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Abstract

Paenibacillus polymyxa, a Gram-positive low-G1C spore-forming soil bacterium,

belongs to the plant growth-promoting rhizobacteria. The swarming motility of

P. polymyxa strain E681 was greatly induced by a secondary metabolite, citrinin,

produced by Penicillium citrinum KCTC6549 in a dose-dependent manner at

concentrations of 2.5–15.0 mg mL�1 on tryptic soy agar plates containing 1.0%

(w/v) agar. Flagellum staining showed that citrinin activated the production of

flagella by P. polymyxa. This result was supported by reverse transcriptase-PCR

analysis of gene expression, which showed increased transcriptional levels of sigD

and hag homologues of P. polymyxa E681 in the presence of citrinin. The results

presented here show that a mycotoxin, citrinin, has a newly identified function of

inducing bacterial motility by transcriptional activation of related genes. This

finding contributes to our understanding of the interactions between bacteria and

fungal strains in nature.

Introduction

Agricultural ecosystems contain a wide variety of micro-

organisms that play an integral role in plant growth, health,

and productivity. In the past two decades, significant pro-

gress has been made in understanding the mechanisms of

plant growth promotion and disease suppression by intro-

duced bacteria, but the bacterial traits involved in the

process of rhizosphere competence remain poorly under-

stood. To achieve successful and reproducible performance,

knowledge of the ecological interactions taking place in soil

and root environments is required to predict the conditions

under which biocontrol can be achieved (Whipps, 2001;

Duffy et al., 2003).

In the rhizosphere, interactions between bacteria and

fungi are common (Whipps, 2001; Boer et al., 2005) and

diverse, ranging from synergistic to antagonistic. Many

factors, such as siderophores, antibiotics, and extracellular

enzymes, affect the physiological properties of microorgan-

isms, ultimately leading to changes in their viability and

behaviour. Some bacterial antagonists can control fungal

pathogens directly by producing antibiotics and cell-wall-

degrading enzymes, such as b-1,3-glucanases, cellulases,

proteases, and chitinases (Chernin et al., 1995; Nielsen &

Sorensen, 1997; Jijakli & Lepoivre, 1998; Budi et al., 2000;

Dunne et al., 2000), and antagonism can be more effective

when bacteria are attached to and colonizing the fungal

surface. Chemotaxis and colonization of fungal hyphae by

antagonistic bacteria is considered to be a first step in

suppression of a fungal pathogen (Dijksterhuis et al., 1999;

Hogan & Kolter, 2002; de Weert et al., 2004), and Dijkster-

huis et al. (1999) suggested an important role for polar

attachment of bacteria to fungal hyphae in the interaction

between Paenibacillus polymyxa and Fusarium oxysporum,
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and that clustering of bacterial cells around hyphae en-

hanced antagonism against the pathogen. However, despite

many reports of fungal–bacterial interactions, signal mole-

cules involved in interactions are rare. Paenibacillus poly-

myxa, the type species of genus Paenibacillus (Ash et al.,

1993), belongs to the group of plant growth-promoting

rhizobacteria (PGPR), and is considered to be a promising

biocontrol agent for the suppression of plant pathogens, due

to its ability to produce plant growth-enhancing substances,

such as auxin (Lebuhn et al., 1997) and cytokinin (Timmusk

et al., 1999), nitrogen fixation (Grau & Wilson, 1962),

phosphate solubilization and antagonistic activity against

bacterial and fungal pathogens through production of

antimicrobial substances such as polymyxin, fusaricidin,

and chitinase (Storm et al., 1977; Mavingui & Heulin, 1994;

Pichard et al., 1995; Beatty & Jensen, 2002; Choi et al., 2008).

In a previous study, P. polymyxa strain E681, isolated

from the rhizosphere of winter barley grown in the southern

province of Korea, was found to be capable of suppressing

plant diseases and promoting plant growth (Choi et al.,

2004; Ryu et al., 2005, 2006). Recently, whole genome

sequencing of E681 (unpublished data) and analysis of the

genome of the type strain P. polymyxa ATCC 842TM showed

that both strains contain a high proportion of genes

necessary for antibiotic biosynthesis, carbohydrate metabo-

lism, nitrogenous compound metabolism, and production

of hydrolytic enzymes such as glucanase, xylanase, inulinase,

and polyphosphatase (Jeong et al., 2006). These genes may

favour growth on plant-derived compounds and may affect

competition with other microorganisms. During a compre-

hensive study of the interactions between P. polymyxa

E681 and fungi, we found that Penicillium citrinum could

induce swarming motility of P. polymyxa. This study aimed

to identify a fungal metabolite involved in induction of

P. polymyxa motility and to analyse the mechanisms

involved.

Materials and methods

Microorganisms and culture conditions

Paenibacillus polymyxa E681 was isolated from the roots of

winter barley (Ryu et al., 2005) and maintained at � 80 1C

as frozen endospore suspensions containing 20% (v/v)

glycerol. Paenibacillus polymyxa ATCC 842TM, the type

strain, was purchased from the American Type Culture

Collection (ATCC), and P. citrinum KCTC6549 from the

Korean Collection for Type Cultures (KCTC). Paenibacillus

spp. were grown in Tryptic soy broth (TSB, BD Co.) or on

Tryptic soy agar (TSA) solidified with 1.5% (w/v) agar at

30 1C unless otherwise specified. Penicillium citrinum was

grown on potato dextrose agar (PDA, BD Co., Sparks) at

25 1C over 3 days, and was maintained at 4 1C. To prepare

fungal extracts, P. citrinum was grown in Czapek–Dox yeast

extract broth (CYB; 0.3% NaNO3, 0.1% K2HPO4, 0.1%

MgSO4 � 7H2O, 0.05% KCl, FeSO4 0.01 g, and Bacto-yeast

extract 1 g, glucose 30 g, and adjusted to pH 6.5 in 1 L).

Citrinin was purchased from Sigma-Aldrich Inc. (St Louis,

MO), dissolved in dimethyl sulphoxide (DMSO), and added

to TSB at concentrations of 2.5–20 mg mL�1, if necessary.

Preparation of fungal metabolites

Penicillium citrinum KCTC6549 was cultivated in 100 mL

CYB at 25 1C for 5 days, centrifuged to remove mycelia and

the supernatant was assayed for the inducing activity of

bacterial motility by a disk-diffusion assay (Pandya et al.,

1999). The supernatant was then passed through a column

(3 cm� 11 cm) filled with 10 g of Amberlite XAD-16 resin

for 30 min. Fungal metabolites were extracted by passing

through 50 mL of aqueous acetone solution at various

concentrations (20%, 50%, 80%, and 100%), and the

inducing activity of each extract was assayed subsequently.

The extract was re-extracted with butanol (100%), and its

inducing activity was confirmed. Finally, a yellowish residue

was obtained and dissolved in 1 mL water for reverse-phase

HPLC.

Analysis of fungal metabolites

HPLC analysis was performed using a YMC–Pack Pro C18

column (5 mm, 250 mm� 10 mm). A 0.4-mL sample was

analysed using a binary gradient mobile phase at a flow rate

of 3 mL min�1. Mobile phase A was water and mobile phase

B was acetonitrile. Gradient elution at a flow rate of

3 mL min�1 was performed as follows: 0–30 min, 15–100%

B (linear gradient), and 30–50 min, 100% B (isocratic). After

evaporation of the solvent, each fraction was assayed to

determine its activity. Active fractions were then pooled,

evaporated, and redissolved in water for liquid chromato-

graphy (LC)-electrospray ionization (ESI)-MS. ESI-MS was

performed using a Finnigan LCQ Advantage MAX ion trap

mass spectrometer (Thermo Electron Co.) equipped with a

Finnigan electrospray source. Fractionation was performed

by HPLC on the Finnigan SurveyorTM Modular HPLC

System (Thermo Electron Co.), using a YMC–Pack Pro

C18 (5mm, 2.0 mm� 50 mm) operated under the XCALIBUR

software system (version 1.3 SP2, Thermo Electron). Mobile

phase A was water and mobile phase B was acetonitrile, both

of which contained 0.1% formic acid. Gradient elution at a

flow rate of 0.2 mL min�1 was performed as follows:

0–30 min, 30–100% B (linear gradient), 30–50, min 100%

B (isocratic), and 50–70 min, 30% B (isocratic). Full-scan

mass spectra were obtained in the range m/z 100–1000, with

three microscans and a maximum ion injection time of

200 ms. Data-dependent tandem MS (MS/MS) experiments

were controlled by the menu-driven software provided with
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the system. All experiments were performed under auto-

matic gain control conditions.

Motility assays

For the swarming motility assay, Tryptic soy swarm agar

(1.0% agar) plates were prepared and air-dried for 30 min in

a laminar flow hood. Inocula of fresh P. polymyxa E681

colonies were obtained by germinating spores preserved at

� 80 1C followed by overnight growth in TSB and 100-fold

dilution into fresh 20 mLTSB. Cells in the logarithmic growth

phase (OD600 nm of 0.5) were resuspended in 2 mL phosphate

buffer (50 mM) after gentle spinning at 600 g and 4 1C for

3 min. Five microliters of the bacterial suspension was drop

inoculated at the centre of a TSA (1.0%, w/v, agar) plate

containing citrinin. For a simple swarming assay, paper disks

(8 mm diameter), loaded with sample solutions, were placed

at 0.5-cm distances from bacterial colonies. A disk plug of

fungal mycelium was prepared by punching out a potato

dextrose agar (PDA) culture with an 8-mm cork-bore.

The chemotaxis assay was performed in two different

ways. For the first, a 0.8% Bacto-agar disk (8 mm) contain-

ing citrinin (50mg mL�1) was placed on a TSA plate (1%,

w/v, agar), and 5mL of a motile bacterial cell suspension was

drop inoculated at distances of 0.5, 0.7, 0.9, and 1.2 cm from

the disk. The plate was then incubated at 30 1C for 24 h. In

the second assay, Tryptic soy swim agar (0.3%, w/v, agar)

plates were made by mixing motile bacterial cells with

premelted TSA (0.3% agar) at 45 1C; the mixture was then

solidified by drying at 25 1C for 30 min in a laminar flow

hood. Fifty microlitres of citrinin solutions of various

concentrations (up to 100 mg mL�1) were loaded on paper

disks, dried, and placed on the centre of the swim plate,

which was then incubated at room temperature for several

hours to observe chemotaxis.

Light microscopic detection of flagella

Bacterial flagella were detected using the procedure described

by Heimbrook et al. (1989). The bacterial cells grown on a

swarm plate (with or without citrinin) for 12 h were mounted

on a slide glass by touching a loopful of water to the colony

margin, allowing cells to swim into this loopful of water, and

then touching the loopful of motile cells to a drop of water on

a slide. The slide was then covered with a coverslip, and 10mL

staining solution was applied to the vertical edge of the

coverslip. After 5 min, the stained bacterial flagella were

observed by phase-contrast microscopy.

Reverse transcriptase (RT)-PCR amplification

Total RNA was extracted from bacterial cells grown in TSB

using TRIzol Reagent (Invitrogen, Carlsbad, CA) according

to the manufacturer’s instructions. Bacterial cells, grown in

20 mL TSB at 30 1C with shaking at 250 r.p.m., were

harvested after growth for 10 h and 16 h by centrifugation

at 1000 g and 4 1C for 5 min and resuspended in 10 mL TE

buffer. One hundred microlitres of cell suspension was

treated with lysozyme at room temperature for 5 min, and

1 mL of TRIzol Reagent was then added. Extracted total

RNA was cleaned by passing through a RNeasy mini kit with

on-column DNAse I treatment following the manufacturer’s

instructions (Qiagen Inc., Hilden, Germany). RT-PCR was

performed in two-step reactions using SuperScript tran-

scriptase III (Invitrogen). Approximately 150mg of DNAse-

treated total RNA was used for synthesis of first-strand DNA

in a 20-mL reaction mixture with 10 pmol primer following

the manufacturer’s instructions (Invitrogen). The secondary

PCR reaction was performed in a mixture of 2 mL first-

strand reaction and 20 pmol specific primers with 1 U

Platinum Pfx DNA polymerase (Invitrogen), 0.3 mM dNTP

mixture, and 1 mM MgSO4 in 50 mL amplification buffer.

The primers used in this study were designed based on the

nucleotide sequences of sigD and hag homologues of strain

E681 (unpublished data); sigD-F (50-ATATTGTGGAATAT

GTGTCAGGCC-30) and sigD-R (50-GAAACTCTTTCTCA

GAAACGTCC-30) for amplification of the sigD gene, and

hag-F (50-TGCTGGTCTCTCCATTTCCG-30) and hag-R

(50-TCAATTGCTGCTGTCGTAGC-30) for the hag gene.

Results

Induction of swarming motility of P. polymyxa
by a fungal metabolite

Paenibacillus polymyxa strain E681 formed round, convex,

mucoid, and opaque colonies on TSA medium containing

1.5% agar, without showing any distinctive motility

(Cheong et al., 2005). Interestingly, E681 colonies exhibited

robust swarming motility when grown in the close vicinity

of a fungal strain, P. citrinum KCTC 6549, on a TSA plate

(Fig. 1a). Swarming motility was not observed when grown

at positions distant from the fungus (Fig. 1a, lower

colonies). The inoculum for this experiment was an agar

plug containing fungal hyphae (and maybe some excreted

metabolites) excised from a PDA plate culture. In a similar

swarming assay, using agar plugs excised from the same

plate but at positions distant from fungal growth, to

exclude fungal hyphae, the same results were obtained

within 12 h of transferring the agar plugs (data not shown).

When E681 swarm cells taken from a swarm plate were

transferred to a fresh TSA (1.0% agar) plate, no swarming

expansion was observed (data not shown). These results

strongly imply that induction of swarming motility of the

E681 strain might be mediated by a metabolite(s) secreted

from P. citrinum.
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Identification of the fungal metabolite
responsible for the induction of swarming
motility of P. polymyxa

To analyse the active compound(s) of the fungal strain,

P. citrinum KCTC 6549, the strain was grown in CYB at

25 1C for 5 days. The culture supernatant was harvested and

its ability to induce swarming motility was confirmed by a

disk-diffusion assay (data not shown). Crude acetone and

butanol-extracted fungal metabolites (100 mg) were dis-

solved in 1 mL distilled water and fractionated into 50

fractions using a prep-LC. To identify the active fractions,

each fraction was checked for its swarming induction

capacity by a disk-diffusion assay. Among the 50 fractions,

only three (10, 11, and 12), obtained at a retention time of

10–12 min, showed induction activity (Fig. 1b), and addi-

tion of fraction 12 to TSA (1.0% agar) at a final concentra-

tion of 10 mg mL�1 led to induction of robust swarming

motility of P. polymyxa strain E681 cells (Fig. 1c).

Analysis of the three positive fractions by LC-MS/MS

generated a common peak with a retention time of

21.67 min (Fig. 2, left). Full-scan mass spectra were gener-

ated in both the positive and negative ionization mode and

the three fractions yielded common ion peaks at m/z 251

(Fig. 2, middle) and m/z 267 (data not shown) in the

positive and the negative ionization modes, respectively.

The patterns of MS spectra and the m/z values of 251 and

267 identified the active compound in the three fractions of

fungal extracts as a fungal mycotoxin, citrinin, following

(c)

(b)(a) Fig. 1. Swarming motility of Paenibacillus

polymyxa E681 induced by adjacent fungal

growth (a) and fungal metabolites (b and c)

on TSA plates. (a) An agar plug containing

Penicillium citrinum hyphae was placed at the

centre of a TSA (1.0% agar) plate and a strain

E681 cell suspension was drop inoculated. After

24 h of incubation at 30 1C, swarming motility

was observed. (b) Active prep-LC fractions were

screened by a disk-diffusion assay. Disks on the

left and right represent the active and inactive

fractions, respectively. (c) Swarming expansion

of P. polymyxa colony induced by addition of

10 mg mL�1 of fraction 12 to TSA medium.
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and active fractions 10 (b), 11 (c), and 12 (d) of Penicillium citrinum extract separated with Sephadex LH 20.
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database searching (http://www.microbank.re.kr/, Lee et al.,

2005) and a previously published report (Devi et al., 2006).

The above data and the UV absorption patterns (between

200 and 460 nm) of the three fungal fractions coincided

exactly with those of standard citrinin (Fig. 2, right). The

results therefore indicate that citrinin was the active com-

pound that was secreted from P. citrinum and induced the

swarming motility of P. polymyxa.

Validation of citrinin activity for inducing
motility of P. polymyxa

To validate induction of swarming motility of P. polymyxa

E681 by citrinin, TSA (1% agar) plates containing five

different concentrations of citrinin, from 2.5 to 15 mg mL�1,

were prepared and inoculated with E681 cells, grown in TSB

at 30 1C for 12 h with rapid shaking, by dropping 5 mL of the

culture (108 cells mL�1) at the centre of each TSA plate.

Citrinin strongly induced swarming motility at all the

citrinin concentrations tested (Fig. 3). After 10 h of incuba-

tion at 30 1C, swarming motility was induced in a

dose-dependent manner. At a concentration of 15 mg mL�1,

however, swarm expansion of E681 cells was inhibited,

possibly because such a high concentration of citrinin was

toxic to E681 cells. After 20 h of incubation, robust swarm-

ing of E681 cells was observed at all the citrinin concentra-

tions tested. The E681 cells grown on TSA plates without

citrinin, however, showed no swarming motility at 10 h of

incubation, and showed meagre swarming motility at 20 h

of incubation. The same experiments were repeated with

P. polymyxa ATCC842TM, the type strain of the species, and

the same results were obtained (data not shown).

Raistrick & Smith (1941) reported that citrinin has bacter-

icidal activity. To examine whether citrinin is harmful to the

growth of E681 cells, TSB was prepared with citrinin at

concentrations of 2.5, 5.0, 10.0, and 20.0mg mL�1 and the

growth of E681 strain was monitored by measuring OD600 nm

and analysis of growth curves. Citrinin had no significant

effect on growth at concentrations � 10mg mL�1, but was

significantly inhibited at a concentration of 20.0mg mL�1

(data not shown).

Effect of citrinin on the development of flagella
of P. polymyxa

To examine whether induction of swarming motility of

strain E681 by citrinin was a direct effect of citrinin, flagella

of E681 cells were examined by light microscopy after

staining. E681 cells grown on TSA containing 5 or

7.5 mg mL�1 citrinin had multiple lateral flagella (Fig. 4a, II

and III), but in the absence of citrinin had only one or a few

flagella (Fig. 4a, I). The development of lateral flagella has

also been reported in other bacterial cells with swarming

motility (Merino et al., 2006). This indicates that induction

of swarming motility in E681 by citrinin was a direct effect

occurring directly through increased production of flagella.

This was supported by analysing expression levels of a gene

homologue of sigD, encoding a sigma factor for the fla/che

cluster, and the homologue of hag, encoding flagellin, which

may be linked to bacterial motility. The deduced amino acid

sequence of the hag homologue of E681 was shown to have

52.3% identity with that of Bacillus subtilis 168 and its

flanking region included many flagella-associated genes. The

amino acid sequence of the sigD homologue was shown to

have 43.3% identity with that of B. subtilis 168 and was

located in the fla/che operon structure, as in B. subtilis 168.

Expression levels of sigD and hag in E681 cells grown in TSB

in the presence of 5 mg mL�1 citrinin were significantly

greater than those of the control after growth for 16 h

(Fig. 4b).

Chemotactic motility of P. polymyxa E681
induced by citrinin

To confirm whether migration of P. polymyxa E681 to

P. citrinum was mediated by citrinin in a specific direction,

a small agar plug containing 50 mg mL�1 citrinin was placed

at the centre of a TSA swarm plate (1.0% agar), and motile

bacterial cells (109 CFU mL�1) were drop inoculated at

distances of 0.5, 0.7, 0.9, and 1.2 cm from the citrinin plug.

All colonies except one migrated toward the citrinin

plug, the only exception being the colony closest to the plug,

possibly due to citrinin toxicity (Fig. 5a). To confirm further

chemotaxis toward citrinin, a chemotaxis assay was

0 2.5 5.0 7.5 10.0 15.0

10 h

Concentration of citrinin (µg mL−1)

20 h

Fig. 3. Swarming motility of Paenibacillus

polymyxa E681 on TSA plates amended with

commercial citrinin at final concentrations of

2.5–15 mg mL�1 centrally inoculated with 5 mL of

E681 cells freshly grown in TSB and incubated for

10 h (upper line) and 20 h (lower line) at 30 1C.
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conducted using a swim agar plate (0.3% agar). Motile E681

cells were mixed into swim agar, and paper disks containing

50mg mL�1 citrinin and DMSO (as a negative control),

respectively, were laid on the swim plate. Paenibacillus

polymyxa cells clustered around the paper disk containing

citrinin (Fig. 5b).

Discussion

Citrinin is a well-known mycotoxin, produced by fungi such

as Penicillium spp., Aspergillus spp, and several saprophytic

fungi (Pitt, 2002). The natural habitats of these citrinin-

producing fungi are diverse, including air, soil, rhizosphere,

and water. In the 1940s, citrinin was characterized as an

antibiotic active against most Gram-positive bacteria (Rais-

trick & Smith, 1941; Wang et al., 1947). Citrinin was known

more widely as a nephrotoxin in animals and, during

the past two or more decades, many functional studies have

been performed to elucidate its cytotoxic mechanisms

resulting from interference with energy generation causing

a decreased cellular ATP level, facilitation of superoxide

anion production in the respiratory chain, and perturbation

of the iron redox cycle (Chagas et al., 1992; Hoehler et al.,

1996; Stormer & Hoiby, 1996; Ribeiro et al., 1997, 1998; Da

Lozzo et al., 1998, 2002). Ueno & Kubota (1976) and Martin

et al. (1986) reported that citrinin has a DNA-attacking

ability in vitro or in vivo. Initially, we suspected increased

swarm motility of strain 681 by citrinin to be a mutational

event. In this study, however, the swarm motility was

confirmed not to originate from mutation by observing that

cells taken from swarming colonies showed a normal growth

pattern when inoculated on citrinin-free medium (data not

I

II

III

(a)

1 2 4

sigD hag

3

(b)

Fig. 4. Light microscopic detection of flagella (a)

and analysis of expressions of sigD and hag genes

by RT-PCR (b). (a) Flagella of the E681 strain were

observed by phase-contrast microscopy after

staining of the cells grown on TSA without

citrinin (I), with 5 (II), or 7.5 mg mL�1 citrinin (III).

(b) Transcription of sigD and hag genes of E681

strain grown in the absence (lanes 1 and 3) or

presence (lanes 2 and 4) of citrinin (5 mg mL�1)

was detected by RT-PCR.
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shown). Paenibacillus polymyxa ATCC842TM, the type

strain, also showed the same responses to citrinin as those

of E681 strain. Therefore, the phenomenon of swarm

expansion by P. citrinum or by citrinin seemed to be a

general cellular response of P. polymyxa species.

As shown in Fig. 4a, multiple lateral flagella were in-

creased in E681 cells growing in the presence of citrinin, and

the induced expression of homologues of sigD and hag

supported this finding. These results suggested that the

robust swarming of E681 in the presence of citrinin was

caused by the increased number of flagella. The develop-

ment of motility of P. polymyxa cells by citrinin seemed to be

an interesting phenomenon because it will probably have an

important role in P. citrinum–P. polymyxa interaction. We

also found that the bacterium showed directional migration

toward fungal or citrinin plugs (Figs 1a and 5a) and

chemotaxis toward citrinin in an experiment using a swim

plate (Fig. 5b). This supports the suggestion that citrinin, a

fungal mycotoxin, will be an important factor mediating

fungal–bacterial interactions. Interestingly, de Weert et al.

(2004) reported that Pseudomonas fluorescens WCS365

showed chemotaxis toward a fungal plant pathogen,

F. oxysporum, and the major chemotactic attractant was

fusaric acid, a mycotoxin produced by F. oxysporum. It was

also reported that fusaric acid decreased the production

of polyketide antibiotic 2,4-diacetylphloroglucinol (DAPG)

of P. fluorescens via repressed phlA expression, directly

involved in DAPG production (Schnider-Keel et al., 2000;

Notz et al., 2002; Schouten et al., 2004), and thus played a

role in self-defence of F. oxysporum against antagonizing

bacterium (Duffy et al., 2003). Although we know little

about the regulation of P. polymyxa gene expression by

citrinin, it is interesting that the two mycotoxins, fusaric

acid and citrinin, produced by two different fungal species,

F. oxysporum and P. citrinum, respectively, play a common

role as chemotactic attractants for bacterial species.

In conclusion, this study showed that citrinin, a myco-

toxin produced by P. citrinum, has a newly identified

function of inducing bacterial motility by transcriptional

activation of some genes related to the expression of

flagella. This finding will provide an insight that will allow

us to better understand the ecological roles of fungal

mycotoxins beyond their well-known toxicities to other

organisms.
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