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PvdQ, an acylase from Pseudomonas aeruginosa PAO1, has been shown to have at least two
functions. It can act as a quorum quencher due to its ability to degrade long-chain N-
acylhomoserine lactones (AHLs), e.g. 3-oxo-C12-HSL, leading to a decrease in virulence factors.
In addition, PvdQ is involved in iron homeostasis by playing a role in the biosynthesis of
pyoverdine, the major siderophore of P. aeruginosa. In accordance with earlier studies on RNA
level, we could show at the protein level that PvdQ is only expressed when iron is present at very
low concentrations. We therefore set out to investigate the two functions of PvdQ under iron-
limiting conditions. Gene deletion of pvdQ does not affect growth of P. aeruginosa but abrogates
pyoverdine production, and results in an accumulation of 3-oxo-C12-HSL. Phenotypic analyses of
our ApvdQ mutant at low iron concentrations revealed that this mutant is impaired in swarming
motility and biofilm formation. Additionally, a plant and a Caenorhabditis elegans infection model
demonstrated that the deletion of pvdQ resulted in reduced virulence. None of the phenotypes in
the present study could be linked to the presence or absence of AHLs. These results clearly
indicate that under iron-limiting conditions PvdQ plays a major role in swarming motility, in biofilm
development and in infection that is more likely to be linked to the pyoverdine pathway rather than
the Lasl/LasR/3-0xo-C12-HSL quorum-sensing circuit.

INTRODUCTION

Iron, which is essential for bacterial life, is not freely
available and in many environments is present below the
concentration required for bacterial growth (Braun &
Hantke, 1997). Bacteria have established a system to
sequester iron. They secrete iron-scavenging molecules,
siderophores, that chelate iron from the environment, and
transport it into the cells by binding to specific receptors
on the cell surface (Neilands, 1993, 1995). Also multicellular
organisms, e.g. mammals, have developed systems to
strictly regulate iron homeostasis; as well as the need to
scavenge iron ions present only at low concentrations,
cells have to be protected from the damaging radicals that
can be formed in the presence of excess iron (Carpenter
et al,, 2009; Miethke & Marahiel, 2007). Molecules that
regulate the exchangeable pool of iron (Freestone et al.,
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Abbreviations: AHL, N-acylhomoserine lactone; EDDHA, ethylenedia-
mine di(o-hydroxy)phenylacetic acid; HSL, homoserine lactone.

A supplementary figure is available with the online version of this paper.

2000, 2002, 2003), e.g. lactoferrin and transferrin, cause
the concentration of free iron in serum to be as low as
107** M. Upon infection with pathogenic bacteria, the
infected host and the pathogen will therefore start a fierce
battle for iron. Studies of a pathogen such as Pseudomonas
aeruginosa under iron-limiting conditions therefore seem
appropriate to better understand its behaviour.

P. aeruginosa is an opportunistic pathogen infecting mainly
immunocompromised individuals, such as HIV patients, as
well as those suffering from burn wounds and cystic
fibrosis (Holder, 1993). This bacterium produces two well-
characterized siderophores. Pyoverdine has a high affinity
for iron, whereas pyochelin, the second siderophore, has
only a low iron affinity (Cox et al, 1981; Cox & Adams,
1985; Poole et al., 1996).

Pyoverdine is a complex molecule composed of a
fluorescent chromophore linked to a peptide moiety
(Meyer, 2000; Wendenbaum et al., 1983). This siderophore
is considered a virulence factor, capable of enhancing P.
aeruginosa infection and virulence. Pyoverdine has been
shown not only to increase its own expression, but also to
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influence the expression of at least two virulence genes:
those encoding exotoxin A and PrpL protease (Beare et al.,
2003; Lamont et al., 2002). Therefore, pyoverdine synthesis
needs to be tightly regulated. Ferric uptake regulator (Fur)
can be seen as the major suppressor of the expression of
iron-regulated genes (Prince et al, 1991, 1993; Vasil &
Ochsner, 1999). Under low-iron conditions Fur is released
from promoter regions, allowing transcription (Escolar
et al., 1999; Neilands, 1990). One of the Fur-regulated
genes, the sigma factor gene pvdsS, is the regulator of some
genes involved in pyoverdine biosynthesis (Cunliffe et al,
1995; Miyazaki et al., 1995; Ochsner et al., 1995; Visca et al.,
2002).

Pyoverdine and subsequently iron acquisition are important
for P. aeruginosa to develop different lifestyles. It has been
shown that iron can serve as a signal for biofilm
development (Banin et al., 2005; Singh et al., 2002; Yang
et al, 2007). Particularly iron limitation compromises
biofilm formation (Banin et al, 2005; Patriquin et al.,
2008). Mere iron diffusion is not enough to allow biofilm
formation; to form biofilms, a functional iron-uptake
system is required (Banin et al., 2005). Low iron concentra-
tions induce P. aeruginosa twitching motility, suggesting
iron to be one of the links between biofilm formation and
this type of motility (Singh et al., 2002; Singh, 2004).

The pvdQ gene (PA2385 in strain PAO1 and PA14_33820
in strain PA14) is located within the pyoverdine (Pvd)
locus, but its potential role in pyoverdine biosynthesis in P.
aeruginosa is still unclear. PvdQ, which has homology to
f-lactam acylases (Sio & Quax, 2004), belongs to the N-
terminal nucleophile hydrolase (Ntn) superfamily and has
been shown to degrade some N-acylhomoserine lactones
(AHLs) (Sio et al, 2006), the major communication
molecules in Gram-negative bacteria. As for most Pvd
genes, expression of this acylase occurs under iron

starvation (Lamont & Martin, 2003; Ochsner et al.,
2002), but little is known about the effects of the enzyme
under those conditions. Therefore, we set out to investigate
the role of pvdQ in P. aeruginosa PA14. A pvdQ deletion
strain did not show any growth impairment compared to
the wild-type. The deletion strain was analysed for
phenotypes associated with iron, such as biofilm formation
and motility. AHL levels were measured to see whether
they correlated with the phenotypes observed. Our data
suggest that PvdQ is a key enzyme regulating virulence in
P. aeruginosa. At low iron concentration, PvdQ decreases
the levels of 3-oxo0-C12-HSL; it also controls pyoverdine
production and swarming motility, increases virulence via
the pyoverdine/iron pathway, and regulates biofilm
formation via an as yet unidentified mechanism.

METHODS

Bacterial strains and growth conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. Escherichia coli S17-1
Jpir was used as the donor strain in bacterial conjugation (Simon
et al., 1983). P. aeruginosa competent cells were prepared as described
by Choi ef al. (2006). Bacteria were grown at 37 °C in Luria—Bertani
(LB) medium or on LB agar plates (Sambrook et al, 2001). For
plasmid selection and maintenance, antibiotics were added to growth
media at the following concentrations: E. coli — gentamicin, 10 mg
I tetracycline, 10 mg 1'% P aeruginosa — gentamicin, 25 mg 1
tetracycline, 200 mg 1.

General DNA manipulations. DNA manipulation was performed
using standard techniques (Sambrook et al., 2001). PCR fragments
were purified using the QIAquick PCR Purification kit (Qiagen).
DNA fragments were purified from agarose gels with the QIAquick
Gel Extraction kit according to the manufacturer’s instructions.
Genomic DNA from P. aeruginosa strains was isolated using a
genomic DNA isolation kit (GenElute bacterial genomic DNA kit,
Sigma-Aldrich). Plasmid isolation was performed using Nucleospin
Plasmid Isolation kit (Macherey-Nagel). DNA sequencing was carried
out by Macrogen.

Table 1. Strains and plasmids used in this study

P. aeruginosa

PA14 pvdQ mutant ID27758

Strain or plasmid Description Reference

E. coli

DHI10B pMCT-pvdQ Sio et al. (2006)

S17-1 Jpir galU galK rpsL(St™) endA1 nupG thi pro hsdR hsdM™ recA (RP4-2Tc::Mu Simon et al. (1983)
Km::Tn?) Apir

OP50 A uracil auxotroph derived from E. coli B Brenner (1974)

UCBPP-PA14 Clinical isolate; referred to as PA14 Lee et al. (2006)
PA14ApvdQ ApvdQ chromosomal deletion mutant of PA14 This study
PA14ApvdQ:: pME6032-pvdQ This study

PA14 transposon insertion mutant

Liberati et al. (2006)

Plasmids
pEX18Gm Suicide plasmid carrying sacBR, Gm"® Hoang et al. (1998)
PME6032 lacI-Ptac expression vector; pVS1-p15A shuttle vector Tet® Heeb et al. (2002)
PME6032-pvdQ pvdQ in pME6032 Sio et al. (2006)
pSB1075 lasR lasl' (P. aeruginosa PAOL) :: luxCDABE (Photorhabdus luminescens ATCC Winson et al. (1998)
29999) fusion in pUC18 Ap®, acyl-HSL biosensor producing bioluminescence
50 Microbiology 156
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Construction of a pvdQ deletion mutant. An in-frame deletion of
pvdQ was obtained via splicing by overlapping extension PCR (SOE-
PCR: Horton et al, 1989). Briefly, approximately 1 kb fragments
located upstream and downstream of pvdQ with an additional short
sequence of overlap (given in bold letters in their sequences below)
were amplified from genomic DNA using primer pair ForA/RevA
[ForA, 5'-GACAAGCTTGGTGTCGCAGAGCGAGTT-3', containing
a HindIII restriction site (underlined); RevA, 5'-CATGAGACACGC-
GTCCCCATCGATGTCGTTTC-3'] and primer pair ForB/RevB
[ForB, 5'-GGGACGCGTGTCTCATGATAAGCAATGCCTATC-3';
RevB, 5'-CAGGAATTCGGCCATCGGTAGCA-3', containing an
EcoRI restriction site (underlined)]. Next, the two DNA fragments
were joined together, completed and the final product boosted by a
third PCR using primers ForA and RevB. The resulting fragment was
cloned into pEX18Gm carrying a sacB sucrose-sensitivity gene
(Hoang et al., 1998) using the EcoRI and HindlIII restriction sites.
This plasmid was transformed into E. coli S17-1 Zpir and conjugated
into P. aeruginosa to generate an in-frame deletion of the pvdQ gene
in the PA14 strain by allelic exchange. Gentamicin-resistant, sucrose-
sensitive P. aeruginosa strains were selected, followed by selection of
double recombinants on Vogel-Bonner minimal medium (Schweizer,
1991) containing 5% (w/v) sucrose. The deletion was confirmed by
PCR of the pvdQ gene and Southern blot analysis of digested genomic
DNA by using a DIG High Prime DNA labelling and detection starter
kit I (Roche) according to the manufacturer’s instructions.

Western blot assay. Purified protein was used to produce polyclonal
PvdQ antibodies in rabbits (Eurogentec). P. aeruginosa PA14 and its
ApvdQ mutant were grown in CAA medium (containing, per litre: 5 g
low-iron Bacto Casamino Acids (Difco), 1.54 g K;HPO,4.3H,0, 0.25 g
MgS0O,.7H,0), LB medium and LB medium supplemented with the
iron chelator 2,2'-dipyridyl (300 uM). Samples were taken 3, 6, 9 and
24 h after inoculation. Cultures were spun down for 10 min at 13 000 g
and the pellet resuspended in Bug Buster lysis buffer (Novagen). The
lysate was boiled for 10 min, and 20 pl was subsequently separated on a
4-12 % polyacrylamide gel (Invitrogen). The proteins were transferred
to a nitrocellulose membrane, blocked with 5% milk, and probed with
rabbit polyclonal PvdQ antibody (1:1000 dilution in TBS-T). Proteins
were detected with goat anti-rabbit antibody (1:5000 dilution in TBS-
T) conjugated to alkaline phosphatase.

Twitching motility assay. Twitching motility was assayed by the
subsurface agar method (Alm & Mattick, 1995). A 2 ul aliquot of a P.
aeruginosa overnight culture was stab-inoculated through a 1% LB
agar plate. The zone of twitching was visualized 24 and 48 h after
incubation at 30 °C and 37 °C by staining with Coomassie brilliant
blue R250 (Pierce). Twitching motility was also assayed after addition
of 100 uM 2,2’-dipyridyl.

Swimming assay. Swimming assays were performed using BM2
glucose minimal medium [62 mM potassium phosphate buffer
(pH 7), 0.5 mM MgSOy,, 10 uM Fe(II) sulfate, 0.5 % Casamino acids
and 0.4 % glucose] (Overhage et al., 2007) containing 0.3 % (w/v)
agar. Plates were spot-inoculated with 2 pl of an overnight culture
and the swimming zone was measured after incubation for 24 and
48 h at 30 °C or 37 °C.

Swarming assay. Swarming assays were done using BM2 glucose
minimal medium containing 0.5% (w/v) agar. Approximately 8 h
after they were poured, the plates were inoculated with 2.5 pl of an
overnight culture in triplicate. Comparisons were made only among
plates poured from the same batch of agar. Swarming media were also
supplemented with one of the following iron sources: Fe(II) sulfate
(10-300 uM), Fe(IIl) sulfate (10-300 uM), Fe(III) chloride (18—
300 uM) and Fe(II) citrate (10-300 pM). Swarming motility was also
tested on media containing the iron chelator 2,2'-dipyridyl (50 pM—
1 mM), 3-ox0-C12-HSL, C4-HSL and partially purified pyoverdine

(as described by Koedam et al, 1994). Compounds were added on a
sterile disc at various concentrations.

Biofilm formation. Cultures of P. aeruginosa PA14 and the ApvdQ
mutant were grown overnight in CAA medium and diluted in the same
medium to ODgg 0.1. To test the effects of iron on the ApvdQ mutant,
the same iron sources that were tested in the swarming motility assay
were added to the medium at 100 uM, a concentration proven to
restore swarming motility in the ApvdQ mutant. In order to minimize
the intrinsic variability of the crystal violet assay (Peeters et al., 2008)
each test was performed in >20 wells of a round-bottomed polystyrene
96-well plate (Greinier Bio-One). A 100 ul aliquot of the diluted
cultures was added to each well and the plates were incubated at 30 °C
(static biofilm). After 24 h of adhesion, the supernatant was removed
and the wells were extensively rinsed with sterile physiological saline.
Then 100 pl of fresh medium was added to the wells and the plates were
incubated for 24, 48 or 72 h. Biofilm biomass was quantified using the
crystal violet method described by Christensen et al. (1985) with minor
modifications (Peeters et al, 2008). Briefly, after removal of the
supernatant and extensive washing with 0.9 % NaCl, 100 pl of 99 %
methanol was added to each well. After 15 min of fixation, the
methanol was removed and the plates were air-dried. Then 100 pl
crystal violet (10 mg ml™'; Merck) was added to the wells and the
plates were incubated at room temperature for 20 min. The excess of
crystal violet was removed under tap water and the plates were
subsequently air-dried. To release the crystal violet, 150 pl of 33 %
acetic acid was added to the plates and absorbance was measured at
600 nm. For the iron complementation studies, the different iron salts
tested in the motility assays were added to CAA medium to a final
concentration of 100 uM. After washing the biofilm, fresh CAA
medium containing the same amount of iron salts was added to the
wells. The following steps were identical to those described above.

Determination of autoinducer production. The amount of 3-oxo-
C12-HSL produced was determined using the biosensor E.
coli(pSB1075), which produces light in response to long-chain
AHLs (Winson et al.,, 1998). 3-Oxo-C12-HSL concentrations were
determined at different stages of biofilm grown in round-bottomed
polystyrene 96-well plates. Biofilm supernatants of wild-type PA14
and the pvdQ deletion mutant were collected after 24, 48 and 72 h.
After 10 min centrifugation of the cultures, the supernatants were
filtered using a 0.2 pm pore filter (Whatman) and stored at —20 °C
for later analysis. After collecting all the samples, a bioassay was
started at 37 °C by adding 180 pl of a 1/100 dilution of an overnight
E. coli(pSB1075) culture and 20 pl of each supernatant sample. The
amount of light produced by the biosensor was read every hour
during a 20 h time course in a multifunctional microplate reader
(FLUOstar Omega, BMG Labtech). Data points obtained immediately
prior to maximum light production were used for comparisons
(about 10 h after initiation of the bioassay).

Testing P. aeruginosa virulence in a plant model. In order to
develop a simple screening mechanism for infection by P. aeruginosa,
we exploited the opportunistic plant infectious behaviour of this
bacterium. Various plants were tested and potato (Solanum
tuberosum) was selected due to easy handling and rapid visualization
of infection. The potato tuber surface was sterilized with 70 % ethanol
to reduce microbial contamination. Slices about 3—5 mm thick were
placed in sterile Petri dishes on paper dampened with sterile water.
The slices were inoculated with 10 pl of an overnight culture
previously adjusted to ODggy 0.3-0.4. Infection development was
compared between slices inoculated with PA14 wild-type,
PA14ApvdQ, PA14ApvdQ::pME6032-pvdQ and PA14ApvdQ+
partially purified pyoverdine. Non-inoculated slices were used as
negative controls to discard unwanted spoilage and/or maceration.
Global effects on infection development and tissue maceration were
assessed visually 24, 48 and 72 h after incubation at 30 °C.
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Caenorhabditis elegans killing assay. A C. eleganskilling assay was
performed to test the toxicity of PA14 and the pvdQ deletion mutant. P.
aeruginosa strains were grown overnight at 37 °C in CAA medium
(supplemented with Fe(II) sulfate, Fe(IIl) chloride or Fe(II) citrate where
necessary) and then diluted 100-fold into fresh broth. Nematode growth
medium (NGM; Brenner, 1974) plates (59 mm diameter) were then
spread with 80 pl of the respective cultures. The plates were incubated at
37 °C for 24 h and allowed to equilibrate to room temperature for
30 min, then 40 L4 nematodes from stock plates were transferred onto
the P. aeruginosa lawn. The plates were incubated at 24 °C and scored for
living and dead worms every 3—4 h for 6 days. For statistical purposes a
minimum of three replicates per trial were performed. The usual C.
elegans food bacterium E. coli OP50 was used as a negative control to
evaluate background levels of worm death. A worm was considered to be
dead when it failed to respond to plate tapping or gentle touching with a
platinum wire. Worms that died as a result of getting stuck to the wall of
the plate were excluded from the analysis. Results are presented as the
percentage of living nematodes on the killing plates compared to their
survival on the E. coli OP50 control strain.

RESULTS

Expression of PvdQ under iron-limiting conditions

pvdQ expression under iron-limiting conditions was
verified by growing strain PA14 in CAA medium with or
without additional Fe(III) chloride (100 pM) as well as in
LB medium and LB medium supplemented with the iron
chelator 2,2'-dipyridyl (300 uM) (Fig. 1). As a control, we
grew the ApvdQ mutant in the same media (only shown for
CAA medium). Our results demonstrate that PvdQ can
only be detected on Western blots when the bacteria are
grown in media with low amounts of iron, indicating iron-
dependent regulation of PvdQ production.

Influence of pvdQ deletion on growth in iron-
depleted conditions

Pyoverdine-negative strains normally show growth impair-
ment under low-iron conditions. Hence, we compared
PA14 to the ApvdQ mutant. Both were grown in CAA
medium and samples were taken over 24 h. ODgyo was

measured to compare growth, whereas absorbance of the
supernatant at 405 nm (Ays) was measured to examine
pyoverdine production. Fig. 2 shows no difference in
growth during low-iron conditions, but clearly demon-
strates the absence of pyoverdine in the deletion strain. It
should be noted here that the addition of 0.5 g 17" of the
strong chelator ethylenediamine di(o-hydroxy)phenylacetic
acid (EDDHA) impaired growth severely in the pvdQ
deletion strain but only slightly in the wild-type strain (see
Supplementary Fig. S1, available with the online version of
this paper).

Influence of PvdQ on motility

Motility has been associated with nutrient availability (Deziel
et al., 2003; Kohler et al., 2000; Rashid & Kornberg, 2000;
Singh et al., 2002). We examined the effects of pvdQ deletion
in P. aeruginosa on three different types of motility: flagellar-
mediated swimming motility, swarming, and type IV pili-
mediated twitching motility. Swimming and swarming
motility assays were performed in the standard BM2 medium
or BM2 medium without Fe(II) sulfate. No difference was
observed in twitching and swimming motility between wild-
type and deletion mutant (data not shown). In contrast to
the wild-type strain, no swarming motility could be observed
for the pvdQ deletion strain (Fig. 3a). Plasmid-borne
expression of pvdQ or addition of partially purified
pyoverdine allowed complementation of the mutant strain,
restoring the swarming level to that of the parent strain (Fig.
3b, ¢). Addition of 3-0x0-C12-HSL and C4-HSL did not
restore swarming motility in the mutant (not shown).

In a recent study, a pvdQ transposon mutant from the P.
aeruginosa PA14 mutant library (Liberati et al, 2006)
showed a decrease in swarming motility (~75% dimin-
ished compared to wild-type) (Overhage et al., 2008). This
P. aeruginosa PA14 pvdQ transposon mutant (ID27758)
was compared to our pvdQ deletion strain on the same type
of swarming plates. Interestingly, the transposon mutant
also showed total absence of swarming motility (Fig. 3d).
The differences seen in the earlier study (Overhage et al.,

1 2
PAI4 WT PA14 WT
M
CAA CAA + FeCl,

3 4 5
PA14 PAl4 PA14ApvdQ
LB LB+ iron chelator CAA

Fig. 1. PvdQ expression in P. aeruginosa PA14. PvdQ expression was monitored over 24 h. Samples were taken from cultures at
various times after inoculation as indicated. Proteins were separated on a 4—12 % polyacrylamide gel and then transferred to a
nitrocellulose membrane. PvdQ was detected with polyclonal PvdQ antibodies. Sections 1 and 2 show expression in CAA medium,
whereas sections 3 and 4 were conducted in LB with and without additional 2,2-dipyridyl. Monitoring expression in the deletion
strain 5 (section 6) served as a control. The marker (M) indicates 72 kDa; the f-subunit of PvdQ shown has a size of 60 kDa.
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Fig. 2. Growth of wild-type PA14 (black diamonds) and the ApvdQ
mutant (grey squares). Growth was monitored in iron-limited CAA
medium. Wild-type and deletion strain show no differences in
growth (full lines). However, when measuring the A5 of the cell-
free supernatant (dashed lines) a clear difference is visible:
PA14ApvdQ lacks the production of pyoverdine. o/n, overnight.

2008) can thus be attributed to laboratory conditions and
not to any polar effects from the transposon.

To investigate whether the reduced swarming motility was
influenced by differences in production of rhamnolipids
(Caiazza et al., 2005; Deziel et al., 2003; Kohler et al., 2000;
Overhage et al., 2007), an orcinol test and a TLC analysis
(as described by Wilhelm et al., 2007) were conducted with
our parent and mutant strain. However, no differences
were observed (data not shown).

Role of iron in swarming motility

Based on the lack of pyoverdine production in our deletion
strain and the evidence that low levels of iron stimulate

surface motility (Singh et al., 2002; Singh, 2004), we tested
the influence of different iron sources on the swarming
behaviour of the ApvdQ mutant. Fe(Il) sulfate, Fe(III)
sulfate, Fe(III) chloride and Fe(II) citrate were used as
individual iron sources. Additionally, swarming behaviour
was studied on iron-depleted swarming agar (containing
2,2'-dipyridyl). Individual addition of each iron com-
pound (shown for Fe(IlI) chloride in Fig. Fig. 4b) resulted
in increasing swarming motility in the deletion mutant (up
to wild-type level; Fig. 4a). Addition of 2,2'-dipyridyl
resulted in inhibition of swarming of the wild-type PA14
(Fig. 4c).

We also tested whether addition of a partially purified
batch of pyoverdine had any effect on swarming motility
(Fig. 4d). Indeed swarming motility was restored, indic-
ating a direct relation between PvdQ and pyoverdine.
These experiments show that sufficient iron is needed for
swarming motility.

PvdQ plays a role in iron uptake and biofilm
formation

Staining with crystal violet revealed a significant 32-fold
reduction in biofilm production in CAA medium in the
ApvdQ mutant in comparison to the parental strain
(Fig. 5). To test the hypothesis that iron was directly
responsible for these differences, we added the four
abovementioned iron sources. At the concentrations
tested (10-300 uM) these iron salts did not restore
biofilm formation (Fig. 5: data shown only for Fe(III)
chloride). These results indicate that iron alone does not
account for the differences in the amount of biofilm
produced by the ApvdQ mutant, suggesting that PvdQ
plays a crucial role in biofilm formation, which seems to
be independent of its role in the iron/pyoverdine
pathway.

(a) PA14ApvdQ

(b) Plasmid-borne
expression

(c) Addition of partially

(d) pvdQ transposon
mutant (ID27758)

purified pyoverdine

Fig. 3. Swarming motility of PA14ApvdQ. Swarming motility was assayed on BM2 medium solidified with 0.5% agar. (a)
Swarming impairment in PA14ApvdQ. (b, c) Swarming motility can be fully restored by plasmid-borne gene expression (b) or by
addition of partially purified pyoverdine (c). The prvdQ transposon mutant (ID27758) shows the same impairment as the clean

deletion used in our studies (d).
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(a) (b) Fe(IIT) chloride

PA14

PA14

ApvdQ

(c) 2',2-Dipyridyl (d) Partially purified

pyoverdine

I I ‘

Fig. 4. Influence of iron on swarming motility. PA14 ApvdQ is impaired in swarming motility compared to wild-type (a).
However, this swarming motility can be restored by the addition of iron (Fe(lll) chloride) (b). Enough iron needs to be present in
order for the cells to perform swarming motility; addition of iron chelators also inhibits swarming in the wild-type (c). Partially
purified pyoverdine can restore swarming motility in the deletion strain (d).

Detection of 3-0x0-C12-HSL under iron-limiting
conditions

Analysis of the cell-free supernatants of biofilms formed in
CAA minimal medium by the wild-type strain and the
ApvdQ mutant in a bioassay indicated a significant
decrease in 3-0x0-C12-HSL concentration in the wild-type
strain (Fig. 6), which can be attributed to the degradation
of this autoinducer following PvdQ production. Reduced
levels of 3-ox0-C12-HSL were observed by other authors

Asoo

N W OO

1 {
PA14 PA14ApvdQ  PA14ApvdQ
+FeCl,

Fig. 5. Effects of PvdQ on biofilm formation: comparison of biofilm
formation between PA14 (wild-type) and PA14ApvdQ. Biofims
were grown in CAA medium at 30 °C. Supplementation of the
medium with iron does not restore biofim formation in
PA14ApvdQ.

while studying the amounts of AHLs in the cystic fibrosis
lung (Singh et al., 2000). A link between PvdQ and low 3-
0x0-C12-HSL levels has been suggested as a possible
explanation for the observed autoinducer decrease
(Hentzer et al., 2005).

In vivo effect of PvdQ in a plant infection model

The effects of PvdQ on virulence were studied in a plant
model system. Potato slices inoculated with the ApvdQ
strain exhibited a pronounced decrease in infection
compared to the parental strain, for which clear infection
was observed 48 h after incubation at 30 °C (Fig. 7).
Complementation of the pvdQ mutant with plasmid
PME6032-pvdQ or addition of partially purified pyover-
dine restored infection to the wild-type level (Fig. 7).
Restoration with iron sources could not be performed, as
iron alone already caused fouling of the potato surface.

In vivo effect of pvdQ expression in a C. elegans
infection model under iron-limiting conditions

C. elegans nematodes were exposed to PA14 and the ApvdQ
mutant in order to study the effect of PvdQ under iron-
limiting conditions in vivo. The nematodes were trans-
ferred to CAA plates with lawns of the respective bacterial
strains and monitored over a 6 day period. It should be
noted that CAA medium is different from the normally
used C. elegans infection medium (Papaioannou et al,
2009).
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Fig. 6. Quantification of 3-oxo-C12-HSL.
Strains PA14 and PA14ApvdQ were grown
in a biofilm, and cell-free extracts prepared on
three consecutive days were analysed using
the biosensor strain E. coli(pSB1075). Light
produced in response to 3-oxo-C12-HSL was
quantified. For comparison, light values prior to
the exponential phase were selected. All
values are the means =+ SE from at least three
independent experiments.

During the first 2 days the nematodes did not show any
alterations in their behaviour in any of the plates. However, on
the third day post-infection the animals exposed to the wild-
type strain showed locomotion problems and their pharyngeal
pumping rate started to decrease (Fig. 8a). The number of eggs
present on the plates after 4 days was very limited. The few
offspring that could be seen on the plates showed a reduced
growth rate and by the fifth day, the LT5, was reached. In
contrast to this, the ApvdQ mutant was avirulent to the
nematodes, which showed no disease-like symptoms through-
out the period of the assay. Hundreds of eggs were present on
the plates by the third day and the offspring went through
their life cycle without any complications. No decrease in
movement or pharyngeal pumping rates was observed. After
the completion of the assay, bacterial lawns on the ApvdQ
mutant plates were almost completely consumed.

To test if the different iron sources restore the toxicity of the
ApvdQ mutant, we added one of the following iron sources
to the CAA plates: Fe(II) sulfate, Fe(III) chloride or Fe(Il)
citrate. Each of these iron compounds restored the toxicity of
the deletion strain to at least wild-type level (shown for
Fe(IlI) chloride in Fig. 8b). In many cases the animals
showed egg-laying defects and the eggs were hatching inside

the adult. Medium supplemented with Fe(III) chloride
appeared to result in the highest overall toxicity levels,
compared to all other media used: after 1 day of exposure to
this medium only 30 % of the animals were alive (Fig. 8b). It
should be noted here that PA14 was more virulent under all
the iron-supplemented conditions tested compared to the
iron-limiting conditions.

All of the above assays were performed using E. coli OP50
as a negative control to evaluate the background death
levels of the worms. This strain was avirulent in all the
assays performed under these conditions, and the nema-
todes fed on this strain went through a normal life cycle
without any complications.

DISCUSSION

Studies on quorum-quenching acylases have focused on the
potential of these enzymes to target infections by a broad
range of Gram-negative pathogens. As a recent example P.
aeruginosa has been shown to produce PvdQ, an acylase
capable of degrading its own quorum-sensing molecule (3-
ox0-C12-HSL) (Huang et al, 2003; Sio et al, 2006).

PA14ApvdQ

PA14

PA14ApvdQ
pME-pvdQ

PA14ApvdQ +
pre-purified PVD

Fig. 7. PvdQ stimulates P. aeruginosa virulence in a plant model system. Infection of P. aeruginosa PA14 and the ApvdQ
mutant was visualized on potato slices. Infection is clearly visible for the WT strain and absent for the ApvdQ mutant.
Complementation with plasmid pME6032-pvdQ and addition of partially purified pyoverdine (PVD) restore infective behaviour in

the ApvdQ mutant.
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Fig. 8. Effects of deletion of pvdQ on P. aeruginosa toxicity under
iron-limiting conditions in the C. elegans infection model and
complementation by Fe(lll) chloride. P. aeruginosa PA14 and its
ApvdQ mutant were screened for virulence in the C. elegans
model. (a) Under iron-limiting conditions (CAA medium) the
ApvdQ mutant (grey squares) is clearly attenuated in pathogenicity
compared to the PA14 wild-type (black diamonds). (b) Addition of
100 pM Fe(lll) chloride restores the toxicity of the ApvdQ mutant
(grey squares) to the wild-type levels (black diamonds) (symbols
superimposed). The negative control strain E. coli OP50 (black
triangles) did not show any significant virulence against the
nematodes.

However, little is known about the physiological role of this
enzyme in P. aeruginosa. Interestingly, pvdQ is part of the
Pvd locus and as such is involved in biosynthesis of
pyoverdine, the major siderophore of this bacterium. As
with most Pvd genes, pvdQ is only expressed under iron-
limiting conditions as shown by microarray studies
(Ochsner et al., 2002). The consequence of this is that,
apart from the involvement in pyoverdine biosynthesis, the
quorum-quenching capabilities of PvdQ are likely to
become apparent only when low concentrations of
available iron are present in the environment.

To study the control of quorum quenching and side-
rophore production by one enzyme we set out to
investigate the phenotypes affected by PvdQ. We con-
firmed that pvdQ is only expressed under low-iron
conditions (Fig. 1). This result strongly suggests that
PvdQ is only produced, and thus fulfils a physiological
role, when the iron concentration is low. The deletion of
pvdQ leads to the lack of pyoverdine synthesis as judged by
the absence of the typical green colour that is present in the
parent strain grown in CAA medium (Fig. 2) and as
analysed by HPLC (unpublished results).

In CAA medium the deletion strain grew at a rate similar to
the parent strain (Fig. 2). The absence of a growth defect in
our pyoverdine mutant suggests that in the absence of a
strong iron chelator, the other siderophore pyochelin is
sufficient for unaltered growth of the prdQ mutant under
the conditions tested. This hypothesis was confirmed by
addition of the strong iron chelator EDDHA to the growth
medium, which resulted in a growth defect for the ApvdQ
mutant (Supplementary Fig. S1), supporting the obser-
vation made by others that pyoverdine is necessary for
growth in the presence of strong iron chelators (Lamont &
Martin, 2003; Ochsner et al., 2002).

Interestingly, we could not observe any change in twitching
or swimming motility, although low iron concentrations
have been shown to enhance twitching motility (Patriquin
et al., 2008; Singh et al., 2002; Singh, 2004). Similar results
where obtained by others (Banin et al, 2005), where
biofilm formation and twitching motility showed no
correlation.

PvdQ plays a role in swarming motility of P. aeruginosa, as
shown by the observation that the pvdQ deletion strain was
impaired in swarming motility (Fig. 3a), and that
expression of plasmid-borne pvdQ was able to restore
swarming to the wild-type level (Fig. 3b). Addition of 3-
0x0-C12-HSL and C4-HSL had no effect on restoration of
swarming motility, neither could any difference in
rhamnolipid production be observed, strongly suggesting
that this phenotype is quorum quenching independent.
Addition of different iron sources (Fig. 4b) or partially
purified pyoverdine (Fig. 4d) restored swarming motility,
indicating that this phenotype is under control of iron.
These results are consistent with the observations made in
Pseudomonas putida, where swarming could be restored in
a pyoverdine mutant of P. putida KT2440 by addition of
iron or pyoverdine (Matilla et al., 2007).

Biofilm formation has been shown in previous studies to be
disrupted in pyoverdine-negative strains; these biofilm
defects could be restored by addition of Fe(Il) citrate or
Fe(III) chloride (Banin et al., 2005; Patriquin et al, 2008).
Interestingly, most biofilm-deficient mutants were demon-
strated to have enhanced swarming motility, suggesting
that these two phenotypes are inversely regulated (Caiazza
et al., 2007). In our case, the ApvdQ deletion strain is not
able to form biofilms in low-iron medium (CAA).
Addition of different iron sources to the medium could
not rescue this phenotype in our mutant strain (Fig. 5).
These observations give us an indication that in P.
aeruginosa, PvdQ plays a role in biofilm formation that
goes beyond the acquisition of iron.

To rule out the possibility of the quorum-quenching ability
of PvdQ having an influence on the results observed,
3-0x0-C12-HSL levels were measured. These levels were
higher in the ApvdQ mutant than in the wild-type,
corroborating the enzyme’s capability to degrade in vivo
long-chain AHLs (Fig. 6). Two other studies indicate a low
level of 3-ox0-C12-HSL in biofilm-forming P. aeruginosa
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cells: low levels of 3-oxo-C12-HSL were found in the
sputum of cystic fibrosis patients (Singh et al., 2000), and
in a more recent study microarray data linked the
reduction in 3-0x0-C12-HSL to an increase in pvdQ
expression in P. aeruginosa biofilms (Hentzer et al., 2005).
However, it seems more likely that the 3-oxo-CI12-HSL
levels are simply a consequence of the presence of PvdQ,
but not instrumental in biofilm formation. Overall, a
relationship between PvdQ and biofilm formation seems
clear from all the reported evidence.

Studies in a burned mouse infection model revealed that
pyoverdine/iron acquisition is important for virulence
(Meyer et al., 1996). But what role does PvdQ play? If
deletion of pvdQ has an opposite effect on biofilm formation
under low-iron conditions compared to rich medium, then
what about its effect on virulence? Our findings show that
the ApvdQ mutant is strictly avirulent in two different
models, a plant model and a C. elegans model. When
applying wild-type P. aeruginosa strain on potato slices,
fouling lesions were evident, while infection was suppressed
in the ApvdQ mutant (Fig. 7). These results are in line with
the biofilm results, especially because infection could be
restored by pvdQ complementation with plasmid pME6032-
pvdQ (Fig. 7). Under iron-limiting conditions, PvdQ
positively influences a number of virulence phenotypes. In
a C. elegans slow-Kkilling assay, lack of iron in the medium
resulted in the PA14ApvdQ mutant being avirulent to the
nematodes whereas the PA14 wild-type, under the same
conditions, had toxic effects. This observation confirms the
important role that PvdQ has in virulence. However, the
virulence enhancement can only be observed under iron-
limiting conditions. Once the media are supplemented with
iron sources, the results obtained from the slow-killing
assays dramatically change. Addition of any one of the three
iron compounds, Fe(II) sulfate, Fe(III) chloride and Fe(II)
citrate, to CAA medium resulted in the PA14ApvdQ mutant
reaching toxicity levels comparable to the PA14 wild-type
(shown for Fe(III) chloride in Fig. 8b). Taking the results
together, we can conclude that the use of the PvdQ protein
as a quorum-quenching agent for therapeutic purposes
(Papaioannou et al., 2009) should only be considered under
conditions where enough iron is present.

The recent postulation that quorum sensing and iron
uptake are related in a complicated and nutritionally
conditioned manner (Shrout et al., 2006) is in line with the
results from our experiments demonstrating that the effect
of PvdQ under iron-limiting conditions is different from
that in rich medium. Deletion of the gene does not lead to
improved biofilm formation or virulence as would be
expected by the resulting higher levels of AHLs.
Complementation of pvdQ-related phenotypes in swarm-
ing and virulence by addition of iron compounds leads to
the conclusion that the role of PvdQ in the iron-uptake
pathway overrules its deacylase activity under iron-limiting
conditions. However, the inability of iron compounds to
restore biofilm formation in the ApvdQ mutant and the
parallel swarming complementation (by addition of iron

sources) suggest that PvdQ is a key enzyme where these
— and possibly more — pathways are involved in a
complicated interplay that needs further elucidation.

ACKNOWLEDGEMENTS

We gratefully acknowledge Miguel Camara and Paul Williams for
providing the biosensor strain pSB1075 and 3-oxo-C12-HSL, and
Fred Ausubel and Elina Drenkard for providing the PA14 transposon
strain 1D27758. We also thank Sandra Matthijs and Pierre Cornelis
for helpful discussion, Nele Matthijs for excellent technical assistance,
and Diane Black for critically reading the manuscript. This research
was partly funded by EU grant Antibiotarget MEST-CT-2005-020278
to P.N.J., G.K. and E.P.

REFERENCES

Alm, R. A. & Mattick, J. S. (1995). Identification of a gene, pilV,
required for type 4 fimbrial biogenesis in Pseudomonas aeruginosa,
whose product possesses a pre-pilin-like leader sequence. Mol
Microbiol 16, 485—496.

Banin, E., Vasil, M. L. & Greenberg, E. P. (2005). Iron and
Pseudomonas aeruginosa biofilm formation. Proc Natl Acad Sci
U S A102, 11076-11081.

Beare, P. A, For, R. J, Martin, L. W. & Lamont, I. L. (2003).
Siderophore-mediated cell signalling in Pseudomonas aeruginosa:
divergent pathways regulate virulence factor production and sidero-
phore receptor synthesis. Mol Microbiol 47, 195-207.

Braun, V. & Hantke, K. (1997). Receptor-mediated bacterial iron
transport. In Transition Metals in Microbial Metabolism, pp. 81-101.
Edited by G. Winkelmann & C. J. Carrano. Amsterdam: Harwood
Academic Publishers.

Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics
77, 71-94.

Caiazza, N. C., Shanks, R. M. & O’'Toole, G. A. (2005). Rhamnolipids
modulate swarming motility patterns of Pseudomonas aeruginosa.
J Bacteriol 187, 7351-7361.

Caiazza, N. C., Merritt, J. H., Brothers, K. M. & O’Toole, G. A. (2007).
Inverse regulation of biofilm formation and swarming motility by
Pseudomonas aeruginosa PA14. J Bacteriol 189, 3603-3612.

Carpenter, B. M., Whitmire, J. M. & Merrell, D. S. (2009). This is not
your mother’s repressor: the complex role of fur in pathogenesis.
Infect Immun 77, 2590-2601.

Choi, K. H., Kumar, A. & Schweizer, H. P. (2006). A 10-min method
for preparation of highly electrocompetent Pseudomonas aeruginosa
cells: application for DNA fragment transfer between chromosomes
and plasmid transformation. | Microbiol Methods 64, 391-397.

Christensen, G. D., Simpson, W. A., Younger, J. J.,, Baddour, L. M.,
Barrett, F. F., Melton, D. M. & Beachey, E. H. (1985). Adherence of
coagulase-negative staphylococci to plastic tissue culture plates: a
quantitative model for the adherence of staphylococci to medical
devices. J Clin Microbiol 22, 996-1006.

Cox, C. D. & Adams, P. (1985). Siderophore activity of pyoverdin for
Pseudomonas aeruginosa. Infect Immun 48, 130-138.

Cox, C. D, Rinehart, K. L., Jr, Moore, M. L. & Cook, J. C., Jr (1981).
Pyochelin: novel structure of an iron-chelating growth promoter
for Pseudomonas aeruginosa. Proc Natl Acad Sci U S A 78, 4256—
4260.

Cunliffe, H. E., Merriman, T. R. & Lamont, I. L. (1995). Cloning and
characterization of pvdS, a gene required for pyoverdine synthesis in

http://mic.sgmjournals.org

57



P. Nadal Jimenez and others

Pseudomonas aeruginosa: PvdS is probably an alternative sigma factor.
] Bacteriol 177, 2744-2750.

Deziel, E., Lepine, F., Milot, S. & Villemur, R. (2003). rhlA is required
for the production of a novel biosurfactant promoting swarming
motility in Pseudomonas aeruginosa: 3-(3-hydroxyalkanoyloxy)alk-
anoic acids (HAAs), the precursors of rhamnolipids. Microbiology
149, 2005-2013.

Escolar, L., Perez-Martin, J. & de Lorenzo, V. (1999). Opening the
iron box: transcriptional metalloregulation by the Fur protein.
] Bacteriol 181, 6223-6229.

Freestone, P. P., Lyte, M., Neal, C. P., Maggs, A. F., Haigh, R. D. &
Williams, P. H. (2000). The mammalian neuroendocrine hormone
norepinephrine supplies iron for bacterial growth in the presence of
transferrin or lactoferrin. J Bacteriol 182, 6091-6098.

Freestone, P. P., Williams, P. H., Haigh, R. D., Maggs, A. F., Neal, C. P.
& Lyte, M. (2002). Growth stimulation of intestinal commensal
Escherichia coli by catecholamines: a possible contributory factor in
trauma-induced sepsis. Shock 18, 465-470.

Freestone, P. P., Haigh, R. D., Williams, P. H. & Lyte, M. (2003).
Involvement of enterobactin in norepinephrine-mediated iron supply
from transferrin to enterohaemorrhagic Escherichia coli. FEMS
Microbiol Lett 222, 39-43.

Heeb, S., Blumer, C. & Haas, D. (2002). Regulatory RNA as mediator
in GacA/RsmA-dependent global control of exoproduct formation in
Pseudomonas fluorescens CHAO. ] Bacteriol 184, 1046—1056.

Hentzer, M., Eberl, L. & Givskov, M. (2005). Transcriptome analysis of
Pseudomonas aeruginosa biofilm development: anaerobic respiration
and iron limitation. Biofilms 2, 37-61.

Hoang, T. T., Karkhoff-Schweizer, R. R., Kutchma, A. J. & Schweizer,
H. P. (1998). A broad-host-range Flp-FRT recombination system for
site-specific excision of chromosomally-located DNA sequences:
application for isolation of unmarked Pseudomonas aeruginosa
mutants. Gene 212, 77-86.

Holder, I. A. (1993). Pseudomonas aeruginosa burn infections:
pathogenesis and treatment. In Pseudomonas aeruginosa as an
Opportunistic Pathogen, pp. 275-295. Edited by M. Campa, M.
Bendinelli & H. Friedman. New York: Plenum Press.

Horton, R. M., Hunt, H. D,, Ho, S. N., Pullen, J. K. & Pease, L. R.
(1989). Engineering hybrid genes without the use of restriction
enzymes: gene splicing by overlap extension. Gene 77, 61-68.

Huang, J. J, Han, J. |, Zhang, L. H. & Leadbetter, J. R. (2003).
Utilization of acyl-homoserine lactone quorum signals for growth by
a soil pseudomonad and Pseudomonas aeruginosa PAO1. Appl Environ
Microbiol 69, 5941-5949.

Koedam, N., Wittouck, E., Gaballa, A., Gillis, A., Hofte, M. & Cornelis, P.
(1994). Detection and differentiation of microbial siderophores by
isoelectric focusing and chrome azurol S overlay. Biometals 7, 287-291.

Kohler, T., Curty, L. K., Barja, F., van Delden, C. & Pechere, J. C.
(2000). Swarming of Pseudomonas aeruginosa is dependent on cell-to-
cell signaling and requires flagella and pili. J Bacteriol 182, 5990-5996.

Lamont, I. L. & Martin, L. W. (2003). Identification and characteriza-
tion of novel pyoverdine synthesis genes in Pseudomonas aeruginosa.
Microbiology 149, 833-842.

Lamont, I. L., Beare, P. A,, Ochsner, U., Vasil, A. I. & Vasil, M. L.
(2002). Siderophore-mediated signaling regulates virulence factor
production in Pseudomonas aeruginosa. Proc Natl Acad Sci U S A 99,
7072-7077.

Lee, D. G., Urbach, J. M., Wu, G., Liberati, N. T., Feinbaum, R. L.,
Miyata, S., Diggins, L. T., He, J., Saucier, M. & other authors (2006).
Genomic analysis reveals that Pseudomonas aeruginosa virulence is
combinatorial. Genome Biol 7, R90.

Liberati, N. T., Urbach, J. M., Miyata, S., Lee, D. G., Drenkard, E.,
Wu, G., Villanueva, J., Wei, T. & Ausubel, F. M. (2006). An ordered,
nonredundant library of Pseudomonas aeruginosa strain PA14
transposon insertion mutants. Proc Natl Acad Sci U S A 103, 2833—
2838.

Matilla, M. A,, Ramos, J. L., Duque, E., de Dios, A. J., Espinosa-Urgel, M.
& Ramos-Gonzalez, M. I. (2007). Temperature and pyoverdine-
mediated iron acquisition control surface motility of Pseudomonas
putida. Environ Microbiol 9, 1842-1850.

Meyer, J. M. (2000). Pyoverdines: pigments, siderophores and
potential taxonomic markers of fluorescent Pseudomonas species.
Arch Microbiol 174, 135-142.

Meyer, J. M., Neely, A, Stintzi, A., Georges, C. & Holder, I. A. (1996).
Pyoverdin is essential for virulence of Pseudomonas aeruginosa. Infect
Immun 64, 518-523.

Miethke, M. & Marahiel, M. A. (2007). Siderophore-based iron
acquisition and pathogen control. Microbiol Mol Biol Rev 71, 413—451.

Miyazaki, H., Kato, H., Nakazawa, T. & Tsuda, M. (1995). A positive
regulatory gene, pvdS, for expression of pyoverdin biosynthetic genes
in Pseudomonas aeruginosa PAO. Mol Gen Genet 248, 17-24.

Neilands, J. B. (1990). Molecular aspects of regulation of high affinity
iron absorption in microorganisms. Adv Inorg Biochem 8, 63-90.

Neilands, J. B. (1993). Siderophores. Arch Biochem Biophys 302, 1-3.

Neilands, J. B. (1995). Siderophores: structure and function of
microbial iron transport compounds. ] Biol Chem 270, 26723-26726.

Ochsner, U. A, Vasil, A. I. & Vasil, M. L. (1995). Role of the ferric
uptake regulator of Pseudomonas aeruginosa in the regulation of
siderophores and exotoxin A expression: purification and activity on
iron-regulated promoters. J Bacteriol 177, 7194-7201.

Ochsner, U. A, Wilderman, P. J., Vasil, A. I. & Vasil, M. L. (2002).
GeneChip expression analysis of the iron starvation response in
Pseudomonas aeruginosa: identification of novel pyoverdine biosyn-
thesis genes. Mol Microbiol 45, 1277-1287.

Overhage, J., Lewenza, S., Marr, A. K. & Hancock, R. E. (2007).
Identification of genes involved in swarming motility using a
Pseudomonas aeruginosa PAO1 mini-Tn5-lux mutant library. J
Bacteriol 189, 2164-2169.

Overhage, J., Bains, M., Brazas, M. D. & Hancock, R. E. (2008).
Swarming of Pseudomonas aeruginosa is a complex adaptation leading
to increased production of virulence factors and antibiotic resistance.
] Bacteriol 190, 2671-2679.

Papaioannou, E. Wahjudi, M. Nadal Jimenez, P., Koch, G.,
Setroikromo, R. & Quax, W. J. (2009). Quorum quenching acylase
reduces the virulence of Pseudomonas aeruginosa in a Caenorhabditis
elegans infection model. Antimicrob Agents Chemother 53, 4891-4897.

Patriquin, G. M., Banin, E., Gilmour, C., Tuchman, R., Greenberg,
E. P. & Poole, K. (2008). Influence of quorum sensing and iron on
twitching motility and biofilm formation in Pseudomonas aeruginosa.
J Bacteriol 190, 662—-671.

Peeters, E., Nelis, H. J. & Coenye, T. (2008). Comparison of multiple
methods for quantification of microbial biofilms grown in microtiter
plates. J Microbiol Methods 72, 157-165.

Poole, K., Dean, C., Heinrichs, D., Neshat, S., Krebs, K., Young, L. &
Kilburn, L. (1996). Siderophore-mediated iron transport in
Pseudomonas aeruginosa. In Molecular Biology of Pseudomonas, pp.
371-373. Edited by T. Nakazawa. Washington, DC: American Society
for Microbiology.

Prince, R. W., Storey, D. G., Vasil, A. I. & Vasil, M. L. (1991).
Regulation of toxA and regA by the Escherichia coli fur gene and
identification of a Fur homologue in Pseudomonas aeruginosa PA103
and PAO1. Mol Microbiol 5, 2823-2831.

58

Microbiology 156



Role of PvdQ in swarming, biofilm and infection

Prince, R. W., Cox, C. D. & Vasil, M. L. (1993). Coordinate regulation
of siderophore and exotoxin A production: molecular cloning and
sequencing of the Pseudomonas aeruginosa fur gene. J Bacteriol 175,
2589-2598.

Rashid, M. H. & Kornberg, A. (2000). Inorganic polyphosphate is
needed for swimming, swarming, and twitching motilities of
Pseudomonas aeruginosa. Proc Natl Acad Sci U S A 97, 4885-4890.

Sambrook, J., Fritsch, E. F. & Maniatis, T. (2001). Molecular Cloning:
a Laboratory Manual. Cold Spring Harbor, NY: Cold Spring Harbor
Laboratory.

Schweizer, H. P. (1991). The agmR gene, an environmentally
responsive gene, complements defective glpR, which encodes the
putative activator for glycerol metabolism in Pseudomonas aeruginosa.
] Bacteriol 173, 6798-6806.

Shrout, J. D., Chopp, D. L., Just, C. L., Hentzer, M., Givskov, M. &
Parsek, M. R. (2006). The impact of quorum sensing and swarming
motility on Pseudomonas aeruginosa biofilm formation is nutritionally
conditional. Mol Microbiol 62, 1264-1277.

Simon, R., Priefer, U. & Puehler, A. (1983). A broad host range
mobilization system for in vivo genetic engineering: transposon
mutagenesis in gram negative bacteria. Biotechnology 1, 784-791.

Singh, P. K. (2004). Iron sequestration by human lactoferrin

stimulates P. aeruginosa surface motility and blocks biofilm
formation. Biometals 17, 267-270.

Singh, P. K,, Schaefer, A. L., Parsek, M. R., Moninger, T. O., Welsh, M. J.
& Greenberg, E. P. (2000). Quorum-sensing signals indicate that cystic
fibrosis lungs are infected with bacterial biofilms. Nature 407, 762-764.
Singh, P. K,, Parsek, M. R., Greenberg, E. P. & Welsh, M. J. (2002). A
component of innate immunity prevents bacterial biofilm devel-
opment. Nature 417, 552-555.

Sio, C. F. & Quax, W. J. (2004). Improved beta-lactam acylases and
their use as industrial biocatalysts. Curr Opin Biotechnol 15, 349-355.

Sio, C. F., Otten, L. G, Cool, R. H,, Diggle, S. P., Braun, P. G,, Bos, R.,
Daykin, M., Camara, M., Williams, P. & Quax, W. J. (2006). Quorum
quenching by an N-acyl-homoserine lactone acylase from
Pseudomonas aeruginosa PAOL. Infect Immun 74, 1673-1682.

Vasil, M. L. & Ochsner, U. A. (1999). The response of Pseudomonas
aeruginosa to iron: genetics, biochemistry and virulence. Mol
Microbiol 34, 399—413.

Visca, P., Leoni, L., Wilson, M. J. & Lamont, I. L. (2002). Iron transport
and regulation, cell signalling and genomics: lessons from Escherichia
coli and Pseudomonas. Mol Microbiol 45, 1177-1190.

Wendenbaum, S., Demange, P., Dell, A., Meyer, J. M. & Abdallah,
M. A. (1983). The structure of pyoverdinep,, the siderophore of
Pseudomonas aeruginosa. Tetrahedron Lett 24, 4877-4880.

Wilhelm, S., Gdynia, A., Tielen, P., Rosenau, F. & Jaeger, K. E. (2007).
The autotransporter esterase EstA of Pseudomonas aeruginosa is
required for rhamnolipid production, cell motility, and biofilm
formation. J Bacteriol 189, 6695-6703.

Winson, M. K, Swift, S., Fish, L, Throup, J. P, Jorgensen, F.,
Chhabra, S. R., Bycroft, B. W., Williams, P. & Stewart, G. S. (1998).
Construction and analysis of luxCDABE-based plasmid sensors for
investigating N-acyl homoserine lactone-mediated quorum sensing.
FEMS Microbiol Lett 163, 185-192.

Yang, L., Barken, K. B., Skindersoe, M. E., Christensen, A. B.,
Givskov, M. & Tolker-Nielsen, T. (2007). Effects of iron on DNA
release and biofilm development by Pseudomonas aeruginosa.
Microbiology 153, 1318-1328.

Edited by: P. Cornelis

http://mic.sgmjournals.org

59



Microbiology http://mic.sgmjournals.org/

HOME | CURRENT ISSUE | ARCHIVE | SEARCH ‘HELP ‘CONTACT us

Advanced Search
s
161, padt 4
Fages 681-921

5.0r(

rrent Issue : April 2015 ABOUT MICROBIOLOGY

ourna

pers In Press EDITORIAL BOARD & STAFF

it updated May 26, 2015 SUBMIT A MANUSCRIPT

lect an Issue fromthe Archive

Juary 1947 - Apr|| 2015 INFORMATION FOR AUTHORS

Microbiology
: . INFORMATION FOR REVIEWERS
arch for Articles

Juary 1947 - April 2015 INFORMATION FOR LIBRARIANS

) PERMISSIONS AND REPRINTS
ist-Read Articles

ist-Cited Articles SUBSCRIPTIONS
ADVERTISING
e b iy o il g llected Papers
/iew Articles ALERTS & FEEDS
Comment
SGM Prize Lectures FEEDBACK
Microbiology Editor's Choice Special Issues
FREE SAMPLE ISSUE J GEN VIROL
wsov 0 5 ) - -
Connect with SGM = MICROBIOLOGY, a journal of the Society for General INT J SYST EVOL MICROBIOL
Microbiology (SGM), combines editorial expertise from around
Microbiology Editor-in-Chief, Dr Agnés Fouet, the world with exceptional breadth of coverage and high-quality J MED MICROBIOL
talks about the journal's scope and features, production standards, and provides access to topical,
plus the benefits of publishing in the journal high-quality research and up-to-date Reviews in a single IMM CASE REPORTS
accessible source. The current impact factor for the journal
is 2.835 (2013). ALL SGM JOURNALS

-

The Society for General
Microbiology publishes
online with the
assistance of HighWire
Press®.

For an alternate route to Microbiology use this URL:
http://intl-mic.sgmjournals.org

Print ISSN: 1350-0872

Copyright © 2015 Society for General Microbiology
Online ISSN: 1465-2080

1ofl 6/2/2015 6:40 PM



Microbiology Society Journals | Editorial Board http://mic.microbiologyresearch.org/content/journal/micro/editorial

We use Cookies (/about/cookies) to track your preferences | Understand ()

Microbiology Society (http://www.microbiologysociety.org) Microbe Post (http://www.microbepost.org)

Contact us (/about/contact-us/)

MICROBIOLOGY

SOCIETY (http://www.microbiologyresearch.org)

Research online

<Back (http://mic.microbiologyresearch.org/content/journal/micro/157/7) Share v

Publishing high-quality research since 1947

(/content/journal/micro)
About (/content/journal/micro/about) Editorial Board (/content/journal/micro/editorial)
Accepted Papers (/content/journal/micro?acceptedpapers=true) Current Issue (/content/journal/micro/161/10)
Archive (/content/journal/micro/past-issues)

Collections (/content/collections?facetnames=http%3a%2f
%2fpub2web.metastore.ingenta.com%2fns%2frelatedToPublication&facetvalues=http%3a%?2f
%2fsgm.metastore.ingenta.com%z2fcontent%2fjournal%2fmicro)

Submit a Paper (http://www.editorialmanager.com/mic/Default.aspx)

Editorial Board

Editor-in-Chief

Tanya Parish L (mailto:tanya.parish@idri.org)
Infectious Disease Research Institute

Research interests: mycobacteria, gene regulation, drug discovery, pathogenesis,
antibiotic resistance

Editor's webpage (http://globalhealth.washington.edu/faculty/tanya-parish)

Jodi Lindsay
L4 (mailto:jlindsay@sgul.ac.uk) B (https://twitter.com/jodi_lindsay)
St George's, University of London

Research interests: Staphylococci, evolution, horizontal gene transfer,
antimicrobial resistance
Editor's webpage (http://www.sgul.ac.uk/research-profiles-a-z/jodi-lindsay)

1 0f 10 11/1/2015 3:08 PM



Microbiology Society Journals | Editorial Board http://mic.microbiologyresearch.org/content/journal/micro/editorial

Wafa Achouak L (mailto:wafa.achouak@cea.fr)
CEA, IBEB, France

Research interests: Rhizosphere microbial ecology, Environmental microbiology,
Environmental adaptation, Plant—bacteria interaction

Editor's webpage (http://ibeb.cea.fr/dsv/ibeb/Pages/laboratoires
/lemire.aspx#mailto%3awafa.achouak%40cea.fr)

Victor J. Cid
L4 (mailto:vicjcid@farm.ucm.es) G (https://twitter.com/VictorJCid)
Universidad Complutense de Madrid

Research interests: Yeast, signalling, morphogenesis, heterologous expression,
Saccharomyces cerevisiae, bacterial translocated effectors
Editor's webpage (https://www.ucm.es/signalyeast/lineas-de-investigacion)

Stephen Gordon
L (mailto:stephen.gordon@ucd.ie) B (https://twitter.com/@steve_myco)
University College Dublin

Research interests: Mycobacteria; Tuberculosis; Paratuberculosis; One Health;
bacterial virulence mechanisms

Editor's webpage (http://www.ucd.ie/research/people/veterinarymedicine
/professorstephengordon)

Tarek Msadek L (mailto:tmsadek@pasteur.fr)
Institut Pasteur

Research interests: Host/Pathogen interactions, Staphylococcus aureus, Gene
regulation, Environmental signaling

Editor's webpage (http://www.pasteur.fr/en/research/microbiology/units-groups
/biology-gram-positive-pathogens)

Paul W. O'Toole L (mailto:pwotoole@ucc.ie)
University College Cork

Research interests: Microbiome Microbiota Commensalism Gut Lactobacillus
Aging Host-Microbe
Editor's webpage (http://publish.ucc.ie/researchprofiles/D010/pwotoole)

Frank Sargent L (mailto:f.sargent@dundee.ac.uk)
University of Dundee

Research interests: Bacterial respiration; fermentation; metalloenzyme structure,
function and biosynthesis
Editor's webpage (http://www.lifesci.dundee.ac.uk/people/frank-sargent)

11/1/2015 3:08 PM



Microbiology Society Journals | Editorial Board http://mic.microbiologyresearch.org/content/journal/micro/editorial

Gavin H. Thomas
L (mailto:ght2@york.ac.uk) B (https://twitter.com/GavinHThomas)
University of York

Research interests: Bacterial transporters, Escherichia coli, insect symbionts,
industrial biotechnology,
Editor's webpage (http://thomaslabyork.weebly.com/)

Marvin Whiteley L4 (mailto:mwhiteley@austin.utexas.edu)
University of Texas at Austin, USA

Research interests: Biofilm; Oral microbiology; Polymicrobial; Pseudomonas;
Quorum sensing

Editors

Sonja-Verena Albers L4 (mailto:sonja.albers@biologie.uni-freiburg.de)
Max Planck Institute for Terrestrial Microbiology, Germany

Research interests: archaea, cell surface structures, motility, protein secretion, macromolecular assemblies

Elaine Bignell L (mailto:elaine.bignell@manchester.ac.uk)
The University of Manchester

Research interests: anti-infective therapeutic entities, sensory and signalling proteins, Aspergillus fumigatus

Miriam Braunstein L (mailto:braunste@med.unc.edu)
University of North Carolina School of Medicine, USA

Research interests: Protein secretion, Mycobacteria, Microbial genetics, Microbial pathogenesis

Wim Crielaard L4 (mailto:W.Crielaard@acta.nl)
Academisch Centrum Tandheelkunde Amsterdam (ACTA), Netherlands

Research interests: Oral microbial communities and oral health and diseases

Christiane Dahl L (mailto:ChDahl@uni-bonn.de)
Universitat Bonn, Germany

Research interests: sulfur metabolism, bacterial energy metabolism, anoxygenic phototrophic bacteria,
electron transport, metalloenzymes, microbial physiology

Donald Demuth L (mailto:drdemu01@Iouisville.edu)
University of Louisville

Research interests: Oral microbiology, Biofilms, Bacterial pathogenesis

Karen Dobos L4 (mailto:Karen.Dobos@colostate.edu)
Colorado State University, USA

Research interests: Infectious Diseases, Mycobacteriology, Proteomics, Mass Spectrometry, Systems Biology
30f 10 11/1/2015 3:08 PM



Microbiology Society Journals | Editorial Board http://mic.microbiologyresearch.org/content/journal/micro/editorial

4 of 10

Ken Fields L (mailto:ken fields@uky.edu)
University of Kentucky College of Medicine, USA

Research interests: Pathogenesis of the obligate intracellular bacterium Chlamydia trachomatis

Klas Flardh L4 (mailto:klas.flardh@cob.lu.se)
Lund University, Sweden

Research interests: Bacterial cell biology, differentiation, cell division, Streptomyces

Enrique Flores L) (mailto:eflores@ibvf.csic.es)
Instituto de Bioguimica Vegetal y Fotosintesis, Spain

Research interests: Bacterial Cell and Molecular Biology, Gene expression, Membrane transport,
Cyanobacteria, Nitrogen fixation, Cell differentiation, Heterocysts

David Grainger <) (mailto:d.grainger@bham.ac.uk)
University of Birmingham, UK

Research interests: Gene regulation, genomics, bacteriology, pathogenicity

Hugo Gramajo L (mailto:gramajo@ibr-conicet.gov.ar)
Universidad Nacional de Rosario, Argentina

Research interests: lipid metabolism and its regulation in actinomycetes

Simonetta Gribaldo L) (mailto:simonetta.gribaldo@pasteur.fr)
Institut Pasteur, France

Research interests: Microbial Phylogenomics

Angelika Grundling L (mailto:a.grundling@imperial.ac.uk)
Imperial College London, UK

Research interests: Gram-positive bacteria, Staphylococcus aureus, Listeria monocytogenes, cell wall,
Lipoteichoic acid, lipids, nucleotide signalling, c-di-AMP

Alfredo Herrera-Estrella L) (mailto:aherrera@langebio.cinvestav.mx)
LABORATORIO NACIONAL DE GENOMICA PARA LA BIODIVERSIDAD (LANGBIO), Mexico

Research interests: Fungal development, comparative and functional genomics

Matthew Holden L (mailto:mh3@sanger.ac.uk)
Wellcome Trust Sanger Institute, UK

Research interests: Bacterial genomics, staphylococci, streptococci, MRSA, evolution, antibiotic resistance

Derek Hood L (mailto:d.hood@har.mrc.ac.uk)
Medical Research Council Harwell, UK

Research interests: Haemophilus influenzae, lipopolysaccharide, microbial pathogenesis, otitis media

Servé Kengen b<J (mailto:serve.kengen@wur.nl)
Wageningen University and Research Centre, Netherlands
Research interests: biohydrogen, redox regulation, sugar fermentation, thermophile, Clostridium,

11/1/2015 3:08 PM



Microbiology Society Journals | Editorial Board http://mic.microbiologyresearch.org/content/journal/micro/editorial

50f 10

Thermotoga, Thermococcus

Jan Kok L (mailtozjan.kok@rug.nl)
University of Groningen, Netherlands

Research interests: Molecular biology, genetics and genomics of Gram-positive bacteria

Ruiting Lan L (mailto:rlan@unsw.edu.au)
University of New South Wales, Australia

Research interests: Genomics, Evolution of bacterial pathogens, Enteric bacterial pathogens, Bordetella
pertussis, Population biology, Evolutionary microbiology

Paul Langford L4 (mailto:p.langford @imperial.ac.uk)
Imperial College London, UK

Research interests: Bacterial pathogenicity, vaccines, diagnostics, Pasteurellaceae, respiratory pathogens,
meningitis

Nick Le Brun L (mailto:n.le-brun@uea.ac.uk)
University of East Anglia, UK

Research interests: Metal ion trafficking and metabolism, Oxidative/nitrosative stress, Metalloregulators,
Thiol-disulfide exchange, Iron—sulfur clusters

Yin Li L (mailto:yli@im.ac.cn)
Institute of Microbiology, Chinese Academy of Sciences

Research interests: Industrial fermentation, systems biotechnology

Eugene Madsen L (mailto:elm3@cornell.edu)
Cornell University

Research interests: Environmental microbiology, molecular microbial ecology, biogeochemistry,
biodegradation

Riccardo Manganelli L (mailto:riccardo.manganelli@unipd.it)
Universita degli Studi di Padova, Italy

Research interests: Tuberculosis, Sigma Factors, Vaccines, Regulation of Gene Eexpression

Diethard Mattanovich L) (mailto:diethard.mattanovich@boku.ac.at)
Universitat fur Bodenkultur Wien, Austria

Research interests: Microbial biotechnology, Systems biotechnology, Protein folding and secretion, Metabolic
engineering

Wilfried Meijer L (mailto:wmeijer@chm.uam.es)
Autonomous University of Madrid, Spain

Research interests: Bacillus subtilis, Plasmid biology, Bacteriophage, Sporulation, Horizontal gene transfer

Joachim Morschhauser L (mailtozjoachim.morschhaeuser@uni-wuerzburg.de)
Julius-Maximilians-Universitat Wurzberg, Germany

11/1/2015 3:08 PM



Microbiology Society Journals | Editorial Board http://mic.microbiologyresearch.org/content/journal/micro/editorial

6 of 10

Research interests: Candida, Molecular Mycology, Gene regulation, Antifungal drug resistance mechanisms

Carol Munro L (mailto:c.a.munro@abdn.ac.uk)
University of Aberdeen, UK

Research interests: Fungal pathogens, Candida albicans, fungal cell wall, antifungal drug, chitin

Dietrich Nies <) (mailto:d.nies@mikrobiologie.uni-halle.de)
Martin-Luther Universitat Halle-Wittenburg, Germany

Research interests: Transition metals, RND proteins, CDF proteins, P-type ATPases, ECF sigma factors

Alex O'Neill L (mailto:a.j.oneill@leeds.ac.uk)
University of Leeds, UK

Research interests: Antibiotic resistance mechanisms, antibacterial drug discovery

Yasuo Ohnishi L) (mailto:ayasuo@mail.ecc.u-tokyo.ac.jp)
The University of Tokyo, Japan

Research interests: morphological differentiation, secondary metabolism

Ivan Oresnik L4 (mailto:oresniki@cc.umanitoba.ca)
University of Manitoba, Canada

Research interests: Nitrogen fixation, Plant-microbe interactions, catabolism

Karen Otteman L (mailto:ottemann@ucsc.edu)
University of California, Santa Cruz, USA

Research interests: Chemotaxis, Chemoreceptors, Motilit

Petra Oyston L4 (mailto:pcoyston@dstl.gov.uk)
Defence Science and Technology Laboratory, UK

Research interests: Francisella, Yersinia pestis, Host—pathogen interactions, Vaccines, Biodefence

Pablo Rodriguez Palenzuela L4 (mailto:Pablo.rpalenzuela@upm.es)
Centro de Biotecnologia y Gen6mica de Plantas U.P.M., Madrid, Spain

Research interests: Bacterial plant pathogenicity, Bacterial genomics and bioinformatics, Bacterial effectors,
Bacterial resistance to plant toxins

Rebecca Parales <) (mailto:reparales@ucdavis.edu)
University of California, Davis, USA

Research interests: Bacterial chemotaxis, Biodegradation, Aromatic compound metabolism, Oxygenases, gene
regulation, Pseudomonas

Jaume Pifol L4 (mailto:jaume.pinyol@uab.cat)
Universitat Autonoma de Barcelona, Spain

Research interests: Mycoplasmas, Host-pathogen interactions, Gene expression and regulation, Motility,
Macromolecular complexes, Cell adhesion.

11/1/2015 3:08 PM



Microbiology Society Journals | Editorial Board http://mic.microbiologyresearch.org/content/journal/micro/editorial

7 0of 10

Stefanie Poggeler L (mailto:spoegge@gwdg.de)
University of Gottingen, Germany

Research interests: fungal biology, fungal development, fungal mating-systems, inteins

Gail Preston L) (mailto:gail. preston@plants.ox.ac.uk)
University of Oxford, UK

Research interests: Plant-microbe interactions, Plant disease, Microbial interactions, Pseudomonas, Bacterial
metabolism, Bacterial regulatory networks, Bacterial protein secretion

Kevin Purdy L (mailto:K.Purdy@warwick.ac.uk)
University of Warwick, UK

Research interests: Microbial ecology, environmental microbiology, animal/microbe interactions

Mark Schembri <) (mailto:m.schembri@ug.edu.au)
University of Queensland, Australia

Research interests: Bacterial pathogenesis, virulence factors, biofilms, adhesins, gene regulation,
host-pathogen interactions

Karen Scott L (mailto:k.scott@abdn.ac.uk )
University of Aberdeen, UK

Research interests: diet and the gut microbiota, antibiotic resistance, gene transfer

Pascale Serror b<J (mailto:pascale.serror@jouy.inra.fr)
Le Centre INRA de Jouy-en-Josas, France

Research interests: Enterococci, commensalism, virulence, gene regulation, Gram-positive bacteria

Jorg Simon L (mailto:simon@bio.tu-darmstadt.de)
Technische Universitat Darmstadt, Germany

Research interests: Bacterial energy metabolism and bioenergetics; Electron transport chains; Enzymology of
the microbial nitrogen and sulphur cycles; Nitrosative stress defence; Metalloenzyme biosynthesis;
Multihaem cytochromes; Quinones

Jorg Stilke L4 (mailto:jstuelk@gwdg.de)
University of Gottingen, Germany

Research interests: Gram-positive bacteria, second messengers, RNA degradation, biofilm formation, Bacillus
subtilis, carbon metabolism, gene regulation, databases

Hana Sychrova L (mailto:sychrova@biomed.cas.cz)
Academy of Sciences of the Czech Republic

Research interests: transporters, pH homeostasis, cation homeostasis, osmotolerance, yeast

Gottfried Unden L4 (mailto:unden@uni-mainz.de)
Johannes Gutenberg Universitat Mainz, Germany

Research interests: Transmembrane signaling, Oxygen sensing, C4-dicarboxylate metabolism, (Faculatative)
anaerobic metabolism

11/1/2015 3:08 PM



Microbiology Society Journals | Editorial Board http://mic.microbiologyresearch.org/content/journal/micro/editorial

Arnoud van Vliet L (mailto:arnoud.vanvliet@ifr.ac.uk)
Institute of Food Research, UK

Research interests: Foodborne pathogens, Campylobacter, genomics, molecular epidemiology, virulence,
food safety

Peter Zuber L (mailto:zuberp@ohsu.edu)
Oregon Health & Science University, USA

Research interests: Gram-positive bacteria, Microbial stress response, Transcriptional control, Proteolytic
control, Prokaryotic genetics

Tweets Microbe Post

Microbiology Society @MicrobioSoc 1h
w Only a month left to apply for the Hayes — Burnet Award to visit a lab in

Australia & present @AusSocMic #ECRchat microb.io/1iIHXNqc

Microbiology Society @MicrobioSoc 23h

Closing date for Travel Grants is 1 Dec — members can apply for help to
attend an international conference next year....
Expand

Microbiology Society @MicrobioSoc 31 Oct
w Don't forget to submit your abstract for next year's Annual Conference

#Microbiol6! Deadline is 11 December 2015 microb.io/microlivl6

Expand

3

(https://twitter.com/MicrobioSoc) y

Access Key

8 of 10

F Free content

OA Open access content

s Subscribed content
T Free Trial content

Join the Microbiology Society

11/1/2015 3:08 PM



Microbiology Society Journals | Editorial Board http://mic.microbiologyresearch.org/content/journal/micro/editorial

Join the Microbiology Society and become part of the largest microbiology community in Europe. Members
receive a range of benefits including a discount on the OpenMicrobiology fee when publishing open access
with our journals.

Find out more (http://www.microbiologysociety.org/membership/)

Focused Meeting 2015: Industrial Applications of Metal-Microbe Interactions

This Focused Meeting on Industrial Applications of Metal-Microbe Interactions will take place in London,
UK on 9 - 10 November 2015. Topics will include: biomining; biorecovery and bioprocessing;
bioremediation; and biofabrication of higher value products.

Find out more (http://microb.io/IAMMI2015)

A Back to top

9 0of 10

About Us

About the Society (http://www.microbiologysociety.org/aboutus)
Terms and Conditions (http:/about/terms-and-conditions/)
Privacy Policy (http://www.microbiologysociety.org/privacy)
Contact us (http:/about/contact-us/)

Submit a Publishing Proposal (http:/about/submit-proposal/)

Publications

Microbiology (/content/journal/micro)

Journal of General Virology (/content/journal/jgv)
Journal of Medical Microbiology (/content/journal/jmm)
JMM Case Reports (/content/journal/jmmcr)

Microbial Genomics (/content/journal/mgen)

International Journal of Systematic and Evolutionary Microbiology (/content/journal/ijsem)

Resources
11/1/2015 3:08 PM



Microbiology Society Journals | Editorial Board

For Authors (http:/authors/information-for-authors)
For Librarians (http:/librarians/get-access)
For Reviewers (http:/about/for-reviewers)

Feedback (http:/about/contact-us/)

© 2015 Microbiology Society

10 of 10

http://mic.microbiologyresearch.org/content/journal/micro/editorial

FAQs (http:/about/frequently-asked-gquestions)
Editorial Policies (http:/authors/editorial-policies)

Rights and Permissions (http:/about/rights-
and-permissions)

Reprints and Advertising (http:/about/reprints-
and-advertising)

Who's Who (http://www.microbiologysociety.org
/whoswho)

Microbe Post (http://microbepost.org)

ISSN 1350-0872

11/1/2015 3:08 PM



micrdbiology

Volume 156, part 1

Pages 1-286

SGM PRIZE LECTURE

From spores to antibiotics via the cell cycle

J. Errington 1-13
REVIEW

New insights into the regulatory networks of paralogous genes in bacteria

M. A. Martinez-Nunez, E. Pérez-Rueda, R. M. Gutierréz-Rios and E. Merino 14-22
MINI-REVIEW

Carbonic anhydrases in fungi

S. Elleuche and S. Poggeler 23-29
CELL AND MOLECULAR BIOLOGY OF MICROBES

The resistance-nodulation-division efflux pump EmhABC influences the

production of 2,4-diacetylphloroglucinol in Pseudomonas fluorescens 2P24

T. Tian, X.-G. Wu, H.-M. Duan and L.-Q. Zhang 39-48

Role of PvdQ in Pseudomonas aeruginosa virulence under iron-limiting

conditions

P. Nadal Jimenez, G. Koch, E. Papaioannou, M. Wahjudi, J. Krzeslak,

T. Coenye, R. H. Cool and W. J. Quax 49-59

Differential expression of Salmonella Type lll secretion system factors InvJ,
PrgJ, SipC, SipD, SopA and SopB in cultures and in mice
H. Gong, G.-P. Vu, Y. Bai, E. Yang, F. Liu and S. Lu 116-127

A previously uncharacterized gene, yjfO (bsmA), influences Escherichia coli
biofilm formation and stress response
M. M. Weber, C. L. French, M. B. Barnes, D. A. Siegele and R. J. C. McLean 139-147

Escherichia coli heat-shock proteins IbpA and IbpB affect biofilm formation by
influencing the level of extracellular indole

D. Kuczynska-Wisnik, E. Matuszewska and E. Laskowska 148-157
The hrcA and hspR regulons of Campylobacter jejuni
C. W. Holmes, C. W. Penn and P. A. Lund 158-166

Genetic and biochemical analysis of a class C non-specific acid phosphatase
(NSAP) of Clostridium perfringens

R. Wang, K. Ohtani, Y. Wang, Y. Yuan, S. Hassan and T. Shimizu 167-173

First report of a tetracycline-inducible gene expression system for mollicutes

M. Breton, E. Sagné, S. Duret, L. Béven, C. Citti and J. Renaudin 198-205
Front cover illustration SEM of the mycelium of Muscodor crispans, a novel endophytic fungus that produces wide-spectrum, volatile

antibiotics, active against a number of plant- and human-pathogenic bacteria. The hyphae characteristically
possess cauliflower-like projections which are unique among endophytic fungi. Image courtesy W. M. Hess,
Brigham Young University, Provo, UT, USA, and Gary Strobel, Montana State University, Bozeman, MT,
USA. See the paper by Mitchell et al. in this issue, pp. 270-277.




Null mutation analysis of an afsA-family gene, barX; that is involved in
biosynthesis of the y-butyrolactone autoregulator in Streptomyces virginiae
Y. J. Lee, S. Kitani and T. Nihira

PssA is required for a-amylase secretion in Antarctic Pseudoalteromonas
haloplanktis
E. Parrilli, M. Giuliani, C. Pezzella, A. Danchin, G. Marino and M. L. Tutino

SigC sigma factor is involved in acclimation to low inorganic carbon at high
temperature in Synechocystis sp. PCC 6803

L. Gunnelius, I. Tuominen, S. Rantamaki, M. Pollari, V. Ruotsalainen,

E. Tyystjarvi and T. Tyystjarvi

ENVIRONMENTAL AND EVOLUTIONARY MICROBIOLOGY

206-210

211-219

220-229

Molecular evidence favouring step-wise evolution of the Mozambique Vibrio
cholerae O1 El Tor hybrid strain
K. Halder, B. Das, G. B. Nair and R. K. Bhadra

VEJ¢, a novel filamentous phage of Vibrio cholerae able to transduce the
cholera toxin genes
J. Campos, E. Martinez, Y. Izquierdo and R. Fando

MICROBIAL PATHOGENICITY

99-107

108-115

Defects in flagellin glycosylation affect the virulence of Pseudomonas syringae
pv. tabaci 6605

F. Taguchi, M. Yamamoto, M. Ohnishi-Kameyama, M. Iwaki, M. Yoshida,
T. Ishii, T. Konishi and Y. Ichinose

Processing, assembly and localization of a Bacillus anthracis spore protein
K. L. Moody, A. Driks, G. L. Rother, C. K. Cote, E. E. Brueggemann,
H. B. Hines, A. M. Friedlander and J. Bozue

Characterization of a virulence-associated and cell-wall-located DNase of
Streptococcus pyogenes
T. Hasegawa, M. Minami, A. Okamoto, I. Tatsuno, M. Isaka and M. Ohta

Attraction of Brachyspira pilosicoli to mucin
R. Naresh and D. J. Hampson

PHYSIOLOGY AND BIOCHEMISTRY

72-80

174-183

184-190

191-197

Effect of subinhibitory concentrations of benzalkonium chloride on the
competitiveness of Pseudomonas aeruginosa grown in continuous culture
P. H. Mc Cay, A. A. Ocampo-Sosa and G. T. A. Fleming

Regulation of the dauBAR operon and characterization of D-amino acid
dehydrogenase DauA in arginine and lysine catabolism of Pseudomonas
aeruginosa PAO1

C. Li, X. Yao and C.-D. Lu

Nutrient-starved, non-replicating Mycobacterium tuberculosis requires
respiration, ATP synthase and isocitrate lyase for maintenance of ATP
homeostasis and viability

M. Gengenbacher, S. P. S. Rao, K. Pethe and T. Dick

A distinct physiological role of MutY in mutation prevention in mycobacteria
K. Kurthkoti, T. Srinath, P. Kumar, V. S. Malshetty, P. B. Sang, R. Jain,
R. Manjunath and U. Varshney

myo-Inositol transport by Salmonella enterica serovar Typhimurium
C. Kroger, J. Stolz and T. M. Fuchs

30-38

60-71

81-87

88-98

128-138




SMc01553 is the sixth acyl carrier protein in Sinorhizobium meliloti 1021
Y. Davila-Martinez, A. L. Ramos-Vega, S. Contreras-Martinez,
S. Encarnacion, O. Geiger and I. M. Lépez-Lara

Characterization of a broad-host-range flagellum-dependent phage that
mediates high-efficiency generalized transduction in, and between, Serratia
and Pantoea

T. J. Evans, M. A. Crow, N. R. Williamson, W. Orme, N. R. Thomson,

E. Komitopoulou and G. P. C. Salmond

Hydrophobic carboxy-terminal residues dramatically reduce protein levels in
the haloarchaeon Haloferax volcanii
C. J. Reuter, S. Uthandi, J. A. Puentes and J. A. Maupin-Furlow

Study of the distribution of autotrophic CO, fixation cycles in Crenarchaeota
I. A. Berg, W. H. Ramos-Vera, A. Petri, H. Huber and G. Fuchs

Volatile antimicrobials from Muscodor crispans, a novel endophytic fungus
A. M. Mitchell, G. A. Strobel, E. Moore, R. Robison and J. Sears

A tyrosine O-prenyltransferase catalyses the first pathway-specific step in the
biosynthesis of sirodesmin PL
A. Kremer and S.-M. Li

© Society for General Microbiology 2010
Typeset and printed in Great Britain by The Charlesworth Group

230-239

240-247

248-255

256-269

270-277

278-286




