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Abstract Bacillus amyloliquefaciens FZB42 has been shown
to stimulate plant growth and to suppress the growth of plant
pathogenic organisms including nematodes. However, the
mechanism underlying its effect against nematodes remains
unknown. In this study, we screened a random mutant library
of B. amyloliquefaciens FZB42 generated by the mariner
transposon TnYLB-1 and identified a mutant strain F5 with
attenuated nematicidal activity. Reversible polymerase chain
reaction revealed that three candidate genes RAMB_007470 ,
yhdY, and prkA that were disrupted by the transposon in strain
F5 potentially contributed to its decreased nematicidal activ-
ity. Bioassay of mutants impaired in the three candidate genes
demonstrated that directed deletion of gene RBAM_007470
resulted in loss of nematicidal activity comparable with that of
the F5 triple mutant. RBAM_007470 has been reported as
being involved in biosynthesis of plantazolicin, a thiazole/
oxazole-modified microcin with hitherto unknown function.
Electrospray ionization time-of-flight mass spectrometry
(ESI-TOF-MS) analyses of surface extracts revealed that

plantazolicin bearing a molecular weight of 1,354 Da was
present in wild-type B. amyloliquefaciens FZB42, but absent
in theΔRABM_007470 mutant. Furthermore, bioassay of the
organic extract containing plantazolicin also showed a mod-
erate nematicidal activity. We conclude that a novel gene
RBAM_007470 and its related metabolite are involved in the
antagonistic effect exerted by B. amyloliquefaciens FZB42
against nematodes.
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Introduction

Plant-parasitic nematodes cause serious losses to a variety of
agricultural crops worldwide. However, because traditional
nematicides are associated with major environmental and
health concerns, developing safe and effective nematicides is
urgently needed. Among the recent developments, biocontrol
measures have shown significant promises and attracted much
attention (Duncon 1991; Schneider et al. 2003).

Several successful biocontrol agents have been devel-
oped and put into use over the years. These agents include
nematophagous fungi and bacteria (Åhman 2000;
Tikhonov et al. 2002; Tian et al. 2007). Among them, the
bacterial genera. such as Pasteuria , Pseudomonas , Bacillus ,
Actinomycetes , Agrobacterium , Arthrobacter , Alcaligenes ,
Aureobacterium , Azotobacter, Beijerinckia , Chromobacterium ,
Clavibacter , Clostridium , Comamonas , Corynebacterium ,
Curtobacterium , Desulforibtio, Enterobacter, Flavobacterium ,
Gluconobacter, Hydrogenophaga , Klebsiella , Methylobacte-
rium , Phyllobacterium , Phingobacterium , Rhizobium ,
Stenotrotrophomonas, and Variovorax , have shown great poten-
tials for controlling nematode infections (Tian et al. 2007).
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Additionally, several human pathogens, such as Burkholderia ,
Serratia , Enterococcuss , Streptococcus , and Staphylococcus ,
have also been reported to have antagonistic effects against
nematodes (O'Quinn et al. 2001; Kurz and Ewbank 2000;
Garsin et al. 2001; Qin et al. 2000; Sifri et al. 2002). Studies
have revealed that different bacterial genera employ different
mechanisms in pathogenesis against nematodes. For example,
four Pasteuria species (Pasteuria ramosa , Pasteuria penetrans ,
Pasteuria thornei , and Pasteuria nishizawae) can parasitize
root-knot nematodesMeloidogyne spp as well as cyst nematodes
Heterodera and Globodera , respectively (Ebert et al. 1996;
Atibalentja et al. 2000). During their pathogenesis, the spores
of Pasteuria first attach to the cuticles of the second-stage
juveniles and germinate after the worms enter plant roots and
begin feeding. Bacillus thuringiensis produces toxic crystal pro-
teins and six Cry proteins (Cry5, Cry6, Cry12, Cry13, Cry14,
and Cry21) are known to be toxic to larvae of some free-living or
parasitic nematodes (Bravo et al. 1998; Marroquin et al. 2000;
Wei et al. 2003; Kotze et al. 2005). After ingestion of toxin by
target nematode larvae, the crystals dissolve within the gut of the
nematode, followed by forming lytic pores in the cell membrane
of gut epithelial cells and the subsequent proteolytic activation
(Crickmore 2005; Marroquin et al. 2000). For three strains in
three different genera (Pseudomonas fluorescens CHA0,
Brevibacillus laterosporus , and Bacillus nematocida B16
strains), their mechanism of pathogenesis is to secrete virulent
extracellular proteases which are targeting on cuticle or digestive
tract, and biocontrol plant parasitic nematodes Meloidogyne
incognita and Bursaphelenchus xylophilus (Niu et al. 2006,
2007; Huang et al. 2005). The human pathogens Burkholderia
pseudomallei , Serratia marcescens , Enterococcus faecalis ,
Streptococcus pyogenes , and Staphylococcus aureus kill nema-
todes via secreting a neuromuscular endotoxin, a cytolysin, and
two extracellular proteases (O'Quinn et al. 2001; Kurz and
Ewbank 2000; Garsin et al. 2001; Qin et al. 2000; Sifri et al.
2002).

Although great achievements have been made to under-
stand the mechanisms underlying bacterial pathogenesis
against nematodes, there are only few reports on metabolites
as well as genes related to their biosynthesis that contribute to
their virulence. Bacillus amyloliquefaciens FZB42 is a Gram-
positive bacterium and is distinguished from the model organ-
ism Bacillus subtilis by its abilities to stimulate plant growth
and antagonize plant root pathogens such as bacteria, fungi,
and even root-knot nematodes. A variety of secondary metab-
olites produced by B. amyloliquefaciens FZB42 have been
suggested to be involved in its impressive ability to control plant
pathogens and to stimulate plant growth. InB. amyloliquefaciens
FZB42, more than 340 kb, corresponding to 8.5 % of its total
genetic capacity, are devoted to non-ribosomal synthesis of
secondary metabolites including antibacterial polyketides
(bacillaene, difficidin, and macrolactin), lipopeptides (surfactin,
fengycin, and bacillomycin D), siderophores (bacillibactin; Chen

et al. 2007). However, despite its obvious abilities to reduce
nematode eggs in roots, juvenile worms in soil, and plant galls
on tomato, the specific nematicide-related genes as well as the
molecular mechanisms have remained completely unknown in
B. amyloliquefaciens FZB42 (Burkett-Cadena et al. 2008). In
this study, after we screened a random mutant library of B.
amyloliquefaciens FZB42 prepared with the mariner transposon
TnYLB-1 (Le Breton et al. 2006), the RABM_007470 gene,
which is located in a cluster of 12 genes that covers 10 kb, was
demonstrated to be involved in the capability of killing nema-
todes. Because this gene cluster had been described to be respon-
sible for the biosynthesis, modification, export, and self-
immunity of plantazolicin, a type of newly reported athiazole/
oxazole-modified microcin (TOMM) (Scholz et al. 2011), we
further compared the extracellular metabolites formed by the
ΔRABM_007470 mutant and the wild-type strain. LC-TOF-
MS assay demonstrated that a component with molecular weight
of 1354 Da [M+H+H2O]

+ was absent due to the disruption of
RABM_007470 gene, and this compound displayed a moderate
nematicidal activity. To our knowledge, this is the first report on a
metabolic product and its encoded gene in B. amyloliquefaciens
FZB42 that serves as a pathogenic factor against nematodes. Our
study represents an important step for understanding the mech-
anism of nematicidal activity in biological control.

Materials and methods

Bacterial strains and growth conditions

B. amyloliquefaciens and Escherichia coli strains were grown
at 37 °C in Luria–Bertani broth (LB) medium solidified with
2 % agar, supplemented when necessary with the appropriate
antibiotics (ampicillin at 100 mg/ml, kanamycin at 25 mg/ml,
and erythromycin at 1 mg/ml). A medium for producing the
1354 Da compound contained 40 g soy peptone, 40 g dextrin,
1.8 g KH2PO4, 4.5 g K2HPO4, 0.3 g MgSO4⋅7H2O, and
0.2 ml KellyT trace metal solution (25 mg EDTA [ethylene-
diamine-tetra-acetic acid] disodium salt dihydrate, 0.5 g
ZnSO4⋅7H2O, 3.67 g CaCl2⋅2H2O, 1.25 g MnCl2⋅4H2O,
0.25 g CoCl2⋅6H2O, 0.25 g ammonium molybdate, 2.5 g
FeSO4⋅7H2O, and 0.1 g CuSO4⋅5H2O, 500 ml H2O) per liter
(Scholz et al. 2011).

The bacterial strains and plasmid used in this study are
listed in Table 1, and the polymerase chain reaction (PCR)
primers are listed in Table 2.

Transposon library

The mariner based transposon TnYLB-1 plasmid was used to
generate a transposon library according to Haldenwang (Le
Breton et al. 2006; Dietel et al. 2013). Plasmids pMarA and
pMarB differ in the promoters that drive the expression of the
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Himar1 transposase gene. pMarA has Himar1 under the tran-
scriptional control of housekeeping σ factor σA of B. subtilis ,
while pMarB B uses general stress response σ factor σB for
transposase expression. Plasmid pMarC has no transposase
gene as well as its promoter and is used as a control (Le
Breton et al. 2006). In brief, plasmids pMarA, pMarB, and
pMarC were transformed into B. amyloliquefaciens FZB42.
Competent cells of B. amyloliquefaciens were obtained by
modifying the two-step protocol (Kunst and Rapoport 1995)
according to Idris et al. (2007). Transformants were screened
for plasmid-associated properties, i.e. Kanr and Ermr at permis-
sive temperature for plasmid replication (30 °C) and Kanr and
Erms at the restrictive temperature (48 °C). To verify that these
transformants contained the original intact plasmid, the plasmid
was extracted from the transformants and transformed into
E. coli DH5α. Next, plasmid DNAwas extracted from E. coli
DH5α and subjected to restriction endonuclease analysis with
EcoRI. The restriction was then analyzed through agarose gel

electrophoresis to verify that the transformants contained the
correct plasmid. For inducing transposition, isolated clones
were grown overnight in liquid LB medium at 37 °C, and then
portions of each culture were plated on either LB, LB and Kan
(5mg/L), or and Erm (1mg/L) and incubated at non-permissive
temperature for plasmid replication (48 °C) to select for
transposants as described previously (Le Breton et al. 2006).

Bioassay of nematicidal activity

Culturing and the synchronization of nematodes were
performed according to the modified methods from previous
reports (Brenner 1974; Lewis and Fleming 1995). Briefly, after
an E. coli OP50, overnight culture was seeded on nematode
growthmedium (NGM) agar plates [50mMNaCl, 0.25% (w/v)
peptone, 1 mM CaCl2, 5 μg/ml cholesterol, 25 mM KH2PO4,
1mMMgSO4, and 1.7% (w/v) agar], the Bristol N2 strain ofC.
elegans (the present from Kunming Animal Research Institute

Table 1 Bacterial strains and plasmid used in this study

Strain or plasmid Description Source or reference

Strains

Bacillus amyloliquefaciens

FZB42 Wild-type, deposited as strain 10A6 in the culture collection
of the Bacillus Genetic Stock Center

Bacillus Genetic Stock Center (BGSC),
Columbus, OH, USA

F5 Insertion of pMarA in FZB42:RBAM_007470::kan This work

ΔBAM_007470 FZB42 RBAM_007470::erm (pNC),does not produce PZN; This work

Escherichia coli

OP50 Uracil auxotroph Escherichia coli B Caenorhabditis Genetics Center (CGC),
Saint Paul, MN, USA

DH5α hsdR17 recA1 gyrA endA1 relA1 Takara Bio, Dalian, China

Plasmids

PMUTinNC Present from Dr.Shu Ishikawa of Nara
University, Nara, Japan

pMD18-T, pMD19-T Apr lacZ′ Takara

PMarA Plasmid containing mariner transposon TnYLB-1 Breton et al. (2006)

pNC-007470 pMUTinNC with 464-bp of RBAM_007470 This work

Table 2 Primers used in this study

Primer name Sequencea (5′–3′) Function and source

oIPCRf GCTTGTAAATTCTATCATAATTG IPCR, from Breton et al. (2006)

oIPCRv AGGGAATCATTTGAAGGTTGG IPCR, from Breton et al. (2006)

Hp-pTf AAGCTTCGCGATGTAGATGACGTTTG RBAM_007470 homologous amplification

Hp-pTv GGATCCCCGCAAGCAAGACCATTACT RBAM_007470 homologous amplification

Erm UP AACGACGAAACTGGCTAA erm gene amplification, this study

Erm DW GGAACATCTGTGGTATGGC erm gene amplification, this study

RBAM_0074700 gene UP ATCGATGATGAAGGTCAAGCCAGTC PCR amplifying the gene knock-out of RBAM_007470

RBAM_007470 gene DW GGCGCCCGAAGCCTCAAACCAGTT PCR amplifying the gene knock-out of RBAM_007470

a The nucleotides underlined represent sequences recognized by restriction enzymes
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of Chinese Academy of Sciences) were cultivated for 2–3 days
at 20 °C on the bacterial lawn. When enough worm eggs (20–
50/cm2) were observed by optical microscopy, they were
washed using 4 ml sterile M9 medium (5.8 g Na2HPO4⋅7H2O,
3 gKH2PO4, 5 gNaCl, 0.25 gMgSO4⋅7H2O) from aNGMagar
plate, followed by frequent washing in M9 medium to reduce
bacterial concentration. After removing the liquid supernatant,
an alkaline hypochlorite treatment was performed to isolate the
eggs with 1–1.5 ml bleach lysis solution (5 M NaOH 0.3 ml,
8 % NaClO 1.2 ml, ddH2O 3.5 ml). The eggs were washed
again with M9 medium and the eggs were then incubated in 4–
5 ml M9 medium at 22 °C for 18 h to get larval stage 1 (L1)
nematodes. These L1 nematodes were then transferred to fresh
NGM agar plates containing E. coli OP50 and incubated at
22 °C for 2 to 3 days until L4 stage. These L4 stage nematodes
were used for bioassays.

In our bioassays, both the slow killing assay and liquid fast
killing assay were employed (Garsin et al. 2001; Kurz et al.
2003; Garvis et al. 2009). In the slow killing assay, 40–60 L4
C. elegans worms were added to a NGM plates containing a
lawn of bacteria to be tested. The nematodes were incubated at
25 °C and examined every 24 h for 3–5 days. In the liquid fast
killing assay, the bacterial strains to be tested were grown
overnight at 37 °C with 200 rpm shaking in 3 ml liquid assay
media (4.0 g NaCl, 2.5 g peptone, 5.0 g tryptone, 2.5 g yeast
extract, 5mg cholesterol, 7.5ml glycerol, dH2O to 1 liter). Then
each 100 μl bacterial culture was diluted with M9 medium to
600μl and transferred into 16well plates. Eachwell was seeded
with 40–60 L4 stage hermaphrodite N2 nematodes and the
infection assay was performed at 25 °C for 24 h.

In these bioassays, the nematodes were considered dead
when no movement was observed under a dissecting micro-
scope and when the gentle tapping of nematodes by a needle
did not result in any response. Mortalities of nematodes were
defined as the ratio of dead nematodes over the tested nema-
todes. All experiments were performed in triplicates and were
repeated at least three times.

IPCR to identify of the candidate virulence genes

Inverse PCR (IPCR) was performed according to standard
procedures as follows (Le Breton et al. 2006). Genomic
DNA samples isolated from mutants derived from transposon
mutagenesis were first digested with the TaqI enzyme and
then the digested linear DNAs were circularized in a ligation
reaction using T4 ligase (Takara, Dalian, China) at a DNA
concentration of 5 ng/μl. IPCR was performed with the tem-
plate of 100 ng ligated DNA using the primers of oIPCR1 and
oIPCR2, which face outward from the transposon sequence.
IPCR products were purified using a recovery kit (Biotek,
Beijing, China), and the products were then linked ligated to
the plasmid pMD-18 T (TakaRa) and sequenced with the
pMD-18 T universal primer.

ESI-TOF-MS

After the tested bacterial strains were grown in the production
medium containing 1.5 % agar at 37 °C for 24 h, the bacterial
lawn from four growth plates were collected into a 50 ml
centrifuge tube with 30 ml mixture of 70 % acetonitrile and
30 % water containing the final concentration of 0.1 % formic
acid. After thorough vortexing and then centrifugation at
8,000 rpm for 20min, the supernatant was removed and purified
with a 0.45 μm filter and successively dried by a rotary evapo-
rator. The samples were dissolved in 2 ml mixture of 90 %
formic acid and 10 % acetonitrile for electrospray ionization
time-of-flight mass spectrometry (ESI-TOF-MS) analysis.

ESI-TOF-MS analysis was applied in LC/TOF-MS with ESI
operating in positive mode, and achieved using an HPLC system
(an autosampler, and a binary pump;Agilent Series 1100, Agilent
Technologies, Santa Clara, CA). The following operation param-
eters were used in our analysis: mobile phase was composed of
solvent A (60 % sterile water), solvent B (20 % acetonitril) and
solvent C (20 % isopropyl alcohol) at a constant flow of 100 μl/
min; capillary voltage 3000 V; nebulizer pressure 40 psig; drying
gas flow 7 L/min; drying gas temperature 300 °C; fragmentor
voltage 210 V; skimmer voltage 60 V. LC/TOF-MS accurate
mass spectra were recorded across the range 50–3100 m/z.
Data processing was carried out with Applied Biosystems/
MDS-SCIEX Analyst QS software (Frankfurt, Germany) with
accurate mass application-specific additions from Agilent MSD
TOF software (Valverde et al. 2010; Arraez-Roman et al. 2010).

Bioassay of nematocidal activity to surface extraction

The extraction of metabolites from the cell surface was pre-
pared using the same method described above, except that the
dried cell surface extraction was dissolved in methanol yield-
ing the concentration of 40 mg/ml. Then 20 μl liquor prepared
above was mixed with 380 μl sterile water and added into 16-
well plates, achieving the end concentration of cell surface
extraction as 2mg/ml. After seeding 40–60 L4 stage hermaph-
rodite N2 nematodes in each well, the assay was incubated at
25 °C for 24 h. The mixture containing 5 % methanol and
95 % sterile water was used as negative control.

Result

Screening the transposon library for mutants attenuated
in virulence

Before screening the transposon-insertionmutagenesis library of
B. amyloliquefaciens FZB42 to identify mutants with attenuated
nematicidal activities, auxotrophic mutants were first identified
and these mutants were excluded from further analyses. This
exclusion was necessary because auxotrophy alone could
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contribute to their decreased virulence against nematodes. After
the initial screening 400 mutants in the library, only 75 % of the
random mutants were then assayed for their nematicidal activi-
ties. Finally, our assay identified 46 mutants that showed de-
creased virulence compared to the parental strain. Among them,
F5 mutant strain was one of the candidates. In the liquid fast
killing assay, less than 10%mortality was obtained within 4 h in
F5 mutant when 31.3±4.7 % nematodes were killed by the
parent strain FZB42. If the infection time was extended to 16 h,
53.2±2.6%mortality was obtained in F5mutant treatment while
less than 10 % nematodes survived in the treatment of wild-type
FZB42 (Fig. 1a). In the slow killing assay, nematodes treated
with the F5mutant had a 10% higher survival than the wild-type
strain throughout the whole assay period. Additionally, F5 mu-
tant needed at least one additional day to kill 50% of the exposed
nematodes in this assay (Fig. 1b). Thus, the above results dem-
onstrated that the transposon-insertion mutant F5 contained mu-
tations that negatively affected its nematicidal activity.

Identification of candidate genes in F5 mutant

Taking TaqI-digested genomic DNA as the template, IPCR
with a pair of primers oIPCR1 and oIPCR2 (Le Breton et al.
2006), which faced outward from the transposon sequence, was
performed to identify the gene(s) disrupted in F5 mutant. After

the amplicons were sequenced, we selected the DNA fragments
that contained the partial sequence of Tc1/himar1 mariner
transposon vector at the two termini. This was because the
TnYLB-1 plasmid transposes by a ‘cut-and-paste’ mechanism
(LeBreton et al. 2006; Fig. 2b). Our analyses revealed that three
genes in the F5 mutant were disrupted by the transposon:
RBAM_007470 , yhdY, and prkA . RAMB_007470 was located
in a cluster of 12 genes, about 10 kb in length, and that this
cluster encoded a docking/scaffolding protein in the protein
complex for the biosynthesis of a TOMM compound (Garsin
et al. 2001; Fig. 2a). Two other genes (yhdY and prkA) were
also disrupted in F5 and these two genes respectively encoded
an uncharacterized MscS family protein that likely functioned
in the transmembrane transport and a serine protein kinase (Earl
et al. 2012; Fischer et al. 1996).

Disruption of RBAM_007470 gene caused attenuated
nematicidal activity

To determine which of the three transposon-disrupted genes
resulted in the loss of virulence within the F5, we employed the
integration vector pMUTinNC to construct suicide plasmids
containing internal DNA fragments of the three genes to mutate
each of the three genes separately. An internal DNA fragment of
RBAM_007470 was PCR amplified. The amplicon of 464 bp
was linked into pMD18-T, cleaved with HindIII and BamHI,
cloned into pMUTinNC, and yielded the recombinant plasmid
pNC-007470 for the gene locus-directed mutagenesis. The
plasmid construct was introduced into B. amyloliquefaciens
FZB42 strains by chemotransformation. Successful transforma-
tion and chromosomal integration event of the plasmid into the
RBAM_007470 gene were confirmed by PCR through ampli-
fying the knock-out of our target gene RBAM_007470 as well
as the knock-in of anti-erythromycin gene. The other two locus-
directed mutagenesis of yhdY and prkA were constructed with
the similar method (data not shown).

After bioassaying the three specific mutants and then com-
paring their nematicidal activities to the parent wild-type strain
FZB42 as well as to mutant F5, we found that the disruption of
gene RBAM_007470 led to a similar reduction of nematicidal
activity as that of mutant F5. In contrast, no reduction in
nematocidal activity was observed for mutations at the two
other genes yhdY and prkA . In the liquid fast killing assay,
most nematodes were killed within 4 h and all were dead within
16 h after co-incubation with the wild-type strain FZB42. In
contrast, the ΔRBAM_007470 mutant killed only 50.6±3.3 %
nematodes after 16 h and it took 28 h to kill all the nematodes
(Fig. 1a). In the slow killing assay, theΔRBAM_007470 mutant
required at least one additional day to kill 50 % of exposed
nematodes, similar to that of the F5 mutant. While all the tested
worms were killed after 168 h by the wild-type strain FZB42,
about 20.0±4.2 % of the nematodes survived the treatment of
ΔRBAM_007470 at that time (Fig. 1b).

Fig. 1 Nematicidal activity of the wild-type strain B. amyloliquefaciens
FZB42, F5 mutant from the transposon-insert library, and the locus-specific
ΔRBAM_007470 mutant. a . Liquid fast killing assays using the three
bacterial strains. 100 μl bacterial culture was diluted with M9 medium to
600 μl and transferred into 16 well plates, and 40–60 L4 stage C. elegans
worms were added to be tested at 25 °C. b . Slow killing assays using the
three bacterial strains. Similarly, 40–60 L4C. elegans wormswere added to
be tested. The Y axis represents the percentage of nematode survival, and
the X axis represents the time (in hours) after tests began
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Fig. 2 Alignments of nucleotide
sequences of the target gene
amplified from IPCR. Sequence
alignment of the disrupted gene
showed 99 % identity to the gene
RBAM_007470 , which encoded a
docking/scaffolding protein, in a
cluster involved in synthesizing
plantazolicin (a) and the two
flanking sequences from the
product of IPCR showed 99 %
identity to the partial sequence
from Tc1/himar1 mariner
transposon vector
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The metabolite plantazolicin serves as a virulence factor

The gene cluster containing the RABM_007470 gene has been
found essential for the biosynthesis of plantazolicin (Scholz
et al. 2011). Within this cluster, gene RABM_007470 was
proposed to function as a docking/scaffolding protein in the
protein complex consisting of a cyclodehydratase (C), a dehy-
drogenase (B), and a docking/scaffolding protein (D). We hy-
pothesize that disruption of the RABM_007470 gene led to the

elimination of plantazolicin, which subsequently led to the
attenuated nematicidal activity in B. amyloliquefaciens FZB42.

In order to identify differences in their metabolites, the
surface extract from B. amyloliquefaciens FZB42 and the
ΔRABM_007470 mutant were assayed by ESI-TOF-MS, re-
spectively. A compound ([M+H+H2O]

+) with the molecular
mass of 1354 Da was detected in the wild-type strain but
absent in the ΔRBAM_007470 mutant (Fig. 3). The features
of this compound are consistent with those of plantazolicin

Fig. 3 ESI-TOF-MS detecting metabolites from organic extracts of B.
amyloliquefaciens FZB42 and ΔRBAM_007470 strains. (a ) ESI-
TOF-MS of cpd1354 [M+H]+ from B. amyloliquefaciens FZB 42 in

an m/z range of 900 to 1600 Da. (b ) The corresponding metabolite
cpd1354 [M+H]+ could not be detected by ESI-TOF-MS in the
ΔRBAM_007470 strain

Fig. 4 Nematicidal activity of surface extracts of B. amyloliquefaciens
FZB42 and ΔRBAM_007470 strains. 40–60 L4 stage C. elegans worms
and 2mg/ml cell surface extractionwere seeded in 16well plates at 25 °C,

respectively. 5 % methanol and 95 % sterile water was used as negative
control. The Y axis represents the percentage of nematode survival, and
the X axis represents the time (in hours) after tests began

Appl Microbiol Biotechnol (2013) 97:10081–10090 10087



previously reported (Scholz et al. 2011). The results suggest
that the gene ΔRABM_007470 as well as the whole gene
cluster is responsible for the biosynthesis of plantazolicin.

To further confirm if the decrease of nematicidal activity
resulted from the absence of plantazolicin, we determined the
virulence of extracellular metabolites from both the wild-type
strain and theΔRABM_007470 mutant against nematodes. Our
results showed that there are no obvious differences in nema-
tode mortalities within the initial 2 h. Up to 24 h, extracellular
metabolites from the ΔRABM_007470 mutant showed 10-
20 % lower virulence than those of the wild-type strain
(Fig. 4). After 24 h, the nematicidal activities decreased dra-
matically in both the wild-type strain and theΔRABM_007470
mutant, probably due to the lower concentration or activity loss
of surface metabolites. Thus, our results here demonstrated that
the metabolic products containing the compound plantazolicin
had higher nematicidal activity, suggesting a potential virulence
factor in B. amyloliquefaciens FZB42.

Discussion

Defined mutant libraries have allowed efficient genome-scale
screening and provided a convenient collection of mutations for
almost any nonessential gene of interest (Cameron et al. 2008).
On the other hand, the genome sequence and associated anno-
tation information have also facilitated high-throughput gener-
ation of comprehensive mutant libraries. Thus, this approach
has been successfully used to identify virulence-related genes in
various pathogens against nematodes such as Pseudomonas
aeruginosa and B. subtilis (Xia et al. 2011). Similar to the
two successful cases, here we identified the nematotoxic factors
and obtained insights into the pathogenesis mechanisms of B.
amyloliquefacien FZB42 using random transposon-insertion
mutagenesis, in which nearly all of the ORFs in the FZB42
genome have been disrupted at least once.

Excluding the influences of mutation on impaired growth and
viability, we found that disruption of the gene RBMA_007470 in
B. amyloliquefaciens FZB42 decreased its nematicidal activity in
both the random transposon-insertion mutant F5 and the locus-
directed ΔRABM_007470 mutant. Though the other two genes
yhdY and prkA were also disrupted in the F5 mutant, subsequent
experiments for the two locus-directedmutagenesis strain showed
similar nematicidal activities to the wild type, suggesting no
obvious contribution of these two genes to nematotoxic activity.

RBAM_007470 (pznD) is part of a 12-gene cluster (pzn
cluster) covering about 10 kb and involved in synthesis of
plantazolicin (PZN). It has been reported that this gene cluster
is coding for the prepropeptide PznA, and the trimeric PznBCD
protein complex (cyclodehydratase [C], dehydrogenase [B] and
docking/scaffolding protein [D]) encoding posttranslational
modification (Scholz et al. 2011). The structures of the
ribosomally synthesized peptide antibiotics, plantazolicin A and

B, have been recently elucidated (Kalyon et al. 2011; Molohon
et al. 2011). Due to their genetic and chemical structure conser-
vation, plantazolicin is classified into the TOMM group of
metabolites (Haft et al. 2010). Plantazolicin A and its desmethyl
analogue plantazolicin B represent an unusual type of thiazole/
oxazole-containing peptide antibiotics (TOMM). A unique struc-
tural feature of plantazolicin A is the adjacency of two
pentaheterocyclic moieties that mainly confer a planar structure
to the peptide and are reminiscent of telomerase inhibitor
telomestatin (Shin-ya et al. 2001). In the plantazolicin synthesis
process, the trimeric “BCD” complex functions in two distinct
chemical transformations. The first is catalyzed by the
cyclodehydratase (C), which converts Cys and Ser/Thr residues
into the corresponding thiazoline and (methyl) oxazoline with
loss of water from the amide backbone. In the second, the
dehydrogenase (B) removes two electrons and two protons to
afford the aromatic thiazole and (methyl) oxazole (Li et al. 1996;
Milne et al. 1999). The docking scaffold protein (D) appears to
play a role in trimer assembly and the regulation of enzymatic
activity. This mechanism is similarly utilized in the biosynthetic
pathways for streptolysin S (Datta et al. 2005), andmicrocin B17
(Li et al. 1996). Our previous analysis revealed that disruption of
one of the members of the BCD protein complex leads to a
complete loss of plantazolicin production in FZB42 (Scholz et al
2011). Here, we corroborated that finding specifically for PznD:
transposon insertion into gene RBAM_007470 (pznD) led to a
complete loss in plantazolicin biosynthesis.

At present, the functions of this type of natural products have
not been completely elucidated yet. Streptolysin S secreted by
the human pathogen S. pyogenes is a highly cytolytic toxin and
contributes to the hemolytic phenotype of this bacterium.
Plantazolicin from B. amyloliquefaciens FZB42 has been shown
as a narrow spectrum antibacterial compound (Molohon et al
2011). It can inhibit the growth of closely related Gram-positive
bacteria, e.g. Bacillus anthracis , but showed no activity against
Gram-negative bacteria. However, those activities were only
observed when high concentrations of the metabolite have been
applied. The data presented here explain the activity to
antagonise root-knot nematodes that had been observed previ-
ously (Burkett-Cadena et al. 2008) and suggests a novel role of
plantazolicin in killing root-knot nematodes. Such an activity
could lead to its development as an agent for biological control.
Our study is the first report to demonstrate that plantazolicin
produced by B. amyloliquefaciens FZB42 contributes to its
nematicidal activity. The detailed mode of action of plantazolicin
against nematodes awaits further investigation, but its structural
similarity to telomerase inhibitor telomestatin might serve as a
first starting point for further studies.
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