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Abstract
Bacillus subtilis has shown success in antagonizing plant pathogens where strains of the bacterium produce antimicrobial cyclic
lipopeptides (CLPs) in response to microbial competitors in their ecological niche. To gain insight into the inhibitory role of these
CLPs, B. subtilis strain B9–5 was co-cultured with three pathogenic fungi. Inhibition of mycelial growth and spore germination
was assessed and CLPs produced by B. subtilis B9–5 were quantified over the entire period of microbial interaction. B. subtilis
B9–5 significantly inhibited mycelial growth and spore germination of Fusarium sambucinum and Verticillium dahliae, but not
Rhizopus stolonifer. LC-MS analysis revealed that B. subtilis differentially produced fengycin and surfactin homologs depending
on the competitor. CLP quantification suggested that the presence of Verticillium dahliae, a fungus highly sensitive to the
compounds, caused an increase followed by a decrease in CLP production by the bacterium. In co-cultures with Fusarium
sambucinum, a moderately sensitive fungus, CLP production increased more gradually, possibly because of its slower rate of
spore germination. With co-cultures of the tolerant fungus Rhizopus stolonifer, B. subtilis produced high amounts of CLPs (per
bacterial cell) for the duration of the interaction. Variations in CLP production could be explained, in part, by the pathogens’
overall sensitivities to the bacterial lipopeptides and/or the relative growth rates between the plant pathogen and B. subtilis. CLP
production varied substantially temporally depending on the targeted fungus, which provides valuable insight concerning the
effectiveness of B. subtilis B9–5 protecting its ecological niche against the ingress of these pathogens.
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Introduction

Plant diseases cause approximately 20% of pre- and post-
harvest losses of fruit and vegetable crops worldwide. The
majority of these diseases are caused by fungal phytopatho-
gens that affect both crop yield and quality (Kharwar et al.
2014). Current management strategies for plant pathogens rely
on pesticide applications, use of disease-free or resistant cul-
tivars, as well as crop rotation (Ongena et al. 2005). Synthetic
chemical fungicides are the most common and effective meth-
od available for the control of fungal phytopathogens.
However, fungicide resistant pathogenic strains, growing fun-
gicide costs, and accumulation of chemical residues are

among potential risks and drawbacks for synthetic fungicide
use. The persistence of these compounds in the environment is
a growing concern because of the potential adverse effects on
humans and other non-target organisms (Grover et al. 2010).
In this context, alternative fungal plant pathogen control mea-
sures are required to replace fungicides or mitigate their risks.

Among alternatives to fungicides, biocontrol agents (BCAs),
specifically biofungicides, are currently showing great promise
for phytoprotection applications (Ongena et al. 2005).
Biocontrol agents are beneficial antagonistic organisms used
to control harmful organisms such as plant pathogens. BCAs
have been shown to reduce pathogenic microorganism growth
by direct parasitism, competition, antimicrobial compound pro-
duction (antibiosis), and/or stimulation of induced systemic re-
sistance (ISR) in the host plant (Ongena et al. 2005).

Bacillus species, particularly B. subtilis, are effective bio-
control agents and incorporated into several biofungicide for-
mulations currently on the market such as Serenade® and
Kodiak® (Falardeau et al. 2013). The Bacillus species is
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widely distributed as rhizobacteria in soil and soil adjuncts
such as manures and composts, and play a crucial role in the
ecology of plant rhizospheres. The beneficial ecological role
of these bacteria are, in part, related to their production of a
wide variety of antimicrobial compounds including non-
peptide (Hamdache et al. 2011; Wise et al. 2012) and peptide
compounds such as cyclic lipopeptides (CLPs) (Stein 2005).
CLPs are a large class of amphiphilic molecules composed of
a polar cyclic peptide moiety with a hydrophobic fatty acid tail
(Stein 2005). CLPs are non-ribosomally produced compounds
distinguishable by the variable composition of their cyclic
amino acid structures and fatty acid chains (Ali et al. 2016).
This large group of antimicrobials is composed of three main
families: fengycins, iturins, and surfactins.

CLPs from the surfactin and iturin families are
lipoheptapeptides. Surfactins are known to have both antiviral
and antibacterial activities, although they may not show strong
antifungal inhibitory properties. Iturins have strong antifungal
and hemolytic activities, with limited antibacterial properties
(Ongena and Jacques 2008; Stein 2005). The fengycin family is
composed of lipodecapeptides and have particularly strong anti-
fungal activities towards filamentous fungi (Farace et al. 2015).

The antimicrobial activity of CLPs primarily involves their
ability to interact with and disrupt permeability of cell mem-
branes. This activity is attributable to their overall amphiphilic
structures. Specifically, CLPs modify surface tension of cell
membranes allowing pore formation and, ultimately, triggering
cell apoptosis (Ongena and Jacques 2008; Tao et al. 2011). The
mode of action and structural diversity of this group of
lipopeptides is presumably the source of their broad antimicro-
bial activity, acting on awide variety of both bacterial and fungal
phytopathogens (Falardeau et al. 2013). Individual B. subtilis
strains have been shown to co-produce multiple lipopeptide
families and homologs (Malfanova et al. 2012; Mohamed
et al. 2017). It has previously been shown that various
lipopeptides have differential antimicrobial effects and that in-
teraction among the lipopeptides present has been found to in-
fluence the bacterium’s ability to successfully affect growth of
other microorganisms (Akpa et al. 2001; Liu et al. 2014).

The three families of lipopeptides are not always produced
by all B. subtilis strains and significant amounts of these me-
tabolites are only produced when the antagonist is under stress
conditions. A change in available space, nutrients, pH, light,
and/or oxygen occurs with the presence of a nearby compet-
itor (such as a plant pathogen), which acts to introduce signif-
icant environmental stress on the CLP-producing microorgan-
ism (Posada-Uribe et al. 2015; Stein 2005).

There are still many unknowns regarding the success of using
living organisms for phytoprotection due to the substantial impact
that the presence of competitors has on the survival and prolifer-
ation of BCAs (Ali et al. 2016). Additional research is required to
determine the potential ecological outcomes from the interactions
between BCAs and targeted fungal phytopathogens. Specifically,

there is little work on the effect of competing microorganisms on
the antagonistic and/or antimicrobial activities of BCAs.

Previous work identified and quantified the production of
CLPs by B. subtilis strains isolated from soil, as well as deter-
mined their effectiveness against selected pathogenic species
(Dunlap et al. 2011; Liu et al. 2014; Ongena et al. 2005). To
our knowledge, there are no studies focused on the relative
timing of lipopeptide production by B. subtilis in the presence
of a plant pathogen. Time-course studies aimed at quantifying
metabolite production by antagonistic bacteria provide valu-
able information regarding the potential outcome of interac-
tions with competing microorganisms. This information is
crucial in determining the spectrum of effectiveness of an
antimicrobial-producing species.

The production of CLPs by B. subtilis strain B9–5 was
investigated in the presence of three fungal phytopathogens
potentially found within the bacteria’s ecological niche in
plant rhizospheres. The objectives of this study were (i) to
determine inhibitory effects of B. subtilis B9–5 on mycelial
growth and spore germination of the fungi and (ii) to identify
and quantify bacterial CLP production when co-inoculated
with competing fungal species.

Methods and Materials

Microbial Material Bacillus subtilis (Ehrenb.) Cohn strain B9–
5 was extracted from disease suppressive compost composed
of bovine manure and peat moss (Mohamed et al. 2017). The
isolated bacterium was stored as a frozen glycerol stock
(−80 °C) and maintained on tryptic soy agar (TSA, Becton
Dickinson, Sparks, MD) at 23 °C.

The plant pathogenic fungal species Fusarium
sambucinum Fuckel (strain 2351), Rhizopus stolonifer
(Ehrenb.) Vuill. (strain 198), and Verticillium dahliae Kleb.
(strain 175) were provided by the Laboratoire de diagnostic
en phytoprotection (MAPAQ, Quebec, QC). These pathogen-
ic fungi were stored as freeze-dried stocks and maintained on
potato dextrose agar (PDA, Becton Dickinson) at 23 °C.

Effect of B. subtilis B9–5 on Mycelial Growth of Plant
Pathogens In vitro confrontation bioassays were performed on
PDA by placing a 5-mm plug of actively-growing mycelia in
the center of a 100 × 15 mm Petri dish. Four 1-cm streaks of
freshly-cultured B. subtilisB9–5 were then inoculated at each of
the four cardinal points. Inocula of the bacterium were placed at
distances of 1 cm (V. dahliae) or 3.5 cm (F. sambucinum and
R. stolonifer) from the mycelial plugs. Controls were prepared
by placing a fungal plug in the center of a PDA dish without
bacterial inoculations. The prepared dishes were incubated in
the dark at 23 °C for 6.5, 1.5, and 9 days for F. sambucinum,
R. stolonifer, and V. dahliae, respectively.
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Following incubation, growth was recorded and the percent-
age of inhibition was calculated according to the following
formula: percent inhibition = (C-T)/C × 100, where C = aver-
age diameter of fungal thallus of control treatments and T =
average diameter of fungal thallus of B. subtilis B9–5 treat-
ments. The experiment was performed according to a random-
ized complete block design with ten repetitions per treatment.

Preparation of Fungal Spore and Bacterial Cell Suspensions
Fungal spore suspensions were prepared from PDA cultures of
F. sambucinum, R. stolonifer, and V. dahliae. Sterile distilled
water (2mL)was added to individual Petri dishes and the fungal
thallus was lightly scraped with a sterile glass rod to dislodge
spores. The spore suspensions were transferred to sterile 1.5-mL
microcentrifuge tubes. Bacterial cell suspensions were prepared
by collecting cells from day-old TSA cultures of B. subtilis B9–
5 with a sterile inoculation loop. Bacterial cells were transferred
to 1 mL of sterile distilled water in 1.5-mL microcentrifuge
tubes. Spore suspensions were adjusted to 2.5 × 104 spores/mL
and bacterial suspensions were adjusted to 1.2 × 106 cells/mL
using a hemocytometer.

Inoculation in Mixed Cultures Microorganisms were co-
cultured in 100 mL of MOLP medium containing 20 g/L of
sucrose, 30 g/L of peptone, 7 g/L of yeast extract, 1.9 g/L of
KH2PO4, 0.45 g/L of MgSO4, 9 mL/L of trace element solu-
tion (TES), and 9 mL/L of a citric acid solution (10 g/L
ddH2O) as described previously (Akpa et al. 2001;
Mohamed et al. 2017). TES was prepared by adding CuSO4

(0.001 g), FeCl3 (0.005 g), Na2MoO4 (0.004 g), KI (0.002 g),
ZnSO4 (0.014 g), H3BO3 (0.01 g), and MnSO4 (0.0036 g) to
1 L of sterile ultra-pure water. Media were co-inoculated with
1 mL of one of the three fungal spore suspensions and 1 mL of
the bacterial cell suspension. One mL of the bacterial suspen-
sion alone served as the control. Inoculated media were incu-
bated at 30 °C with shaking (120 rpm) for 72 h with periodic
sampling as described below.

Effect of B. subtilis B9–5 on Conidial Germination of Plant
Pathogens Inhibition of fungal spores was tested using a germi-
nation assay. Samples were taken at 24 h for the co-cultures with
R. stolonifer and 48 h for F. sambucinum and V. dahliae. One
hundred μL of co-cultured microorganisms were spread on wa-
ter agar (15 g/L agar, Becton Dickinson) containing 8 mg/L
chloramphenicol (Sigma-Aldrich, Oakville, ON). These experi-
ments were incubated for 24 h at 23 °C in the dark. Following
the incubation period, Petri dishes were observed under visible
light using an inverted microscope. Spores were considered ger-
minated when the length of the germ tube equaled at least the
length of the spore. The percentage of germinated cells was
calculated as follows: percent germination = germinated spores/
total spores × 100. The experiment was performed according to a
randomized complete block design with three replicates.

Effect of Fungal Spores on Cyclic Lipopeptide Production by
B. subtilis B9–5 One flask of each treatment was recovered
following 24, 48, and 72 h incubation periods to evaluate
lipopeptide production over time. One mL of each flask was
recovered, serial diluted and 100 μL of each dilution were
transferred to TSA containing 50 mg/L of nystatin (Sigma-
Aldrich) to selectively enumerate bacteria. Bacteria were
expressed as colony forming units (cfu) per mL.

Extraction of Lipopeptides Following incubation, samples
were removed and centrifuged at 15,400×g for 30 min to
pellet the majority of the biomass. The resulting supernatants
were filtered through 0.45-μm polyethersulfone filters to ob-
tain cell-free filtrates. Filtrates were acidified to a pH range of
1.9 to 2.0 with 5 M HCl and samples were kept at 4 °C over-
night to precipitate lipopeptides.

Following precipitation, samples were centrifuged at
4400×g for 30 min at 4 °C and the supernatant was discarded.
Resulting pellets were each washed with 3 mL of methanol
and were re-centrifuged at 4400×g for 30 min at 4 °C.
Supernatants containing the lipopeptides were transferred to
sterile 15-mL tubes and stored at 4 °C until use.

Supernatants were dried using a rotary evaporator and re-
dissolved in 5 mL of HPLC-grade methanol. Samples were
filtered through 0.22-μm polytetrafluoroethylene filters, dilut-
ed 1:10 with HPLC-grade methanol and transferred to glass
HPLC vials with 250-μL inserts.

LC-MS Analysis Samples were screened by LC-UV-MS using a
Waters 2795 separation module with a Waters 996 diode array
detector and Micromass Quatro LC mass spectrometer. The
fractions were separated on a Phenomenex Kinetix C18 column
(100 × 4.60 mm, 2.6 μm, 100 Å) (Torrance, CA) and the peaks
were scanned at wavelengths between 210 and 400 nm. The
mobile phase consisted of acetonitrile-water with formic acid
[0.1%, (v/v)]. The solvent gradient was linearly programmed
from 5% to 100% acetonitrile over 13 min at a flow rate of
1 mL min−1 and was held at 100% acetonitrile for 2 min.
Concentrations of total and individual homologs for both
surfactins and fengycins were quantified using calibration
curves of authentic standards analyzed with the same condi-
tions. Authentic fengycin standards were isolated and purified
fromB. subtilis strain B9–5 as described previously (Akpa et al.
2001). Surfactin and iturin A from B. subtilis were purchased
from Sigma-Aldrich. The identity of fengycin and surfactin
homologs was determined chromatographically and spectro-
scopically by comparison with authentic standards and pub-
lished data.

Statistical Analysis Formycelial growth and spore germination
bioassays, two-tailed t-tests were conducted to compare
B. subtilis strain B9–5 treatments to the respective controls.
A significant difference was declared if P ≤ 0.05.
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For lipopeptide time-course studies, analysis of variance
(ANOVA) was conducted on the lipopeptide concentration
values of the treatments obtained from the analysis of the
LC-UV-MS chromatograms. When significant (P ≤ 0.05),
means were separated using Fisher’s protected least signifi-
cant difference (LSD) test (α level = 0.05).

Results

Effect of B. subtilis B9–5 on Plant Pathogen Mycelial Growth
and Spore Germination In vitro confrontation bioassays indi-
cated that B. subtilis B9–5 significantly reduced the mycelial
growth of F. sambucinum and V. dahliae by 26 and 37%,
respectively (Fig. 1). Conversely, the bacterium did not affect
the growth of R. stolonifer.

In germination assays, treatment with B. subtilis B9–5 sig-
nificantly reduced germination of F. sambucinum and
V. dahliae by 58 and 96%, respectively (Fig. 2).
Germination of R. stolonifer spores was not affected by the
presence of the bacterium.

Effect of Fungal Spores on Cyclic Lipopeptide Production by
B. subtilis B9–5 LC-MS analysis revealed mixtures of CLP
homologs produced by B. subtilis strain B9–5. No iturin homo-
logs were found when comparing CLP production with authen-
tic reference materials. Conversely, multiple fengycin and
surfactin peaks were observed. Fig. 3 shows a chromatogram
displaying five fengycin peaks between 8.80 min to 9.98 min
and four surfactin peaks between 12.39 min to 13.46 min.

More specifically, Fig. 4 shows the mass spectra of seven
fengycin homologs derived frompeaks F1-F5 in Fig. 3 andwere
in accordance with the authentic standards. Analysis showed
that homologs of both fengycin A and B were produced, with
fengycin A homologs eluting earlier than fengycin B homologs.
The F1 peak (Fig. 4a) had a protonated molecular ion ([M+
H]+) at m/z = 1464 and was identified as fengycin Awith a C16

fatty acid chain. The F2 peak (Fig. 4b) had molecular ions
([M +H]+) at m/z = 1478 and 1492, corresponding to fengycin
Awith C17 andC18 fatty acid chains, respectively, which had co-
eluted. The F3 peak (Fig. 4c) had a molecular ion ([M +H]+) at
m/z = 1506 and was identified as fengycin A with a C19 fatty
acid chain. Fengycin B C14 and C15 co-migrated (peak F4, Fig.
4d). These homologs had molecular ions ([M +H]+) at m/z =
1462 and m/z = 1476, respectively. The F5 peak (Fig. 4e) had a
molecular ion ([M +H]+) at m/z = 1490, which corresponded to
fengycin B with a C16 fatty acid chain.

Figure 5 shows the mass spectra of the four surfactin homo-
logs identified in the prepared samples. The S1 peak (Fig. 5a)
had a protonated molecular ion ([M +H]+) atm/z = 994 and was
identified as surfactin with a C12 fatty acid chain. The S2 peak
(Fig. 5b) had a molecular ion ([M +H]+) at m/z = 1008, corre-
sponding to surfactin with a C13 fatty acid chain. The S3 peak
(Fig. 5c) had a molecular ion ([M+H]+) at m/z = 1022 and was
identified as surfactin with a C14 fatty acid chain. Finally, the S4
peak (Fig. 5d) had a molecular ion ([M +H]+) at m/z = 1036,
which corresponded to surfactin with a C15 fatty acid tail.

Quantitation of the CLPs indicated a much larger amount of
fengycin compared to surfactin following co-culture incuba-
tions. The content of fengycin was 7.3- to 13.9-fold higher than
that of surfactin at 48 and 72 h (Fig. 6). There was no significant
difference in total fengycin or surfactin per volume (Fig. 6a, b)
or per cfu (Fig. 6c, d) of the 24-h co-cultures relative to the
control. After 48 h, the total CLP per volume was not signifi-
cantly different than the control, with the exception of a 28%
lower concentration in surfactin in theF. sambucinum co-culture
(Fig. 6b). However, the 48 h co-cultures showed marked differ-
ences in lipopeptide concentration per bacterial unit (cfu). Co-
culture with R. stolonifer resulted in a 2.0-fold and 1.7-fold
increase in fengycin and surfactin concentration, respectively
(Fig. 6c, d). Conversely, other co-cultures showed a decrease
in lipopeptide concentration per cfu at 48 h. More specifically,
the presence of F. sambucinum resulted in 56 and 49% lower
fengycin and surfactin amounts, respectively. Furthermore, the

Fig. 1 Effect of Bacillus subtilis
strain B9–5 on growth of
Fusarium sambucinum, Rhizopus
stolonifer, and Verticillium
dahliae. Mycelial growth in the
absence (black) or presence
(white) of B. subtilis B9–5.
Asterisks (*) denote significant
differences from the control,
according to a t-test (P ≤ 0.05)
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presence of V. dahliae revealed 19% less surfactin compared to
the control (Fig. 6d). After 72 h co-culture incubation, the pres-
ence of F. sambucinum showed a 3.0- and 3.5-fold higher con-
centration of fengycin and surfactin, respectively, compared to
controls (Fig. 6a, b). In addition, R. stolonifer and V. dahliae
presence revealed a 2.4- and 1.8-fold increase in fengycin con-
centration per volume, respectively, compared to controls (Fig.
6a). Finally, on a per cfu basis, R. stolonifer co-cultures showed
the highest fengycin concentration of all the treatments (3.5-fold
higher than the control). V. dahliae co-cultures also showed
significantly higher fengycin concentration than the control
(1.5-fold) albeit less than R. stolonifer. All co-cultures also
showed significantly higher surfactin concentrations (per cfu)
than the control. Co-culture with F. sambucinum and
V. dahliae showed similar surfactin increase (1.8-fold average
increase) whereas R. stolonifer revealed the highest concentra-
tion increase (2.1-fold) relative to the control (Fig. 6d).

When fengycin A and fengycin B homologs were analyzed
separately, fengycin A homologs were the most abundant,
ranging from 53 to 80% of total fengycin produced. On a
per volume basis, there was no difference between the
B. subtilisB9–5 control and the co-cultures for either fengycin
A or B homologs after 24 or 48 h (Fig. 7a, b). At 72 h, all

cultures showed an average of 2.7-fold higher fengycin A
concentration, whereas only F. sambucinum show a higher
fengycin B concentration (5.2-fold) when compared to their
respective controls. On a per microbial unit (cfu) basis, co-
culture with R. stolonifer caused a 2.1-fold higher fengycin A
concentration at 48 h and a 4.6-fold higher fengycin B con-
centration at 72 h (Fig. 7c, d). There were no other significant
changes in fengycin A and B production per cfu for any other
treatment-time combination when compared to the controls.

When surfactin was analyzed, surfactin homologs with C13

and C14 chain lengths were the dominant homologs,
representing approximately 65–75% of all surfactin produced.
No significant differences were found with any treatment-time
combination in these homologs with the exception of a 2.0-
fold higher surfactin C13 homolog concentration (on a per cfu
basis) with a co-culture of R. stolonifer and B. subtilis B9–5
when compared to the control (Fig. 8c).

Discussion

The antimicrobial potential of B. subtilis B9–5 and its CLP
production was investigated in order to gain insight into

Fig. 2 Effect of Bacillus subtilis
strain B9–5 on germination of
Fusarium sambucinum, Rhizopus
stolonifer, and Verticillium
dahliae spores. Germination in
the absence (black) or presence
(white) of B. subtilis B9–5.
Asterisks (*) denote significant
differences from the control,
according to a t-test (P ≤ 0.05)

Fig. 3 Chromatogram of extracted lipopeptides showing five peaks of
fengycin homologs and four surfactin homolog peaks. Time is in min.
F1 = fengycin A [C16], F2 = fengycin A [C17 & C18], F3 = fengycin A

[C19], F4 = fengycin B [C14 & C15], F5 = fengycin B [C16], S1 = surfactin
[C12], S2 = surfactin [C13], S3 = surfactin [C14], S4 = surfactin [C15]
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potential outcomes of interactions of the bacterium with micro-
organisms present in its ecological niche in plant rhizospheres.
The results of our LC-MS analysis indicate that fengycins were

the predominant class of CLP produced by B. subtilis B9–5 in
response to the presence of fungal competitors. Varying quanti-
ties of surfactin homologs were also consistently produced

Fig. 4 Mass spectra of seven fengycin homologs ([M +H]+). a Fengycin
A [C16] (peak F1;m/z = 1464), b fengycin A [C17 & C18] (peak F2;m/z =
1478 and 1492), c fengycin A [C19] (peak F3; m/z = 1506), d fengycin B

[C14&C15] (peak F4;m/z = 1462 and 1476), e fengycin B [C16] (peak F5;
m/z = 1490)

Fig. 5 Mass spectra of four surfactin homologs ([M +H]+). a Surfactin
[C12] homolog (peak S1;m/z = 994), b surfactin [C13] homolog (peak S2;

m/z = 1008), c surfactin [C14] homolog (peak S3;m/z = 1022), d surfactin
[C15] homolog (peak S4; m/z = 1036)
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Fig. 6 Effect of Fusarium sambucinum, Rhizopus stolonifer, and
Verticillium dahliae on production of total fengycin and surfactin by
Bacillus subtilis strain B9–5. a Fengycin, μg/mL; b surfactin, μg/mL; c

fengycin, μg/colony forming unit (cfu); d surfactin, μg/cfu. Bars with the
same letter are not significantly different according to Fisher’s protected
least significant difference test (α level = 0.05)

Fig. 7 Effect of Fusarium sambucinum, Rhizopus stolonifer, and
Verticillium dahliae on production of fengycin A and B by Bacillus
subtilis strain B9–5. a Fengycin A, μg/mL; b fengycin B, μg/mL; c

fengycin A, μg/colony forming unit (cfu); d fengycin B, μg/cfu. Bars
with the same letter are not significantly different according to Fisher’s
protected least significant difference test (α level = 0.05)
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while no iturin homologs were identified. The strong antifungal
activity of fengycinmay explain their abundance in the presence
of fungal competitors (Deleu et al. 2005). Although surfactins
are not known for their high antifungal properties, these CLPs
are important for B. subtilis biofilm development and swarming
motility (Liu et al. 2014), which may have been important in the
co-cultures. The lack of production of members of the iturin
family by B. subtilis B9–5 is consistent with previous results
from our laboratory (Mohamed et al. 2017), although the pro-
duction of iturin A and bacillomycin (two members of the iturin
family) is common among other strains of B. subtilis (Ongena
and Jacques 2008; Romero et al. 2007).

In general, the production of fengycin A homologs were
predominant over fengycin B for all treatments with the ex-
ception of F. sambucinum co-cultures. These results were sim-
ilar to those of Malfanova et al. (2012), which also showed
that fengycin A homologs were present in much larger
amounts compared with fengycin B homologs. Our results
also indicated that surfactins C13 and C14 were the dominant
homologs produced from this CLP family. Malfanova et al.
(2012) also reported the prevalence of these two homologs
from B. subtilis strain HC8 samples in addition to the C15

surfactin homolog. Previous studies indicated that fatty acid
chain length may affect the activity of CLPs including
surfactin (Bonmatin et al. 2003; Eeman et al. 2006).

The overall trends of lipopeptide production over time can be
accounted for by comparison with the typical physiological

stages of B. subtilis (Walker et al. 1998). In suitable conditions,
the log growth phase of B. subtilis is between 0 and 24 h, in
which low CLP production is expected. This is followed by
early and late stationary phases around 24 and 48 h, respectively,
followed by a vegetative cell death phase (Dunlap et al. 2011).

The production of lipopeptides in our control treatments
agree with Stein (2005) as both fengycin and surfactin pro-
duction peaked during the bacteria’s typical late stationary
growth phase around 48 h. Indeed, the continued growth and
expansion of B. subtilis colonies over time would have in-
creased environmental stress surrounding the bacteria as both
space and nutrients were depleted, thereby increasing
lipopeptide production. In this case, surfactins would seem
particularly important for the colonization of Bacillus spp.
with regards to biofilm development and swarming motility
(Perez-Garcia et al. 2011; Stein 2005).

Other results indicate that the B. subtilis B9–5 treatments
did not affect the mycelial growth or spore germination of
R. stolonifer, while those of F. sambucinum and, in particular,
V. dahliae were significantly reduced. The plotting of
lipopeptide concentrations per bacterial unit (cfu) revealed
that production of fengycin and surfactin were the most sub-
stantial in co-cultures with R. stolonifer, the fungus most tol-
erant of CLPs. R. stolonifer is a particularly fast growing fun-
gal species, whichmay allow it to outcompeteB. subtilisB9–5
regardless of elevated CLP production (Bautista-Baños et al.
2014). In fact, R. stolonifer was unaffected by the bacterium

Fig. 8 Effect of Fusarium sambucinum, Rhizopus stolonifer, and
Verticillium dahliae on production of surfactin C13 and C14 by Bacillus
subtilis strain B9–5. a Surfactin C13, μg/mL; b surfactin C13, μg/mL; c

surfactin C14, μg/colony forming unit (cfu); d surfactin C14, μg/cfu. Bars
with the same letter are not significantly different according to Fisher’s
protected least significant difference test (α level = 0.05)
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and B. subtilis B9–5 appeared to produce higher CLP quanti-
ties in response to the competing fungus, perhaps in a contin-
uous, albeit unsuccessful, attempt to protect its ecological
niche. Moreover, the combined production of surfactins and
fengycins by B. subtilis B9–5 may play a role in its inefficacy
in controlling R. stolonifer. Indeed, Tao et al. (2011) and Liu
et al. (2014) reported negative effects of surfactin on the anti-
fungal activity of fengycin against R. stolonifer. The possible
stabilizing effect of surfactin on R. stolonifer membrane lipid
bilayers was indicated as a possible cause for this phenome-
non as it may reduce the pore-forming abilities of fengycin
(Tao et al. 2011).

Mycelial growth and spore germination of both
F. sambucinum and V. dahliae were inhibited by the presence
of B. subtilis B9–5. F. sambucinum was moderately sensitive,
whereas V. dahliae was highly sensitive to the presence of
B. subtilis. Generally, CLP production in the V. dahliae co-
cultures peaked earlier, around 48 h, then declined to lower
levels. These results may indicate that V. dahliae was highly
and quickly inhibited by the presence of B. subtilisB9–5, which
could explain the decrease in CLP production after 48 h of co-
culture, a time at which CLP production may no longer have
been required. This would indicate that this fungus is particular-
ly sensitive to fengycin, surfactin, and combinations thereof as
has been reported previously (Liu et al. 2014).

The lipopeptide production from the F. sambucinum co-
cultures rose more slowly and continuously over 72 h. It
was also shown in the germination trial that F. sambucinum
controls took longer to germinate and produce mycelium than
V. dahliae. Indeed, at the same time period, only 80% of the
spores had germinated whereas 100% germination was found
in V. dahliae. This may indicate that B. subtilis B9–5 quanti-
tatively synchronized its CLP production with increasing ac-
tive growth of F. sambucinum over time, thus explaining the
higher CLP concentration later on in the incubation period. It
is noteworthy that F. sambucinum co-cultures showed much
higher surfactin production from B. subtilis than other co-
cultures in which fengycin production prevailed, often
reaching 10-fold higher levels than surfactin. Previous work
from our laboratory suggested that B. subtilis strains produc-
ing surfactins displayed strong antifungal activity against
F. sambucinum when compared to fengycins (Liu et al.
2014). Other work also indicated that surfactin was the dom-
inant CLP (i.e., the one most responsible for antifungal activ-
ity) in other Fusarium spp. (Cao et al. 2012; Chan et al. 2009;
Rebib et al. 2012).

B. subtilis antimicrobial cyclic lipopeptides are thought to
provide the bacterium with a competitive advantage when
confronted with other microorganisms in the plant rhizo-
sphere. The interactions between two or more of these com-
pounds may have significant impacts on the overall effective-
ness of an isolate against targeted phytopathogens (Liu et al.
2014). For example, surfactin and iturin A have displayed

synergistic fungitoxicity (Ongena and Jacques 2008) while
surfactins are suspected of negative interactions with fengycin
homologs (Tao et al. 2011). However, other work has shown
multiple outcomes (additive, synergistic, negative) of CLP
interactions depending on the targeted microorganism (Liu
et al. 2014). It has been shown that the lipid composition of
the fungal membrane could explain differences in the sensi-
tivity or tolerance outcome to one or more CLPs (Fiedler and
Heerklotz 2015; Wise et al. 2014). The potential applications
of CLP-producing B. subtilis in the agricultural ecosystem are
because of their influence on altering the microbial distribu-
tions within their environment to benefit both the bacterium,
the plant, and humans.

Overall, our work determined key differences regarding the
effectiveness of B. subtilis B9–5 against R. stolonifer,
F. sambucinum, and V. dahliae. The comparison of fungal inhi-
bition and differential CLP production by B. subtilis B9–5 over
the interaction period suggested a higher sensitivity ofV. dahliae
and lower sensitivity of R. stolonifer to combinations of
fengycin and surfactin homologs. Future research regarding
the antimicrobial production of various strains of B. subtilis as
well as mechanistic studies will help further elucidate the bene-
ficial role of these CLPs in microbial interactions from both an
ecological and plant protection perspective.
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