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Type IV Pilus Assembly in Pseudomonas aeruginosa over a Broad
Range of Cyclic di-GMP Concentrations
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Pseudomonas aeruginosa is a Gram-negative, opportunistic pathogen that utilizes polar type IV pili (T4P) for twitching motility
and adhesion in the environment and during infection. Pilus assembly requires FimX, a GGDEF/EAL domain protein that binds
and hydrolyzes cyclic di-GMP (c-di-GMP). Bacteria lacking FimX are deficient in twitching motility and microcolony formation.
We carried out an extragenic suppressor screen in PA103AfimX bacteria to identify additional regulators of pilus assembly. Mul-
tiple suppressor mutations were mapped to PA0171, PA1121 (yfiR), and PA3703 (wspF), three genes previously associated with
small-colony-variant phenotypes. Multiple independent techniques confirmed that suppressors assembled functional surface
pili, though at both polar and nonpolar sites. Whole-cell c-di-GMP levels were elevated in suppressor strains, in agreement with
previous studies that had shown that the disrupted genes encoded negative regulators of diguanylate cyclases. Overexpression of
the regulated diguanylate cyclases was sufficient to suppress the AfimX pilus assembly defect, as was overexpression of an unre-
lated diguanylate cyclase from Caulobacter crescentus. Furthermore, under natural conditions of high c-di-GMP, PA103AfimX
formed robust biofilms that showed T4P staining and were structurally distinct from those formed by nonpiliated bacteria.
These results are the first demonstration that P. aeruginosa assembles a surface organelle, type IV pili, over a broad range of c-
di-GMP concentrations. Assembly of pili at low c-di-GMP concentrations requires a polarly localized c-di-GMP binding protein
and phosphodiesterase, FimX; this requirement for FimX is bypassed at high c-di-GMP concentrations. Thus, P. aeruginosa can

assemble the same surface organelle in distinct ways for motility or adhesion under very different environmental conditions.

is-(3'-5")-cyclic dimeric GMP (c-di-GMP) is a ubiquitous

bacterial second messenger that serves as a single integrated
signal for many environmental inputs. Increasing levels of this
small intracellular molecule are associated with bacterial transi-
tions from motile growth to formation of adherent biofilm
communities (20, 41). ¢c-di-GMP is synthesized from GTP by
diguanylate cyclases (DGC) and hydrolyzed to pGpG by phos-
phodiesterases (PDEs) (42). These enzymes contain conserved
GGDEF and EAL (or HY-GYP) domains for making and breaking
c-di-GMP, respectively. c-di-GMP DGCs and PDEs are present
throughout the bacterial kingdom, and the genomes of many or-
ganisms encode large numbers of these enzymes. c-di-GMP bind-
ing to nonenzymatic protein domains modulates functions as di-
verse as rhamnolipid biosynthesis (2), exopolysaccharide (EPS)
production (25, 31), siderophore production (27), virulence (24,
33), cell division (8), and motility organelle assembly and function
(1, 19, 21). In general, most GGDEF and EAL/HY-GYP domains
are associated with signal input domains, such as PAS (oxygen
sensing), REC (phosphoreceiver), and GAF (cyclic nucleotide
binding) domains, allowing c-di-GMP synthesis and hydrolysis to
be regulated in response to multiple environmental signals (15).

The opportunistic Gram-negative human pathogen Pseudomonas
aeruginosa encodes 17 GGDEF, 9 EAL, and 16 dual-domain
(GGDEF/EAL)-containing proteins (http://www.ncbi.nlm.nih.gov
/Complete_Genomes/SignalCensus.html). Several of these proteins
have been studied in detail, including FimX, a dual-domain pro-
tein required for twitching motility (19, 21). The DGC domain of
FimX is degenerate and enzymatically inactive, while the PDE
domain lacks residues predicted to play roles in coordinating di-
valent cations important for substrate binding and catalysis.
Nonetheless, FimX binds c-di-GMP with high affinity (~100 nM)
via its EAL domain and exhibits weak PDE activity in vitro (21, 35,
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40). Deletion of FimX, as well as point mutations targeting the
EAL or degenerate GDSIF motifs, result in a pilus assembly defect:
whole-cell pilin levels are unchanged, but surface pilin expression
is markedly reduced and bacterial twitching motility is impaired
(19, 21).

Twitching is a surface-associated motility that is mediated by
type IV pili (T4P) and exhibited by a phylogenetically diverse
group of bacteria, such as Neisseria gonorrhoeae, P. aeruginosa, and
Myxococcus xanthus (29). Twitching motility is important for bio-
film initiation (36), a surface colonization behavior of P. aerugi-
nosa that allows it to exploit environmental and host niches, such
as the cystic fibrosis (CF) airway. Biofilm maturation also requires
T4P, although these pili can be motile or nonmotile (3, 6). Biofilm
formation is promoted by increased intracellular c-di-GMP,
which results in elevated expression of EPS (11), surface adhesins
(32, 50), and protein adhesins (4).

In this study, we carried out an extragenic suppressor screen in
PA103AfimX to identify mutations that restored surface pilus as-
sembly. Unexpectedly, we observed that the pilus assembly re-
quirement for FimX could be bypassed at high intracellular con-
centrations of c-di-GMP. Characterization of the suppressor
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TABLE 1 Strains and plasmids used in this study

Source or
Strain or plasmid Description/relevant genotype reference
E. coli DH5« supE44 AlacU169(P80dlacZAM15) hsdR17 thi-1 relAl recAl Invitrogen
P. aeruginosa strains
PA103 Aflagellate virulent lung isolate 26
PAO1 WT 48
PA103AfimX PA103 containing an in frame deletion of aa 15-685 of FimX 21
PA103ApilA Gm" cassette (aacCl) inserted into pilA in PA103, Gm" 52
PAO1AfimX PAOI containing an in frame deletion of aa 15-685 of FimX 21
PAOI1ApilA PAOL1 with in-frame deletion of PilA 10
AfimXPA0171:Tn5 Tn insertion in PA0171 in PA103AfimX This study
AfimXPA1121::Tn5 Tn insertion in PA1121 in PA103AfimX This study
AfimXPA3703:Tn5 Tn insertion in PA3703 in PA103AfimX This study
PA103/pMQ72 PA103 with the arabinose-inducible plasmid This study
PA103/pPA0169 PA103 overexpressing PA0169 under Py, This study
PA103/pPA1120 PA103 overexpressing PA1120 under Py, This study
PA103/pPA3702 PA103 overexpressing PA3702 under Py, This study
PAO1/pPA0169 PAOI overexpressing PA0169 under Py, , This study
PAO1/pPA1120 PAOL1 overexpressing PA1120 under Py, |, This study
PAO1/pPA3702 PAOI overexpressing PA3702 under Py, , This study
AfimX/pMQ72 PA103AfimX with the arabinose-inducible plasmid This study
AfimX/p1120 PA103AfimX overexpressing PA1120 under Py, This study
AfimX/p1120mutant PA103AfimX overexpressing mutated PA1120 under Py, This study
AfimX/pPA0169 PA103AfimX overexpressing PA0169 under Py, This study
AfimX/pPA3702 PA103AfimX overexpressing PA3702 under Py, This study
AfimX/pPleD* PA103AfimX overexpressing PleD* under Py, This study
AfimXPA0171 VC AfimXPA0171::Tn5 with the arabinose-inducible plasmid This study
AfimXPA0171/pPA0171 AfimXPA0171::Tn5 overexpressing PA0171 under Py, This study
AfimXPA1121 VC AfimXPA1121:: Tn5 with the arabinose-inducible plasmid This study
AfimXPA1121/pPA1121 AfimXPA1121:: Tn5 overexpressing PA1121 under Py, This study
AfimXPA3703 VC AfimXPA3703:: Tn5 with the arabinose-inducible plasmid This study
AfimXPA3703/pPA3703 AfimXPA3703:: Tn5 overexpressing PA3703 under Py, This study
Plasmids
pMQ72 Cloning vector; Gm', URA3 Py, ,; araC 45
pPleD* PleD* under the control of the Py, promoter in pMQ72; Gm', URA3 This study
pPA1120 PA1120 under the control of the Py, promoter in pMQ72; Gm', URA3 This study
pPA3702 PA3702 under the control of the Py, promoter in pMQ72; Gm*, URA3 This study
pPA0169 PA0169 under the control of the Py,, promoter in pMQ72; Gm', URA3 This study
pPA0171 PA0171 under the control of the Py, , promoter in pMQ72; Gm', URA3 This study
pPA3703 PA3703 under the control of the Py, promoter in pMQ72; Gm*, URA3 This study
pPA1121 PA1121 under the control of the Py, , promoter in pMQ72; Gm', URA3 This study
pPA1120/topo PA1120 cloned in pTOPO This study
pPA1120mutant Mutant PA1120 (GGDEF to AAAEF) under the control of the Py, , promoter in pMQ72; Gm*, URA3 This study

strains suggests that P. aeruginosa assembles T4P in distinct ways
for motility and biofilm formation.

MATERIALS AND METHODS

Strains and growth conditions. Strains and plasmids used in this study
are listed in Table 1. Both Escherichia coli and Pseudomonas aeruginosa
were cultured in Luria broth (LB) medium with antibiotics as required at
the following concentrations: gentamicin, 15 wg ml~* for E. coli or 100 pg
ml ™" for P. aeruginosa; tetracycline, 20 pg ml~ " for E. coli or 100 pg ml ™'
for P. aeruginosa. M9 medium was used for cultivating P. aeruginosa for
biofilms. Commercial chemically competent E. coli was used for transfor-
mations (Invitrogen), and P. aeruginosa was transformed by electropora-
tion (7). All bacterial strains were stored at —80°C as 15% glycerol stocks.

Extragenic suppressor screen. Tn5<TcR> transposon (Tn) DNA
(200 ng) was incubated with EZ-Tn5 transposase (Epicentre Biotechnol-
ogies) in the presence of glycerol to form transposon complexes according
to the manufacturer’s protocols. Electrocompetent PA103AfimX was pre-
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pared and electroporated with one-eighth of the transposon mixture and
then incubated for 2 h at 37°C in LB and plated onto LB-tetracycline plates
(7). Approximately 40,000 transformants were screened visually for the
appearance of rough-edged colonies at 72 h after plating. These colonies
were restreaked to LB-tetracycline to confirm colony morphology and
then tested by stab agar assay for restoration of twitching motility. Colo-
nies that displayed increased twitching motility compared to AfimX were
further evaluated. The location of transposon insertions was mapped by
inverse PCR as previously described (34).

Strain construction. All PCR primers employed in this study are listed
in Table 2 and were ordered from either Integrated DNA Technologies or
Keck Facility (Yale University). PA0169, PA0171, PA1120, PA1121,
PA3703, and PA3702 were amplified from P. aeruginosa PA103 genomic
DNA using Phusion DNA polymerase (New England BioLabs) and then
cloned in pMQ?72 under an inducible pBAD promoter. PleD* His (38) was
used as a template to amplify PleD*. The absence of mutations in ampli-
fied genes was confirmed by DNA sequencing. Plasmids were introduced
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TABLE 2 Primers used in this study

AfimX-Independent T4P Assembly in c-di-GMP

TABLE 3 Efficiency of PO4 plaque formation

Primer

name Primer sequence® (5'-3")

0169-F GCGAGCTCTCGCTGGAGCAACTGATGCGGCTGGAG

0169-R GCTGCTGGTGGAGCTCAGCCGAGGCC

0171-F CCGAGCAGGCCGAGCTCTTCGTGGCGACGCTCG

0171-R CGACCCAGTCGATCACGCGGCCGCACAGTTC

1120-F CGCGCATCACCTTCGAGCTCAATCTCGACTCCATC

1120-R CCAGGCCCAGCACAAGCTTGAACAGGGCG

1121-F GGCACATCCGGTACCATTCGCCGCACACCG

1121-R GCGCAGGGTCAGCGGCCGCCCAGGGTC

3703-F CAAGGATCGTGAGGAGCTCCGTCGGCGCGGTC

3703-R CCTCGTATCAAATTGAAAGCTTTTCCACGCACCG

3702-F ATTAGCCGGGGTCGACTCCGGCCAGGCG

3702-R CTGCGAAGTATACTAAGCTTGCGCCCCACAGG

PleD*-F GCGGTACCGGCAGCCTGCATGAGCGCCCGG

PleD*-R GCAAGCTTTCAGGCGGCCTTGCCGACC

1120 m-F CCTGGTGGCGCGCCTGGCCGCCGCCGAATTCGCC
GTCCTGC

1120 m-R GCAGGACGGCGAATTCGGCGGCGGCCAGGCGCG
CCACCAGG

1120-RTF TCGCTATACGGGTTCCAATCCATC

1120-RTR TATAGCTGATGGAACGGGCGAT

3702-RTF TGCACAACCCTCATGAGAGCAAGA

3702-RTR AACAGAAATGGAAGTCGATGCCCG

169-RTF ATCTCCGACGGTTTCCAGTCGAT

169-RTR TTGAGGTCGCGCATCATCTGCT

rplU-RTF CGCAGTGATTGTTACCGGTG

rplU-RTR AGGCCTGAATGCCGGTGATC

cupA-RTF ATGACCAGAACTTCGAACCCATGC

cupA-RTR ATGTGATAGTGTTTGCCGCCATCG

pelA-RTR GGCGCTCACCGTACTCGATC

pelA-RTR GATGCGCCGGCCATTCTCG

psID-RTR CGCACGCCGCAGGAAATCG

psID-RTR CTTCCGAGTCCTCGCGCATG

@ Restriction sites are underlined.

into P. aeruginosa, and transformants were selected on LB-gentamicin.
Arabinose was used at a concentration of 0.2% in all experiments to in-
duce gene expression.

Subsurface stab assay for twitching motility. Twitching motility was
determined at an LB agar-plastic interface after overnight incubation at
37°C, followed by 24 h of incubation at room temperature as previously
described (21). The diameter of the twitching zone on the plastic surface
was measured; for noncircular zones, the longest and shortest dimensions
were measured and averaged.

Surface pilin ELISA. Surface pilin enzyme-linked immunosorbent as-
say (ELISA) was performed as described previously (21), using polyclonal
antiserum raised against pili purified from PA103 or PAOL.

Phage sensitivity. PO4 phage (kindly provided by Patricia Baynham,
Thomas More College) was serially diluted and spotted in duplicate onto
soft agar (0.7%) containing PA103, PAO1, or the indicated isogenic mu-
tants. Plaques were counted following overnight incubation at 37°C. Ef-
ficiency of plaque formation was calculated relative to the wild-type (WT)
PA103 strain.

Transmission electron microscopy (TEM). Log-phase bacteria
grown in LB (plus antibiotics and 0.2% arabinose, if required) were al-
lowed to bind to glow-discharged carbon grids for 1 min. Grids were
stained twice with 1% phosphotungstate (1 min) or once with 1% uranyl
acetate (1 min) and then dried for 10 to 15 min before imaging on a Tecnai
12 Biotwin microscope (Center for Cell and Molecular Imaging, Yale
University).

Determination of intracellular c-di-GMP concentrations. Bacteria
were grown overnight on LB plates (with antibiotics as indicated) at 37°C,
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Strain Efficiency of plaque formation”
PA103 1.0 = 0.26
PA103ApilA <1x10°?
PA103AfimX 0.01

AfimX PA0171:Tn5 1.37 £ 0.6
AfimX PA1121::Tn5 1.5+ 0.28
AfimX PA3703::Tn5 1.19 = 0.06
AfimX/pMQ72 0.017 £ 0.005
AfimX/pPA0169 0.006 £ 0.006
AfimX/pPA1120 1.1+ 035
AfimX/pPA3702 1.0 £ 0.4
AfimX/pPleD* 0.85 = 0.12
PA103/pMQ72 1.05 = 0.14
PA103/pPA0169 1.25 £ 0.11
PA103/pPA1120 0.7 = 0.09
PA103/pPA3702 0.88 = 0.001
PAO1/pMQ72 1.45 £0.27
PAO1/pPA0169 1.25 £ 0.104
PAO1/pPA1120 1.67 = 0.29
PAO1/pPA3702 0.95 £ 0.104

@ Efficiency of PO4 plaque formation expressed relative to the WT strain (PA103 or
PAOL, as appropriate). Means + SD of 3 to 5 independent experiments are shown.

harvested by scraping, and resuspended in 300 pl phosphate-buffered
saline (PBS); a 10-l aliquot was set aside for bicinchoninic acid (BCA)
protein assay (Pierce). The remaining cells were repelleted and resus-
pended in 300 pl of ice-cold extraction solvent (acetonitrile-methanol-
water at 40:40:20 [vol/vol/vol]) containing the internal standard cXMP
(200 ng/ml). The extraction process was completed as described by Span-
gler et al. (46). Extracts were analyzed by liquid chromatography-tandem
mass spectrometry (MS/MS) on an API 3000 triple-quadrupole mass
spectrometer (Applied Biosystems, Foster City, CA), coupled with a series
200 high-performance liquid chromatography (HPLC) system (Perkin
Elmer Instruments, Norwalk, CT). Liquid chromatography separation
was achieved on a reverse-phase column with an ammonium acetate-
methanol gradient. Final c¢-di-GMP concentrations were expressed as
pmol/mg of bacterial protein; the molar concentration of c-di-GMP was
calculated as described elsewhere (13). Biological duplicates were pre-
pared for each sample; each strain was assayed in 2 to 3 independent
experiments.

Site-directed mutagenesis. The GGDEF motif (aa 328 to 332) of
PA1120 was changed to AAAEF according to the QuikChange site-di-
rected mutagenesis kit protocol (Stratagene) using primers 1120m-F and
1120m-R (Table 3). PA1120 cloned in pTOPO (Invitrogen) was used as a
template for this reaction, and the introduction of only the desired muta-
tions was confirmed by sequencing. PA1120m was then subcloned into
pMQ72, resulting in an arabinose-inducible expression construct.

RNA isolation and quantitative PCR. Bacterial RNA was isolated
from PA103AfimX and the transposon mutants grown to late exponential
phase as previously described (43). RNA was checked for DNA contami-
nation by PCR amplification of the 50S ribosomal protein gene rplU using
Taq DNA polymerase and primer pair rplU-RTF and rplU-RTR. cDNA
was synthesized from 1 g RNA using an iScript cDNA synthesis kit (Bio-
Rad). For quantitative reverse transcription-PCR (qRT-PCR), 1 pl of
c¢DNA was added to SYBR green qPCR master mix (Bio-Rad) plus 500 nM
the respective forward (-RTF) and reverse (-RTR) primers (Table 3). Fold
change of the expression of a target gene in each extragenic suppressor
strain was calculated relative to its expression level in the parent strain
AfimX and normalized to the expression of rplU as described previously
(39).

Static biofilm formation. Biofilm formation assays were performed as
previously described using 96-well plates (37). Briefly, overnight cultures
grown in LB were diluted into LB (1:100); 100 pl of the dilution was used
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to inoculate 3 to 4 replicate wells per strain/assay. Plates were incubated
for 24 h at 30°C and then gently washed to remove nonadherent bacteria.
Adherent biofilm was stained with crystal violet (0.1%), followed by bio-
film dissolution with glacial acetic acid (1%). The dissolved crystal violet
was measured at an absorbance of 550 nm. Each experiment was repeated
independently at least 3 times.

Flow-cell biofilms. Biofilms were grown at 30°C in flow chambers
with individual channel dimensions of 1 by 4 by 40 mm and supplied at a
flow of 3 ml h™! with M9 medium supplemented with 0.3 mM glucose
(16). The flow system was assembled and prepared as described elsewhere
(23). Cultures for inoculation of the flow channels were prepared by in-
oculating a single colony from a plate into test tubes containing M9 me-
dium supplemented with 30 mM glucose and growing them at 37°C for 16
h. Cultures were diluted to an optical density at 600 nm of 0.01 in M9
medium with 0.3 mM glucose and used for inoculation. A 350-ul volume
of diluted culture was injected into each flow channel with a small syringe.
After inoculation, flow channels were left without flow for 1 h for cell
attachment. Medium flow was then started at a constant rate of 3 mlh™"
with a Watson Marlow 205S peristaltic pump for 4 days.

Pilus labeling in biofilms. Bacterial overnight cultures were diluted
1:100 in fresh LB medium and inoculated on polylysine-coated coverslips
for 24 h at 30°C. The coverslips were washed with PBS, fixed with meth-
anol, and labeled for surface pilin per our surface ELISA protocol. The
primary antibody (anti-PilA; PAO1) was used at a dilution of 1:200, and
the secondary goat anti-rabbit Alexa 488 antibody (Molecular Probes)
was used at a dilution of 1:500. Primary antibody was omitted for second-
ary antibody-only controls. For this experiment, PAO1, PAO1AfimX, and
PAO1ApilA strains were used.

Image acquisition and processing. All microscopic observations and
image acquisitions were performed by confocal laser scanning micros-
copy (Zeiss LSM 510). Images were obtained with a 60X water objective.
Image scanning was carried out with the 488-nm laser line from an Ar-Kr
laser. Simulated fluorescence projections and sections through the bio-
films were generated with the Zeiss Image Browser software. Images from
each experiment were analyzed by the computer program COMSTAT
(17).

Statistical analysis. Means and standard deviations were calculated
using Excel (Microsoft). Data are expressed as means = SD. P values were
calculated by analysis of variance (ANOVA; one way or two way, as indi-
cated) followed by Bonferroni’s or Dunnett’s multiple comparison tests
(*, P < 0.05; **, P < 0.01; ***, P < 0.001) using GraphPad Prism 5.0.

RESULTS

Isolation of fimX suppressors that restore twitching motility.
PA103AfimX bacteria do not assemble surface pili, resulting in
colonies with a characteristic smooth appearance that is easily
distinguished from the jagged colony border of WT P. aeruginosa
PA103 (19, 21). We took advantage of this difference in colony
morphology to visually screen a library of ca. 40,000 Tn5<TcR>
transposon insertion mutants in the PA103AfimX background for
extragenic suppressors that restored a jagged colony morphology.
Forty-two mutants satisfied this screen; these were restreaked
and checked for WT colony morphology, resulting in 29 mutants
that had either partial or near-complete suppression of the
PA103AfimX colony morphology phenotype. Multiple indepen-
dent transposon (Tn) insertions were mapped by inverse PCR to
each of three specific loci: PA0171, PA1121 (yfiR), and PA3703
(wspF) (see Fig. SI in the supplemental material). Transposon-
mediated disruption of these three genes has been previously re-
ported to result in a wrinkly spreader phenotype, i.e., tight colo-
nies on agar and clumping growth in liquid (9, 14). Three
insertions could not be mapped with confidence, while four inde-
pendent insertions mapped to mutL, a mismatch repair locus.
These last seven insertions were not pursued further.
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Extragenic suppressors restore surface pilus expression and
function. Several assays were used to assess the presence (e.g.,
surface pilin ELISA and transmission electron microscopy
[TEM]) and function (e.g., twitching motility and pilus-specific
phage sensitivity) of T4P in the PA103AfimX suppressors (5, 36).
Multiple independent Tn insertions in PA0171, PA1121 (yfiR),
and PA3703 (wspF) restored twitching motility compared to
PA103AfimX, though no suppressor showed motility equivalent
to that of WT PA103 (Fig. 1A). Surface pilin levels, measured by
ELISA for two representative insertions in each gene, were also
partially restored by the suppressor mutations (Fig. 1B), with all
suppressor strains assembling significantly more surface pilin
than the PA103AfimX strain. As seen by TEM, liquid-grown
AfimX suppressors assembled surface pili at multiple sites, both
polar and nonpolar, on the bacterial surface. This was in contrast
to WT PA103 bacteria, which assembled only polar T4P when
examined after planktonic growth (Fig. 1C; also see Fig. S2 in the
supplemental material). The assembled pili appeared to be func-
tional, as strains with insertions in PA0171, PA1121 (yfiR), and
PA3703 (wspF) were as sensitive to the T4P-specific phage PO4 as
WT PA103 (Table 3). Collectively, these results demonstrate that
Tn insertions in PAO171, yfiR, and wspF restored surface pilin
assembly to PA103AfimX bacteria. Assembled pili were func-
tional, but assembly was no longer restricted to the bacterial poles.

PA103AfimX suppressors map to operons encoding digua-
nylate cyclases. PA0171, PA1121 (yfiR), and PA3703 (wspF) each
lie upstream of genes that encode proteins with predicted or con-
firmed DGC activity, i.e., PA0169 (siaD), PA1120 (tpbB, or yfiN),
and PA3702 (wspR), raising the possibility that the observed phe-
notypes were due to polar effects on these downstream genes.
Expression of each DGC was therefore measured by qRT-PCR in
PA103AfimX and in the corresponding suppressor strain. We did
not observe any decrease in DGC transcript levels in the suppres-
sor strains relative to PA103AfimX; rather, similar or increased
mRNA levels were noted. AfimX PA1121::Tn5 showed an increase
of 1.9- * 0.8-fold in the mRNA of PA1120; AfimX PA3703::Tn5, a
4.0- * 0.7-fold increase in PA3702 mRNA; and AfimX PA0171::
Tnb5, alarge, 70- = 10-fold increase in PA0169 mRNA levels.

Importantly, each suppressor mutation could be comple-
mented by expressing WT PA0171, PA1121 (YfiR), or PA3703
(WspF) in the respective AfimX suppressor strain. The expression
of PA1121 (YfiR) or PA3703 (WspF) completely reverted the
AfimX suppressor back to the parental (PA103AfimX) phenotype,
as demonstrated by the loss of twitching motility (Fig. 2A) and
surface pilin expression (Fig. 2B). The expression of PA0171 in
AfimX PA0171::Tn5 resulted in partial complementation, as the
amount of surface pilin remained higher than that observed in
PA103AfimX (although less than that measured in AfimX
PA0171::Tn5) (Fig. 2B). Thus, the suppressor phenotypes appear
to be due to theloss of PA0171, PA1121 (YfiR), or PA3703 (WspF)
activity.

Intracellular cyclic-di-GMP concentrations are elevated in
extragenic suppressor strains. PA1121 (YfiR) and PA3703
(WspF) are known to negatively regulate the DGCs PA1120 (YfiN/
TpbB) (27) and PA3702 (WspR) (18), respectively. It is not known
whether PA0171 plays a similar role via PA0169. We measured
intracellular c-di-GMP concentration in PA103, PA103AfimX,
and each AfimX suppressor grown on agar plates using HPLC-
MS/MS (46). PA103 and PA103AfimX had similar low intracellu-
lar ¢-di-GMP levels (~300 nM). In contrast, each of the suppres-

Journal of Bacteriology


http://jb.asm.org

Twitching zone diameter (mm)
H

AfimX-Independent T4P Assembly in c-di-GMP

Surface associated PilA (A4gq)

AfimX

AfimX PAOI71-2:Tn5

o

FIG 1 Extragenic suppressors restore surface pili. (A) Twitching zone diameter as measured by the subsurface stab assay. Strains were assayed 3 to 5 times, and
means = standard deviations (SD) (n = 4) from a representative experiment are shown. All of the strains were compared to AfimX using one-way ANOVA
followed by Dunnett’s multiple-comparison test. (B) Total surface pili as determined by surface pilin ELISA. Two representative Tn insertions were assayed for
each gene. Bars indicate means = SD from three independent experiments. All of the samples were compared to AfimX using one-way ANOVA followed by
Dunnett’s multiple-comparison test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (C) Visualization of T4P by transmission electron microscopy. Bacteria from early
exponential growth phase were stained directly with 1% phosphotungstate. Panels show higher magnification pictures of representative cells for each strain, and
insets show lower magnification pictures of the same cells. Black arrows indicate the nonpolar site of attachment of the pili with the cell body. White arrow

indicates T4P on a WT surface. Scale bar, 500 nm (main panel) or 2 wm (inset).

sors had significantly elevated c-di-GMP concentrations, with
AfimX PA1121::Tn5 having the highest (~100-fold greater than
PA103AfimX) followed by AfimX PA3703::Tn5 (~20-fold) and
AfimX PA0171::Tn5 (~10-fold) (Fig. 3).

Type IV pilus assembly in the absence of FimX is driven by
high c-di-GMP levels. High c-di-GMP concentrations are usually
associated with sessile behaviors; therefore, we found it surprising
that all of the suppressor strains showed elevated levels of intra-
cellular c-di-GMP and yet exhibited motility. We tested whether a
high level of c-di-GMP was sufficient to suppress the PA103AfimX
phenotype by expressing each DGC in PA103AfimX under the
control of an inducible promoter. Overexpression of each DGC
except PA0169 resulted in increased c-di-GMP levels as measured
by HPLC-MS/MS (Fig. 3). Overexpression of either PA1120
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(YAN/TpbB) or PA3702 (WspR) led to increased surface pilin
assembly (Fig. 4A) and twitching motility zones (see Fig. S3 in the
supplemental material) and restored PO4 phage sensitivity com-
pared to PA103AfimX (Table 3). However, PA0169 overexpres-
sion did not restore surface pilin expression (Fig. 4A), and these
bacteria remained PO4 phage resistant (Table 3). Multiple pili
were observed by TEM on the majority of PA103AfimX bacteria
overexpressing PA1120 (YfiN/TpbB) or PA3702 (WspR) (Fig.
4B), whereas this was not the case for PA0169 overexpressing
AfimX bacteria. We also tested whether the expression of an un-
related DGC could suppress the PA103AfimX T4P assembly de-
fect, choosing the well-characterized Caulobacter crescentus DGC
PleD for this experiment (38). Expression of PleD*, a constitu-
tively active allele of this DGC, restored surface pilin assembly
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FIG 2 Extragenic suppressor phenotypes can be reverted by expressing PA0171, PA1121, or PA3703 in trans. Extragenic suppressor strains carrying either empty
vector (VC) or PA0171, PA1121, or PA3703 cloned under the pBAD promoter were grown on LB plates plus 0.2% arabinose. Strains were assayed for surface pilin
expression by ELISA (A) and twitching motility by subsurface stab assay (B). Bars represent means * SD of triplicate samples from four independent
experiments. P values were determined by ANOVA with Bonferroni’s multiple-comparison test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

(Fig. 4A), twitching motility (see Fig. S3), and PO4 phage sensi-
tivity (Table 3) compared to PA103AfimX. Similar results were
obtained when we expressed the WT allele of PleD from a higher-
copy-number plasmid (see Fig. S4). Thus, suppression of
PA103AfimX phenotypes is not restricted to the DGCs identified
in our genetic screen.

If high c-di-GMP levels are required to suppress the AfimX
phenotype, then overexpression of an enzymatically inactive DGC
should not support T4P assembly. We tested this by mutating the
DGC motif of PA1120 (YAN/TbpB) from GGDEF to AAAEF, a
change predicted to disrupt DGC activity (27). Overexpression of
this mutated DGC (PA1120m) in PA103AfimX did not suppress
the T4P assembly defect (Fig. 5).

Bacteria assemble pili in biofilms in the absence of FimX.
Biofilms likely represent a natural condition in which c-di-GMP
levels are elevated, as overexpression of diguanylate cyclases pro-
motes biofilm formation and the production of biofilm matrix
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FIG 3 c-di-GMP levels are elevated in the extragenic suppressor strains. Bac-
teria were grown on LB agar plates overnight supplemented with antibiotic
and 0.2% arabinose as appropriate. Each sample was prepared in biological
duplicates and measured in 2 to 3 experiments; bars represent means = SD.
Values over each bar represent the c-di-GMP fold increase in the respective
strains compared to the c-di-GMP level in AfimX or AfimX VC, respectively.
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components, while induction of ¢-di-GMP phosphodiesterases
leads to biofilm dispersal (4, 12). Since experimental elevation of
c-di-GMP levels in PA103AfimX restored surface pilus assembly,
we hypothesized that this also occurred during biofilm formation
and predicted that the biofilm formation defects of a ApilA mu-
tant strain would not be observed for AfimX bacteria. Since the
aflagellate WT PA103 strain produces poor biofilms, we deleted
fimXin the reference strain PAOL1 for these experiments, confirm-
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FIG 4 Overexpression of diguanylate cyclases restores surface pilus assembly
in AfimX. PA103AfimX carrying pMQ72 (VC) or the indicated DGCs cloned
under the pBAD promoter were grown on plates with or without 0.2% arabi-
nose. (A) Total surface pili as determined by surface pilin ELISA. Bars indicate
means * SD of triplicate samples from three independent experiments. Two-
way ANOVA followed by Bonferroni’s multiple comparison test was used to
analyze the data. Allinduced (+ Arabinose) samples were compared to AfimX/
pPMQ72 plus arabinose. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (B) T4P
visualized by transmission electron microscopy after staining with 1% phos-
photungstate. Panels show a higher magnification image of a representative
cell. Scale bar, 500 nm. ns, not significant.
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FIG 5 Inactive DGC does not suppress AfimX pilus assembly defects. AfimX
expressing PA1120 or the enzymatically inactive allele PA1120m was harvested
from plates supplemented with 0.2% arabinose. Total surface pilin was mea-
sured by ELISA. Bars indicate means = SD of triplicate samples from three
independent experiments. One-way ANOVA followed by Dunnett’s compar-
ison test was used to compare values to the vector control, AfimX/pMQ72
(VC).*, P <0.05;**, P < 0.01; ***, P <0.001.

ing that this also resulted in pilus assembly and twitching motility
defects (see Fig. S5 in the supplemental material). Furthermore,
the PAO1AfimX T4P assembly defect could be suppressed by
overexpressing the DGCs PA1120 (YAN/TbpB) and PA3702
(WspR), as we had observed for PA103AfimX (see Fig. S6).

In a static biofilm model, PAO1ApilA had a biofilm defect,
while PAO1AfimX formed biofilms indistinguishable from those
of WT PAOL (Fig. 6A). We also inoculated YFP-expressing PAO1,
PAOI1AfimX, and PAO1ApilA into flow cells and imaged biofilm
structures over time by laser scanning confocal microscopy (Fig.
6B). COMSTAT analysis of day 4 biofilms showed that AfimX
formed thicker biofilms than ApilA and had a roughness interme-
diate to that observed for PAO1 compared to PAO1ApilA (Fig.
6C). We confirmed that WT, AfimX, and ApilA strains had the
same doubling time when grown as planktonic cultures (see Fig.
S7). As bacterial spreading and colonization of surfaces in early
stages of biofilm formation are thought to depend on T4P-medi-
ated motility, we would expect increased roughness from AfimX
bacteria. Biofilm thickness, however, is postulated to increase with
T4P-dependent growth of caps on stalks during later stages of
biofilm maturation. We also stained pili directly in 1-day-old
static biofilms grown on coverslips, using an antibody against
PAOIL pilin (Fig. 6D). WT PAO1 and PAO1AfimX showed quali-
tatively similar staining patterns, with bright staining outlining
regions where microcolony structures were growing in the z axis.
PAO1ApilA staining showed no such regions of increased signal
intensity, while secondary antibody control did not give detect-
able fluorescence for any sample (not shown).

Overexpression of DGCs in PAO1 suppresses twitching mo-
tility but not T4P assembly. Increased activity of the DGCs
PA1120 (YfiN/TbpB) (27, 51) and PA3702 (WspR) (28) results in
the small-colony-variant (SCV) phenotype, characterized by
wrinkly, hyperaggregative colonies that are usually reported to
lack twitching motility. Although we observed no twitching mo-
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tility defect for PA103 overexpressing PA1120 (YfiN/TbpB) or
PA3702 (WspR), we found that overexpression of these DGCs in
PAO1 did inhibit twitching motility (Fig. 7A). Since elevated c-di-
GMP drives the production of exopolysaccharide and protein ad-
hesins that might impair bacterial twitching motility (4), we ex-
plicitly tested whether the DGC-overexpressing bacteria had any
defects in surface pilin assembly. No defects in pilus assembly were
associated with DGC overexpression in either PAO1 or PA103
(Fig. 7B), while intact T4P function was confirmed by PO4 phage
sensitivity (Table 3).

DISCUSSION

Alterations in c-di-GMP levels are associated with changes in bac-
terial behavior. In the present study, we show that the same be-
havior, namely, assembly of T4P on the bacterial surface, occurs
over a broad range of intracellular c-di-GMP concentrations. The
proteins required for assembly under low- and high-c-di-GMP
conditions are not the same, however, as FimX is required only
under conditions of low c-di-GMP. T4P-based motility allows
movement across solid biotic and abiotic surfaces. T4P are also
implicated in early stages of surface attachment and colonization,
e.g., microcolony formation, which precede biofilm maturation.
Recent work has demonstrated that T4P likely play roles in later
stages of biofilm growth and maturation, as P. aeruginosa organ-
isms that do not assemble T4P cannot participate in the formation
of cap structures characteristic of flow-cell biofilms. However,
T4P motility per se is not required for formation of cap-and-stalk,
mushroom-shaped structures (3, 6, 22, 23), suggesting that the
primary function of T4P in this context is as adhesins or matrix
components. Thus, P. aeruginosa shows a requirement for T4P
assembly in growth conditions associated with the entire spec-
trum of motile and sessile behaviors and, presumably, over a
broad range of intracellular c-di-GMP concentrations.

FimX is a PDE that binds c-di-GMP with high affinity (equi-
librium dissociation constant [K},], ~100 nM) and that localizes
to the leading pole in twitching bacteria (R. Jain and B. I. Ka-
zmierczak, unpublished data). As most models postulate that low
c-di-GMP levels are associated with motility, we initially reasoned
that our screen for extragenic suppressors of PA103AfimX would
identify proteins with DGC activity whose inactivation lowered
c-di-GMP levels, perhaps locally, and restored T4P assembly. In-
stead, we identified many independent Tn insertions that all in-
creased intracellular c-di-GMP in bacteria and restored T4P as-
sembly. These Tn insertions mapped to loci that had been
previously described as causing an autoaggregative growth pheno-
type in liquid and a wrinkled-surface colony morphology (9). Bac-
teria expressing this phenotype also arise spontaneously, either in
directed evolution experiments (30) or from CF patients (47), as
SCV. Two of the suppressor loci have been well characterized with
regard to their regulation of DGC activity and c-di-GMP produc-
tion. Harwood and colleagues demonstrated that the wsp operon
encodes a chemosensory system whose output is the phosphory-
lation and activation of the DGC PA3702 (WspR) (18). PA3703
(WspF) is a homolog of the CheB methylesterase, and its inacti-
vation is predicted to lock the Wsp signaling complex into a con-
formation that constantly phosphorylates and activates WspR. As
expected, AwspF bacteria have elevated intracellular c-di-GMP,
and the phenotypes associated with this mutation are no longer
observed in the absence of WspR (AwspF AwspR strain) (18).
Likewise, PA1121 (YfiR) negatively regulates the DGC PA1120
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FIG 6 AfimX bacteria form biofilms and stain for surface pilin. (A) PAO1, PAO1AfimX, and PAO1ApilA were grown as static biofilms for 24 h at 30°C in
triplicate wells and then stained with crystal violet. Bars represent means * SD from three independent experiments; values are normalized to PAO1. %, P < 0.05;
>, P<0.01; %%, P < 0.001. (B) Three-dimensional plot of day 4 flow biofilms formed by PAO1, PAO1AfimX, and PAO1ApilA. (C) Scatter plots showing average
thickness and roughness of day 4 flow biofilms of PAO1, PAO1AfimX, and PAO1ApilA, as calculated by COMSTAT. (D) PAO1, PAO1AfimX, and PAO1ApilA
were grown on polylysine-coated coverslips for 24 h under static biofilm conditions and then stained for surface pilin. All images were acquired under identical

conditions. Scale bar, 10 pm.

(YfiN/TpbB) by an unknown mechanism, and AyfiR bacteria have
elevated levels of c-di-GMP (27, 49). Our observation of increased
c-di-GMP levels in strains carrying Tn insertions in PA1121 and
PA3703 is therefore consistent with their established roles as neg-
ative regulators of DGC activity.

Although mutation of PA0171 results in a wrinkly spreader
phenotype (9) and twitching defects (44), the relationship be-
tween this protein and the putative DGC PA0169 (SiaD) is not
established. We found that overexpression of PA0169 in AfimX
did not phenocopy the overexpression of other DGCs, as we ob-
served no effect on surface pilin assembly, twitching motility, PO4
phage sensitivity, or intracellular c-di-GMP levels. A prior study
by Kulasakara et al. reported no increase in biofilm formation or
intracellular c-di-GMP levels associated with PA0169 overexpres-
sionin P. aeruginosa PA14 (24), raising the possibility that PA0169
is not a bona fide DGC or requires some additional signal to acti-
vate it. Since PA0171 expression in trans did revert the suppressor

4292 jb.asm.org

phenotypes associated with PA0171 disruption, it is likely that
PA0171 affects c-di-GMP signaling. Whether it does so via
PA0169, however, is not yet established.

The genome of P. aeruginosa encodes many DGCs. Although it
is possible that the three DGC-containing operons identified in
our screen were targeted because these proteins have specific in-
teractions with components of the T4P assembly apparatus, we
think this is unlikely. First, the overexpression of a DGC from a
phylogenetically distant alphaproteobacteria, C. crescentus PleD,
suppressed the PA103AfimX defect in pilus assembly. Second,
PA103AfimX suppression required expression of an enzymatically
active DGC, suggesting that the reaction product, and not the
specific enzyme, is important for suppression. It is more likely that
the presence of negative regulators of c-di-GMP production
within these operons resulted in their targeting by our insertional
mutagenesis strategy.

Bacteria harboring disruptions in PA0171, PA1121 (YfiR), and
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FIG 7 DGC overexpression in PA103 or PAO1 does not inhibit surface pilus assembly. (A) WT PA103 or PAO1 overexpressing indicated DGCs (PA1120 and
PA3702) was grown on plates with 0.2% arabinose. Bars represent the twitching zone diameter as measured by the subsurface stab assay. (B) WT PA103 or PAO1
overexpressing indicated DGCs (PA0169, PA1120, and PA3702) were grown on plates with or without 0.2% arabinose. Surface pilin was measured by ELISA. Bars
indicate means * SD of triplicate samples from three independent experiments.

PA3703 (WspF) were reported to have defective twitching motil-
ity (9, 44). As this seemingly contradicts our observation that mu-
tations in these loci promote pilus assembly and twitching motil-
ity, we investigated this further by examining these phenotypes in
the PAO1 background. Overexpression of the DGCs PA1120
(YAN/TpbB) and PA3702 (WspR) inhibited twitching motility of
PAO1 and not PA103, but T4P capable of supporting PO4 phage
infection were assembled in both strains. Bacterial motility can be
inhibited by the expression of adhesins, such as exopolysaccha-
rides, and their production is upregulated by c-di-GMP to a
greater extent in PAO1 than in PA103 (see Fig. S8 in the supple-
mental material). This may contribute to the difference in motility
that we observed between PAO1 and PA103.

Taken together, our results suggest that FimX enables pilus
assembly under conditions of low intracellular c-di-GMP. This
role is dispensable when c-di-GMP levels are high, as we demon-
strated by experimentally manipulating intracellular c-di-GMP
levels. Bacteria in biofilms, a naturally occurring state character-
ized by high c-di-GMP, also appear to bypass the requirement for
FimX for T4P assembly. Both static and flow-cell biofilms are
formed differently by ApilA and AfimX strains, with the latter
achieving biomass and thickness similar to that seen for the WT.

If P. aeruginosa can assemble T4P in the absence of FimX, why
is this protein retained? The answer is suggested by the conditions
under which T4P are assembled at polar locations for motility, i.e.,
when bacteria transition from liquid to surface growth. In liquid-
grown P. aeruginosa, intracellular c-di-GMP concentrations are
below our detection limit (<50 nM) (18, 28) but increase to about
300 nM when PA103 is cultured on a surface (Fig. 3). We expect
FimX to be largely c-di-GMP bound under these conditions (K},
~100 nM) and observe it localizing to the pole at which pilus
assembly and retraction are occurring in actively twitching bacte-
ria (Jain and Kazmierczak, unpublished). FimX mutations that
abrogate polar protein targeting result in T4P assembly at random
locations on the cell envelope, leading to inefficient motility, while
mutations that disrupt FimX nucleotide binding and hydrolysis
result in the absence of T4P assembly altogether (21). Thus, FimX
appears to spatially and temporally “license” pilus assembly at the
bacterial pole through a mechanism whose molecular details are
still under investigation.
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