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Bacillus mojavensis is an endophytic bacterium patented for control of fungal diseases in maize and
other plants. Culture extracts and filtrates from this bacterium were antagonistic to the pathogenic
and mycotoxic fungus Fusarium verticillioides. However, the identity of the inhibitory substance from
extracts of this bacterium has not been determined. An HPLC-MS analysis of the culture filtrate
showed a major ion peak that was identified as a cyclic lipopeptide. Furthermore, collisional ion
dissociation (CID) analysis indicated that this lipopeptide was surfactin, a cyclic heptapeptide linked
to a B-hydroxy fatty acid. A CID analysis of the peptide moiety was established by deduction and
indicated that the peptide sequence consisted of two acidic amino acids and five hydrophobic amino
acids with a sequence of Leu-Leu-Asp-Val-Leu-Leu-Glu. These spectra indicated that this bacterium
produced Leu’-surfactin, which was toxic to F. verticillioides. Production of this cyclic lipopeptide is a
characteristic of several species of Bacillus, but this is the first report of this very powerful
biosurfactant from this endophytic species.
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INTRODUCTION

Fusarium verticillioides (Saccardo) Nirenberg (=F. monili-
forme Sheldon), Holomorph: Gibberella moniliformis Wineland,
is an important plant pathogen. This fungus also produces the
fumonisin mycotoxins, especially fumonisin By, which is toxic to
livestock and poultry. Furthermore, F. verticillioides-contami-
nated maize is associated with human esophageal cancer and has
been recently implicated in human neural tube defects (7, 2). This
class of mycotoxin is produced in maize and maize products,
worldwide, where biotic and abiotic factors influence the amount
of toxin accumulated. Whereas F. verticillioides is reported as a
pathogen of maize, it is better described as a biotrophic parasite
because in most instances it is associated with maize as a
symptomless endophyte (3). This endophytic state makes it
particularly difficult to control.

Most strains of Bacillus mojavensis Roberts, Nakamura, and
Cohan (4) are endophytic, intercellular, and nonpathogenic
spore formers (5). Strain RRC 101 (ATCC 55732) was further
characterized by its ability to enhance plant growth and to
colonize plants endophytically following the topical application
to seed, and this strain was subsequently patented as a control of
maize diseases (5 ). The endophytic infection remains during the
entire cereal growing season following the one-time application to
seed. Maize seedlings infected with this bacterium have reduced
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fumonisins concentrations (5—7). We examined all available
strains of B. mojavensis and have found that all of these strains
are endophytic and antagonistic to F. verticillioides and other
fungi on culture media (7), indicating a natural grouping of
bacterial endophytes that offer immense biocontrol potential.
These studies suggest that this bacterium has the potential as a
useful antagonist to assist in the control of the endophytic
infection and resulting diseases produced by F. verticillioides.
This bacterium can inhibit growth and fumonisin production by
the fungus (6), but the substance responsible for this inhibition is
unknown. Preliminary results (8 ) from culture extracts prepared
from B. mojavensis suggested that this substance was similar to
the lipopeptide biosurfactants and other related antimicrobial
substances that have been reported from strains of Bacillus
subtilis (9); the species complex B. mojavensis was removed (4).
The objectives of this research are to isolate and characterize the
nature of the inhibitor produced by this species of bacterium and
to test the identified substance for its effectiveness against the
target species F. verticillioides.

MATERIALS AND METHODS

Microorganisms. B. mojavensis RRC101, the patented endophytic
strain (ATCC 55732) (5) shown to confer disease protection and to reduce
the level of fumonisin mycotoxin in maize seedlings (6 ), was used in this
study to evaluate lipopeptide production. Stock cultures were stored on
silica gel at —30 °C. The working stock culture was maintained on nutrient
agar (Difco Inc., Detroit, MI), and stored at 4 °C until used. The three
strains of F. verticillioides used in this work included RRC 826 and
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RRC 408, both of which produced symptomless infections on maize, and
RRC Patgus, which is highly pathogenic to maize and wheat seedlings. All
fungi were stored on potato dextrose agar plates (PDA, Difco Inc.) at4 °C.
Macroconidia were produced from these fungi by culturing on a carboxyl
methyl cellulose (CMC) medium containing CMC, 15.0 g; NH4NO;, 1.0 g;
KH,PO,, 1.0 g; MgSOy, 0.5 g; yeast extract, 1.0 g; and distilled water,
1000 mL, for 5 days in shake culture.

Surfactin Isolation from Liquid Cultures. Bacterial cells were
removed from cultures by centrifugation (2000g). The supernatant was
filter-sterilized with a sterile 0.2 um filtering unit and assayed for biological
activity against F. verticillioides, RRC PAT Gus, 408, and 826. Surfactin
in this cell-free supernatant was concentrated by preparative reverse-phase
C-18 chromatography. Approximately 100 g of Waters BondaPak
C18 bulk packing materials (Millipore Corp., Milford, MA) was packed
into a glass chromatography column (54 x 2.54 cm, Chrome column,
Andrews Glass Co., Vineland, NJ; 15 psi nitrogen pressure used to
aid flow), washed with MeOH and recycled to distilled water. The
supernatant was eluted with solutions of methanol (0, 25, 50, 75, and
100%), and 125 mL fractions were collected for each percent methanol.
The methanol was removed under vacuum; the residue was taken up
in sterile nutrient broth and assayed for inhibitory activity against the three
strains of F. verticillioides. Lipopeptides were precipitated from cell-free
supernatants of 48 h bacterial nutrient broth cultures by adjusting the
pH to 2.0 with concentrated HCI. The acid precipitate was collected by
centrifugation (2000g); the pellets were dried, placed in methanol or
methylene chloride overnight, and centrifuged (2000g). The solvents
were removed, and portions of the crude extract were placed in
nutrient broth solutions and assayed for inhibition to F. verticillioides as
described above.

Large-Scale Preparation of Surfactin. Because conventional liquid
media known for surfactin production (9, 16—18, 22, 24) did not allow
production by B. mojavensis, the large-scale production of surfactin was
accomplished as solid state cultures in aluminum pans (28 cm x 18 cm x
3.5 cm), each containing 300 mL of sterilized nutrient agar (Difco Inc.).
Nutrient agar was prepared by adding 0.5% agar to Difco Nutrient Broth.
This high-water-content, modified nutrient agar preparation allowed for
the production of the inhibitory substance and for the complete dissolution
and removal of the agar upon freezing after the bacterium had been
cultured. The bacterium was inoculated over the surface of the medium,
which was then incubated at 25 °C in the dark for 5 days. The trays were
frozen overnight at —20 °C, thawed to room temperature, and centrifuged
at 2000g; the supernatant was filter-sterilized through a 0.2 um filtering
unit, and the filtrate was stored at 4 °C until analyzed as described above
for surfactin isolation.

Crude Biosurfactant Analyses. Crude biosurfactant analyses in cell-
free RRC 101 cultural supernatants and RRC 101 acid-precipitated and
methanol-extracted samples were performed on a HP1090 diode array
high performance liquid chromatograph (Agilent Technologies, Santa
Clara, CA). A Beckman Ultrasphere ODS C-18 column, 250 x 4.6 mm
i.d., was used to separate crude biosurfactants. Bound surfactants were
eluted with a gradient program that consisted of a mobile phase of 50%
methanol/water to 100% methanol performed during a linear gradient
over 35 min by volume with 0.1% H3POy, in the solvent. The flow rate was
1 mL/min, and the injection volume was 20 uL. Crude biosurfactants were
monitored at 210 nm, and individual peaks were collected manually. Peaks
with the highest biosurfactant activity were pooled, the solvent was
removed, and then bioassays for toxicity to F. verticillioides were
performed.

Surfactin Chemical Analysis. Standards of surfactin (from B.
subtilis, approximate purity of 98%) and iturin A were obtained from
Sigma-Aldrich (St. Louis, MO). The UV-MS data of these standards were
consistent with those previously reported (/0). A Finnegan LCQ Duo with
electrospray ion source was used to obtain the mass spectra for the
analyses. The system was equipped with a SpectraSystem P2000 HPLC
pump, a SpectraSystem AS3000 autoinjector, and a SpectraSystem
UV6000LP UV—vis detector for tandem UV—MS analyses. With the
instrument in positive ion mode, the mass spectrometer parameters were
tuned on the 1036.7 (M + H) ion obtained by direct injection of the
surfactin standard. The instrument was similarly tuned in negative ion
mode using the 1034.6 (M — H) ion, again obtained by direct injection of
the standard.
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A Beckman Coulter Ultrasphere ODS column was used to provide
separations. The column was 250 x 4.6 mm i.d. and contained a 5 um
packing. The solvent system used was methanol/water, with 1% formic
acid added. A linear gradient was used, beginning at 50% methanol and
increasing to 100% over 45 min. The solvent was then held at 100%
methanol for another 45 min. For HPLC analyses, Xcalibur, the system
control software, was run in data-dependent mode, isolating and frag-
menting the most intense ion (by collisional ion dissociation, CID, 35%)
found in each scan.

Microbial Inhibition and Antagonism Assays. Antagonism was
assessed by two methods. The first method consisted of a radial agar
diffusion assay, which was used to measure the in vitro toxin production
and inhibition to the strains of F. verticillioides (7). The target fungi were
applied as a 0.5 cm plug from a specific strain taken from a 14-day-old
culture grown on PDA, and the antagonism was measured on a nutrient
agar plate after incubation as described above (7). These experiments were
repeated at least twice for each fungal strain, each replicate was a single
Petri dish, and each strain was replicated five times per experiment.

The second method of measuring antagonism consisted of measuring
growth rates with and without known concentrations of surfactins. These
assays were performed with an automated turbidometer, the Microbiology
Bioscreen C Reader (Labsystems, Helsinki, Finland), which was per-
formed in 100-well sterile microplates. Each well contained 190 uL of
nutrient broth, to which was added 10 uL of bacterial or fungal inoculum
or both (10> CFU/mL, each) in nutrient broth, and 100 L of culture
extract or solvent control. The concentrations of surfactin and iturin
A used to measure the in vitro toxicity ranged from 10 to 200 ug/mL.
The cultures were incubated at 30 °C with constant shaking, and the ODy
was measured at 30 min intervals over the incubation period of 48 h.
Data were analyzed with the Bioscreen C Reader software package
(Research Express, version 1.00). Percentage inhibition was determined
by comparing the ODg obtained in the treatment groups with the control
groups. All experiments were performed at least in duplicate and were
repeated independently.

Statistical Analysis. Data are reported as averages. Statistical
analysis was carried out with the SigmaStat statistical software package
version 2, and significant treatment differences were separated by a ¢ test.

RESULTS

B. mojavensis produced an antagonistic zone (7) that inhibited
the mycelial growth of all three strains of F. verticillioides. The
zones of inhibition were wider when assays were conducted on
nutrient agar, suggesting a greater concentration of inhibitor
production (data not shown). Therefore, this medium was
selected for the analysis of surfactin production. Fungi grown
in the absence of the bacterium produced hyphae and conidia that
had uniform cell wall thickness without bulging of the outer walls
and had organized cytoplasmic structures. The bacterial inhibitor
caused enlargement and bulging of the hyphae and degradation
of the cellular matrix and cell membranes of hyphae and conidia
of the fungi whenever there was contact with the antifungal
compounds or direct contact with bacterial cultures on agar
medium (data not shown).

The bacteria-free supernatant was applied to a C18 column
and eluted with methanol/water (0—100%). The fractions eluted
in the 100% methanol fraction appeared to contain most of the
antifungal inhibitory activity during a 16 h observation period
(Table 1). Cell-free supernatants from 5-day-old liquid cultures
and the surfactant standards in nutrient broth had inhibitory
effects on the growth of F. verticillioides, which is typified by RRC
408 during bioassays. However, turbidometer measurements of
the growth of F. verticillioides indicated that iturin A was not
inhibitory (Table 2). Identical spectra of activity were observed
from the two symptomless strains and the pathogenic strain when
tested against the crude inhibitor extract (Table 1) and the
commercial standard (Table 2). Only surfactin and culture
filtrates from cells grown on nutrient agar were effective in
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Table 1. Growth Inhibition Produced by Fusarium verticillioides RRC 408 from
Methanol Fractions from a Cqg Column of 5-Day-Old Cultures of Bacillus
mojavensis Grown on Nutrient Agar

fraction ODggo?
nonfractionated culture broth® 0.772a
methanol 0% 0.624 a
methanol 25% 0.636a
methanol 50% 0.686a
methanol 75% 0.692a
methanol 100% 0.125b

2 Determined after 48 h of incubation. Values are the means of 10 determinations;
different letters indicate significant differences (P < 0.05). ® Growth of B. mojavensis
before addition to the column (initial control).

Table 2. Inhibition of Growth of Fusarium verticillioides Produced by Surfac-
tin, lturin A, and Extracts from Bacillus mojavensis

treatment? average OD goo”
F. verticillioides 408 (control) 0.415b
iturin A 0.310b
surfactin 0.135a
B. mojavensis 101 extract 0.184a

220 ug/mL was the concentration used for iturin A and surfactin. b Average of
10 determinations; different letters indicate significant differences (P < 0.05)

reducing the growth of the fungi. Fractions produced in 5—12-
day-old nutrient broth shake cultures and extracted with
methanol or methylene chloride at pH 2 did not show any
inhibitory activity against the fungi (data not shown). Thus,
solid-state culture, that is, cultured on nutrient agar, favored the
production of surfactin by this strain. The HPLC-MS chroma-
tography of the bacterial supernatant from the nutrient agar
culture of B. mojavensis prepared as described above revealed a
peak with a molecularion of 1036.7[M + H]™ that corresponded
in both retention time and mass to an identical molecular ion in
the surfactin standard (Figure 1).

The CID fragmentation of the 1036.7 [M + H]" ion produces
ions of m/z 923.4, 810.4, 695.3, 596.2, 483.1, and 370.0 (Figure 2).
These correspond to the sequential loss of amino acid residues
Leu/Ile-Leu/Ile-Val-Asp-Leu/Ile-Leu/Ile, agreeing with the CID
fragmentation of the surfactin standard, and suggested the
following sequence: Glu-Leu-p-Leu-Val-Asp-p-Leu-Leu. How-
ever, the above fragmentation would be indistinguishable by
mass spectrometry from Ile’-surfactin, which has Ile substituted
for Leu at the terminal residue (/0 ). Summarizing these results,
the structure of the inhibitory lipopeptide produced by B.
mojavensis is a seven-residue peptide of Glu-Leu-Leu-Val-Asp-
Leu-Leu with a lactone bond linking the terminal Leu’ to the
f-hydroxyl fatty acid moiety, creating a cyclic peptide. The
structure of the major lipopeptide is identical to that for Leu’-
surfactin reported by Kakinuma et al. (/7). Thus, the major
lipopeptide structure supported by these data is indicated in
Figure 3.

Also of note, the relative percentages of the various surfactin
p-hydroxy fatty acid chain lengths detected in the extract differ
significantly from those detected in the standard. Using the
relative intensities of the ions from the spectra obtained by direct
infusion of the standard and of the extract, the relative percen-
tages for major species were calculated (Table 3). These spectra
reveal the C-15 isomer to be the dominant isomer in the extract,
whereas the standard is a mix of the C-12—C-16 isomers. Several
other analogues with greater or lesser fatty acid side chain lengths
also were identified in the extract and in the surfactin standard but
were of minor abundance.
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DISCUSSION

The genus Bacillus is known for the production of over 24
antibiotics, several of which are fungicidal (9, 10) with potential
control of plant diseases (12, 13). Direct analysis of culture filtrate
by mass spectrometry established that B. mojavensis, which has
strong inhibitory properties toward F. verticillioides, produced
Leu’-surfactin as well as mixtures of several other isomers. CID
analyses of culture filtrates correspond to surfactin spectral
analyses reported for culture filtrates of other surfactin-produ-
cing bacteria (/4—16). In vitro toxicity tests with the standard mix
of the surfactins (Table 3) confirmed toxicity of the surfactins to
F. verticillioides. The configuration of the major C;5 5-O fatty
acid is uncertain but is expected to be iso and anteiso in variable
relative proportions (9). Surfactin was first isolated several
decades ago as a bacterial cyclic lipopeptide with exceptional
surfactant power (11, 17). To our knowledge this is the first report
establishing that B. mojavensis produces surfactin and that
surfactin suppresses the growth of F. verticillioides. This
result is consistent with earlier work that this bacterium produces
substances in culture that reduce the growth of this fungus, as well
as reduce the in planta production of the mycotoxin fumonisin in
maize seedlings infected with F. verticillioides (6). However, we
cannot exclude the possibility of other interactive mechanisms,
for example, competitive exclusion, which might also be involved
with the in planta inhibitory response. Nevertheless, the data
indicated that B. mojavensis is one of several Bacillus species
reported as producing this biosurfactant (9, 10, 15, 18, 19) and is
the second endophytic species (15 ).

In addition to surfactin, iturin is another lipopeptide produced
by Bacillus species, although it is coproduced with surfactin by
only a few species. Of these two, surfactin was toxic to F.
verticillioides, whereas iturin was not toxic at the concentrations
tested. However, there is a report that iturin is very effective
against several other phytopathogenic fungi (10).

Surfactin belongs to a powerful group of biosurfactants, and
it has a wide spectrum of activity. These activities include the
ability to serve as a cation carrier across organic barriers, to
produce ion channels in uncharged membranes, and to cause
membrane dissolution (20, 21). Surfactin has the ability to be
effective at very low concentrations, and it is effective against
some Gram-positive and most Gram-negative bacteria; it is
antiviral, antifungal, antitumor, and antimycoplasma (9, 15,
22). In addition to its antibiotic effects, surfactin can be used in
textile manufacturing, environmental bioremediation, and fossil
fuel recovery. Therefore, this compound has enormous potential
for biotechnological and biopharmaceutical applications. Surfac-
tin is one of a few viral antibiotics that are produced by bacteria.
Its mode of action is based on its detergent-like activity in
dissolving several types of lipid membranes. It is effective at
concentrations from 12 to 50 ug/mL (20). The concentration
selected for use in this work was 20 ug/mL, and the LDs, was not
determined. The biological activity of a surfactant depends on
both the chain length and the branching type. Although we have
no direct proof for the precise branching types of the 5-O fatty
acid chain for this isomer produced by B. mojavensis, Y akimov et
al. (9, 23) established that the order of activity was highest for
normal, followed by iso and finally anteiso. Furthermore, the C 4
chain length was more active than the C,s. The order of amino
acids influences the activity of surfactin, with the maximum
hydrophobic activity associated with the o-amino acid in the
fourth position. A surfactant is more active when hydrophobic
amino acids are at this position, such as leucine or isoleucine (24).
The minor surfactins, observed in the culture fluids (Table 3),
might represent isomers with this greater biological activity,
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Figure 1. HPLC-MS chromatogram of (A) the surfactin standard (mass to charge range of 1036.5—1037.5) and of (B) the bacterial extract (mass to charge

range of 1036.5—1037.5).

which would be highly desirable for biocontrol purposes. Their
interactions are expected to be synergistic.

F. verticillioides infects maize as a symptomless biotrophic
endophyte during most of its association with maize, but under
less than ideal culture conditions, the fungus becomes virulent
and rapidly colonizes senescing or injured tissue as a saprophyte,
producing higher concentrations of the fumonisins, particularly
in the ear and kernels (3 ). Two approaches are used to control F.
verticillioides and its mycotoxins in maize, plant resistance and
biological controls. Attempts to control the endophytic infection

of F. verticillioides involves the use of several biocontrol agents,
especially endophytic bacteria (6, 12, 13), although there are
compounding biotic and abiotic environmental factors that might
reduce the efficiency of such organisms. A key to understanding
the biocontrol potential of such organisms would be to under-
stand the inhibitory system responsible for the control observed
exerted by this bacterial endophyte.

Whereas surfactin exerts its toxic effects by altering membrane
integrity, the degree to which this activity is accomplished is
concentration dependent (9). At very low concentrations, it
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produces conformational changes within the phospholipids. At
intermediate concentrations, it causes segregation within the
bilayers, resulting in channels that are permeable to cations. At
high concentrations, it produces a detergent effect resulting in
complete membrane disruption. Regardless of concentration
effects, the final toxicity expression is limited in environments
in which protein and lipid concentrations are high (9, 10),

Table 3. Results of CID Analysis of the Relative Percentages of the Major
Surfactin 3-Hydroxy Fatty Acid Chain Lengths in the Surfactin Standard and B.
mojavensis Extract (+15% Relative Error)

p-hydroxy fatty acid chain length standard (%) extract (%)

C-12 2.63

C-13 10.02 7.18
C-14 47.48 17.52
C-15 36.75 73.52
C-16 3.12 1.78

indicating a possible upper limit to its activity intracellularly
based on nutrient concentration. However, because B. mojavensis
and F. verticillioides are both intercellular biotrophs and the
apoplastic fluid that they live in does not contain high concentra-
tions of these nutrients (25—27), the action of surfactin in planta
should not be reduced. Compared with chemical pesticides,
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surfactins have low toxicity, are highly biodegradable, and have
other environmentally friendly characteristics, which should
enhance B. mojavensis as an effective biocontrol agent for maize
and other plant diseases and for mycotoxin reduction.
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