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Brevibacillus fortis NRS-1210 produces edeines that inhibit
the in vitro growth of conidia and chlamydospores
of the onion pathogen Fusarium oxysporum f. sp. cepae
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Abstract Onions can be damaged by Fusarium basal

rot caused by the soilborne fungus Fusarium oxyspo-

rum f. sp. cepae (FOC). Control of this pathogen is

challenging since there is limited genetic resistance in

onion. The identification of molecules that inhibit this

pathogen is needed. Antagonism screening showed

Brevibacillus fortis NRS-1210 secreted antifungal

compounds into growth medium. The spent growth

medium, diluted 1:1, inhibited growth of FOC conidia

after seven hours and killed 67–91% of conidia after

11 h. The spent medium also inhibited growth of

propagules from F. graminearum, F. proliferatum,

F. verticillioides and Galactomyces citri-aurantii. Full

strength spent growth medium did not effectively kill

FOC conidia and chlamydospores inoculated into a

sand cornmeal mixture. In silico analysis of the

B. fortis NRS-1210 genome indicated the biosynthetic

clusters of several antibiotics. Fractionation of spent

medium followed by reverse-phase liquid

chromatography with tandem mass spectrometry

analysis found that fractions with the most antifungal

activity contained a combination of edeines A, B and F

and no other recognized antibiotics. 1H NMR signals

of the active fraction corresponded to edeine, a

pentapeptide with broad spectrum antimicrobial activ-

ity which blocks translation in both prokaryotes and

eukaryotes. Comparative genomics of Brevibacillus

genomes shows edeine producers form a clade which

consists of: Brevibacillus brevis, Brevibacillus formo-

sus, ‘Brevibacillus antibioticus’, Brevibacillus schis-

leri, Brevibacillus fortis, and Brevibacillus porteri.

This observation suggests edeine played an important

role in the evolution and speciation of the Brevibacil-

lus genus.
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Introduction

Onions (Allium cepa) are an important vegetable crop

in the United States and are susceptible to numerous

fungal pathogens that reduce yield and quality. FBR is

a root and bulb onion disease in temperate and

subtropical climates (Brayford 1996). FBR, caused

by FOC, can also damage shallots, Welsh onion, and
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chives (Cramer 2000). The first sign of FOC disease in

mature onion plants is chlorosis of all leaves. Disease

within the onion basal plate leads to root death and

root abscission. FOC also causes damping-off disease

and can delay emergence of onion seedlings (Taylor

et al. 2013). Onion growers in the United Kingdom

report that FBR is becoming more prevalent in their

country and may be a greater problem in the future

with changing climates, as the disease is favored by

warm temperatures (Taylor et al. 2013). Although

some onion lines with resistance to FBR have been

identified (Rout et al. 2016; Taylor et al. 2013), FBR

continues to be a problem for onion growers in the

USA (Christopher Cramer, personal communication).

Almost all regions of USA onion production are prone

to FBR to various degrees based on diverse factors that

influence this pathogen (Lindsey du Toit, personal

communication).

Management of FBR is possible through chemicals,

but it would be preferable to develop alternatives to

chemical pesticides. In addition, FOC can survive in

the soil for several years as chlamydospores. After a

field becomes contaminated with FOC it is very

difficult to produce disease free onions (Brayford

1996). Biological control using microbes could

provide effective management of the disease, be

nontoxic to humans, and is biodegradable. Also, some

biological control organisms can promote growth of

plants.

Previous studies have indicated that FOC damage

of onions can be reduced through the use of biological

control organisms (Coşkuntuna and Özer 2008;

Dabire et al. 2016; Malathi 2015). In all of these

studies, Trichoderma fungi provided effective control

of FOC. In addition, several Pseudomonas strains and

one Bacillus subtilis strain were able to reduce FOC

mycelial growth (Malathi 2015; Rajendran and Ran-

ganathan 1996). Three biological control products are

recommended to mitigate FBR in the Pacific North-

west of the USA, but their efficacy is not known

(Ocamb and Gent 2019). Moreover, two of the

products utilize recently registered Bacillus amyloliq-

uefaciens F727 (Dunlap 2019), while the active

ingredient in the third product is Gliocladium catenu-

latum. Discovery of additional biological control

organisms (or identification of novel antifungal com-

pounds) may help onion growers reduce losses due to

FBR and reduce the opportunity for FOC to develop

resistance against commercial biological control

products. A variety of Fusarium based plant diseases

have been successfully treated with biological control

strains (Dunlap et al. 2015; Pallazzini et al. 2016;

Schisler et al. 2014, 2015). Brevibacillus has been

previously shown to produce secondary metabolites

that are inhibitory to both bacteria and fungi (Chen

et al. 2017; Jiang et al. 2015; Jianmei et al. 2015; Joo

et al. 2015; Song et al. 2012). Some of these

metabolites are secreted into media of laboratory

cultures, and include peptides (e.g. tostadin, bogorol

B) as well as low molecular weight biochemicals (e.g.

ethylparaben). Our laboratory culture collection

(Northern Regional Research Laboratory, NRRL)

contains 25 Brevibacillus strains that were screened

for secreted molecules with in vitro inhibitory activity

of FOC conidia growth (data not shown). This paper

reports on a Brevibacillus strain that produces extra-

cellular compound(s), identified as edeines, that

inhibit FOC growth.

Materials and methods

Organisms

FOC 36342 was obtained from the NRRL culture

collection; this isolate caused disease in potted onions

when inoculated into the soil. FOC NewMexico 9 was

isolated from onions with FBR symptoms. Both FOC

strains were cultured in the dark on potato dextrose

agar (PDA). Genomic DNA was isolated from both

FOC strains using a previously described method

(Johnson and Dowd 2016). A portion of the CRX1

gene was amplified by PCR with previously described

primers (Taylor et al. 2016); the CRX1 gene is present

in most FOC isolates that cause FBR in onions and was

detected in isolates 36342 and NewMexico 9 (data not

shown). FOC 36342 chlamydospores were prepared as

described (Nguyen et al. 2019) except that Supersoil

potting soil (Rod McLellan Co., Marysville, OH) was

used and a 2 mm mesh sieve was utilized to remove

large soil particles in preparing the medium. Fusarium

oxysporum (accessions 22870 and 25891, cultured on

PDA), Fusarium proliferatum (accession 13569, cul-

tured on V8 juice medium (Johnson et al. 2018),

Rhizopus stolonifera (accessions 1483 and 66454,

cultured on PDA), Colletotrichum gloeosporioides

(accession 45420, cultured on PDA) and Galacto-

myces citri-aurantii (accessions Y-17913 and Y-
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17923, cultured on YM medium for yeasts [NRRL

medium No. 6]) were obtained from the NRRL culture

collection. Fusarium graminearum (strain III-B),

originally isolated from a diseased wheat head, was

cultured on clarified V8 juice medium (Johnson et al.

2015). Fusarium verticillioides (strain AMR F-4),

originally isolated from symptomless maize kernels,

was cultured on V8 juice medium. All fungi, except

F. graminearum, were grown at room temperature in

the dark. F. graminearum was grown in an incubator at

28o C with 13 h of fluorescent lighting and 11 h of

darkness. B. fortis NRS-1210, as well as Brevibacillus

parabrevis NRS-780, were obtained from the NRRL

Culture Collection. The initial screening of Bre-

vibacillus strains determined that NRS-780 produced

no antifungal compounds and was used as a negative

control in several experiments.

Measurements of FOC growth inhibition

Bacterial strains NRS-780 and NRS-1210 were grown

in liquid BEPSY medium (5 g beef extract, 3 g

peptone, 5 g yeast extract, 10 g sucrose, pH 7.2–7.4 in

1 l) at 30 �C, 250 RPM for 3 d. FOC New Mexico 9

conidia were harvested from PDA plates using sterile

water and passed through Miracloth (EMD Millipore

Corporation, Billerica, MA). The number of conidia in

the suspension was calculated using a hemocytometer.

Conidia were diluted in potato dextrose broth (PDB) to

1 9 105 conidia ml-1 and incubated at room temper-

ature for 16 h. Conidia germination images were taken

(labeled as 0 h) using the EVOS fl. auto imaging

system (Thermo Fisher Scientific, Waltham, MA) and

the conidium length measured using the provided

software. Germinated conidia were diluted 1:1 with

filter sterilized (0.2 lm pore size) bacterial culture

spent medium. After 7 h at room temperature, conidia

were imaged and their length measured using the

EVOS system.

Time course measurements of FOC conidia death

Bacterial strains NRS-780 and NRS-1210 were grown

as described above. FOC New Mexico 9 conidia were

harvested from plates as described above and diluted

in PDB to 1 9 105 conidia ml-1. The conidia were

diluted 1:1 with filter sterilized (0.2 lm pore size)

bacterial culture spent medium and incubated at room

temperature. At various time points, 10 ll of the

mixture was diluted 1:10 in sterile Ringer’s solution

(123 mM NaCl, 1.5 mM CaCl2, 4.9 mM KCl, pH

7.3–7.4). Ten ll of the 1:10 dilution was placed on a

PDA plate; 90 ll of sterile Ringer’s solution was

added to the plate and the mixture spread throughout

the plate using a sterile cell spreader. Colony forming

units were counted after 2–4 d.

Bioassays on fungal propagules

Strain NRS-1210 was grown as described above. FOC,

as well as the other fungi, were grown for 5–10 days on

plates and the propagules (conidia or arthroconidia)

were harvested and counted as described above. The

propagules were diluted using PDB to 1 9 105 cells

ml-1. Media from the NRS-1210 cultures was filter

sterilized (0.2 lm pore size). Propagule growth with

50% medium was screened initially; if active against

the fungus at 50%, medium was diluted to a final

concentration of 12.5, 6.3, 3.1, 1.3, and 0% with the

propagule-PDB mixture in wells of a 96 well plate.

Triplicate wells (final volume of 160 ll) were filled for
each concentration. The bioassays with FOC chlamy-

dospores were slightly different; the harvested propag-

ules were a mixture of conidia and chlamydospores

(see Supplementary Fig. 1). Each well contained 80 ll
of FOC chlamydospore-conidia mixture (approxi-

mately 8000 chlamydospores and 12,800 conidia),

30 ll of PDB and dilutions of spent bacterial medium

as described above, with a final volume of 160 ll.
Optical density of the filled wells were measured at an

absorbance of 550 nm using a SpectraMax 250 plate

reader (Molecular Devices, Sunnyvale, CA) or an

Epoch 2 plate reader (BioTek, Winooski, VT) imme-

diately after loading all of the samples and after 5 d at

room temperature in the dark. Some bioassays were

stopped after 2 d as no growth inhibition was observed.

The lethal dose was the concentration of spent medium

at which the mean absorbance of the treated propag-

ules was 10% (or lower) of the mean absorbance of the

non-treated propagules (abbreviated as LD90).

Bioassays using heat treated spent media

Strain NRS-1210 was grown as described above.

Aliquots of the spent media were filter sterilized (0.2

lm pore size). The spent media was incubated at 50,

75, and 100 �C for 1 h in a heat block; room

temperature incubation served as the control. FOC

123

Antonie van Leeuwenhoek (2020) 113:973–987 975



conidia were harvested as described above and diluted

using PDB to 1 9 105 cells ml-1. Temperature treated

spent media were diluted 50% with the conidia-PDB

mixture into wells of a 96 well plate. Absorbance

values were recorded as described above.

FOC bioassays on sand matrix

Play sand (Rocks etc., Lockport, IL) was mixed with

yellow corn meal mix (Hodgson Mill Effingham, IL)

at a ratio of 8:1 as recommended (Türkkan and Erper

2014). Fifteen g of the sand mixture was dispensed

into a 5 cm diameter glass Petri dish. The dishes were

sterilized in an oven at 130 �C for 5.5 h and cooled.

Filter sterilized (0.45 lm pore size) supernatant (4

ml) from a 3 d old culture of NRS-780 or NRS-1210

(grown as described above) was added to the sterile

sand mixture and stirred with a sterile inoculating

loop until all the sand mixture was wetted (5 plates

for each spent medium). The FOC chlamydospore-

conidia mixture (described above) was diluted 1:10

with sterile water and 40 ll (approximately 400

chlamydospores and 640 conidia) was added to 3

plates while 2 plates were not inoculated. All the

plates were kept at room temperature in the dark.

Measurements of the largest possible straight line

across the fungal mass in each plate was completed

after 3 and 4 d using a ruler. The filter sterilized

supernatants (60 ll) were also tested for inhibitory

activity with 40 ll of the FOC chlamydospore-

conidia mixture and 20 ll of PDB added in triplicate

wells of a 96 well plate; sterile water served as a

control for the supernatants. Absorbance readings at

550 nmwere taken with an Epoch 2 plate reader at the

start of the assay and after 5 d.

Genome mining for secondary metabolites

The genome of B. fortis NRS-1210 (NCBI accession

PXZM01) was screened for antibiotic biosynthetic

gene clusters using the anti-SMASH algorithm (Blin

et al. 2017) and by the BLAST algorithm at NCBI.

Genome mining for the edeine cluster in all available

Brevibacillus genomes (as of 1/1/2020) was conducted

using BLAST (McGinnis and Madden 2004). Genome

comparisons and alignments for phylogenetic trees

were made using BIGSdb software (Jolley andMaiden

2010). The phylogenetic trees were constructed using

MEGA 7.09 software (Kumar et al. 2016) and are

based on a 6 gene multilocus sequence alignment

(MLSA) previously described (Rooney et al. 2009).

Neighbor-joining trees were reconstructed using the

Tamura-Nei model (Tamura and Nei 1993) with a

gamma correction (alpha value = 0.5) with complete

deletion. This model was chosen on the basis of the

likelihood test implemented in MEGA 7.09. Measures

of bootstrap support for internal branches were

obtained from 1500 pseudoreplicates.

Identification of antifungal compounds in spent

medium

B. fortis NRS-1210 was grown as described above.

The culture medium was centrifuged at 13,000g for 10

min and the spent medium was removed followed by

sterile filtration with a 0.2 lm membrane. Mass

spectrometry of the spent medium samples (5 ll
injection) were analysed by LC-MS (Thermo Acella

HPLC) through a narrow-bore (2.1 lm 9 150 mm, 3

lm particle size) C18 column (Inertsil, GL Sciences,

Inc., Torrance, CA) running a gradient elution of 95%

A:5% B (eluent A: 18 MX water/0.1% formic acid,

eluent B: 100% methanol/0.1% formic acid) to 5%

A:95% B over 65 min at a flow rate of 250 ll min-1,

followed by a 5 min B washout and 10 min re-

equilibration, while maintaining a constant column

temperature of 30 �C. Electrospray positive mode

ionisation data were collected with a linear ion trap-

Orbitrap mass spectrometer (Thermo LTQ-Orbitrap

Discovery) under Xcalibur 2.1 control. Prior to LC-

MSn experiments the instrument was tuned and

calibrated using the LTQ tune mix. Tandem mass

spectral data was collected using collision-induced

dissociation [CID, collision energy (CE) = 25 and 35]

in the LTQ and Higher-energy collision dissociation

(HCD, CE = 25 and 35) in the Orbitrap analyzer. Ions

for fragmentation were selected based on likely

antibiotics present in B. fortis NRS-1210.

Enrichment and characterisation of active

component

Culture supernatant was centrifuged at 4 �C and

16,000 g for 10 min, followed by filtration through a

0.22 lm filter to remove any remaining cells. The

supernatant (300 ml) was fractionated by ultrafiltra-

tion (Amicon (MilliporeSigma, Burlington, MA) 1000

Da molecular cutoff regenerated cellulose membrane,
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76 mm diameter, at a flow rate of * 1 ml min-1). A

portion (20 ml) of the \ 1000 Da medium flow

through was bound in triplicate Sephadex C-25 weak

cation exchange (WCX, Sigma, St. Louis, MO) resin

columns (2 g resin, 15 ml of resin slurry each). The

resin had been preequilibrated with ammonium

acetate (pH 5.0), followed by extensive washing with

18 MX water until the pH returned to neutral using

gravity flow. After loading, the columns were washed

with 30 ml water, followed by 30 ml eluents in a step-

gradient containing 50 mM; 250 mM; and 500 mM

ammonium hydroxide (Westman et al. 2013). Samples

were frozen, lyophilised, and resuspended on 20 ml 18

MX water 3 times to remove ammonia. Samples were

resuspended in 10 ml 18 MX water (29 media

concentration). Prior to testing inhibition on fungal

conidia, dilutions of the samples were prepared at 1:4;

1:20; and 1:100 fraction volume:18 MX water. FOC

New Mexico 9 was grown for 5–10 days on PDA

plates and the conidia harvested and counted as

described above. The conidia were diluted using

PDB to 1 9 105 cells ml-1. The dilution series of the

WCX fractions were added to a final 50% volume to

the conidia-PDB mixture in wells of a 96 well plate.

Triplicate wells of each dilution were filled for each

concentration (25% media equivalent; 5% media

equivalent, 1% media equivalent,\ 1000 Da ultrafil-

tration fraction starting material, media positive

control, water negative control). Absorbance values

of the filled wells were measured at 550 nm using an

Epoch2 plate reader immediately after loading all of

the samples and after 5 d at room temperature in the

dark. Data was plotted as 5% initial media equivalent

versus % inhibition.

The bioactive fraction was analysed by NMR in

0.75 ml D2O (* 259 concentration). 1H NMR

spectra (1024 scans) were collected using a Bruker

Avance 500MHzNMR spectrometer (Bruker BioSpin

Corp., Billerica, MA) operating at 27 �C using a 5-mm

z-gradient BBO probe. The pulse sequences used were

those supplied by Bruker, and processing was done

with SpinWorks v1.3 pl8 software.

Determination of edeine content

Analytical separation of edeine polyamines was

accomplished by LC-UV-LTQ-MS (Thermo Ultimate

3000 UPLC coupled to a linear ion trap (Thermo LTQ)

under Xcalibur 2.1 control) on a SeQuant� ZIC�-

cHILIC 100 9 2.1 mm column (Millipore, Billerica,

MA) operated at 50 �C with a flow rate of 0.2 ml

min-1. Effluent was monitored at 272 nm prior to

electrospray introduction into the mass spectrometer

using positive mode ionisation to confirm peak

identities. Mobile phases were A: acetonitrile with

1% (w/w) formic acid and B: 100 mM ammonium

acetate with 3% (w/w) formic acid. Isocratic elution at

50%A:50%B provided the separation. A response

curve was constructed using tyramine, a structurally

similar compound with absorbance at 272 nm, using 1

lg ml-1, 4 lg ml-1, 10 lg ml-1, and 100 lg ml-1

concentrations; these values were converted to molar

quantities and the response curve was applied to the

absorbance of edeine components to estimate the

amount present in bioassayed media and WCX

fractions.

Results

Measurements of FOC growth inhibition

B. fortis NRS-1210 secreted compound(s) into the

bacterial growth medium that consistently inhibited

FOC conidia growth. Because this strain could

produce one or many antifungal compounds, we will

refer to the inhibitory activity due to ‘‘compounds’’

throughout this manuscript. Conidia of FOC New

Mexico 9 were germinated in potato dextrose broth for

16 h and then imaged using an inverted light

microscope (Fig. 1a). The germinated conidia were

diluted 1:1 in a number of different sterilised media

and then incubated. After 7 h, the conidia were imaged

again. Germinated conidia incubated in fresh BEPSY

medium or spent BEPSY medium from a culture of B.

parabrevis NRS-780 appeared larger than before

(Fig. 1b, c). The germinated conidia did not grow

well during the 7 h incubation in spent medium of a B.

fortis NRS-1210 culture (Fig. 1d). The conidia had

grown almost three times in length during the 7 h

incubation period when diluted with fresh BEPSY

medium or spent medium of a B. fortis NRS-780

culture (Table 1). The conidia did not grow at all

during the 7 h incubation period when diluted with

spent medium of B. fortis NRS-1210 (Table 1). A

second experiment produced similar results: the

conidia growing in the spent medium of B. parabrevis

NRS-780 grew five times in size after 7 h while
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conidia growing in the spent medium of B. fortis NRS-

1210 grew only 1.5 times in size during this period.

These data indicate that B. fortis NRS-1210 secretes

compounds into the medium that inhibited the growth

of FOC.

Time course measurements of FOC conidia death

The next experiments sought to determine if the

viability of FOC ungerminated conidia was altered by

the compounds produced by B. fortis NRS-1210. The

results of two independent experiments indicated that

spent B. fortis NRS-1210 medium killed many FOC

conidia by 11.5 h (Table 2). Most of the control

conidia could be seen after 2 d on the plates, but the B.

fortis NRS-1210 medium-treated conidia grew slower

and were counted after 3–4 d, suggesting that some

residual inhibitory compounds were transferred to the

plates.

Bioassays on fungal propagules

In the experiments described above, growth and

viability of conidia was inhibited with a 50% dilution

of the spent medium from B. fortis NRS-1210.

Bioassays using ungerminated propagules were con-

ducted to determine the relative antifungal activity of

the spent medium on FOC and other fungal species.

FOC strain NRRL 36342 conidia, as well as chlamy-

dospores, were killed (LD90) with 3.1% of spent

medium from NRS-1210 (Table 3). FOC strain New

Mexico 9 conidia were killed with 1.3–3.1% of NRS-

1210 spent medium. Additional Fusarium species

were tested with results similar to that of the FOC

strains. The spent medium from B. fortis NRS-1210

did not inhibit growth of R. stolonifera or C. gloeospo-

rioides propagules very well. G. citri-aurantii propag-

ule growth was sensitive to the spent medium at

approximately the same levels for the Fusarium

species.

100 µm100 µm

100 µm100 µm

A B

C D

Fig. 1 Spent bacterial medium inhibits growth of FOC New

Mexico 9 germinated conidia. Filter sterilized bacterial medium

was diluted 50% with germinated conidia and imaged (a). After
7 h, images were taken of conidia incubated in NRS-780

medium (b), BEPSY medium (c), and NRS-1210 medium (d).
Ruler (100 lm) indicates the approximate size of the conidia in

each panel

Table 1 Spent bacteria media inhibit FOC New Mexico 9 conidium growth

Sample Mean conidium length, lm ± SE (N)

Experiment 1

0 h 40 ± 6 (11) a

7 h NRS-1210 spent medium 32 ± 2 (15) a

7 h NRS-780 spent medium 116 ± 11 (12) b

7 h fresh medium 109 ± 7 (16) b

Experiment 2

0 h 33 ± 2 (31) a

7 h NRS-1210 spent medium 48 ± 5 (24) b

7 h NRS-780 spent medium 170 ± 13 (35) c

FOC New Mexico 9 conidia were incubated in PDB for 16 h. Germinated conidia were imaged at 0 h and then diluted 1: 1 with

sterilized spent medium from bacterial cultures or fresh medium. After 7 h at room temperature, conidia were imaged. All conidia

were measured using the EVOS system. For each experiment, means followed by different letters were significantly different

(P\ 0.05) by ANOVA
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Bioassays using heat treated spent medium

Additional experiments were completed to determine

the thermal stability of the antifungal compounds

secreted by B. fortis NRS-1210. Most of the inhibitory

activity of the spent medium, diluted 50% with FOC

conidia, remained after a 1 h incubation at 50 �C, but
declined after 1 h at 75 �C (Table 4). All inhibitory

activity of FOC was lost after 1 h at 100 �C.

FOC bioassays on sand matrix

Sterilized spent medium from cultures of B. parabre-

vis NRS-780 or B. fortis NRS-1210 were added to a

sterilized sand and cornmeal mixture. FOC

chlamydospores and conidia were inoculated into the

wetted sand mixtures. After 3 d, the average size of the

fungal mass in each plate was 1.6 cm (SD = 0.5,

N = 3) growing in B. parabrevis NRS-780 spent

medium and 1.0 cm (SD = 0.1, N = 3) growing in B.

fortis NRS-1210 spent medium; the means were not

statistically different. After 4 d, the fungal masses

were larger, and there were no significant differences

in the average size between the B. parabrevis NRS-

780 and B. fortis NRS-1210 treated wetted sand

mixtures. No fungal growth was found in the non-

inoculated wetted sand mixtures. The FOC chlamy-

dospores and conidia did not grow in wells of a 96 well

plate containing 50% of the NRS-1210 spent medium

used for the sand mixture experiments; abundant

Table 2 NRS-1210 spent media rapidly kill FOC New Mexico 9 conidia

Time NRS-780 spent medium NRS-1210 #1 spent medium NRS-1210 #2 spent medium

Experiment 1 FOC mean cfu ll-1 ± SD (N) FOC mean cfu ll-1 ± SD (N) FOC mean cfu ll-1 ± SD (N)

6.5 h 25 ± 6 (6) a 12 ± 3 (3) b 5 ± 2 (3) b

11.5 h 43 ± 4 (6) a 4 ± 1 (3) b 4 ± 3 (3) b

Experiment 2

6.5 h 7 ± 2 (6) a 5 ± 3 (3) a 1 ± 1 (3) b

11.5 h 21 ± 9 (6) a 5 ± 2 (3) b 7 ± 2 (3) b

Conidia in PDB were diluted 1:1 with sterilized spent media. At the indicated time, an aliquot of the mixture was diluted and spread

onto a PDA plate. Colony forming units (cfu) were counted after 2 d (NRS-780) or 3 d (NRS-1210). For each experiment, different

letters in the same row indicate that the means are significantly different (P\ 0.05) by ANOVA

Table 3 Spent bacteria medium kills propagules of several fungi

Fungal strain Concentration of NRS-1210 spent medium resulting in LD90

FOC NRRL 36342 3.1%, 3.1%

FOC NRRL 36342 conidia and chlamydospores 3.1%, 3.1%

FOC New Mexico 9 3.1%, 1.3%

Fusarium oxysporum NRRL 22870 3.1%, 3.1%

Fusarium oxysporum NRRL 25891 3.1%, 1.3%

Fusarium proliferatum NRRL 13569 3.1%, 3.1%

Fusarium graminearum III-B 3.1%, 1.3%

Fusarium verticillioides AMR F-4 3.1%, 3.1%

Rhizopus stolonifer NRRL 1483 50%, 50%

Rhizopus stolonifer NRRL 66454 [ 50%,[ 50%

Colletotrichum gloeosporioides NRRL 45420 [ 50%,[ 50%

Galactomyces citri-aurantii NRRL Y-17913 6.3%, 6.3%

Galactomyces citri-aurantii NRRL Y-17923 6.3%, 3.1%

Two independent bacteria cultures were tested and listed
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growth of FOC chlamydospores and conidia was

found in wells with 50% of the B. parabrevis NRS-780

spent medium (or 50% water) used for the sand

mixture experiments. These experiments suggest that

the antifungal compounds of B. fortis NRS-1210 in the

wetted sand mixtures were too dilute to slow the

growth of the FOC chlamydospores and conidia.

Genome sequencing and identification

of antifungal compounds in spent medium.

Genome sequencing of a number of Brevibacillus

species from the NRRL culture collection, including

B. fortis NRS-1210, was previously completed (John-

son and Dunlap 2019). The genome of B. fortis NRS-

1210 was analysed for putative antibiotic and sec-

ondary metabolite clusters using anti-SMASH 4.0

(Blin et al. 2017). Biosynthetic gene clusters for 6

antibiotics were identified: tyrocidine, gramicidin,

edeine, bacteriocin (thiazole/oxazole modified micro-

cin, thiopeptide), bacteriocin and lantipepetide #1. In

addition, the biosynthetic cluster for the siderophore,

petrobactin was identified. A number of trans-acyl-

transferase type I polyketide synthase-nonribosomal

peptide synthetase and nonribosomal peptide syn-

thetase biosynthetic gene clusters were found in this

analysis but the enzymes nor the final compounds of

these clusters have been characterised. This in silico

analysis indicates that B. fortis NRS-1210 could

produce a variety of antifungal compounds.

Spent medium from an B. fortis NRS-1210 culture

was analyzed by reverse-phase C18 LC-high-resolu-

tion MS to confirm the presence of secondary

metabolites identified from the organism’s genome.

Reverse-phase chromatography was used due to the

wide diversity of secondary metabolites that can be

separated on this matrix. Aside from ions correspond-

ing to edeine (Fig. 2a), no additional putative

antibiotics were observed; this was confirmed by a

disk assay with an edeine-resistant Brevibacillus

isolate (see Supplementary Fig. 2). Edeines exist as

four major types: edeine A (Fig. 2a) contains a b-
tyrosine on one end and spermidine (polyamine) on

the other; edeine B contains a b-tyrosine on one end

and guanyl-spermidine on the other; edeine D contains

a b-phenylalanine on one end and spermidine (poly-

amine) on the other; and edeine F contains a b-
phenylalanine on one end and guanyl-spermidine on

the other. These four types have distinct masses that

can be discerned by mass spectrometry. The presence

of three variations of edeine was confirmed by

accurate mass (Orbitrap-MS) where the spectra

(Fig. 2b) showed the analytes to predominately ionize

at the 2? charge state. Edeine A ([M ? 2H]2?

m/z = 378.2245) was less than 1 ppm error from the

calculated mass; similarly edeine B ([M ? 2H]2?

m/z = 399.2354; possessing a guanidinium group on

the polyamine tail) and edeine F ([M ? 2H]2?

m/z = 390.7221; possessing a guanidinium group on

the polyamine tail and lacking the hydroxyl group on

the aromatic ring) were initially identified by mass.

Due to the hydrophilic nature of the edeine molecules,

the analytes were poorly retained on the reverse-phase

C18 column and eluted early during the chromato-

graphic runs (Fig. 2c). The identity of edeines A, B,

and F were further confirmed by tandem mass

spectrometry. The fragmentation of edeine A is

dominated by the loss of water and amines using

CID in the ion trap instrument; however, using HCD

with Orbitrap detection allowed for more informative

spectra (Fig. 2d). The two largest ions from this

method also correspond to loss of water and loss of

two waters ([M ? 2H]2? ions m/z = 360.71 and

369.71) followed by m/z 147.04 corresponding to the

polyamine tail of edeine A. Additionally, lower

abundance fragment ions allow for positive

Table 4 Effect of temperature on stability of NRS-1210 inhibitory molecules

FOC ? NRS-1210 spent medium Percent inhibition at indicated temperature

RT 50 �C 75 �C 100 �C

FOC New Mexico 9 98 ± 0 (3) 99 ± 0 (2) 80 ± 8.8 (3) 0 (2)

FOC NRRL 36342 97 ± 0.3 (3) 99 ± 0 (2) 93 ± 3.3 (3) 0 (2)

Mean values ± SE are percent inhibition compared to controls using sterile water. Independent biological replicates are noted in

parentheses
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Fig. 2 a Structure and

fragmentation assignments

for edeine A. b Mass

spectrum summed from

1.8–2.0 min of LC-Orbitrap-

MS run zoomed on the

masses corresponding to

[M ? 2H]2? for edeine A;

edeine B; and edeine F.

c Extracted ion-

chromatograms from

reverse-phase

chromatography, from top to

bottom, for: LTQ-ion trap

m/z 755–756 (edeine A),

black line; LTQ-ion trap m/z

797–798 (edeine B), dotted

line; orbitrap m/z

378.1–378.3 (edeine A2?),

dotted line; LTQ-ion trap

m/z 399.1–399.3 (edeine

B2?), dotted line. d ZIC-

HILIC LC-UV-MSLTQ

chromatograms. Top UV

spectrum monitored at 272

nm; Bottom, positive mode

ESI-MS, solid line, total ion

current; dashed line,

combined EIC for edeine F

(2.68 min) and edeine B

(4.84 min); dotted line, EIC

for edeine A (5.23 min).

e Orbitrap high-resolution

MS/MS spectrum of parent

ion m/z 378.2 corresponding

to edeine A. HCD CE = 35
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identification of edeine A (Fig. 2a, e). Edeine B

fragmentation followed the same pattern with the

addition of 42 Da in all fragments containing the

polyamine tail due to the presence of the guanidinium

group. Edeine F has a nearly identical fragmentation to

edeine B due to the structural variation (b phenylala-

nine to b-tyrosine) occurring on the portion of the

molecule that is part of the neutral losses in each

fragment, i.e. all fragments contain the polyamine

portion of the molecule as denoted by the fragmen-

tation flags pointing to the right (Fig. 2a). Using an

additional zwitterionic-hydrophilic interaction (ZIC-

HILIC) chromatography matrix, that has been shown

to separate aminoglycoside antibiotics, the amount of

edeine A, B, and F in NRS-1210 spent medium could

be estimated at 0.3 lg/ml, 6.0 lg/ml, and 0.4 lg/ml,

respectively (Fig. 2d), based on a UV absorbance

molar response curve of tyramine.

Fractionation studies of spent medium using

reverse-phase C18 and ultrafiltration demonstrated

that all fractions containing the edeine signals showed

inhibition in the liquid culture bioassay. The use of

C18 was not pursued due to the poor retention of the

edeine components; however, others have reported

successfully purifying edeines using reverse-phase

separations (Westman et al. 2013). Therefore, media

was fractionated by ultrafiltration (1000 Da molecular

weight cutoff) into\ 1000 Da fraction and[ 1000 Da

fractions. The low molecular weight fraction (\ 1000

Da) from ultrafiltration contained all antifungal activ-

ity, therefore it was used for the cation exchange

enrichment. To confirm that edeine was the active

component of the media, cationic components were

enriched using a weak cation exchange resin. The

sample was fractionated using a step gradient of 0, 50

mM, 250 mM, and 500 mM ammonium hydroxide.

Samples were repeatedly lyophilized to remove the

ammonium, followed by resuspension and dilution to

1%, 5%, and 25% original media equivalents to test

inhibition using the bioassay on fungal conidia. Nearly

all of the antifungal activity was found in the 250 mM

ammonium hydroxide fraction from the WCX column

(Fig. 3a). Subsequent 1H NMR analysis revealed that

the major component of the 250 mM ammonium

hydroxide fraction was edeine (Fig. 3b). 1H NMR

signals correspond to the assignments previously

reported (Westman et al. 2013) with no extraneous

peaks, with the exception of acetate from the precon-

ditioning of the WCX column, demonstrating that the

weak cation exchange fraction was primarily com-

posed of edeines. Analysis of concentrated WCX

fractions by ZIC-HILIC-LC-UV-MS had values con-

sistent with the expected concentrated edeine A, B,

and F values, indicating that the fractions contained

the bulk of the edeine from the media.

Edeine producers in the Brevibacillus clade

Genome mining of all available Brevibacillus gen-

omes shows the edeine biosynthetic clusters exists in a

monophyletic clade of Brevibacillus species (Fig. 4).

The monophyletic nature of the group suggests the

cluster was inherited from a common ancestor. The

results for the negative control, B. parabrevis NRS-

780, are consistent with it not being an edeine

producer.

Discussion

Several Brevibacillus species produce antibiotic com-

pounds, including peptides, that the organism uses to

compete against other neighbors in their ecological

niche. Ethylparaben, a small phenolic compound

produced by a B. brevis strain, inhibited the growth

of seven species of bacteria and fungi (Jianmei et al.

2015). Brevibacillus produces a variety of linear and

cyclic peptides using ribosomes and non-ribosomal

peptide synthetases (Yang and Yousef 2018). Most of

the peptides, such as gramicidin, tyrocidine, bre-

vibacillin, and laterosporulin damage the cytoplasmic

membrane, but edeine’s mode of action is different

than most Brevibacillus peptides. Edeine, a cationic,

linear peptide produced by a peptide synthetase, was

originally identified in B. brevis Vm4 (now Bre-

vibacillus schisleri) several decades ago (Kurylo-

Borowska 1959). At a concentration of 15 lg ml-1,

edeines slow bacteria growth and inhibit DNA

synthesis (Kurylo-Borowska and Szer 1972). Higher

concentrations of edeine ([ 150 lg ml-1) result in

bacteria toxicity; edeines are universal inhibitors of

translation, preventing the binding of fMet-tRNA to

the P site of 30S ribosomes (Cozzarelli 1977; Dinos

et al. 2004). Acetylation of edeine prevents the host

from inhibiting its own translation machinery (West-

man et al. 2013).

Secreted edeines produced by B. fortis NRS-1210

(medium diluted 50%) prevented or reduced
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additional growth of germinated FOC conidia within 7

h (Table 1). FOC conidia growth was not inhibited by

spent growth medium of B. parabrevis NRS-780. The

majority of screened Brevibacillus strains from the

NRRL Culture Collection did not produce secreted

compounds or did not produce sufficient quantities of

Fig. 3 a Liquid culture fungal conidia inhibition bioassay of

weak cation exchange enrichment of bioactive ultrafiltration

fractions expressed as percent inhibition of 5 percent medium

equivalent. Each column represents the average percent

inhibition of triplicate separations; standard deviations are

shown at the top of the columns. b 1H NMR of 250 mM

ammonium hydroxide fraction containing edeines. Values under

each peak correspond to the integrated area of the peak
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secreted compounds that inhibited growth of FOC. In

addition to arresting growth, the edeines in the spent

growth mediumwere effective at killing ungerminated

FOC conidia within 11.5 h (Table 2).

In the initial experiments, the antifungal activity

was demonstrated with B. fortis NRS-1210 spent

medium diluted by 50%. Serial dilution of the B. fortis

NRS-1210 medium determined its relative antifungal

activity (Table 3). FOC conidia germination and

growth was completely inhibited using 1.3–3.1% of

spent medium of B. fortis NRS-1210. Growth of a

mixture of FOC conidia and chlamydospores was

completely stopped by 3.1% of B. fortis NRS-1210

spent medium (Table 3). These results indicate that

edeines can traverse the thickened walls of FOC

Fig. 4 Neighbor-joining phylogeny showing strains containing

the edeine biosynthetic cluster across the Brevibacillus clade.

The tree was reconstructed from a 6 gene MLSA previously

described (Rooney et al. 2009). Bootstrap values[ 70%, based

on 1000 pseudoreplicates are indicated on branch points. The

tree was rooted based on previous core genome phylogenies of

the Brevibacillus genus (Johnson and Dunlap 2019). The scale

bar corresponds to 0.02 nucleotide substitutions per site
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chlamydospores, which are the most difficult of FOC

propagules to eliminate from soil (Brayford 1996).

Similar results were found with other Fusarium

species, as well as G. citri-aurantii, a yeast that causes

sour rot of citrus fruit (McKay et al. 2012). However,

the growth of other fungi, R. stolonifera and

C. gloeosporioides, was not affected by the spent

medium of B. fortis NRS-1210. The differential

activity of the spent medium among the fungi tested

suggests the composition of the cell membrane plays

an important role in susceptibility to edeines. The

presence or absence of proteins, lipids or carbohy-

drates in the cell membrane could determine how

much of the edeines are transported through the

membrane. For example, Candida albicans was found

to be eight times more sensitive to edeine B compared

to Aspergillus niger (Czajgucki et al. 2006). Alterna-

tively, it is possible that concentrating spent B. fortis

NRS-1210 medium would result in greater inhibitory

activity against R. stolonifera and C. gloeosporioides

since edeine is considered a universal translation

inhibitor.

The antifungal activity of the edeines in the culture

medium was not affected by 50 �C treatment, dimin-

ished by 75 �C treatment, and completely abolished by

100 �C treatment (Table 4). Components in the spent

culture medium may have protected the edeines from

degradation at 50 and 75 �C. Alternatively, edeines
could be inherently thermostable. Optimal edeine

hydrolysis required treatment with 6N HCl for 36 h at

108 �C (Roncari et al. 1966). Edeines are also resistant

to many proteolytic enzymes such as trypsin, chy-

motrypsin, pepsin and carboxypeptidase A (Hettinger

and Craig 1970). These properties indicate that

edeines are well suited to endure in harsh environ-

ments, such as soil. Our experiments utilising sand

supplemented with cornmeal indicated that B. fortis

NRS-1210 spent medium could not control the growth

of FOC chlamydospores and conidia in this matrix. It

is possible that edeines in the medium were too dilute,

or became attached to sand or cornmeal particles, and

were unavailable for entry into the FOC propagules.

These results indicate that development of liquid

formulations of edeines for soil drenching would need

to be at higher levels than produced in the cultures of

this study.

Our genome mining results show the edeine

biosynthetic cluster is found in a monophyletic clade

of Brevibacillus species. These results suggest the

cluster was inherited from a shared ancestor and is at

least partially responsible for the divergence of these

species from the greater Brevibacillus genus. How-

ever, to our knowledge, there are few reported

observations of edeine production by these bacteria.

Brevibacilus schisleri ATCC 35690T (previously

reported as Brevibacillus brevis Vm4 (Johnson and

Dunlap 2019) was the first strain reported to produce

edeine (Kurylo-Borowska 1959) and was used exten-

sively as a source of edeines for decades. B. brevis

TT02-8 (Shimotohno et al. 1994) and B. fortis (this

study) are the only other isolates known to secrete

edeines into growth medium. It would be worthwhile

to investigate edeine biosynthesis levels among the

other strains containing the edeine biosynthetic cluster

and what environmental conditions induce edeine

production. These results are also consistent with

recent studies in Bacillales showing the importance of

secondary metabolites in the divergence and specia-

tion of bacteria in this order (Dunlap et al. 2019, 2020).

The edeines are toxic to animals (Czajgucki et al.

2007) and inhibit protein synthesis in wheat germ

(Hunter et al. 1977). Therefore, edeines are useful in

studies of ribosome function but are unlikely to be

utilised as antibiotics for pests of plants, humans or

animals due to their toxicity. Edeines might be useful

for killing soilborne pathogens of crops provided that

the residual edeine in the soil could be removed or

deactivated to levels that will not impact subsequently

sown crops. Levels of atrazine, a toxic herbicide, were

lowered in fields by adding killed recombinant

Escherichia coli cells engineered to overproduce

atrazine chlorohyrolase, which dechlorinates atrazine

to non-toxic hydroxyatrazine (Strong et al. 2000).

Levels of edeines in soil could be reduced in a similar

manner with killed recombinant E. coli overproducing

the edeine-modifying enzyme EdeQ, which inacti-

vates edeines by N-acylation (Westman et al. 2013).

Future studies will need to focus on the development

of liquid formulations with enhanced levels of edeines

for soil drenching.
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Coşkuntuna A, Özer N (2008) Biological control of onion basal

rot disease using Trichoderma harzianum and induction of

antifungal compounds in onion set following seed treat-

ment. Crop Prot 27:330–336

Cozzarelli NR (1977) The mechanism of action of inhibitors of

DNA synthesis. Annu Rev Biochem 46:641–668

Cramer CS (2000) Breeding and genetics of Fusarium basal rot

resistance in onion. Euphytica 115:159–166

Czajgucki Z, Andruszkiewicz R, Kamysz W (2006) Structure

activity relationship studies on the antimicrobial activity of

novel edeine A and D analogues. J Pept Sci 12:653–662

Czajgucki Z, Zimecki M, Andruszkiewicz R (2007) The

immunoregulatory effects of edeine analogues in mice.

Cell Mol Biol Lett 12:149

Dabire T, Bonzi S, Somda I, Legreve A (2016) Evaluation of the

potential of Trichoderma harzianum as a plant growth

promoter and biocontrol agent against Fusarium damping-

off in onion in Burkina Faso. Asian J Plant Pathol 10:49–60

Dinos G, Wilson DN, Teraoka Y, Szaflarski W, Fucini P, Kal-

paxis D, Nierhaus KH (2004) Dissecting the ribosomal

inhibition mechanisms of edeine and pactamycin: the

universally conserved residues G693 and C795 regulate

P-site RNA binding . Mol Cell 13:113–124

Dunlap CA (2019) Taxonomy of registered Bacillus spp. strains

used as plant pathogen antagonists. Biol Control

134:82–86. https://doi.org/10.1016/j.biocontrol.2019.04.

011

Dunlap CA, Schisler DA, Bowman MJ, Rooney AP (2015)

Genomic analysis of Bacillus subtilis OH 131.1 and

coculturing with Cryptococcus flavescens for control of

Fusarium head blight. Plant Gene 2:1–9

Dunlap CA, Bowman MJ, Rooney AP (2019) Iturinic lipopep-

tide diversity in the Bacillus subtilis species group—im-

portant antifungals for plant disease biocontrol

applications. Front Microbiol 10:1794

Dunlap CA, Bowman MJ, Zeigler DR (2020) Promotion of

Bacillus subtilis subsp. inaquosorum, Bacillus subtilis

subsp. spizizenii and Bacillus subtilis subsp. stercoris to

species status. Antonie van Leeuwenhoek 113:1–12.

https://doi.org/10.1007/s10482-019-01354-9

Hettinger TP, Craig LC (1970) Edeine. IV. Structures of the

antibiotic peptides edeines A1 and B1. Biochemistry

9:1224–1232

Hunter AR, Jackson RJ, Hunt T (1977) The role of complexes

between the 40-S ribosomal subunit and Met-tRNAMetf in

the initiation of protein synthesis in the wheat-germ system

. Eur J Biochem 75:159–170

Jiang H et al (2015) Antifungal activity of Brevibacillus later-

osporus JX-5 and characterization of its antifungal com-

ponents. World J Microbiol Biotechnol 31:1605–1618

Jianmei C, Bo L, Zheng C, Huai S, Guohong L, Cibin G (2015)

Identification of ethylparaben as the antimicrobial sub-

stance produced by Brevibacillus brevis FJAT-0809-GLX.

Microbiol Res 172:48–56

Johnson ET, Dowd PF (2016) A quantitative method for

determining relative colonization rates of maize callus by

Fusarium graminearum for resistance gene evaluations.

J Microbiol Methods 130:73–75

Johnson ET, Dunlap CA (2019) Phylogenomic analysis of the

Brevibacillus brevis clade: a proposal for three new Bre-

vibacillus species, Brevibacillus fortis sp. nov., Bre-

vibacillus porteri sp. nov. and Brevibacillus schisleri sp.

nov. Antonie van Leeuwenhoek 112:991–999

Johnson ET, Evans KO, Dowd PF (2015) Antifungal activity of

a synthetic cationic peptide against the plant pathogens

Colletotrichum graminicola and three Fusarium species.

Plant Pathol J 31:316

Johnson ET, Proctor RH, Dunlap CA, Busman M (2018)

Reducing production of fumonisin mycotoxins in Fusar-

ium verticillioides by RNA interference. Mycotoxin Res

34:29–37

Jolley KA, Maiden MC (2010) BIGSdb: scalable analysis of

bacterial genome variation at the population level. BMC

Bioinform 11:595. https://doi.org/10.1186/1471-2105-11-

595

Joo HJ, Kim H-Y, Kim L-H, Lee S, Ryu J-G, Lee T (2015) A

Brevibacillus sp. antagonistic to mycotoxigenic Fusarium

spp. Biol Control 87:64–70

Kumar S, Stecher G, Tamura K (2016) MEGA7: molecular

evolutionary genetics analysis version 7.0 for bigger

datasets. Mol Biol Evol.https://doi.org/10.1093/molbev/

msw054

Kurylo-Borowska Z (1959) Antibiotical properties of the strain

Bacillus brevis Vm4. Bull Inst Mar Trop Med Med Acad

Gdansk 10:83–98

Kurylo-Borowska Z, SzerW (1972) Inhibition of bacterial DNA

synthesis by edeine. Effect on Escherichia coli mutants

lacking DNA polymerase I . Biochim Biophys Acta BBA

Nucl Acids Protein Synth 287:236–245

123

986 Antonie van Leeuwenhoek (2020) 113:973–987

https://doi.org/10.1093/nar/gkx319
https://doi.org/10.1093/nar/gkx319
https://doi.org/10.1016/j.biocontrol.2019.04.011
https://doi.org/10.1016/j.biocontrol.2019.04.011
https://doi.org/10.1007/s10482-019-01354-9
https://doi.org/10.1186/1471-2105-11-595
https://doi.org/10.1186/1471-2105-11-595
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/molbev/msw054


Malathi S (2015) Biological control of onion basal rot caused by

Fusarium oxysporum f. sp. cepae. Asian J Bio Sci

10:21–26

McGinnis S, Madden TL (2004) BLAST: at the core of a

powerful and diverse set of sequence analysis tools. Nucl

Acids Res 32:W20–W25. https://doi.org/10.1093/nar/

gkh435

McKay A, Förster H, Adaskaveg J (2012) Toxicity and resis-

tance potential of selected fungicides to Galactomyces and

Penicillium spp. causing postharvest fruit decays of citrus

and other crops. Plant Dis 96:87–96

Nguyen T, Tran-Nguyen L, Wright C, Trevorrow P, Grice K

(2019) Evaluation of the efficacy of commercial disinfec-

tants against Fusarium oxysporum f. sp. cubense race 1 and

tropical race 4 propagules. Plant Dis 103:721–728

Ocamb C, Gent D (2019) Onion (Allium cepa)-Fusarium basal

rot. In: Pscheidt J, Ocamb C (eds) Pacific northwest plant

disease management handbook. Oregon State University

Corvallis, Oregon. https://pnwhandbooks.org/node/3133.

Accessed 26 Dec 2019

Pallazzini JM, Dunlap CA, Bowman MJ, Chulze SN (2016)

Bacillus velezensis RC 218 as a biocontrol agent to reduce

Fusarium head blight and deoxynivalenol accumulation in

wheat: genome sequencing and secondary metabolite

cluster profiles. Microbiol Res 192:30–36. https://doi.org/

10.1016/j.micres.2016.06.002

Rajendran K, Ranganathan K (1996) Biological control of onion

basal rot (Fusarium oxysporum f. sp. cepae) by combined

application of fungal and bacterial antagonists. J Biol

Control 10:97–102

Roncari G, Kurylo-Borowska Z, Craig LC (1966) On the

chemical nature of the antibiotic edeine. Biochemistry

5:2153–2159

Rooney AP, Price NPJ, Ehrhardt C, Sewzey JL, Bannan JD

(2009) Phylogeny and molecular taxonomy of the Bacillus

subtilis species complex and description of Bacillus sub-

tilis subsp. inaquosorum subsp. nov. Int J Syst Evol

Microbiol 59:2429–2436. https://doi.org/10.1099/ijs.0.

009126-0

Rout E, Tripathy P, Nanda S, Nayak S, Joshi RK (2016) Eval-

uation of cultivated and wild Allium accessions for resis-

tance to Fusarium oxysporum f. sp. cepae. Proc Natl Acad

Sci India Sect B Biol Sci 86:643–649

Schisler DA, Core AB, BoehmMJ, Horst L, Krause CR, Dunlap

CA, Rooney AP (2014) Population dynamics of the

Fusarium head blight biocontrol agent Cryptococcus fla-

vescens OH182.9 on wheat anthers and heads. Biol Control

70:17–27. https://doi.org/10.1016/j.biocontrol.2013.11.

011

Schisler DA, Boehm MJ, Paul PA, Rooney AP, Dunlap CA

(2015) Reduction of Fusarium head blight using prothio-

conazole and prothioconazole-tolerant variants of the

Fusarium head blight antagonist Cryptococcus flavescens

OH 182.9. Biol Control 86:36-45. https://doi.org/10.1016/

j.biocontrol.2015.04.002

Shimotohno K-W, Iida J, Takizawa N, Endo T (1994) Purifi-

cation and characterization of arginine amidinohydrolase

from Bacillus brevis TT02-8. Biosci Biotechnol Biochem

58:1045–1049

Song Z, Liu Q, Guo H, Ju R, Zhao Y, Li J, Liu X (2012) Tos-

tadin, a novel antibacterial peptide from an antagonistic

microorganism Brevibacillus brevis XDH. Bioresour

Technol 111:504–506

Strong LC, McTavish H, Sadowsky MJ, Wackett LP (2000)

Field-scale remediation of atrazine-contaminated soil

using recombinant Escherichia coli expressing atrazine

chlorohydrolase. Environ Microbiol 2:91–98

Tamura K, NeiM (1993) Estimation of the number of nucleotide

substitutions in the control region of mitochondrial DNA in

humans and chimpanzees. Mol Biol Evol 10:512–526

Taylor A, Vagany V, Barbara D, Thomas B, Pink D, Jones J,

Clarkson J (2013) Identification of differential resistance to

six Fusarium oxysporum f. sp. cepae isolates in commer-

cial onion cultivars through the development of a rapid

seedling assay. Plant Pathol 62:103–111
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