


Research Article
Received: 6 July 2021 Revised: 18 September 2021 Accepted article published: 24 October 2021 Published online in Wiley Online Library:

(wileyonlinelibrary.com) DOI 10.1002/ps.6685

The combination of two Bacillus strains
suppresses Meloidogyne incognita and fungal
pathogens, but does not enhance plant
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Abstract

BACKGROUND: The combination of biocontrol agents is a desirable strategy to improve control efficacy against the root-knot
nematode (RKN) Meloidogyne incognita under field conditions. However, strains compatibility is generally tested in vitro and
incompatible combinations are normally not further examined in experiments in planta. Therefore, there is virtually no infor-
mation on the performance of incompatible strains. In this study, we evaluated two Bacillus strains previously described as
incompatible in vitro for effects on plant growth and suppression ofM. incognita, pathogenic fungi and nematophagous fungi.

RESULTS: Strains BMH and INV were shown to be closely related to Bacillus velezensis. These strains, when applied individually,
reduced the number of galls and eggs of M. incognita by more than 90% in tomato roots. When BMH and INV were combined
(BMH + INV), RKN suppression and tomato shoot weight were lower compared to single-strain applications. Additionally,
metabolites in cell-free supernatants and volatile organic compounds (VOCs) from strains BMH and INV had strong effects
against the plant pathogens M. incognita, Fusarium oxysporum, Rhizoctonia solani and Sclerotium rolfsiii, but not against three
species of nematophagous fungi. Although strain INV and the combination BMH + INV emitted fewer VOCs than strain BMH,
they were still capable of killing second-stage juveniles of M. incognita.

CONCLUSIONS: Bacillus strains BMH and INV inhibitedM. incognita and fungal pathogens, and promoted tomato growth. How-
ever, strain INV emitted fewer VOCs and the combination BMH + INV did not enhance the activity of the biocontrol strains
against the RKN or their capacity to promote plant growth.
© 2021 Society of Chemical Industry.
Supporting information may be found in the online version of this article.
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1 INTRODUCTION
Plant-parasitic nematodes are estimated to cause billions of
dollars in agricultural losses.1 The root-knot nematodes (RKN;
Meloidogyne spp.) are responsible for causing great losses to hor-
ticulture and grain crops worldwide.2,3 Meloidogyne incognita is
by far the most widely distributed and destructive species due
to its extensive host range.4 Nematode control strategies are
mainly based on the use of resistant varieties, crop rotation and
soil sterilization by chemicals or solarization.5 The use of resis-
tance genes is limited or impractical in annual crops due to few
RKN-resistance genes and the difficulty of introducing them into
susceptible crops.6 Also, the effectiveness of crop rotation is not
always successful due to the wide host range of RKN, while chem-
ical nematicides can have negative impacts on the local micro-
biota.7–9 For these reasons, the demand for chemical-free
agricultural products has increased. Therefore, the use of
microbial-based products in agricultural systems to control RKNs

is of great interest.3,9–12 In addition to the possibility of promoting
plant growth, biocontrol agents can also stimulate microbial
interactions.13
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Species of the genus Bacillus occur in diverse types of agricul-
tural soils, associated with different plant species, in different
environmental conditions and play an important role in increas-
ing crop productivity.14–16 Bacillus spp. have a great ability to col-
onize roots and versatility in protecting plants against pathogens
by multiple mechanisms.17–21 Currently, there are more than
300 validly described species divided into two species complexes:
the Bacillus subtilis group and the Bacillus cereus group.22 The ben-
eficial effects associated with plants make this genus one of the
most interesting for the development of biological control
agents.23,24 Several strains of Bacillus spp. are used as the basis
for different commercial formulations aimed at promoting plant
growth and plant disease control,23,25–28 including nematode-
induced diseases.10,29–33

Bacillus-based products represent approximately half of the
commercially available bacterial biological control agents.12 How-
ever, the application of Bacillus can cause dramatic changes in rhi-
zosphere microbial populations.34 Studies on the effects of
Bacillus are generally focused on the reduction of pathogen popu-
lations and ignore the potential effects on the structure and func-
tion of the microbial community.35 Bacillus may also suppress
beneficial fungi, such as RKN parasites, requiring further investiga-
tion. This interaction should be better explored to improve the
biocontrol of RKN. Furthermore, as different species of Bacillus
possess different mechanisms, the combination of strains is an
alternative to improve the biocontrol effects.29 Usually, the com-
patibility of combined strains is associated with an increase in dis-
ease control by the synergism between the producedmetabolites
and other possible mechanisms.36 However, bacterial strains
labeled as incompatible are normally evaluated only by in vitro
assays and under limited conditions to effectively prove their
incompatibility.37,38 There is little information on the behavior of
incompatible strains combined beyond in vitro tests. In planta
assays are more appropriate to verify compatibility among strains
by evaluating the mechanisms affected by the combination.
Keeping in mind all these aspects of Bacillus spp. as biocontrol

agents, it is important not only to verify the biocontrol perfor-
mance of new strains against RKN, but also to understand the
mechanisms of action and their interactions with other microor-
ganisms and among themselves. In this study, Bacillus strains
BMH and INV were used to assess their biocontrol activity against
M. incognita either alone or in combination and to verify their pos-
sible biocontrol mechanisms. Strains BMH and INV were shown to
be incompatible in previous in vitro tests38 and therefore not fur-
ther studied in combination in in planta experiments. Also, the
biocontrol potential of these strains has not been verified against
RKN. The focus of the present study was on the combination of
these two Bacillus strains in experiments against M. incognita uti-
lizing in vitro and in planta experiments. Additionally, we evalu-
ated the effects of the Bacillus strains against selected
pathogenic and beneficial fungi.

2 MATERIAL AND METHODS
2.1 Bacterial strains, mass production and cell-free
supernatants
Bacillus strains BMH and INV were isolated from soil of the semi-
arid region in the northeast of Brazil.38 The strains were routinely
grown on Luria-Bertani (LB) agar.39,40 Mass production of the
strains was done in Erlenmeyer flasks containing 75 mL of nutri-
ent (N) broth medium41 incubated at 25 °C with shaking
(150 rpm) for 48 h. The correspondence between optical density

in a spectrophotometer at 600 nm (OD600) and dilution plating
on nutrient agar (NA)41 was determined for both bacterial strains.
An OD600 = 0.7 for both bacterial strains corresponded to approx-
imately 108 CFU mL−1. This equivalence was used to facilitate the
preparation of the bacterial suspensions. To produce the cell-free
supernatants, each strain was grown in N broth as described
above and 48 h later the cultures were adjusted to the same cell
concentration (108 CFU mL−1) and centrifuged twice at 4500 rpm
for 5 min. The pelleted cells were discarded and the cell-free
supernatants were used in the experiments. Themixture of strains
BMH + INV was prepared by combining equal volumes of each
strain. Only supernatants without any bacterial growth were used
in the experiments, which was confirmed by plating aliquots of
each bacterial suspension on NA and incubating at 25 °C for 24 h.

2.2 Molecular identification of Bacillus
Strains BMH and INV were grown on NAmedium for 24 h at 25 °C
and used for genomic DNA extraction as previously described.41

Briefly, a loopful of each strain was transferred to 1.5-mL micro-
centrifuge tubes containing 100 μL of extraction buffer (0.05 mol
L–1 NaOH + 0.25% SDS). The tubes were incubated at 97 °C under
agitation (800 rpm) for 15 min, cooled to room temperature for
2 min and centrifuged at 10 000 rpm for 1 min. The DNA in the
supernatant was diluted 20× in TE buffer (10 mM Tris–HCl,
pH 8.0; 1 mM EDTA) and stored at −20 °C until use. The universal
primers 8F (50-AGAGTTTGATCCTGGCTCAG-30) and 1492R (50-
ACGGCTACCTTGTTACGACTT-30) were used to amplify and
sequence the 16S rRNA gene as previously described.42,43 Differ-
ent primers were used to detect biosynthetic antibiotic genes
by PCR-based screening and amplify the Zwittermicin-A resis-
tance gene (Supplementary Text). Sequences were obtained
using an ABI370 sequencer following the manufacturer's instruc-
tions (Applied Biosystems, Waltham, MA, USA). Comparisons with
other sequences deposited in the nonredundant database were
done with the BLASTN algorithm.44 The sequences were depos-
ited in GenBank under the following accession numbers:
KU207996 (Bacillus sp. BMH) and KU207997 (Bacillus sp. INV). The
program MEGA v.745 was used in the alignment and to perform
the phylogenetic analyses with the maximum likelihood method.
All the other 16S rRNA sequences used in the phylogenetic analy-
sis were from type strains recovered from the List of Prokaryotic
names with Standing in Nomenclature (LPSN).46

2.3 Effect of Bacillus on tomato growth
Two-week-old tomato seedlings (Solanum lycopersicum cv. Santa
Clara) were transplanted to 500 mL cups containing sterile sub-
strate (60% pine bark, 15% vermiculite and 25% humus; Terra
do Paraíso; Holambra, SP, Brazil). For inoculation of Bacillus spp.,
an aliquot of 200 μL of suspension of each strain containing
108 CFU mL−1 was inoculated in each pot around the tomato
roots after 2 days of seedling tranplantation. The treatments
included strains BMH, INV, BMH + INV and the control, where
water without any bacterial strain was applied. Pots were
arranged in a completely randomized design and kept in a green-
house for 45 days at 25 ± 2 °C, where they received irrigation and
fertilization according to the technical recommendations.46 After
this period, plants were removed from the pots and shoots were
separated from the roots. The roots were carefully washed and
dried on paper towels. The plant parts were dried at 60 °C for
72 h and the dry weight of shoots and roots was recorded after
reaching constant weight. The experiments were conducted with
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five replicates per treatment and the experiment was performed
twice at different times.

2.4 Effect of Bacillus against Meloidogyne incognita
The second-stage juveniles (J2) of M. incognita used in the
experiments were obtained from a pure population multiplied
in tomato ‘Santa Clara’ maintained in a greenhouse for
2 months. To obtain eggs, the roots were gently washed, cut
into 1- to 2-cm pieces and ground in a blender with a 0.5%
NaClO solution for 30 s. The eggs were then separated from
the root debris by centrifugation47 and incubated in hatching
chambers at 28 °C. Only M. incognita J2 hatched within a 24-h
period were used in the experiments. Tomato seedlings and
the same bacterial treatments were prepared as described
above for the experiments on the effect of Bacillus on plant
growth. Two days after the application of the bacteria, plants
were inoculated with 2 mL of a suspension containing
100 M. incognita J2 around the roots. The negative control
was only the M. incognita J2 suspension in water without any
bacterial strain. Pots were arranged in a completely randomized
design and kept in a greenhouse for 45 days at 25 ± 2 °C as
described above. After this period, the number of galls on roots
was determined by direct counting. Eggs were extracted as
described by Boneti and Ferraz,47 and enumerated in a Peters
chamber under a light microscope. The experiment was con-
ducted with five replicates per treatment and was performed
twice.

2.5 Effect of bacterial supernatants and VOCs against
Meloidogyne incognita
The effect of Bacillus cell-free supernatants and emission of
volatile organic compounds (VOCs) were evaluated by two
different techniques. To evaluate the cell-free supernatants
on the motility and mortality of M. incognita, aliquots
of 100 μL of the supernatant of each bacterial treatment
(BMH, INV and BMH + INV) prepared as described above were
mixed with 900 μL of an aqueous suspension containing
100 M. incognita J2 in 1.5 mL microcentrifuge tubes. Controls
contained only 100 μL of N broth medium mixed with the sus-
pension. The microcentrifuge tubes were incubated at 25 °C
for 48 h. The effect of VOCs produced by Bacillus strains on
the motility and mortality of M. incognita was studied in bi-
compartmented Petri plates.46 Aliquots of 100 μL of suspen-
sions of BMH, INV or BMH + INV were spread on NA medium
in one compartment of the Petri plate. A 2 mL suspension con-
taining 100 M. incognita J2 was placed in the other compart-
ment of the same plate. In control plates, 2 mL of water were
placed on the NA medium in one of the compartments and
the M. incognita J2 suspension in the other compartment.
The plates were sealed with parafilm and incubated at 25 °C
for 48 h.
In both experiments, after 48 h of incubation, the J2 were

washed with tap water through a 500 mesh (25 μm opening)
sieve to remove the metabolites from the suspension and col-
lected in tap water. Then, the motility and mortality of
M. incognita J2 were evaluated by counting the number of immo-
tile M. incognita J2 in a Peters chamber. The M. incognita J2 that
remained immotile after 24 h of the first count were considered
dead. The experiments were arranged in a completely random-
ized design with five replicates and the experiments were con-
ducted twice.

2.6 Effect of supernatants and VOCs against fungi
The effect of cell-free supernatants and VOCs from BMH, INV and
BMH + INV was evaluated on mycelial growth and conidia forma-
tion by plant pathogens and biocontrol agents. Three tomato
pathogens, Fusarium oxysporum f.sp. lycopersici CML1875, Rhizoc-
tonia solani CML551 and Sclerotium rolfsii VC01, and three fungi
antagonistic to RKN, Trichoderma atroviride IMI206040, Purpureo-
cillium lilacinum BC01 and Arthrobotrys conoides CML1659, were
used in these experiments. All fungi were grown on potato dex-
trose agar (PDA) for 5 days at 25 °C.48 Fungal mycelial discs,
5 mm in diameter, obtained from the edges of actively growing
colonies, were transferred to the center of PDA plates. After 2 h,
10 μL aliquots of cell-free supernatants from the bacterial strains
and their mixture were deposited on the mycelial discs. To evalu-
ate the effect of VOCs on mycelial growth, aliquots of 100 μL of
suspension from each bacterial strain and their mixture adjusted
to 108 CFU mL−1 were spread on NA medium in one of the com-
partments of split Petri plates. The other compartment, contain-
ing PDA medium, received a mycelial disc from the fungi listed
above. Plates with each fungus in one compartment and a noni-
noculated NA medium in the other compartment were used as
controls.
The plates were incubated at 25 °C and the final evaluation

was performed when the fungus in the control treatment
reached at least one of the edges of the plate or after 7 days.
Conidia formation was analyzed 2 days after the evaluation
of mycelial growth by extracting discs of 5 mm from the edge
of each sporulating fungal culture and counting in a Neubauer
chamber. The experiments were arranged in a completely ran-
domized design with five replicates and were conducted
twice.

2.7 Detection of enzymes, siderophores and phosphate
solubilization activity
Assays to detect the production of cellulases, chitinases,
lipases, siderophores and phosphate solubilization activity
were done on media supplemented with the substrate of each
enzyme under study and 20 g L−1 of agar. All experiments
were carried out by transferring aliquots of 8 μL of bacterial
suspensions (108 CFU mL−1) to four equidistant points on a
Petri plate and incubating at 25 °C as previously described.49

The cellulolytic activity was evaluated on the medium
described by Mandels and Reese,50 supplemented with car-
boxymethylcellulose (CMC; Sigma-Aldrich, Burlington, MA,
USA) according to Teather and Wood.51 Proteases were
detected on a medium containing skimmed milk, as described
by Dune et al.,52 and visualized after 72 h of incubation. Chiti-
nases were detected after 7 days of incubation on media con-
taining colloidal chitin.53 Lipases were detected by incubating
the bacteria for 7 days on a medium containing Tween 80.54

Siderophores were detected by incubating the bacteria for
24 h on a medium containing Chrome Azurol S (CAS).55 Phos-
phate solubilization was evaluated by incubating for 10 days
on medium GL (glucose yeast medium).56,57 The formation of
a halo around the colonies was indicative of positive reactions.
Four replicates consisting of one plate per replicate were used
for each assay.

2.8 Identification of VOCs produced by bacillus
For chromatographic analyses of the VOCs, strains BMH, INV and
BMH + INV were grown for 2 days at 25 °C on NAmedium placed
inside Supelco tubes (Supelco Inc., Bellefonte, PA, USA). The
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extraction was done by solid-phase microextraction (SPME) and
analyzed by gas chromatography coupled to amass spectrometer
(GC/MS). NA medium without the bacterial strains was the nega-
tive control. A 2 cm SPME fiber (Supelco Inc.,) coated with divinyl-
benzene/polydimethylsiloxane/carboxen (DVB/PDMS/CAR) was
used for the extraction of the VOCs. The SPME fiber was exposed
to the headspace of the Supelco tube for 35 min at 55 °C and then
inserted into the GC/MS injector for analyte desorption (2 min),
separation and detection. The GC–MS system consisted of a Shi-
madzu GCMS QP2010 Ultra (Shimadzu, Columbia, MD, USA)
equipped with a split-splitless injector, an AOC-5000 autoinjector
and an HP-5MS (5% phenyl-95% dimethylsiloxane) fused-silica
capillary column (30 m × 0.25 mm × 0.25 μm). Helium 5.0 grade
was used as carrier gas at 1.0 mL min−1. The injector was operated
in splitless mode. The injector, the transfer line and the ion source
were kept at 250, 240, and 200 °C, respectively. The oven temper-
ature was programmed from 40 to 160 °C at 3 °C min−1 and then
to 240 °C at 10 °C min−1. Mass spectrometry scan range was set
between 40 and 400 m/z. To identify the VOCs in the samples,
the mass spectrum of each chromatogram peak was extracted
through the Automated Mass Spectral Deconvolution and Identi-
fication System (AMDIS) v. 2.63. The VOC identification was per-
formed by comparing the mass spectra of the sample peaks
with National Institute of Standards and Technology (NIST) library
spectra by the Mass Spectral Search Program (NIST, Washington,
DC, USA) and by comparing experimentally obtained retention
indices (RI Exp.) with the retention indices in the literature
(RI Lit.).58,59

2.9 Statistical analysis
All the data sets were tested for normality (Shapiro–Wilk's test)
and homogeneity (Bartlett's test). Once the assumptions were
met, the F test was applied through analyses of variance
(ANOVA). The experiment repetitions (experiments 1 and 2) were
submitted to ANOVA and if there was no difference between
them, a combined analysis was performed (N = 10). When the sig-
nificance level in the F test (P < 0.05) was reached, means of each
treatment were compared with the Tukey's test at 5% probability.
The multivariate ordination was done by a principal components
analysis (PCA) in the software PAST 4.0.60

3 RESULTS
3.1 Bacillus BMH and INV are closely related to
B. velezensis
The 16S rRNA phylogenetic tree showed that strains BMH and INV
belong in the clade containing sequences of type strains of Bacil-
lus amyloliquefaciens, B. siamensis and B. velezensis deposited in
the LPSN database (Fig. 1). The identity between strains BMH
and INV was 99.1%, whereas the identity between each of these
strains and the two closest matches in the LPSN database, which
were the type strains B. amyloliquefaciens NBRC15535 and
B. velezensis NRRL B-41580, was 99.4% for strain BMH and 99.5%
for strain INV. These identities show that strains BMH and INV
are closely related to B. velezensis and the other species in this
clade.

Figure 1. Phylogenetic tree showing the relationship of strains BMH and INV with species of the genus Bacillus. The tree was generated with 16S rDNA
sequences of type strains available on the LPSN site (List of Prokaryotic Names with Standing in Nomenclature). The molecular phylogenetic analysis was
constructed by using the maximum likelihoodmethod. The tree was inferred with 1343 aligned nucleotides. The nucleotide substitution model used was
GTR + G + I. The bootstrap analyses were performed with 1000 replicates. The tree was rooted with a 16S rDNA sequence of Bacillus cereus. The scale bar
represents the number of expected substitutions per site. The analysis was conducted in MEGA v.745 and the tree was edited using the FigTree v1.4.4
program.61
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3.2 Bacillus BMH and INV promote shoot growth when
applied individually, but not in combination
Inoculation of the bacterial strains on the roots of tomato
increased shoot weight compared with the water control in both
experiments (Table 1). Strains BMH and INV increased fresh shoot
weight by 27% and dry shoot weight by 25% compared to the
water control. In general, shoot weight did not differ from the con-
trol when the BMH + INV was applied (Table 1). Fresh and dry
weights of tomato roots did not differ from the water control in
any of the bacterial treatments (P > 0.05).

3.3 The Bacillus strains interfere in Meloidogyne
incognita suppression
All bacterial treatments significantly reduced the number of
M. incognita galls and eggs compared with the water control in
both experiments (P < 0.01) (Fig. 2). Individual applications of
both strains BMH and INV reduced the numbers of galls and eggs
by more than 93% in relation to the control. In the same experi-
ment the combination BMH + INV reduced the number of galls
to levels similar to that achieved by the application of the strains
alone, but the number of eggs was reduced only by 84%. In the
second experiment, the reduction in the number of galls and eggs
was on average 79% for BMH and INV, and approximately 60% for
the BMH + INV. In general, these experiments show that the appli-
cation of the strains alone or in combination resulted in a reduc-
tion in the number of galls and eggs of M. incognita in relation
to the control, but the combination BMH + INV was worse than
single applications.

3.4 Bacterial cell-free supernatants and VOCs had
pronounced effects against M. incognita and fungal
pathogens
The cell-free supernatants of all bacterial treatments significantly
(P < 0.01) increased immotility and the mortality of M. incognita
J2 compared with the controls (Fig. 3(A)). The VOCs produced by
BMH and BMH + INV immobilized almost 100% and killed 80%
of M. incognita J2, while volatiles from INV immobilized only 30%
of M. incognita J2 (Fig. 3(B)).
Cell-free supernatants, when tested against fungal biocontrol

agents, only had a significant negative effect against the mycelial
growth of A. conoides (P = 0.05), with a growth reduction of 20%
comparedwith the control (Fig. 4(A)). However, the number of con-
idia was not significantly different for A. conoides and P. lilacinum,
but the number of conidia of T. atroviride was significantly
increased (P < 0.01) by approximately 60% (Fig. 4(B),(C)).

Pathogenic fungi were generally negatively affected by the bacte-
rial cell-free supernatants. There was a 20% reduction in mycelial
growth of Fusarium oxysporum f. sp. lycopersici (P < 0.02) and a
32% reduction in the number of conidia (P < 0.01) when treated
with the bacterial cell-free supernatants (Fig. 4(D)). Nonsporulating

Table 1. Fresh and dry shoot weight of tomato seedlings inoculated with different Bacillus strains

Shoot weight (g)

Experiment 1† Experiment 2

Strains Fresh ± SEM‡ Dry ± SEM Fresh ± SEM Dry ± SEM
BMH 12.1 ± 0.31 a 01.6 ± 0.06 a 09.4 ± 0.21 a 02.7 ± 0.07 a
INV 12.0 ± 0.33 a 01.6 ± 0.05 a 09.8 ± 0.53 a 02.8 ± 0.03 a
BMH + INV 10.3 ± 0.40 b 01.2 ± 0.10 b 06.5 ± 0.62 b 02.3 ± 0.34 ab
Water 10.4 ± 0.24 b 01.2 ± 0.05 b 08.4 ± 0.31 ab 02.2 ± 0.23 ab
F (P value) 6.11 (<0.01) 9.38 (<0.01) 3.43 (0.04) 3.70 (0.02)

† Experiments were done twice at different times.
‡ Mean values followed by the same letter are not significantly different according to Tukey's test at 5%. SEM represents the standard error of the
means.

Figure 2. Influence of Bacillus strains on the development ofMeloidogyne
incognita in tomato roots. Cell suspensions of the Bacillus strains BMH, INV
and BMH + INV were applied around the roots of tomato and the number
of galls and eggs was evaluated after 45 days. In the controls, water was
applied without the Bacillus strains. (A) and (B) represent two independent
experiments. Mean values followed by the same letter are not significantly
different according to Tukey's test at 5%. Error bars represent the standard
error of the means.
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pathogenic fungi had reductions in mycelial growth on average of
65% for S. rolfsii (P < 0.01) and 30% for R. solani (P < 0.03) for all
bacterial cell-free supernatants. The exception was strain INV, for
which suppression was not different from the control (P > 0.05)
for S. rolfsii (Fig. 4(E),(F)).
VOCs did not significantly (P > 0.05) affect mycelial growth and

conidiation of fungal biocontrol agents (Fig. 4(G)–(I)). Pathogenic
fungi, however, with the exception of S. rolfsii (Fig. 4(K)), were neg-
atively affected by the bacterial VOCs. Mycelial growth of
F. oxysporum f. sp. lycopersici was reduced on average by 27%
(P < 0.04), whereas conidiation decreased on average by 64%
(P < 0.01) after exposure to the bacterial VOCs (Fig. 4(J)). Mycelial
growth of R. solani was decreased on average by 30% (P < 0.01)
when exposed to the bacterial VOCs (Fig. 4(L)).
A PCA analysis was performed to group the treatments accord-

ing to their response in experiments selected for their significant

differences among the bacterial strains. The components 1 and
2 of the PCA accounted for more than 70% of the variance among
groups (Fig. 5 and Table S1). The analysis indicated that strain
BMH alone was strongly related to the mortality of M. incognita
J2 by both cell-free supernatants and VOCs, whereas INV had the
weakest influence on M. incognita J2 mortality and shoot weight.
The BMH + INV treatment was grouped as intermediate in terms
of performance in all variables of the PCA. Taken together, these
results indicate that strain BMH shows more beneficial effects
than INV and BMH + INV.

3.5 Bacillus produce metabolites that may be putatively
involved in their activity
A total of eight compounds belonging in the ketone and carbox-
ylic acid classes were identified in strains BMH, INV and BMH
+ INV (Table 2). All VOCs, except for 2-pentanone, were produced
by strain BMH. The combination BMH + INV had a VOC profile
similar to strain INV, with the addition of isobutyric acid.
Strains BMH and INV had the same enzyme secretion profile,

including cellulase, protease and lipase, but not chitinase. Addi-
tionally, both strains produced siderophores and were able to sol-
ubilize phosphate (Table S2).

4 DISCUSSION
Considerable attention has been given to the use of antagonistic
microorganisms capable of protecting plants against plant-
parasitic nematodes.62,63 In the present study, strains BMH and
INV of Bacillus sp., alone and in combination, effectively killed
M. incognita J2 and decreased the number of galls and eggs in
experiments performed in vitro and in vivo conditions. Addition-
ally, these strains generally inhibited phytopathogenic fungi,
while little or no significant effects were observed against fungi
that are antagonistic to M. incognita. These two strains were pre-
viously tested for their compatibility in vitro and were shown to
be incompatible and for this reason were not tested in experi-
ments in planta.38 Therefore, in this study, we further investigated
whether this incompatibility affects their beneficial activities. The
combination of strains BMH and INV had detrimental effects on
plant growth andM. incognita suppression, but not on the biocon-
trol activity of other soilborne pathogens. The compatibility of
strains in combinations to suppress plant pathogens is influenced
by interactions with plant roots and native microorganisms, lead-
ing to different responses in in vitro and in planta assays. The
mechanisms of activity of Bacillus are constantly influenced by
root exudates and the potential against multiple pathogens is dis-
tinct according to the type of association.64

Sequence analysis of the gene16S rRNA indicated that the Bacil-
lus strains BMH and INV are phylogenetically related and belong in
the B. velezensis clade.65 Species of this clade are known for their
association with plants, especially with the rhizosphere, acting
as agents of growth promotion and in the suppression of
pathogens,66 and for these reasons are frequently used in com-
mercial formulations.23,67 One of the advantages of this group of
Bacillus is that they are not isolated in association with diseases
in humans, other animals or plants as opposed to species such
as B. cereus and B. anthracis.68 The species in this clade include
B. amyloliquefaciens, B. velezensis and B. siamensis, known to be
beneficial and in some cases used as probiotics.69

The individual strains BMH and INV or their combination BMH
+ INV reduced the number of galls and eggs of M. incognita com-
pared to the control, but the combination did not improve tomato

Figure 3. Activity of cell-free supernatants and volatile organic com-
pounds (VOCs) produced by Bacillus strains againstMeloidogyne incognita
second-stage juveniles (J2). (A) Immotility and mortality of M. incognita J2
exposed to cell-free supernatants. Cell-free supernatants were mixed with
a suspension of J2 and the number of immotile and dead J2 was deter-
mined under a microscope. (B) VOCs produced by the Bacillus strains were
tested against M. incognita J2 in plates split into two compartments and
after the exposure the number of immotile and dead J2 was determined.
Mean values followed by the same letter are not significantly different
according to Tukey's test at 5%. Error bars represent the standard error
of the means. Results represent a joint analysis of two experiments.
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growth. These results prompted us to study the possible mecha-
nisms of activity of these strains either alone or in combination.
An arsenal of mechanisms, such as improved plant nutrition, the
production and regulation of phytohormones, and the suppres-
sion of disease-causing organisms, are among the strategies often

employed by rhizospheric Bacillus spp.70 These strains were able
to decrease the motility and result in mortality of M. incognita J2
by metabolites present in the cell-free supernatants and in the
VOCs produced by each strain or their combination. Although
these experiments were performed in vitro, it is expected that, at

Figure 4. Effect of cell-free supernatants and volatile organic compounds (VOCs) on fungal growth and conidiation. Cell-free supernatants (A–F) were
applied over the fungal mycelium in plates containing PDA medium. VOCs (G-L) produced by Bacillus were tested against the fungi in plates split into
two compartments. The fungi tested were biocontrol agents (A–C and G–I): (A, G) Arthrobotrys conoides, (B, H) Trichoderma viride, (C, I) Purpureocillium lila-
cinum; and pathogens (D–F and J–L): (D, J) Fusarium. oxysporum f.sp. lycopersici, (E, K) Sclerotium rolfsii, (F, L) Rhizoctionia solani. Mycelial growth and the
number of conidia were determined after the controls reached one of the edges of the plates or after 7 days. Mean values followed by the same letter are
not significantly different according to Tukey's test at 5%. Error bars represent the standard error of the means. The results show two experiments
combined.
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least partially, these VOCs cause some reduction in the infection in
plant roots by killing M. incognita J2 before root penetration, as
already reported.31,70-72

The metabolite profiles of strains BMH and INV were similar for
some enzymes, siderophores and the capacity to solubilize phos-
phate (Table S2), but not for the VOCs (Table 2). Additionally,
through a PCR-based screening, we verified that the strains under
study have the genes encoding for the synthesis of bacillomycin
(Supplementary Text). The fact that these strains are closely
related to B. velezensis corroborates the production of the antibi-
otic bacillomycin, which may be present in B. velezensis.65 How-
ever, zwittermicin A has never been reported in B. velezensis and
related species, but was found in B. cereus.73 The lipopeptide
bacillomycin has been shown to have activity against different
fungi74,75 and multiple plant-pathogens.20,74–78 Furthermore, the
potential showed by Bacillus spp. to synthesize a large number
of compounds is one of the determining factors in their ability

to suppress plant pathogens, promote plant growth and induce
systemic defense responses.79–81

The number of VOCs produced by the combination of strains was
reduced, resembling the profile shown by strain INV. A lower number
of VOCs coincided with the reduced capacity of strain INV to kill
M. incognita J2, but does not provide a satisfactory explanation for
the significantly higher activity of the combination of strains in killing
M. incognita J2 when compared with strain INV alone, unless the VOC
isobutyric acid is considered. Additionally, VOCsmay act in concert or
synergistically to deliver a given effect. In one study, isobutyric acid
inhibited egg hatching of M. incognita by 63%,82 but no information
was providedon its effect onmortality of the J2. These studieswill cer-
tainly be worth pursuing in the future. For the same reasons as men-
tioned above, it is difficult to correlate the reduced capacity of the
combination of BMH + INV to promote tomato shoot growth only
by looking at the profile of VOCs produced by the strains. Although
strain INV produced the lowest number of VOCs when compared to
BMH and BMH + INV, its capacity to promote shoot growth did not
differ from strain BMH when applied alone.
The VOCs and the metabolites in cell-free supernatants gener-

ally had a stronger negative effect against the fungal plant patho-
gens than against the beneficial fungi. These results are
interesting when the application of other beneficial microbes in
combination with Bacillus is considered. These results also reaf-
firm the antagonistic capacity of Bacillus against numerous plant
pathogens, including M. incognita.33,62,67,83–87

The combination of strains is an interesting strategy as it may
expand the effects, performance and spectrum of activity of bio-
logical products in agricultural systems.88,89 The combination of
compatible bacterial strains frequently enhances plant growth
and antagonistic activity by adding multiple mechanisms.38 How-
ever, in our study, combined incompatible strains as determined
in in vitro assays did not completely lose their beneficial proper-
ties, although negative changes occurred in metabolic profiles,
in the suppression of RKN and in tomato growth promotion.
Although we did not perform an extensive analysis and based
on these two strains, it seems that in vitro assays are not enough
to confirm the incompatibility when there is an interest in com-
bining bacterial strains.

5 CONCLUSIONS
The combination of Bacillus sp. strains BMH and INV affected bio-
control activity againstM. incognita as measured by the reduction

Figure 5. Principal components analysis (PCA) among all the results of
experiments that showed a significant difference for the bacterial strains
BMH and INV alone and combined (BMH + INV). (a) Conidia formation by
Fusarium oxysporum f.sp lycopersici exposed to VOCs. (b) Tomato shoot
weight. (c) Mortality of Meloidogyne incognita J2 by cell-free supernatants.
(d) Mortality ofM. incognita J2 by VOCs. (e) Mycelial growth of Rhizoctonia
solani by cell-free supernatants. All the data used in the PCA were calcu-
lated in comparison with the control.

Table 2. Volatile organic compounds (VOCs) identified in Bacillus sp. strains BMH and INV analysed alone or in combination (BMH + INV) by SPME
-GC-MS

Compound RI Exp.† RI Lit.‡ BMH INV BMH + INV

1 2-pentanone 709 700 nd§ + +
2 3-methyl-2-pentanone 754 743 + nd nd
3 Isobutyric acid 777 775 + nd +
4 5-methyl-2-hexanone 847 832 + nd nd
5 Isovaleric acid 858 868 + + +
6 2-heptanone 890 889 + + +
7 6-methyl-2-heptanone 954 954 + nd nd
8 5-methyl-2-heptanone 963 − + nd nd

† Experimental retention indices calculated by injecting a homologous series of alkanes.
‡ Theoretical retention INDICES according to the literature.
§ Not detected.
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of the numbers of galls and eggs in tomato roots, but not the
capacity to kill M. incognita J2 and to inhibit mycelial growth and
conidiation of pathogenic fungi F. oxysporum, R. solani and
S. rolfsiii. The combination also negatively affected the growth of
tomato shoots and caused a decrease in the number of VOCs pro-
duced, which could partially explain the detrimental performance
in tomato plants. Overall, these results show that the combination
BMH + INV is an intermediate treatment in terms of performance,
but both strains suppressed M. incognita, reduced mycelial
growth of other plant pathogens and had little or no effect on
beneficial fungi.
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Supplementary Table S1. List of the oligonucleotides used in this study to detect antibiotic 
genes by PCR screening, amplify the Zwittermicin-A resistance gene and 16S rDNA gene in 
the Bacillus strains. 

 

Antibiotic Primer Primer sequence (5’ – 3’) 
Length 
(Bp†) 

Reference 

Bacillomycin 
BACC1F 
BACC1R 

GAAGGACACGGCAGAGAGTC 

CGCTGATGACTGTTCATGCT 
875 

Ramarathnam 
et al1 

Phenazine 
PHZ1 

PHZ2 

GGCGACATGGTCAACGG 

CGGCTGGCGGCGTATTC 
1408 Delaney et al2 

Pyrrolnitrin 
PRND1 

PRND2 

GGGGCGGGCCGTGGTGATGGA 

YCCCGCSGCCTGYCTGGTCTG 
786 

Souza and 

Raaijmakers3 

2,4-

Diacetylphlor

oglucinol 

BPF2 

BPR4 

ACATCGTGCACCGGTTTCATGAT

G 

CCGCCGGTATGGAAGATGAAAAA

GTC 

535 
McSpadden 

Gardener et al4 

ZwittermicinA 

Resistance 

gene 

677 

678 

TAAAGCTCGTCCCTCTTCAG 

ATGTGCACTTGTATGGGCAG 
1000 Raffel et al5 

16S rRNA 
8F 

 1492R 

AGAGTTTGATCCTGGCTCAG 

ACGGCTACCTTGTTACGACTT 
1440 Leite et al6 

†
Base-pairs number of respective PCR amplicons that were sequenced and compared to database entries 
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Supplementary Table S2. PCA of the pathogenic and non-pathogenic variables.  
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

PCA eigenanalyses between groups 
Pathogenic variables Non-pathogenic varaibles 

PC 1 PC 2 PC 3 PC 1 PC 2 PC 3 

V
a

ri
a

n
c
e

-

c
o

v
a

ri
a

n
c
e
 

v
a

lu
e

s
 Eigenvalue 122.185 0.391 0.3522 220.022 127.872 0.085 

% variance 94.260 30.226 27.174 61.719 35.869 24.115 

P
C

 c
o

e
fi
c
ie

n
ts

 

J2 Mortality by filtered -0.416 -0.38823 0.0737 - - - 

J2 Mortality by VOC -0.4703 0.29794 -0.0613 - - - 

Galls 0.310 0.4678 -0.276 - - - 

Eggs 0.312 0.41986 0.0413 - - - 

Fusarium growth by filtered 0.504 -0.40797 -0.355 - - - 

Rhizoctonia growth by filtered 0.124 0.25215 0.396 - - - 

Sclerotium growth by filtered 0.199 -0.040421 0.776 - - - 

Fusarium growth by VOC 0.0954 -0.0705 0.0826 - - - 

Rhizoctonia growth by VOC 0.304 -0.358 0.136 - - - 

Root weight - - - -0.507 -0.0431 0.441 

Arthobotrys growth by filtered - - - 0.431 -0.748 -0.249 

Purpureocillium growth by 
filtered 

- - - 0.329 0.542 -0.215 

Arthobotrys growth by VOC - - - 0.306 0.358 -0.0257 

Trichoderma growth by VOC - - - 0.181 -0.105 0.655 

Purpureocillium growth by VOC - - - 0.567 0.056 0.514 
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Supplementary Table S3. Secretion of enzymes, siderophores and activity of phosphate 
solubilization in vitro by Bacillus strains. All tests were done in Petri plates with indicative 
growth media. Positive (+) and negative (−) reactions were scored when a clear halo around 
the bacterial colony was present or absent, respectively. 

Strains 
Hidrolitic Activity and Biocontrol Traits† 

Cellulase Chitinase Protease Lipase Siderophores 
Phosphate 

solubilization 

BMH + - + + + + 
INV + - + + + + 
†
All tests were done in Petri plates with indicative growth media as indicated in the Material and Methods 

section. 

 

Supplementary Table S4. Presence (+) or absence 
(-) of genes involved in the production of antibiotics 
(bacillomycin, phenazine, pyrrolnitrin, 2,4-
diacetylfloroglucinol) and zwittermycinA resistance. 

Strains 
Antibiotics / Gene Resistance 

bam
C† 

phzFA
I‡ 

prnD
§ 

phlD¶ zma
R¥ 

BMH + - - - - 
INV + - - - - 

†
Bacillomycin biosynthesis pathway gene. 

‡ 
Phenazine Biosynthesis Pathway gene. 

§ 
Pyrrolnitrin biosynthesis pathway gene; 

¶ 
2,4-dicetylphloroglucinol biosynthesis pathway gene. 

¥
Zwittermycin resistance gene. 
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