. Microbiol. 2018, 1–11. https://doi.org/
10.1155/2018/5686874.

Altschul, S.F., Madden, T.L., Schäffer, A.A., Zhang, J., Zhang, Z., Miller, W., Lipman, D.J.,
1997. Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res. 27, 3389–3402. https://doi.org/
10.1093/nar/25.17.3389.

Baldan, E., Nigris, S., Romualdi, C., D’Alessandro, S., Clocchiatti, A., Zottini., M.,
Stevanato, P., Squartini, A., Baldan, B., 2015. Beneficial bacteria isolated from
grapevine inner tissues shape Arabidopsis thaliana roots. PLoS One. 10, 1–18.
https://doi.org/10.1371/journal.pone.0140252.

Benson, S., Cavanaugh, M., Clark, K., Karsch-Mizrachi, I., Lipman, D.J., Ostell, J.,
Sayers, E.W., 2012. GenBank. Nucleic Acids Res. 41, D36–42.

Barriuso, J., Ramos Solano, B., Lucas, J.A., Probanza Lobo, A., García-Villaraco, A.,
Gutiérrez Mañero, F.J., 2008. Ecology, genetic diversity and screening strategies
of plant growth promoting rhizobacteria (PGPR). In: Ahmad, I., Pichtel, J., Hayat,
S. (Eds.), Plant-Bacteria Interactions. Strategies and Techniques to Promote
Plant Growth, WILEY-VCH, Weinheim, pp. 1–13.

Bergkessel, M., Guthire, C., 2013. Colony PCR. Methods Enzymol. 529, 299–309,
https://doi.org/10.1016/B978-0-12-418687-3.00025-2.

Beauchamp, C., Fridovich, I., 1971. Superoxide dismutase: improved assays and an
assay applicable to acrylamide gels. Anal. Biochem. 44, 276–287.

Blanco, E.L., Castro, Y., Olivo, A., Skwierinski, R., Moronta, F., 2018. Germinación y
crecimiento de plántulas de pimentón y lechuga inoculadas con rizobios e
identificación molecular de las cepas. Bioagro 30, 207–218.

Bric, J.M., Bostock, R.M., Silverstone, S.E., 1991. Raid in situ assay for indole acetic
acid production by bacteria immobilized on a nitrocellulose membrane. Appl.
Environ. Microbiol. 57, 535–538.

Castellano-Hinojosa, A., Pérez-Tapia, V., Bedmar, E.J., Santillana, N., 2018. Purple
corn-associated rhizobacteria with potential for plant growth promotion. J.
Appl. Microbiol. 124, 1254–1264. https://doi.org/10.1111/jam.13708.

Cawoy, H., Mariutto, M., Henry, G., Fisher, C., Vasilyeva, N., Thornart, P., Dommes, J.,
Ongena, M., 2014. Plant defense stimulation by natural isolates of Bacillus
depends on efficient surfactin production. Mol. Plant. Microbe Interact. 27, 87–
100. https://doi.org/10.1094/MPMI-09-13-0262-R.

Cheewawiriyakul, S., Conn, K., Gabor, B., Woodland, J.K., Salati, R., 2006. Pepper &
eggplant disease guide. Seminis grow forward.

Choudhary, D.K., Johri, B.N., 2009. Interactions of Bacillus spp. and plants—with
special reference to induced systemic resistance (ISR). Microbiol. Res. 164, 493–
513. https://doi.org/10.1016/j.micres.2008.08.007.

Chowdhury, S.P., Hartmann, A., Gao, X., Borriss, R., 2015. Biocontrol mechanism by
root- associated Bacillus amyloliquefaciens FZB42—a review. Front. Microbiol. 6,
1–11. https://doi.org/10.3389/fmicb.2015.00780.

De Meyer, G., Bigirimana, J., Elad, Y., Höfte, M., 1998. Induced systemic resistance in
Trichoderma harzianum T39 biocontrol of Botrytis cinerea. Eur. J. Plant Pathol.
104, 279–286.

De Vos, P., Ludwing, W., Schleifer, K.H., Whitman, W.B., 2009. Family IV.
Paenibacillaceae fam. nov., in: Bergey’s Manual of Systematic Bacteriology.
Springer, Dordrecht, pp. 269–295.

Dhindsa, R.S., Plumb-Dhindsa, P., Thorpe, T.A., 1981. Leaf senescence: correlated
with increased levels of membrane permeability and lipid peroxidation, and
decreased levels of superoxide dismutase and catalase. J. Exp. Bot. 32, 93–101.

Doetsch, R.N., 1981. Determinative methods of light Microscopy, en: Manual of
Methods for General Bacteriology. American Society for Microbiology,
Washington, DC, pp. 21–32.

Domínguez, I., Cedeño, L., Briceño, A., Pino, H., Quintero, K., Rodríguez, L., 2008.
Primer reporte en Venezuela de Botrytis cinerea causando quema foliar en
lisianto (Eustoma grandiflorum). Rev. For. Venezol. 52, 173–176.

Duca, D., Lorv, J., Patten, C.L., Rose, D., Glick, B.R., 2014. Indole-3-acetic acid in plant–
microbe interactions. Antonie Van Leeuwenhoek 106, 85–125. https://doi.org/
10.1007/s10482-013-0095-y.

Enebe, M.C., Babalola, O.O., 2019. The impact of microbes in the orchestration of
plants’ resistance to biotic stress: a disease management approach. Appl.
Microbiol. Biotechnol. 103, 9–25.

FEDEAGRO, 2018. Continúa la recesión agrícola y la indiferencia por la producción
de alimentos. Los resultados de la agricultura vegetal en el año 2017. https://
fedeagro.org/resultados-de-la-agricultura-vegetal-del-2017/ (accessed 8 July
2019).

Figuereido, M.V.B., Bonifacio, A., Cerqueira-Rodrigues, A., de Araujo, F.F., 2016. Plant
growth-promoting rhizobateria: key mechanisms of action. In: Choudhary, D.K.,
Varma, A. (Eds.), Microbial-Mediated Induced Systemic Resistance in Plants.
Springer, Noida, pp. 23–33.

Gerbore, J., Benhamou, N., Vallance, J., Le Floch, G., Grizard, D., Regnault-Roger, C.,
Rey, P., 2014. Biological control of plant pathogens: advantages and limitations
seen through the case study of Pythium oligandrum. Environ. Sci. Pollut. Res. 21,
4847–4860.

Giannopolitis, C.N., Ries, S.K., 1977. Superoxide dismutase: I. occurrence in higher
plants. Plant Physiol. 59, 309–314. https://doi.org/10.1104/pp.59.2.309.

Glickmann, E., Dessaux, Y., 1995. A critical examination of the specificity of the
Salkowski reagent for indolic compounds produced by phytopathogenic
bacteria. Appl. Environ. Microbiol. 61, 793–796.

Gornall, A.G., Bardawill, C.J., David, M.M., 1948. Determination of serum proteins by
means of the biuret reaction. J. Biol. Chem. 177, 751–766.

Govrin, E.M., Levine, A., 2000. The hypersensitive response facilitates plant infection
by the necrotrophic pathogen Botrytis cinerea. Curr. Biol. 10, 751–757.

https://doi.org/10.1080/09583157.2018.1548574
https://doi.org/10.1080/09583157.2018.1548574
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0010
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0010
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0010
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0010
https://doi.org/10.1155/2018/5686874
https://doi.org/10.1155/2018/5686874
https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.1093/nar/25.17.3389
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0035
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0035
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0035
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0035
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0035
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0045
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0045
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0050
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0050
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0050
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0055
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0055
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0055
https://doi.org/10.1111/jam.13708
https://doi.org/10.1094/MPMI-09-13-0262-R
https://doi.org/10.1016/j.micres.2008.08.007
https://doi.org/10.3389/fmicb.2015.00780
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0085
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0085
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0085
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0090
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0090
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0090
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0095
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0095
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0095
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0100
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0100
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0100
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0105
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0105
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0105
https://doi.org/10.1007/s10482-013-0095-y
https://doi.org/10.1007/s10482-013-0095-y
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0115
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0115
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0115
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0130
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0130
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0130
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0130
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0135
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0135
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0135
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0135
https://doi.org/10.1104/pp.59.2.309
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0145
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0145
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0145
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0150
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0150
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0155
http://refhub.elsevier.com/S1319-562X(20)30254-0/h0155


1922 R. Márquez et al. / Saudi Journal of Biological Sciences 27 (2020) 1913–1922
Grady, E.N., MacDonald, J., Liu, L., Richman, A., Yuan, Z.C., 2016. Current knowledge
and perspectives of Paenibacillus: a review. Microb. Cell Fact. 15, 1–18. https://
doi.org/10.1186/s12934-016-0603-7.

Gullino, M., 1992. Chemical control of Botrytis spp., in: Verhoeff, K., Malathrakis, N.,
Williamson, B. (Eds.), Recent Advances in Botrytis Research. Centre for
Agricultural Publishing and documentation (Pudoc), Wageningen,
Netherlands, pp. 217–220.

Gumiere, T., Rousseau, A.N., da Costa, D.P., Cassetari, A., Raposo Cotta, S., Dini
Andreote, F., Gumiere, S.J., Pavinato, P.S., 2019. Phosphorus source driving the
soil microbial interactions and improving sugarcane development. Sci Rep 9,
4400. https://doi.org/10.1038/s41598-019-40910-1.

Gutiérrez, M., 2008. Segundo informe nacional sobre el estado de los recursos
fitogenéticos para la agricultura y la alimentación. INIA y FAO, Venezuela, p. 26.

Jaimez, R.E., Cedeño, L., Añez, B., Espinoza, W., 2010. Pimentón en invernadero,
Primera. ed, Cultivos en invernadero. Universidad de Los Andes, Mérida, pp. 45.

Jain, S., Varma, A., Tuteja, N., Choudhary, D.K., 2016. Plant growth-promoting
microbial-mediated induced systemic resistance in plants: induction,
mechanisms, and expression. In: Choudhary, D.K., Varma, A. (Eds.), Microbial-
Mediated Induced Systemic Resistance in Plants. Springer, pp. 213–222.

Jiang, C., Liao, M.J., Wang, H.K., Zheng, M.Z., Xu, J.J., Guo, J.H., 2018. Bacillus velezensis,
a potential and efficient biocontrol agent in control of pepper gray mold caused
by Botrytis cinerea. Biol. Control. 126, 147–157. https://doi.org/10.1016/j.
biocontrol.2018.07.017.

Kavamura, V.N., Santos, S.N., da Silva, J.L., Parma, M.M., Ávila, L.A., Visconti, A.,
Zucchi, T.D., Taketani, R.G., Andreote, F.D., de Melo, I.S., 2013. Screening of
Brazilian cacti rhizobacteria for plant growth promotion under drought.
Microbiol. Res. 168, 183–191. https://doi.org/10.1016/j.micres.2012.12.002.

Kesaulya, H., Hasinu, J.V., Tuhumury, G.N., 2018. Potential of Bacillus spp. produces
siderophores in suppressing the wilt disease of banana plants. IOP Conf. Ser.
Earth. Environ. Sci. 102,. https://doi.org/10.1088/1755-1315/102/1/012016
012016.

Khan, M.S., Zaidi, A., Ahmad, E., 2014. Mechanisms of phosphate solubilization and
physiological functions of phosphate-solubilizing microorganisms. In: Khan, M.
S., Zaidi, A., Musarrat, J. (Eds.), Phosphate Solubilizing Microorganisms
Principles and Application of Microphos Technology. Springer International
Publishing, Switzerland, pp. 31–62.

Kim, Y.S., Song, J.G., Lee, I.K., Yeo, W.H., Yun, B.S., 2013. Bacillus sp. BS061 suppresses
powdery Mildew and gray mold. Mycobiology 42, 108–111. https://doi.org/
10.5941/MYCO.2013.41.2.108.

Kumar, A., Prakash, A., Johri, B.N., 2011. Bacillus as PGPR in crop ecosystem. In:
Maheshwari, D.K. (Ed.), Bacteria in Agrobiology. Springer-Verlag, Berlin, pp. 37–
59.

Kumar, M., Teotia, P., Varma, A., Tuteja, N., Kumar, V., 2016. Induced systemic
resistance by rhizospheric microbes. In: Choudhary, D.K., Varma, A. (Eds.),
Microbial-Mediated Induced Systemic Resistance in Plants. Springer, Noida, pp.
197–204.

Kumar, S., Stecher, G., Li, M., Knyaz, C., Tamura, K., 2018. MEGA X: molecular
evolutionary genetics analysis across computing platforms. Mol. Biol. Evol. 35,
1547–1549.

Liang, J., Tao, R., Hao, Z., Wang, L., Zhang, X., 2011. Induction of resistance in
cucumber against seedling damping-off by plant growth-promoting
rhizobacteria (PGPR) Bacillus megaterium strain L8. Afr. J. Biotechnol. 10,
6920–6927. https://doi.org/10.5897/AJB11.260.

Lippolis, R., Siciliano, R.A., Mazzeo, M.F., Abbrescia, A., Gnoni, A., Sardanelli, A.M.,
Papa, S., 2013. Comparative secretome analysis of four isogenic Bacillus clausii
probiotic strains. Proteome Sci. 11, 28. https://doi.org/10.1186/1477-5956-11-
28.

Logan, N.A., De Vos, P., 2009. Family I. Bacillaceae, in: Bergey’s Manual of Systematic
Bacteriology. Springer, Dordrecht, pp. 20–227.

Ma, Y.C., Chen, S.F., 2008. Paenibacillus forsythiae sp. nov., a nitrogen-fixing species
isolated from rhizosphere soil of Forsythia mira. Int. J. Syst. Evol. Microbiol. 58,
319–323. https://doi.org/DOI 10.1099/ijs.0.65238-0.

Nie, P., Li, X., Wang, S., Guo, J., Zhao, H., Niu, D., 2017. Induced systemic resistance
against Botrytis cinerea by Bacillus cereus AR156 through a JA/ET- and NPR1-
dependent signaling pathway and activates PAMP-triggered immunity in
Arabidopsis. Front. Plant Sci. 8, 1–12. https://doi.org/10.3389/fpls.2017.00238.

Nigris, S., Baldan, E., Tondello, A., Zanella, F., Vitulo, N., Favaro, G., Guidolin, V.,
Bordin, N., Telatin, A., Barizza, E., Marcato, S., Zottini, M., Aquartini, A., Valle, G.,
Baldan, B., 2018. Biocontrol traits of Bacillus licheniformis GL174, a culturable
endophyte of Vitis vinífera cv. Glera. BMC Microbiology 18, 1–16.
Olanrewaju, O.S., Glick, B.R., Babalola, O.O., 2017. Mechanisms of action of plant
growth promoting bacteria. World J. Microbiol. Biotechnol. 33, 197. https://doi.
org/10.1007/s11274-017-2364-9.

Podile, A.R., Kishore, G.K., 2006. Plant growth-promoting rhizobacteria. In:
Gnanamanickam, S. (Ed.), Plant-Associated Bacteria. Springer, Dordrecht, pp.
195–230.

Premono, M.E., Moawad, A.M., Vlek, P.L.G., 1996. Effect of phosphate-solubilizing
Pseudomonas putida on the growth of maize and its survival in the rhizosphere.
Indonesian J. Crop Sci. 11, 13–23.
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