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Genes Required for and Effects of Alginate Overproduction Induced
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Supplemented with Ammonium Metavanadate

F. Heath Damron,® Mariette Barbier,? Elizabeth S. McKenney,® Michael J. Schurr,® Joanna B. Goldberg®©

Department of Microbiology, Immunology, and Cancer Biology, University of Virginia Health System, Charlottesville, Virginia, USA® University of Colorado, School of
Medicine, Department of Microbiology, Aurora, Colorado, USA®; Department of Pediatrics and Center for Cystic Fibrosis Research, Emory University School of Medicine,
Children’s Healthcare of Atlanta, Atlanta, Georgia, USA®

Pseudomonas aeruginosa is an opportunistic pathogen that can adapt to changing environments and can secrete an exopolysac-
charide known as alginate as a protection response, resulting in a colony morphology and phenotype referred to as mucoid.
However, how P. aeruginosa senses its environment and activates alginate overproduction is not fully understood. Previously,
we showed that Pseudomonas isolation agar supplemented with ammonium metavanadate (PIAAMV) induces P. aeruginosa to
overproduce alginate. Vanadate is a phosphate mimic and causes protein misfolding by disruption of disulfide bonds. Here we
used PIAAMYV to characterize the pathways involved in inducible alginate production and tested the global effects of P. aerugi-
nosa growth on PIAAMYV by a mutant library screen, by transcriptomics, and in a murine acute virulence model. The PA14
nonredundant mutant library was screened on PIAAMYV to identify new genes that are required for the inducible alginate stress
response. A functionally diverse set of genes encoding products involved in cell envelope biogenesis, peptidoglycan remodeling, up-
take of phosphate and iron, phenazine biosynthesis, and other processes were identified as positive regulators of the mucoid phenotype
on PIAAMV. Transcriptome analysis of P. aeruginosa cultures growing in the presence of vanadate showed differential expression of
genes involved in virulence, envelope biogenesis, and cell stress pathways. In this study, it was observed that growth on PIAAMYV atten-

uates P. aeruginosa in a mouse pneumonia model. Induction of alginate overproduction occurs as a stress response to protect P.
aeruginosa, but it may be possible to modulate and inhibit these pathways based on the new genes identified in this study.

As a Gram-negative bacterium encounters conditions that
threaten its homeostasis, protective responses must be acti-
vated in order for the bacterium to survive. Pseudomonas aerugi-
nosa is an opportunistic pathogen that can easily adapt from con-
ditions in the environment to those in the host. Typically, P.
aeruginosa is not harmful to healthy humans; however, a compro-
mised immune system or traumatic event such as a wound or a
burn can provide an opportunity for P. aeruginosa to cause infec-
tion. P. aeruginosa poses a substantial threat to the life span of
individuals with the hereditary disease cystic fibrosis (CF). Muta-
tion of the cystic fibrosis transmembrane conductance regulator
(CFTR) gene has systemic effects on humans; one of the major
causes of morbidity and mortality in these patients is the acquisi-
tion of respiratory infections by pathogens such as P. aeruginosa
and Burkholderia cepacia complex organisms.

Modern antibiotics have increased the life span of CF patients
by controlling bacterial burden in the lungs. Due to intrinsic and
acquired drug resistance of P. aeruginosa, the life span of CF pa-
tients is still limited. Furthermore, while numerous vaccines for
protection against P. aeruginosa have been tested, no vaccine has
reached the market (1). Decades of research have shown that P.
aeruginosa upregulates mechanisms through both environmental
sensing and mutational events to survive in niches such as those
found in the CF lung. One particular phenotype has received ex-
tensive study over the last 3 decades: alginate overproduction.
When P. aeruginosa overproduces the exopolysaccharide known
as alginate, a phenotype referred to as mucoid is evident (see Fig.
S1in the supplemental material). CF patients are initially infected
with organisms that resemble environmental isolates that do not
overproduce alginate (2, 3). Mouse infection studies have also
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indicated that alginate production is essential for the organism to
chronically colonize the lung (4, 5).

P. aeruginosa has at least two well-characterized mechanisms
for activating alginate overproduction. The first mechanism is ge-
netic inactivation of the main negative regulator mucA, which
encodes an anti-sigma factor. The primary role of MucA is to
inhibit the alternative sigma factor o> (also known as AlgU or
AlgT) by sequestering it to the inner membrane (6). MucA is an
inner membrane protein with its C terminus in the periplasm and
N terminus in the cytoplasm. When mucA is inactivated (7), o**
activates the expression of at least 293 genes that are referred to as
the o regulon (8). One subset of these genes is the algD alginate
biosynthetic operon that encodes the machinery to synthesize and
secrete the exopolysaccharide (9). Many P. aeruginosa isolates
from CF patients have mutations in the mucA gene (7, 10-13) and
are constitutively mucoid.

Recently, a mechanism controlling alginate overproduction,
independent of mutations, was characterized and is known as reg-
ulated proteolysis of MucA (14). MucA can be proteolytically
cleaved by the protease AIgW (8, 15). The AlgW protease can be
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activated by the specific amino acids of the C terminus of various
envelope proteins (15, 16). After AlgW acts upon the C terminus
of MucA, a second protease, MucP, further cleaves MucA, likely
near the transmembrane-spanning domain (15, 17). At this point,
MucA is further processed by the ClpXP protease complex in the
cytoplasm, leading to transcriptionally active o** (18). This se-
quence of proteolytic events can be induced by membrane stress.
MucB and MucD are also negative regulators of ¢** (19, 20) and
are encoded in the same operon as algU and mucA. MucB interacts
with the C terminus of MucA and protects it from proteolytic
degradation (16). MucD is a serine protease and chaperone (17,
19, 20), which likely performs housekeeping functions in the
periplasm by degrading or refolding misfolded proteins. In the
absence of MucD, alginate overproduction occurs through MucP
proteolysis of MucA (17).

Our recent in vitro work indicates that Pseudomonas isolation
agar supplemented with ammonium metavanadate (PIAAMYV)
induces alginate overproduction by activating the alginate proteo-
Iytic cascade (21). Ammonium metavanadate (AMV) is an am-
monia salt of vanadate, which is an oxoanion of the transitional
metal vanadium. In solution, vanadate resembles phosphate, and
therefore, vanadate will likely bind proteins that also bind phos-
phate (22). Vanadate has been shown to induce modification of
lipid A, the anchor of lipopolysaccharide (LPS), which affects cell
membrane integrity (21, 23, 24). Based on our previous study
which demonstrated that alginate overproduction occurs when P.
aeruginosa is grown on PIAAMV, we proposed that vanadate in-
duces envelope stress in this organism (21). We also showed that
the three essential components of this medium needed to activate
alginate overproduction are triclosan, vanadate, and magnesium
chloride (21). However, questions remained as to which genes are
required for this effect, how vanadate causes membrane stress,
which molecular targets are affected, and, furthermore, how this
type of cell membrane stress affects the virulence and transcrip-
tome of P. aeruginosa. Our hypothesis was that growth of P.
aeruginosa on PIAAMYV affects genes outside the alginate pathway
as well as systems that lead to regulation of the mucoid phenotype.
To characterize inducible alginate overproduction on PIAAMYV,
the PA14 nonredundant transposon library was screened on
PIAAMYV to identify mutants that were not capable of alginate
overproduction. By using the lack of alginate overproduction on
PIAAMYV as a visual reporter, we identified 135 mutants that re-
vealed potentially novel pathways for alleviating cell membrane
stress through compensatory pathways. The effect of vanadate on
the transcriptome was determined by microarray analysis, which
identified large sets of coordinated regulated genes and in various
pathways. We observed that growth of P. aeruginosa on PIAAMV
attenuated virulence in an acute mouse pneumonia model. Col-
lectively, our data indicate that PIAAMYV affects a multitude of
gene systems in P. aeruginosa leading to the activation of compen-
satory pathways linked to the capability of this bacterium to adapt
and survive. An understanding of these networks may provide
valuable knowledge for developing novel pharmacological agents
and strategies against P. aeruginosa.

MATERIALS AND METHODS

Screening of the PA14 nonredundant library of transposon mutants on
PIA and PIAAMV. Pseudomonas isolation agar (PIA) (BD Difco) and
PIAAMV (21) were prepared fresh daily in 150-mm petri dishes. The
PA14 nonredundant mutant library was obtained from Massachusetts
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General Hospital and the Broad Institute of MIT and Harvard. As recom-
mended by the PA14 library project (http://ausubellab.mgh.harvard.edu
/cgi-bin/pal4/home.cgi), the library was copied according to protocols
with the following modifications. Two-milliliter, deep-well, 96-well
growth plates containing 500 .l of L-broth supplemented with 15 g/ml
gentamicin were inoculated with a thawed culture from the original
plates. Plates were incubated at 37°C overnight with shaking at 60 rpm.
One milliliter of L-broth supplemented with glycerol (22.5%, wt/vol) and
15 pg/ml gentamicin was added directly to the 2-ml culture well. One
plate required kanamycin for selection, and the protocol was performed as
described above, with 200 pg/ml kanamycin in place of gentamicin. The
culture grown overnight was used to inoculate the PIA and PIAAMV
plates directly. Sterile 200-pl pipette tips were used to pick up approxi-
mately 1 pl of the cell suspension to inoculate the PIA and PIAAMV
plates. PIA and PIAAMYV plates were incubated at 25°C and monitored
several times a day to observe the phenotypes of the strains on the two
growth media. At 48 h, prospective nonmucoid mutants on PIAAMV
were subcultured again on PIA and PIAAMYV and incubated at 25°C for 2
to 3 days. To show the phenotypes that were observed, 5-pl suspensions of
the strains identified were spotted onto PIAAMYV plates and incubated for
3 days at 25°C. Strains confirmed to have a nonmucoid phenotype on
PIAAMYV were saved and later rechecked by two more independent pas-
sages on PIA and PIAAMV; the phenotypes were imaged and visualized
under a dissecting microscope at X10 and X40 magnifications. Strains
that passed these tests were then denoted on the PA14 genome sequence in
CLC Workbench version 6, and a genome hit map was generated. The
distribution of the PseudoCAP (Pseudomonas Community Annotation
Project) classes and the localizations of the mutants identified were gen-
erated by extracting annotation information from the PA14 genome (25)
with Microsoft Excel 2007. Graphs generated in Excel were then exported
and edited in Adobe Illustrator.

Imaging of PA14 mutants. To visualize the mucoid or nonmucoid
phenotypes on PIAAMV, 5-pl cell suspensions were spotted onto
PIAAMYV and incubated at 25°C for 3 days. The plate was then rested
on top of a white light transilluminator. A Canon 450D camera was
used to image the plates, with the picture captured at a 45° angle.
Images were cropped in Adobe Photoshop CS5 and assembled into a
panel in Adobe Illustrator CS5.

Affymetrix GeneChip microarray analysis. Strain PAO1 was cul-
tured on both PIA and PIAAMYV for 18 h. Three separate plates were used
for each medium. The cells from each plate were scraped into 4 ml of RNA
Protect (Qiagen) and stored immediately at —80°C. RNA isolation, cDNA
preparation, labeling, and microarray analysis were performed as previously
described (26). Microarray analysis was performed by using DNASTAR Ar-
ray Star version 5.0. The software was used to normalize the raw expression
data and generate gene lists with fold change values. CLC WorkBench version
6 was used to generate the volcano plot comparing the P values to the fold
changes of the gene expression data set. Gene lists were compiled with rele-
vant information from the PAO1 annotation (25) in Microsoft Excel 2007.
Graphs were exported and annotated in Adobe Illustrator CS5. Microarray
data reported previously by Tart et al. (27) were compared to the data set
compiled in this study, with a P value cutoff of >0.01. The resulting Venn
diagram was further annotated and color coded in Adobe Illustrator CS5.

Murine acute pneumonia model. P. aeruginosa strain PAO1 was cul-
tured on PIA or PIAAMYV (21) for 18 h at 37°C. Cells were swabbed from
the agar plates and suspended in phosphate-buffered saline (PBS). Two-
fold serial dilutions were made, and the optical density at 595 nm (ODx45)
was measured on a PerkinElmer Victor’ multilabel plate reader (Wal-
tham, MA). Linear regression was used to calculate the volume of the
suspension to give the intended dose of 4 X 107 CFU in 20 pl. Doses were
prepared for infection, and an aliquot was used to ascertain the absolute
CFU value of the dose by serial dilution and plating of 10-ul 10-fold
dilutions onto PIA. Eight-week-old female BALB/c mice were obtained
from Harlan Laboratories. Mice were anesthetized by intraperitoneal in-
jection of 0.25 ml of ketamine (6.7 mg/ml) and xylazine (1.3 mg/ml) in
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0.9% saline. Bacterial doses were administered to the anesthetized mice by
pipetting 10 .l directly into each nostril. The infected mice were carefully
monitored for the duration of the survival experiments. Four mice in each
group were euthanized at 6 h postinfection for the determination of the
bacterial burden in the organs. Nasal washes with PBS were used to deter-
mine the number of CFU contained in the nares. Lungs of the mice were
harvested; one half was used for histology with hematoxylin and eosin
staining, and the other was homogenized for plating to determine the
CFU loads. For the rechallenge experiments, PAO1 cells were cultured on
PIA. The mice were rechallenged with the same dose 1 month after the first
challenge, and as a control, a set of naive mice were used for comparison.
All mouse experiments were performed according to protocols approved
by the University of Virginia Animal Care and Use Committee (protocol
number 2844), conforming to AAALAC International accreditation
guidelines.

Microarray data accession number. The microarray data are available
on the GEO (Gene Expression Omnibus) website at http://www.ncbi.nlm
.nih.gov/projects/geo under accession number GSE48429.

RESULTS AND DISCUSSION

Genes required for the inducible mucoid phenotype of P.
aeruginosa were identified by growth on PIAAMV. In our previ-
ous study, we observed that growth on PIAAMYV activates prote-
olysis of MucA, leading to alginate overproduction (21). In that
same study, we tested a number of isogenic mutants on PIAAMV
to identify predictable genes (e.g., alginate biosynthetic genes and
regulators, etc.) that were required for the inducible mucoid phe-
notype (21). In the current study, the PA14 nonredundant library
(28) was screened for other genes required for alginate overpro-
duction on PIAAMYV (see Fig. S1A and S1B in the supplemental
material). The PA14 mutant library, which includes 5,850 mu-
tants, was replicated on PIA and PIAAMV. It was observed that all
strains from the PA14 library were capable of growth on PIA and
PIAAMV. The strains were incubated at 25°C, which allowed eas-
ier identification of the mucoid phenotype. Nonmucoid strains
on PIAAMV were selected and passed three times on PIA and
PIAAMYV to confirm their lack of alginate overproduction.

From this analysis, four types of genes were identified: those
encoding known alginate enzymes and regulators, metabolic
genes, genes involved in modulating envelope stress (e.g., allevi-
ating effects), and other genes (see Fig. S1B in the supplemental
material). Known genes directly involved in the synthesis, secre-
tion, and regulation of alginate that were inactivated were grouped
into the alginate class (see Fig. S1B in the supplemental material).
Seventeen percent of the nonmucoid mutants on PIAAMV were
of the known alginate class. We also hypothesized that metabolic
genes would be required for alginate overproduction. The meta-
bolic class of genes that were required for mucoidy on PIAAMV
comprised 24% of the mutants identified. We hypothesize that
loss of some genes would alleviate membrane stress caused by
PIAAMV. For example, if a gene product was involved in the
uptake of vanadate into cells, inactivation of this gene would pro-
hibit the uptake of vanadate, alleviate vanadate-induced stress,
and hypothetically decrease the alginate stress response. Forty-
four percent of the genes identified in our PA14 screen were
grouped into the alleviation class (see Fig. S1B in the supplemental
material). In addition to the three main classes of genes required
for the mucoid phenotype on PIAAMYV, we also identified mu-
tants that could not be classified in the main groups and refer to
this group as “others” (15% of the mutants identified). In Table 1,
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the strains with a nonmucoid phenotype on PIAAMV are indi-
cated and assigned to the four classes and subclasses.

The screen for genes required for the mucoid phenotype on
PIAAMY resulted in the identification of 135 nonmucoid PA14
mutants. The PA14 mutant library does have some redundancy,
and therefore, of the 135 mutants identified, 117 were of unique
genes. Since the PAO1 locus tag number is used more commonly,
for clarity, we have displayed the corresponding PAOL1 locus tag
instead of the PA14 tag, except for genes not present in PAO1
(Table 1). Plotting of the genomic location for each of the mutants
identified revealed that genes affecting this phenotype are distrib-
uted throughout the P. aeruginosa chromosome (Fig. 1A). When
the genes were organized by PseudoCAP classes, as expected, most
genes identified were a part of the secreted factor class, including
the alginate biosynthesis genes (Fig. 1B). For alginate overproduc-
tion on PIAAMYV, genes that encode products localizing to all
cellular compartments are required (Fig. 1C).

Alginate genes are required for the mucoid phenotype on
PIAAMV. Since PIAAMV causes alginate overproduction by P.
aeruginosa (21), we predicted that we would identify mutants with
transposon insertions in alginate biosynthesis genes (Table 1). A
recent global-scale analysis of regulators of P. aeruginosa pheno-
types identified AlgW as a top regulator of transcriptional regula-
tory networks, since the loss of algW causes a large number of
effects on the global genetic network (29). Inactivation of algQ
resulted in a visibly nonmucoid phenotype on PIAAMYV (Table 1).
AlgQ is an anti-sigma factor for the housekeeping sigma factor
RpoD (30). It is possible that inactivation of algQ could increase
the expression levels of compensatory factors under the control of
RpoD that may relieve the stress caused by vanadate and allow P.
aeruginosa to be nonmucoid on PIAAMV. Prcis a protease that acts
upon mutated MucA proteins (31). We have proposed that Prc may
play roles in regulated proteolysis of nonmutated MucA proteins
(14), and here we observed that the prc mutant was nonmucoid on
PIAAMYV, supporting our hypothesis (Fig. 2A).

Cell envelope genes required for the mucoid phenotype on
PIAAMYV. Recent large-scale interaction pathway studies of Esch-
erichia coli indicated that significant cross talk occurs between
bacterial envelope gene systems (32). Previously, we showed that
PIAAMYV, in addition to activating alginate overproduction, also
causes palmitoylation of the hydrophobic anchor of a lipopolysac-
charide, lipid A (21). This suggested that other cell stress reduction
pathways besides alginate are also induced on PIAAMYV (14). In
this study, we identified two htrB mutants, PA0011 and PA3242,
which were nonmucoid on PIAAMYV (Table 1). HtrB, a P. aerugi-
nosa orthologue of E. coli LpxL, is an inner membrane acyltrans-
ferase responsible for transferring a lauryl group to the lipid A
precursor (33); however, P. aeruginosa fatty acylation of lipid A
differs from that of E. coli in that the sequence of enzymatic events
is not the same (34). A recent study suggests that PA0011 is in-
volved in antibiotic resistance mechanisms (35). In the above-
mentioned study, PA0011 was shown to be regulated by quorum
sensing (QS), and PA0O11 mutants were susceptible to various
antibiotics and environmental stresses. It is possible that inactiva-
tion of one of the htrB genes may cause compensatory effects or
lead to modified lipid A that may alleviate the cell stress caused by
PIAAMV.

In the nonmucoid PIAAMYV screen, we identified two mutants
that function in LPS transport: the ostA (IptD) and IptF (PA3828)
mutants (Table 1). LptD plays a role in delivering LPS to the outer
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TABLE 1 P. aeruginosa genes required for the mucoid phenotype on PIAAMV

PIAAMV/PIA
Class and subclass Locus tag” Gene Product® fold change”
Alginate PA0762 algU Sigma factor AlgU
PA1801 clpP ATP-dependent Clp protease proteolytic subunit
PA1802 cpX ATP-dependent Clp protease ATP-binding subunit ClpX
PA3257 pre Periplasmic tail-specific protease
PA3540 algD GDP-mannose 6-dehydrogenase AlgD 2.14
PA3542 algd4 Alginate biosynthesis protein Alg44 2.56
PA3545 algG Alginate-C5-mannuronan epimerase 2.17
PA3546* algX Alginate biosynthesis protein AlgX 2.5
PA3547 algL Poly(beta-p-mannuronate) lyase precursor AlgL 2.5
PA3548* algl Alginate O-acetyltransferase Algl 1.84
PA3550 algF Alginate O-acetyltransferase 2.58
PA3551* algA Mannose-1-phosphate guanylyltransferase/mannose-6-phosphate isomerase 2.69
PA3649* mucP Putative membrane-associated zinc metalloprotease
PA4446 algW AlgW protein 1.17
PA5255 algQ Alginate regulatory protein AlgQ 1.13
PA5261 algR Alginate biosynthesis regulatory protein AlgR 1.28
PA5483 algB Two-component response regulator AlgB
Alleviating
Cell envelope (lipid A, LPS, and membrane PA0011 htrB Putative 2-OH-lauroyltransferase
stability) PA0337* ptsP Phosphoenolpyruvate-protein phosphotransferase 1.48
PA0595 ostA Organic solvent tolerance protein OstA precursor 1.24
PA1180 phoQ Two-component sensor PhoQ
PA2023 galu UTP-glucose-1-phosphate uridylyltransferase
PA2240 pslJ Conserved hypothetical protein 1.54
PA2525 ompB Putative outer membrane protein
PA2526 muxC Putative efflux transporter 1.42
PA2527 muxB Putative RND efflux transporter 1.15
PA2965 fabF1 Beta-ketoacyl-acyl carrier protein synthase IT
PA3194 edd 6-Phosphogluconate dehydratase
PA3242 htrB Putative lipid A biosynthesis lauroyl/myristoyl acyltransferase
PA3828 IptF Putative LPS permease 1.45
PA4293 pprA Putative two-component sensor
PA4370 icmP Insulin-cleaving metalloproteinase outer membrane
PA4404 Putative peptidase
PA4406 IpxC UDP-3-0-acyl-N-acetylglucosamine deacetylase
PA4612 Ankyrin-like protein
PA5001 Conserved hypothetical protein; glycosyltransferase 1.52
PA5004 wabH Putative glycosyltransferase
Peptidoglycan PA0666 anmK Putative chaperone
PA0667 Putative metallopeptidase
PA1726 bglX Periplasmic beta-glucosidase
PA2621 clpS Putative cytoplasmic protease
PA4001 sitBI Soluble lytic transglycosylase B 1.31
PA5124 ntrB Two-component sensor NtrB —1.27
Phosphate PA5199* envZ Two-component sensor EnvZ 1.37
PA5235* gipT Glycerol-3-phosphate transporter
PA5361 phoR Two-component sensor PhoR
PA5365 phoU Phosphate uptake regulatory protein PhoU
PA5366 pstB Phosphate ABC transporter, ATP-binding protein
PA5368 pstC Phosphate ABC transporter, permease protein
PA5369 pstS Periplasmic phosphate-binding protein
Chaperones and protein folding PA0090 Putative CIpA/B-type chaperone 3.68
PA0594 surA Peptidyl-prolyl cis-trans isomerase SurA 1.47
PA3737 dsbC Thiol:disulfide interchange protein DsbC
PA3821 secD Protein export membrane protein SecD
PA5128 secB Secretion protein SecB 1.19
PA5568 yidC Putative inner membrane protein, 60 kDa
Phenazine biosynthesis PA0051 phzH Potential phenazine-modifying enzyme -1.93
PA0652 vfr Cyclic AMP receptor-like protein
PA1003 mvfR Transcriptional regulator MvfR
PA1431 rsal. Regulatory protein Rsal 1.5
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TABLE 1 (Continued)

PIAAMV/PIA
Class and subclass Locus tag” Gene Product® fold change”
PA1899 phzA2 Probable phenazine biosynthesis protein
PA1905 phzG2 Probable pyrodoxamine 5'-phosphate oxidase
PA2586* gacA Response regulator GacA
PA2770* Putative phenazine biosynthesis protein, PhzF family
PA2798 rssB Putative two-component response regulator
PA4209 phzM Probable phenazine-specific methyltransferase
PA4210* phzAl Probable phenazine biosynthesis protein
PA4211* phzBI Probable phenazine biosynthesis protein
PA4214 phzEI Phenazine biosynthesis protein PhzE
Metabolism
Metabolism PA0394 Putative PLP-dependent enzyme
PA0558 Conserved hypothetical protein —1.68
PA0593 pdxA Pyridoxal phosphate biosynthetic protein PdxA 1.43
PA0597 Putative nucleotidyltransferase
PA0793 Conserved hypothetical protein
PA0794 Probable aconitate hydratase
PA0796 prpB Carboxyphosphonoenolpyruvate phosphonomutase
PA1838 cysl Sulfite reductase —1.25
PA2068 Putative MFS transporter
PA2531 Putative aminotransferase —1.82
PA2796 tal Transaldolase
PA2804 Putative phosphohydrolase
PA3113 trpF Phosphoribosyl anthranilate isomerase 1.57
PA3772 Conserved hypothetical protein
PA4007 proA Probable gamma-glutamyl phosphate reductase
PA4402 arg] N-Acetylglutamate synthase
PA4465 Putative ATP kinase
PA4640 mqo Malate:quinone oxidoreductase
PA4758 carA Carbamoyl-phosphate synthase small chain —1.45
PA5236 Putative aromatic hydrocarbon reductase 1.28
PA5331 pyrE Orotate phosphoribosyltransferase
Zinc PA4723 dksA Suppressor protein DksA 1.13
PA5498 ZnuA Periplasmic zinc-binding protein
Iron PA0969 tolQ TolQ protein
PA2403 Putative iron-regulated membrane protein —1.31
PA2406 Conserved hypothetical protein —1.36
PA2407 Putative adhesion protein
PA2410 Putative ABC transporter, periplasmic substrate-binding protein
Others
Motility PA0O411* pil] Type IV pilus methyl-accepting chemotaxis transducer PilJ
PA1086 flgk Flagellar hook-associated protein 1, FlgK
PA1450 Conserved hypothetical protein
PA1454 fleN Flagellar synthesis regulator FleN
PA1822 fimL Pilin biosynthetic protein
PA3351* flgM Putative negative regulator of flagellin synthesis, FlgM —1.24
PA4526 pilB Type 4 fimbrial biogenesis protein PilB
PA4552 pilw Type 4 fimbrial biogenesis protein PilW —2.98
PA4556 pilE Type 4 fimbrial biogenesis protein PilE —1.58
Others PA0124 Putative plasmid system protein
PA2423 Hypothetical 1.43
PA2615 fisK Cell division/stress response protein 1.18
PA2780 Putative transcriptional regulator
PA3011 topA DNA topoisomerase I
PA4951 orn Oligoribonuclease —1.22
PA5239* rho Transcription termination factor Rho 1.48
PA5515 Conserved hypothetical protein
PA14_07490 Hypothetical protein ND
PA14_53580 Hypothetical protein ND
PA14_56340 Intergenic between mntHI1 and PA14_56360 ND

@ An asterisk indicates that more than one mutant with a transposon in the same gene was identified.
¥ Shown is the fold change observed for the gene in the IAAMV/PIA transcriptome analysis. ND, not determined.
¢ RND, resistance nodulation cell division; PLP, pyridoxal 5-phosphate; MFS, major facilitator superfamily.
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FIG 1 Genome-wide analysis of genes required for the mucoid phenotype of P. aeruginosa strain PA14 on PIAAMV. Of the 5,850 PA14 mutants screened, 135
mutants with a nonmucoid phenotype on PIAAMV were identified. Of these nonmucoid strains, 117 unique genes were identified as having an effect on the
mucoid phenotype of P. aeruginosa on PIAAMV. (A) The PA14 genome with the 135 transposon insertions that abolished the PIAAMV-induced mucoid
phenotype of PA14 is shown. (B) Mutants were grouped according to the PseudoCAP class and are shown as a percentage of the total number of genes in the class.
(C) The distribution of gene product localization of the nonmucoid mutants on PIAAMYV is shown.

leaflet of the outer membrane, whereas LptF is a component of the
LPS ABC transporter. Recently, peptide-mimetic antibiotics
against P. aeruginosa LptD have been designed and have been
shown to have potent antimicrobial activity (36). The inactivation
of ostA (IptD) may have effects on the expression of the down-
stream gene surA, which is also required for the mucoid pheno-
type on PIAAMYV (Table 1) and is discussed below. We observed
that the inactivation of IptF (PA3828), which encodes a compo-
nent of the LPS permease, also caused the nonmucoid phenotype
on PIAAMYV, and to our surprise, the IptF mutant grew more
rapidly than wild-type PA14 on PIAAMYV (data not shown). Inac-
tivation of IptF would likely cause cells to have less LPS, and this
also suggests that P. aeruginosa has other ways to shuttle LPS,
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indicating that IptF is not essential or that compensatory factors
can make up for the loss of IptF. The amount of O-antigen LPS was
measured, and the [pfF mutant had significantly less than did wild-
type PA14, as determined by Western blotting of isolated LPS
detected with LPS serotype-specific antibodies (data not shown).
We hypothesize that decreased LPS expression levels may upregu-
late compensatory factors that change membrane integrity, caus-
ing P. aeruginosa to remain nonmucoid on PIAAMV.

Mutation of peptidoglycan genes that turn off the mucoid
phenotype on PIAAMYV. Whereas alginate protects the bacterial
outer membrane, peptidoglycan (PG) provides structural support
to the envelope. Inhibition of PG biosynthesis has been shown to
activate regulated proteolysis of MucA and alginate gene expres-
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PIAAMV

A

FIG 2 Nonmucoid PA14 mutants on PIAAMYV and effect of phosphate on phenotype. (A) Five-microliter suspensions of strains were spotted onto PIAAMV and
cultured for 72 h at 25°C. The strains were digitally imaged with the plates resting on a white light transilluminator with the camera set at an angle of
approximately 45° to show the absence or presence of the mucoid mound caused by alginate overproduction, as demonstrated for strain PA14. Nonmucoid
mutants are shown along with several mucoid mutants on PIAAMV: PA2659 and slyD. PA14, slyD, and PA2659 strains are mucoid on PIAAMYV and are indicated
with an “M,” while all other strains shown are nonmucoid on PIAAMV. (B) PIA contains 0.3 mM phosphate, and PIAAMYV contains 0.3 mM phosphate and 0.34
mM vanadate. When the phosphate concentration (with either sodium or potassium phosphate) in PIAAMV was increased to 1.3 mM (0.3 mM PIA supple-
mented with 1 mM phosphate), the mucoid phenotype was still evident. However, increased phosphate supplementation visibly decreased alginate overpro-

duction to wild-type levels.

sion (8), and, as described below, we observed that many PG genes
were upregulated during growth on PIAAMYV (see Table S1 in the
supplemental material). During bacterial growth, PG is recycled
by transport back to the cytoplasm. Transposon mutants of anmK
or the next gene in the operon, PA0667, are nonmucoid on
PIAAMYV (Table 1). AnmK (PA0666) is a kinase that phosphoryl-
ates a recycling-intermediate PG sugar (1,6-anhydro-N-acetyl-
muramic acid), which is then followed by further processing by
other enzymes (37). A recent structural analysis has shown that
AnmK may also be a hydrolase (38). anmK is transcribed with
another gene, PA0667, which is a putative peptidase similar to E.
coli YebA. PA0667 and YebA have LytM (lysostaphin) domains,
which cleave PG cross-links. Phenotypes of mutants with LytM
domains resemble those of amiA, amiB, and amiC mutants, indi-
cating that several sets of amidases may be utilized for PG recy-
cling (39). These data suggest that the blocking of PG recycling
stabilizes the membrane during growth on PIAAMYV. ClpS is the
adaptor protein of the CIpAP protease complex. clpS is in an
operon with clpA in P. aeruginosa. The PA14 clpS mutant was
nonmucoid on PIAAMYV (Table 1). Without clpS, the CIpAP pro-
tease would likely recognize different substrates (40). Two recent
independent studies have shown that inactivation of cIpS increases
resistance to 3-lactam antibiotics in strain PA14 (41,42). Based on
these data, we hypothesize that the effect of c[pS on PIAAMV may
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be through effects on PG. SItB1 is a membrane-bound transglyco-
sylase involved in PG formation. The s/tBI mutant was nonmu-
coid on PIAAMYV (Table 1). The most probable explanation for
this effect is that the inactivation of sltBI caused increased expres-
sion of one of the other PG transglycosylase enzymes.

Genes involved in phosphate uptake and regulation that are
required for the mucoid phenotype on PIAAMYV, and effect of
phosphate supplementation. phoR, phoU, pstB, and pstS mutants
were identified as nonmucoid on PIAAMYV (Table 1 and Fig. 2).
Based on this observation, we hypothesized that since vanadate is
a phosphate mimic, it is possible that vanadate is taken into cells
by the pst system of phosphate transport, which has also been
speculated by others (43). Phosphates are essential molecules for
energy production, nucleic acids, signal transduction, as well as
other biological processes. Phosphate uptake effectors are en-
coded by the pstSCAB-phoU operon and the PhoB/PhoR two-
component system (44). PstS is a high-affinity phosphate-binding
protein that shuttles phosphate to the PstA, PstB, and PstC phos-
phate ABC transporters (44). The histidine kinase PhoR senses
phosphate concentrations and phosphorylates PhoB (45), which
activates the expression of the Pho regulon, leading to the differ-
ential expression of 400 proteins (46). PhoU is thought to control
the phosphorylation and dephosphorylation of PhoR by interact-
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FIG 3 Volcano plot of PAO1 genes dysregulated as a result of ammonium metavanadate. P. aeruginosa strain PAO1 was cultured on both PIA and PIAAMYV for
18 hat 37°C. Microarray analysis was performed to determine the effect of AMV on the transcriptome. The log,, P value is plotted on the y axis, and the log, fold
change is plotted on the x axis. Blue or red circles indicate genes repressed or activated, respectively, by AMV, as determined by a comparison of PIAAMYV to PIA.
Genes highly dysregulated and genes of interest are indicated with their gene names or by PA locus tags. The major P. aeruginosa phenotype caused by PIAAMV,
alginate production, is confirmed due to the increased expression levels of genes such as algW and algD. However, this figure illustrates that PIAAMYV also has a
number of statistically significant effects on many other genes relevant to virulence.

ing with the phosphate transport system (44). Of note, the phos-
phate transport system is essential for virulence (47).

For P. aeruginosa, it was recently shown that the periplasmic
phosphate-binding protein PstS forms large appendage-like ex-
tracellular chains (48). Furthermore, a low phosphate level leads
to a high PstS expression level (48). We observed that PstS is ex-
pressed at the same level on both PIA and PIAAMV (data not
shown). PIA is a low-phosphate medium (48), and since no addi-
tional phosphate was added to PIAAMYV, it is a low-phosphate
medium as well. The concentration of phosphate in PIA is approx-
imately 0.3 mM. We previously determined empirically that 0.3
mM AMYV added to PIA caused the most robust mucoid pheno-
type (21). We hypothesized that supplementation of phosphate in
PIAAMYV would turn off the mucoid phenotype because phos-
phate would be taken up preferentially by the Pst system instead of
vanadate. Increasing the phosphate level to 1 mM with either so-
dium or potassium phosphate in the growth medium did not turn
off the mucoid phenotype (Fig. 2B). However, upon the addition
of 10 or 100 mM additional phosphate (sodium or potassium
phosphate), both PAO1 (Fig. 2B) and PA14 (data not shown) were
nonmucoid on PIAAMYV, overcoming the effect of vanadate in the
medium. When we put mucA mucoid mutant strain PDO300 on
increasing amounts of phosphate, the strain remained mucoid on
PIA (data not shown), suggesting that the phosphate suppression
of the mucoid phenotype was likely restricted to PIAAMV-in-
duced alginate overproduction.

Chaperones and protein-folding enzymes that are required
for mucoidy on PIAAMV. In our previous study, we observed
that the expression levels of multiple stress response chaperones
were increased during growth on PIAAMYV (21). In the screen for
genes required for the mucoid phenotype on PIAAMV, we ob-
served that 12% of all genes encoding chaperones were required
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(see Fig. S1B in the supplemental material). SurA is a periplasmic
protein that is important for proper folding of envelope proteins
and participates in chaperoning proteins to the outer membrane.
In our current study, surA was required for the mucoid phenotype
on PIAAMYV (Table 1 and Fig. 2A). We also identified nonmucoid
mutants with transposon insertions in all genes of the surA operon
(ostA, surA, and pdxA). It is possible that inactivation of either
surA or ostA affects pdxA, resulting in the nonmucoid phenotype
on PIAAMV. PdxA is involved in the production of pyridoxol
phosphate (vitamin Bg), which is an enzymatic cofactor for
transamination reactions. Vitamin By is a cofactor of WbpE,
which is an enzyme that is involved in biosynthesis of O-antigen
LPS (49). Therefore, it is possible that inactivation of the ostA-
surA-pdxA operon may decrease LPS production, as we saw for the
IptF LPS permease mutant. The relationship between vitamin By
biosynthesis and LPS/alginate biosynthesis is under investigation
in our laboratory.

We have hypothesized that PIAAMYV results in incorrect pro-
tein folding in the periplasm (21), which causes regulated prote-
olysis of MucA and the mucoid phenotype. DsbC is a chaperone
with protein disulfide isomerase activity. Interestingly, vanadate
causes disulfide bonds to cleave or improperly form (50). Based
on this, we would suspect that dsbC is required for growth on
PIAAMV; however, the dsbC mutant grew on PIAAMYV but was
nonmucoid. SecB, SecD, and YidC are proteins of the Sec trans-
location complex responsible for the translocation of proteins
from the cytoplasm to the envelope. Inactivation of any one of
these genes would likely decrease the amount of proteins sent to
the envelope. Here we observed that the secB, secD, or yidC mutant
displayed a nonmucoid phenotype on PIAAMYV (Table 1), which
suggested that lowered protein content in the periplasm can lower
membrane stress during growth under stressful conditions.
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Zincregulation genes are required for the mucoid phenotype
on PIAAMYV. ZnuA is a periplasmic protein that binds zinc and
participates in its transport to the cytoplasm. DksA (PA4723) is a
transcription factor that responds to low zinc levels and interacts
directly with RNA polymerase, modulating transcription at vari-
ous promoters (51). Here we observed that dksA and znuA are
required for the mucoid phenotype on PIAAMV (Table 1), sug-
gesting that zinc is important for activating the alginate overpro-
duction stress response.

Iron-regulated genes required for the mucoid phenotype on
PIAAMV. Vanadate has been shown to bind siderophores (52).
Iron starvation has been shown to upregulate PA2403 to PA2410,
uncharacterized genes that are in a single operon (25). Here, in
our study, we identified that PA2403, PA2406, PA2407, and
PA2410 were required for the mucoid phenotype on PIAAMV
(Table 1). With little information about these genes, it is difficult
determine why these mutants are nonmucoid on PIAAMV. How-
ever, PA2410 hypothetically encodes a periplasmic solute binding
protein, and therefore, we speculate that inactivation of this
operon may affect vanadate transport into the cell. Alternatively,
the requirement of these iron-regulated genes for the mucoid phe-
notype on PIAAMYV may be indirect through other systems. Oth-
ers have hypothesized that iron is essential for ATP production by
electron transport for biosynthesis of alginate (53). Therefore,
these iron-regulated genes may cause metabolic problems that
would prohibit the synthesis of alginate.

Relationship between phenazine biosynthesis and the mu-
coid phenotype on PIAAMV. P. aeruginosa produces and secretes
phenazines, which are redox-active compounds that are toxic to
prokaryotes and may play a role in the infectious process (54). P.
aeruginosa produces several phenazines, but the best characterized
is pyocyanin. Pyocyanin production can be detected in the spu-
tum of cystic fibrosis patients (55), is controlled by QS (54), and
acts as a terminal signaling molecule that increases the expression
level of the transcription factor SoxR, which in turn activates an-
other subset of genes (56). P. aeruginosa has two sets of pyocyanin
gene operons, and mutants of both operons were nonmucoid on
PIAAMYV (Table 1), suggesting that decreased pyocyanin secretion
was sufficient to result in a nonmucoid phenotype on PIAAMV.
This is surprising, due to the fact that, since there are two biosyn-
thetic operons, it might be expected that the redundancy would
alleviate the effects of inactivating the gene in the other operon.
Inactivation of pyocyanin biosynthesis genes caused a black/
brown visual phenotype on the colony surface when the strains
were grown on PIAAMYV (phzAI) (Fig. 2A). We did not notice this
black colony phenotype when the strains were grown on PIA (data
not shown). Previously, it was noted that siderophores, which
bind and sequester iron, also form a complex with vanadium,
causing the dark brown phenotype (52). In addition to pyocyanin
biosynthesis genes, inactivation of key regulators of pyocyanin
such as mvfR, vfr, and gacA (54) also resulted in the nonmucoid
phenotype on PIAAMV (Table 1). Vfr is a cyclic AMP receptor
protein that has been shown to regulate pyocyanin production
(57). GacA is another global transcriptional regulator that affects
pyocyanin production (58). mvfR (pgqsR) is a transcription factor
that regulates QS, which in turn influences pyocyanin production
(59); this mutant was also nonmucoid on PIAAMV. We also no-
ticed that the vfr mutant had a dark colony morphology similar to
that of the pyocyanin biosynthesis mutants when grown on PI-
AAMYV (Fig. 2A).

4028 jb.asm.org

The stationary sigma factor RpoS is a negative regulator of
pyocyanin production, as inactivation of rpoS leads to increased
pyocyanin production (60). RssB is a negative regulator of RpoS
(61), and therefore, in the absence of RssB, increased amounts of
RpoS would be available in the cell, which would suppress pyocy-
anin production. We observed here that the rssB mutant was non-
mucoid on PIAAMYV (Table 1). If mucoidy on PIAAMYV is depen-
dent upon pyocyanin production, the mutants that did not
produce or that exhibited decreased pyocyanin production may
be complemented by the addition of exogenous pyocyanin. We
grew the PA14 rsal mutant, which produces large amounts of
pyocyanin (62), and extracted pyocyanin using methods de-
scribed previously to evaluate the effect of pyocyanin on the tran-
scriptome of P. aeruginosa (56). We then supplied serial dilutions
of the crude pyocyanin preparation on PIAAMYV plates. Each of
the nonmucoid pyocyanin mutants was inoculated onto the
plates. The pyocyanin mutants remained nonmucoid on the
pyocyanin-supplemented PIAAMYV plates (data not shown),
indicating that exogenous pyocyanin alone could not comple-
ment the pyocyanin mutants to restore the mucoid phenotype
on PTAAMV. This finding suggests that the lack of pyocyanin
production may affect the efflux of vanadate from the cell or
that pyocyanin production itself has other effects on the
physiology of the bacterium.

MexGHI-OpmbD is a multidrug efflux pump that is also re-
sponsible for secretion of pyocyanin (63). A previous study has
shown that MexGHI-OpmD is responsible for resistance to and
growth in the presence of vanadium (63). Based on this, we hy-
pothesized that turning off pyocyanin production allows more
vanadate to be pumped out, which would alleviate vanadate-in-
duced cell stress, and furthermore that the black/brown colony
morphology of the pyocyanin mutants is a result of vanadate se-
cretion from the cells. The dark colony morphology has also been
observed for environmental Escherichia isolates grown in the pres-
ence of vanadium (64). In a study of Shewanella oneidensis, a bac-
terium that is capable of reducing vanadate into vanadyl ion, it was
shown that the brown precipitate is granular vandyl ion (65). Se-
cretion of vanadate from P. aeruginosa would detoxify the cells,
which would alleviate the stress that is activating the mucoid phe-
notype on PIAAMV. We hypothesize that inactivation of pyocya-
nin genes would allow increased secretion of vanadate from the
efflux pumps. RsaL is a negative regulator of pyocyanin and QS
(62). Interestingly, we identified that the rsal mutant was nonmu-
coid on PIAAMYV. This was initially counterintuitive to the hy-
pothesis described above. However, pyocyanin increases the level
of expression of the MexGHI-OpmD efflux pump in a SoxR-de-
pendent manner, as determined by microarray analysis (56).
These data suggest that vanadate secretion likely alleviates the mu-
coid phenotype on PIAAMV.

Transcriptome analysis of P. aeruginosa strain PAO1 on
PIAAMYV. A large number of studies have examined the global
gene expression of various mucoid P. aeruginosa strains (8, 26,
66-71). By compiling multiple studies, a o** regulon with at least
293 genes has been established (8). While we know that PIAAMV
activates the expression of ¢** genes (21), based on our mutant
library screen, we predicted that PIAAMYV would also alter the
expressions of genes outside the o> regulon. We also hypothe-
sized that transcriptomic analysis of P. aeruginosa cells cultured on
PIAAMYV compared to PIA would facilitate the characterization of
new pathways by building upon the genetic screen. The P. aerugi-

Journal of Bacteriology


http://jb.asm.org

nosa Affymetrix GeneChip microarray was designed by using the
PAOI1 genome sequence (72) rather than the PA14 genome (73);
therefore, we used strain PAO1 to observe the effect of PIAAMV
on P. aeruginosa. PAO1 was cultured on both PIA and PIAAMV
for 18 h at 37°C, and RNA was isolated. P. aeruginosa Affymetrix
GeneChips were used to perform microarray analysis in order to
characterize the effects on the transcriptome. DNASTAR Array
Star version 5.0 was used to normalize the raw data and generate
fold change values and statistics.

The P. aeruginosa array contains 5,570 genes, 1,716 of which
were statistically differentially (P value of <0.05) expressed on
PIAAMYV compared to PIA. This corresponded to 31% of the ge-
nome, which supports our hypothesis that AMV affects genes out-
side alginate biosynthesis. The expression levels of 861 genes were
increased while the expression levels of 855 genes were decreased
during growth on PIAAMV. Previously, we performed shotgun
proteomics of PAO1 cells grown on PIA and PIAAMYV (21). In
that study, 70 proteins were identified, 27 of which were statisti-
cally differentially expressed in this microarray (data not shown).
The expression of 85% of these genes correlates directly with our
previous proteomic analysis.

To illustrate the relationship between statistical analysis (P val-
ues) and the fold changes observed in our microarray study, a
volcano plot was generated (Fig. 3). Red or blue dots indicate
genes activated or repressed, respectively, as a result of the growth
of strain PAO1 on PIAAMYV (Fig. 3). Interestingly, a large number
of genes were activated on PIAAMV at higher levels and with
lower P values than those for the predicted alginate genes alg\WW
and algD (Fig. 3).

PIAAMV causes differential expression of secreted factors,
cell wall, cell division genes; protein secretion apparatus genes;
and chaperone, heat shock protein, and adaptation genes. To
grasp the distribution of genes affected when P. aeruginosa is cul-
tured on PIAAMV compared to PIA, the PIAAMYV list was sorted
in relation to the PseudoCAP (Pseudomonas Community Anno-
tation Project) class to which each gene was assigned. These lists
were then counted and converted to correspond to the percent-
ages of genes that make up each PseudoCAP class (Fig. 4A). This
analysis allows discussion of the relative overall effect on each class
of genes. In the class of secreted factors, which includes alginate
genes, 20% of genes were activated, and the other 20% were re-
pressed, meaning that 40% of all genes in this class were dysregu-
lated by PIAAMV (Fig. 4A). As expected due to cell membrane
stress induced by PIAAMYV, a large number of genes correspond-
ing to the cell wall/LPS/capsule class had increased expression
levels on PIAAMYV (Fig. 4A). Interestingly, half of all genes of the
cell division class were activated on PIAAMYV (Fig. 4A), while only
a few were repressed. Our previous proteomic analysis indicated
that several chaperones are upregulated in response to PIAAMV
(21); here we noted that 44% of chaperones in the genome were
activated in the PIAAMYV regulon (Fig. 4A). We would have pre-
dicted that adaptation and protection genes would be upregulated
on PIAAMYV, but we observed that 35% of adaptation and protec-
tion genes were surprisingly repressed on PIAAMYV (Fig. 4A). Al-
together, these data suggested that growth on PIAAMYV causes
pleiotropic effects on the transcriptome of P. aeruginosa.

Localization of gene products of differentially expressed
genes affected by PIAAMV. Since alginate overproduction due to
PIAAMYV is likely a result of abrogated envelope proteins leading
to the activation of regulated proteolysis of MucA (21), it would
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seem feasible that most of the effects of PIAAMYV would be fo-
cused on the envelope. As expected, 18% of genes that encode
proteins that localize to the outer membrane were activated (Fig.
4B). However, it is clear that PIAAMYV stimulates global effects on
P. aeruginosa based on the fact that genes of all subcellular local-
izations were affected. Strikingly, a large percentage of genes
(23%) encoding extracellular gene products were repressed on
PIAAMV (Fig. 4B). More genes encoding products that localize to
the periplasm were repressed than activated.

The PIAAMYV regulon has minimal overlap with the ¢**
regulon. To determine the overlap of the PIAAMYV regulon with
the o** regulon, gene lists from a microarray study that compared
a mucoid mucA mutant strain to an isogenic nonmucoid ¢** mu-
tant (AlgU/T) (27) were compared to the PIAAMYV regulon gene
lists and plotted as a four-way Venn diagram (Fig. 4C) with respect
to activated and repressed genes of each gene list. To perform this
meta-analysis, we used a PIAAMV regulon gene list generated
with cutoffs applied ata Pvalue of <0.01 and a more- or less-than-
2-fold change, which mimicked the cutoffs that were used to gen-
erate the gene lists in the previous study (27). It should be noted
that our analysis was performed with the PAO1 laboratory strain,
whereas the study used for comparison used a cystic fibrosis iso-
late, FRD1 (27). Only a small number of activated or repressed
genes were in agreement in this comparison (Fig. 4C), which fur-
ther suggested that the PIAAMYV regulon is composed mainly of
genes outside the o> regulon.

PIAAMY activates expression of alginate genes. PIAAMYV in-
duces the mucoid phenotype of P. aeruginosa (see Fig. S1A in the
supplemental material); therefore, it is predictable that expression
of the algD alginate biosynthetic operon would be activated. How-
ever, several observations concerning alginate gene expression
were noted. The fold changes of the alginate genes were not as high
as might have been expected (see Table S1 in the supplemental
material) compared to previous arrays that were performed using
mucoid strains with inactivated negative regulators of alginate
biosynthesis (67, 74). The microarray experiment was performed
with PAOLI at early stationary phase (18 h). Since it seems that
vanadate is taken up by the phosphate transport system, it is pos-
sible that stationary-phase cells are not taking up as much vana-
date, which would mean less stress and less alginate gene expres-
sion. Another possible explanation for this discrepancy is that
even though regulated proteolysis of MucA is occurring, it is likely
that more MucA is being expressed. However, the fold changes for
algU and mucA were not statistically significant in the context of
comparing PIA to PIAAMYV, contrary to previously reported ob-
servations of mucA mutant strains (67). In a previous study, Wood
and Ohman found that the cell membrane disruptor b-cycloserine
upregulated algU 5.68-fold in strain PAO1; however, D-cycloser-
ine did not cause alginate overproduction (71). It should be noted
that the data set presented here and the above-mentioned data set
were analyzed and normalized by using different software pack-
ages. Another interesting distinction between our data set and the
data set of the D-cycloserine-induced microarray study is that the
expression level of the gene encoding the MucA protease AlgW
was significantly increased on PIAAMYV compared to the level on
PIA but not in response to D-cycloserine (71). However, AlgW
does play a role in the response to D-cycloserine (8, 71), because
regulated proteolysis of MucA occurs when P. aeruginosa is cul-
tured in the presence of D-cycloserine. Although PIAAMYV did not
cause significant activation of algU, mucA, or mucB, increased
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AMYV effect is beyond just the genes controlled by o2,

expression levels of mucC and mucD were observed (see Table S1
in the supplemental material). In our previous study, we observed
increased MucD expression levels on PIAAMV by Western blot-
ting (21), which is confirmed by our analysis here. PIAAMYV also
induced the expression of algP and algQ (67). The algP gene en-
codes a histone-like product that may regulate alginate gene ex-
pression by either direct or indirect effects (75). AlgQ, as men-
tioned, is an anti-sigma factor and regulator of sigma D (¢”°) (30),
similar, as mentioned, to Rsd of E. coli (76). Interestingly, AlgQ is
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a global regulator that has been characterized as a modulator of QS
(77) and pyoverdine production (78). It was proposed previously
that algP and algQ were not regulated and are constitutively ex-
pressed (79).

PIAAMY activated the expression of O-antigen lipopolysac-
charide biosynthesis genes. In our previous study, we examined
the O-antigen LPS chain length and concentration in PAO1 cells
cultured on PIA and PIAAMV by Western blotting (21), and
no significant differences were detected. However, growth on
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PIAAMYV increased the expression of the entire O-antigen LPS
operon (wzz to wbpM [PA3160 to PA3141]), with fold changes
similar to those observed for alginate biosynthesis genes, which
was noticeable in the volcano plot of the transcriptome (Fig. 3).
Recently, large-scale genetic interaction studies indicated that LPS
compensates for perturbations introduced by mutations in enve-
lope biosynthesis genes and pathways (32). Cell envelope stress
caused by PIAAMYV likely activates increased expression levels of
LPS genes to alleviate membrane stress. Another possibility that
cannot be disregarded is that AMV may directly or indirectly in-
hibit LPS biosynthesis, and this increased gene expression is an
effort to compensate for this inhibition. The differential expres-
sion of LPS genes on PIAAMYV suggests that this may be a useful
medium to evaluate how LPS biosynthetic genes are regulated. It
does not seem that phosphate starvation alone increases LPS gene
expression levels (80), suggesting that this is likely not the mech-
anism. In addition to O-antigen genes affected by PIAAMYV, other
LPS biosynthesis genes were also activated (see Table S1 in the
supplemental material).

PIAAMYV both activated and repressed the expression of
genes involved in biosynthesis and remodeling of peptidogly-
can. PG provides structural support to the envelope of bacteria
(81). Under conditions that perturb membrane fluidics, it could
be hypothesized PG genes would be differentially expressed to
build a sacculus capable of withstanding membrane stress and
maintaining homeostasis. We hypothesize that alginate seems to
be a last-chance survival method employed by P. aeruginosa to
alleviate cell membrane stress. In our previous proteomic analysis
of PAO1 cells cultured on PIA and PIAAMV, we observed in-
creased MrcB expression levels (21). MrcB is involved in catalyz-
ing the transglycosylation and transpeptidation of PG precursors.
Therefore, we hypothesized that PIAAMV would affect the ex-
pression of PG genes. Here we observed that PIAAMYV activated
the expressions of 35 genes encoding PG synthesis enzymes (see
Table S1 in the supplemental material); mrcB expression was up-
regulated 1.4-fold (see Table SI in the supplemental material).
These data propose several potential effects of PIAAMV on PG.
Increasing expression levels of PG factors might compensate for
the disruption of proper envelope protein folding, or AMV may be
directly inhibiting PG synthesis in a fashion similar to that of
D-cycloserine. Most PG genes were upregulated due to PIAAMYV;
however, the largest fold changes observed in the PIAAMYV tran-
scriptome were for the repression of amiE, amiB (PA3365), amiC,
amiR, and amiS (PA3362) (Fig. 3; see also Table S1 in the supple-
mental material), which were repressed by 10-, 12-, 11-, 9-, and
2-fold, respectively (see Table S1 in the supplemental material).
These genes encode an amidase (amiE and several regulators) that
cleaves the peptide moiety from N-acetylmuramic acid and are
important for septation and cell separation during cell division.
Inactivation of these genes results in cells with constricted inner
membranes and PG, which then leads to abnormally large
periplasmic spaces (82). AmiB resembles a ClpB-type chaperone
but likely forms an ABC transporter in concert with an integral
membrane protein, AmiS (83). AmiC has been shown to be in-
volved in the stability of the cell envelope (84) and is a negative
regulator of the amidase operon. AmiR regulates the transcription
of the operon likely as an antitermination transcription factor
(85). Interestingly, AmiB has been shown to have ATPase activity,
and nanomolar concentrations of ammonium vanadate inhibit
this activity (83). In addition to the amiEBCRS amidase genes,
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PIAAMY increased the expression level of one probable ami-
dase, PA2698 (Fig. 3). It is possible that PA2698 encodes an
amidase that compensates for the decreased expression levels
of the amiEBCRS genes.

Transcriptome data suggest that vanadate directly affects the
expression of the amiEBCRS operon, and recently, a study showed
that triclosan alone causes decreased expression levels of the
amiEBCRS operon (86). In our study, triclosan is in both PIA and
PIAAMV. Since vanadate caused decreased amiEBCRS expression
levels, we suggest that vanadate may synergistically affect P.
aeruginosa with triclosan. Triclosan has been thought to disrupt
membranes because it chemically resembles a detergent (87);
however, it was shown to directly target and inhibit fatty acid
synthesis (88). This would hint that vanadate and triclosan affect
similar structures of P. aeruginosa.

PIAAMYV activates expression of the T6SS and T2SS. Growth
on PIAAMYV activated the expression of type VI secretion system
(T6SS) genes as well as type II secretion system (T2SS) genes (Fig.
3; see also Table S1 in the supplemental material). Using a dual-
proteomic approach, we previously reported increased amounts
of T6SS proteins in a nonmucoid CF isolate compared to an iso-
genic mucoid isolate (89). The T6SS is regulated by the sensor
kinases RetS and GacS (90). Inactivation of retS increased type VI
secretion and decreased type III secretion (91). It is possible that
vanadate inhibits RetS/GacS pathways, causing increased expres-
sion levels of the T6SS and repression of the T3SS. Previous studies
have shown that in the absence of MucA repression of ¢ (AlgU),
the T3SS is repressed (92), which is an alternative explanation as to
why the T3SS is repressed on PIAAMV. A number of genes related
to PG synthesis were dysregulated when PAO1 was cultured on
PIAAMYV, as mentioned above (see Table S1 in the supplemental
material). The T6SS delivers two effectors, Tsel and Tse3, which
hydrolyze PG (93). The expression levels of the genes encoding
these effectors were significantly increased on PIAAMYV (see Table
S1 in the supplemental material). These data suggest that the ef-
fects on PG may be caused by induction of the T6SS on PIAAMV.
ClpV1 (PA0090) is a chaperone that is required for secretion of
T6SS effector proteins (94). Inactivation of clpVI resulted in a
nonmucoid phenotype on PIAAMYV (Table 1). It is possible that
the decreased secretion of T6SS effectors results in cell membrane
stress that is lower than the threshold needed to induce alginate
overproduction. This interplay between self-imposed cell mem-
brane stress and induction of the mucoid phenotype is interesting
and illustrates the dynamic interplay of the various virulence sys-
tems of P. aeruginosa.

A number of toxins are secreted by P. aeruginosa via the T2SS.
PIAAMYV activated the expression of the Xcp type II secretion
apparatus genes (95) (see Table S1 in the supplemental material)
as well as protease IV (piv). Protease IV degrades surfactant pro-
teins and is important in eye infections but may also contribute to
acute lung infection (96). Interestingly, triclosan alone does not
increase the gene expression level of either the T6SS or T2SS (86).
However, phosphate starvation does increase gene expression lev-
els of both the T6SS and T2SS (80), suggesting that the upregula-
tion of these systems on PIAAMV may be due to the impact of
vanadate on phosphate transport.

PIAAMY represses expression of iron uptake genes. Previous
studies indicated that iron-sequestering siderophores may be di-
rect targets of vanadate (52, 63). Vanadate was shown to bind
directly to siderophores (52). AMV caused decreased expression
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levels of many iron uptake genes (see Table S1 in the supplemental
material). Since vanadate can bind siderophores in place of iron, it
is possible that proteins that regulate gene expression in response
to low concentrations of iron can also bind vanadate. Vanadate
binding in place of iron could have effects on the entire iron up-
take system. This also correlates with the identification of several
iron-regulated genes that are required for mucoidy on PIAAMV
(Table 1).

PIAAMYV activates expression of the genes encoding the
MexGHI-OpmD efflux pump. As mentioned above, the
mexGHI-opmD efflux pump has been shown to confer resistance
to vanadate (63). Here we observed that the expression levels of
the mexGHI-opmD genes were increased in response to PIAAMV
(see Table S1 in the supplemental material). Interestingly, the
MexGHI-OpmD pump is responsible for secreting vanadium,
and it also secretes pyocyanin (63). Accumulation of vanadate in
cells likely has many detrimental effects on the cells. We hypoth-
esize that the MexGHI-OpmD efflux pump potentially pumps
enough vanadate out of cells to allow the cells to grow in the
presence of vanadate. We did not observe globally increased gene
expression of all efflux pumps due to growth on vanadate.

Growth on PIAAMYV causes attenuated virulence in a murine
acute pneumonia model. P. aeruginosa strains that initially infect
the lungs of CF patients are typically similar to wild-type environ-
mental organisms and are nonmucoid. Previous work has shown
that during murine lung infection, alginate production is induced
(4). Hypermucoid strains, such as PDO300, which has an inacti-
vated mucA gene, are as virulent as wild-type nonmucoid strains
in an acute pneumonia model (26). Other studies have shown that
early CF isolates are virulent but that later isolates have attenuated
virulence in acute infection models (97). Based on these data, we
tested whether growth on PIAAMYV would have an effect on acute
virulence of P. aeruginosa strain PAO1. PAO1 cells were cultured
on PIA and PIAAMYV for 18 h at 37°C. PAO1 on PIAAMV was
visibly mucoid, whereas it was nonmucoid on PIA (data not
shown). Doses of 4 X 107 CFU were prepared, and 8-week-old
female BALB/c mice were challenged by the intranasal route. Mice
were euthanized at 6 h, nasal cavities were washed, and the lungs
were harvested to determine bacterial loads and perform histol-
ogy. Between the two groups of mice, those receiving PAO1 grown
on PIA and those receiving PAO1 grown on PIAAMYV, no statis-
tical differences in the bacterial loads were observed in either nasal
wash specimens (PIA, 2.5 X 107 CFU/ml; PIAAMYV, 3.8 X 10’
CFU/ml) or the lung (PIA, 4.6 X 10" CFU/lung; PIAAMYV, 3.6 X
107 CFU/lung). However, lung histopathology performed with
standard hematoxylin and eosin stain revealed that mice infected
with PAO1 cultured on PIA had more extensive lung damage,
while the lungs from mice infected with PAO1 cultured on
PIAAMYV more closely resembled the lungs of uninfected mice
(data not shown). Based on this, we predicted that growth on
PIAAMYV would attenuate virulence of P. aeruginosa. To test this
hypothesis, we performed subsequent survival experiments with
PAOL1 cultured on PIA (Fig. 5). PAO1 cultured on PIA caused
morbidity of 7 of 8 of the mice challenged (Fig. 5). However,
PAOI cultured on PIAAMYV resulted in only 1 death out of 8 mice
challenged in two separate independent experiments. These data
corroborated our observations at 6 h postinfection and indicated
that growth on PIAAMYV attenuates P. aeruginosa.

Based on our expression data, it is clear that PIAAMYV changes
the expressions of many virulence gene systems, but it would have
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FIG 5 Cultivation of P. aeruginosa strain PAO1 on PIAAMYV results in atten-
uated acute virulence. Strain PAO1 was cultured for 18 h at 37°C on either PIA
or PIAAMYV, and 4 X 10”7 CFU were administered to BALB/c mice by the
intranasal route. Kaplan-Meier survival curves of BALB/c mice challenged
with P. aeruginosa indicate that PIAAMYV causes defects in PAO1 acute viru-
lence. Shown are data for two independent experiments (n = 4 in each
experiment).

been difficult to predict that virulence would have been affected.
Transcriptome analysis indicated that the T6SS was activated
while the T3SS was repressed (see Table S1 in the supplemental
material). The T3SS is involved in acute virulence, and repression
of this system on PIAAMYV contributes to the attenuated virulence
(98, 99). We also previously observed that PAO1 cells growing on
PIAAMV have palmitate on lipid A (21). In human cell lines,
synthetic lipid A containing palmitate causes 10- to 100-fold less
inflammation (100, 101). It is possible that PAO1 cells cultured on
PIAAMYV caused less inflammation, but further experiments are
needed to test this hypothesis. The iron concentration directly
regulates essential virulence factors of P. aeruginosa (102). On
PIAAMYV, vanadate likely binds siderophores, and we also noticed
that the iron uptake system was repressed on PIAAMYV (see Table
S1 in the supplemental material). It is possible that the effect of
vanadate on iron uptake may have contributed to the attenuated
virulence. The data presented here indicate that PIAAMYV not only
activates the general stress response of alginate but also globally
affects gene expression and attenuates acute virulence of P. aerugi-
nosa.

Summary. In this study, we have taken three broad approaches
to determine the effect of vanadate-induced stress on P. aeruginosa
as a model for inducible alginate overproduction conditions. We
used alginate overproduction as a reporter of cell stress and
screened the PA14 nonredundant library of mutants on PIAAMV
to better understand the genetic elements that contribute to or
modulate cell envelope stress. Previously, it was shown that
PIAAMYV activated MucA proteolysis (21). We hypothesize that
most of the mutants identified in the screen have altered MucA
proteolysis as a result of their respective mutations, with the ex-
ception of genes involved in metabolism and alginate synthesis.
Based on this idea, it seems that there may be many systems that
modulate regulated proteolysis of MucA. We also determined the
effect of P. aeruginosa growth on PIAAMYV on the transcriptome.
These effects confirmed our hypothesis that PIAAMYV affects more
than alginate synthesis. We also determined that cultivation of P.
aeruginosa on PIAAMYV attenuates virulence in an acute pneumo-
nia model. Ultimately, integration of the data generated by these
three methods indicates that P. aeruginosa has a vast network of
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FIG 6 Model of envelope stress caused by PIAAMYV leading to global gene
expression changes and attenuated virulence in P. aeruginosa. PIAAMYV is a
medium composed of standard Pseudomonas isolation agar supplemented
with 0.34 mM ammonium metavanadate. Vanadate is indicated by the yellow
and black structures. Our previous study suggested the P. aeruginosa activates
overproduction of the exopolysaccharide known as alginate as a stress re-
sponse (21). Degradation of the anti-sigma factor MucA during growth on
PIAAMY leads to activation of alginate gene expression and secretion of alg-
inate (21). In this study, we screened the PA14 nonredundant library of trans-
poson mutants, which led us to propose the following model. Triclosan from
PIA causes membrane stress, as others have described (71). The addition of
vanadate to PIAAMYV activates alginate overproduction. Mutants of the phos-
phate transport system were nonmucoid on PIAAMV, which suggested that
vanadate may be taken into cells by this system. Due to the identification of
several mutants of hydrolytic enzymes involved in peptidoglycan remodeling,
we propose that either vanadate may have a direct effect on peptidoglycan or
peptidoglycan remodeling might be a way of alleviating the stress caused in the
envelope by vanadate. Other mutants suggest that vanadate affects proteins in
the cytoplasm. Inactivation of genes involved in pyocyanin biosynthesis sug-
gested that vanadate may be secreted from the MexGHI-OpmD efflux pump,
as others have indicated (63). Transport of vanadate is indicated with gray
arrows. Vanadate causes both repression and activation of many key virulence
systems (see Table S1 in the supplemental material). We note that genes in-
volved in peptidoglycan synthesis and remodeling are both activated and re-
pressed. Furthermore, laboratory strain PAO1 is attenuated when cultured on
PIAAMV. Our study suggests that vanadate causes specific effects and enve-
lope stress on P. aeruginosa and may be useful for understanding the various
stress response networks. AMB, L-2-amino-4-methoxy-trans-3-butenoic acid;
PQS, Pseudomonas quinolone signal.

systems that are coordinated for modulating cell stress leading to
the mucoid phenotype.

Microarray analysis indicated that growth on PIAAMV re-
sulted in the activation of expression of some virulence factors and
the repression of others. PIAAMYV induced cell stress, resulting in
both activation and repression of genes that correspond to some
key known virulence factors. It is difficult to pinpoint which is the
overall factor(s) that leads to the attenuated virulence in the acute
pneumonia model. Growth on PIAAMV induced expression of
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the T6SS. CF patients have antibodies against the T6SS, indicating
that it is expressed during infection (94). The T3SS is a key factor
in acute infection (103), and PIAAMV decreased the expression
levels of the T3SS. It is possible that this is one of the major reasons
why P. aeruginosa cultured on PIAAMYV is attenuated. Since the
virulence systems were dysregulated by vanadate, we now wonder
if this reprogramming can be used to engineer live attenuated
strains for vaccine development. Mice challenged with PAO1 cul-
tured on PIAAMYV are protected from subsequent challenge with
PAO1 grown on PIA (data not shown). Efforts are currently under
way to test whether PIAAMYV-cultured P. aeruginosa can be used
to protect mice as a vaccine strategy.

Based on our findings presented here, we propose that PIAAMV
alters global gene expression and turns on cell stress pathways in P.
aeruginosa (Fig. 6). Furthermore, we propose that the genes and path-
ways identified here can be further studied to understand this general
stress response. Vanadate is likely taken up by the phosphate trans-
port system, but P. aeruginosa can also secrete vanadate via efflux
pumps (Fig. 6). Vanadate induces the alginate stress response, alters
the transcriptome, and attenuates the virulence of P. aeruginosa (Fig.
6). Recently, a systems biology approach has shown that the alginate
regulator and protease AIgW is a high-value target for the design of
therapeutics because it can be linked to so many other gene systems
(104). Our data corroborate the above-mentioned study and suggest
that an understanding of the global networks modulating cell stress is
necessary and may lead to the development of new strategies to com-
bat multidrug-resistant organisms such as P. aeruginosa.
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