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Minor Pilins of the Type IV Pilus System Participate in the Negative

Regulation of Swarming Motility

S. L. Kuchma, E. F. Griffin, and G. A. O'Toole

Department of Microbiology and Immunology, Geisel School of Medicine at Dartmouth, Hanover, New Hampshire, USA

Pseudomonas aeruginosa exhibits distinct surface-associated behaviors, including biofilm formation, flagellum-mediated
swarming motility, and type IV pilus-driven twitching. Here, we report a role for the minor pilins, PilW and PilX, components of
the type IV pilus assembly machinery, in the repression of swarming motility. Mutating either the pilW or pilX gene alleviates
the inhibition of swarming motility observed for strains with elevated levels of the intracellular signaling molecule cyclic di-
GMP (c-di-GMP) due to loss of BifA, a c-di-GMP-degrading phosphodiesterase. Blocking PilD peptidase-mediated processing of
PilW and PilX renders the unprocessed proteins defective for pilus assembly but still functional in c-di-GMP-mediated swarm-
ing repression, indicating our ability to separate these functions. Strains with mutations in pilW or pilX also fail to exhibit the
increase in c-di-GMP levels observed when wild-type (WT) or bifA mutant cells are grown on a surface. We also provide data
showing that c-di-GMP levels are increased upon PilY1 overexpression in surface-grown cells and that this c-di-GMP increase
does not occur in the absence of the SadC diguanylate cyclase. Increased levels of endogenous PilY1, PilX, and PilA are observed
when cells are grown on a surface compared to liquid growth, linking surface growth and enhanced signaling via SadC. Our data
support a model wherein PilW, PilX, and PilY1, in addition to their role(s) in type IV pilus biogenesis, function to repress
swarming via modulation of intracellular c-di-GMP levels. By doing so, these pilus assembly proteins contribute to P. aerugino-
sa’s ability to coordinately regulate biofilm formation with its two surface motility systems.

he Gram-negative microbe Pseudomonas aeruginosa is an im-

portant model organism for the study of bacterial group be-
haviors. P. aeruginosa forms surface-attached communities
known as biofilms, and this microbe also exhibits surface-associ-
ated motile behaviors, including swarming and twitching. It re-
mains unclear how surface-associated P. aeruginosa cells coordi-
nate biofilm formation, twitching, and swarming motility, such
that this microbe can readily transition from one type of surface
behavior to another when environmental cues, changing surface
conditions, etc., dictate that it do so.

One factor that has garnered substantial attention as a key sig-
nal governing major lifestyle transitions in bacteria is the second
messenger molecule cyclic di-GMP (c-di-GMP) (for a review, see
references 25 and 48). Generally speaking, elevated levels of this
intracellular signal promote sessile lifestyles such as biofilm for-
mation, and this c-di-GMP-mediated regulation can occur
through a variety of mechanisms, including stimulation of exopo-
lysaccharide (EPS) production, cell surface adhesin expression/
localization, and/or repression of various forms of motility (26,
37, 38). Conversely, reduced levels of c-di-GMP generally lead to
derepression of motile behaviors concomitant with reduced bio-
film formation and hence promote the switch to a motile lifestyle
(22, 26). Intracellular levels of c-di-GMP are modulated by two
opposing enzymatic activities. Diguanylate cyclases (DGC) syn-
thesize c-di-GMP from two molecules of GTP and are noted for
the presence of a GGDEF domain (47), whereas phosphodies-
terase (PDE) enzymes degrade c-di-GMP and are characterized by
the presence of an EAL or HD-GYP domain (11, 50).

Recent studies in P. aeruginosa PA14 have shown that biofilm
formation and swarming motility are inversely regulated via a
common pathway that is modulated by intracellular levels of c-di-
GMP (9, 30, 35). Coordinate regulation of these two surface be-
haviors depends upon common downstream effectors, such as
regulation of flagellar function and production of the Pel-derived
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EPS. Events during early biofilm formation by P. aeruginosa PA14
require proper control of flagellar function for the reversible to
irreversible attachment phase, as well as robust production of the
Pel EPS (9, 35, 36). Swarming motility, which occurs on a viscous
semisolid agar surface (aided by the production of rhamnolipid
surfactant as a surface-wetting agent) is a flagellum-driven process
and is therefore sensitive to changes in flagellar function (9, 28, 35,
59). Moreover, strains defective for production of the Pel EPS
show enhanced swarming relative to the wild type (WT), indicat-
ing that production of this polysaccharide negatively impacts
swarming motility in P. aeruginosa PA14 (9).

Genetic and biochemical dissection of the pathway regulating
biofilm formation and swarming in P. aeruginosa strain PA14 has
revealed distinct regulatory roles for the diguanylate cyclases SadC
and RoeA in controlling flagellar function and Pel EPS produc-
tion, respectively (35, 36). Further studies have shown that the
BifA PDE is important for turnover of the c-di-GMP that is syn-
thesized by these two DGCs (30, 35, 36). Strains with mutations in
the bifA gene accumulate elevated levels of c-di-GMP, and this
accumulation is largely dependent upon the cyclase activities of
both SadC and RoeA (30, 36). The resulting excess c-di-GMP
produced in the bifA mutant leads to hyper-biofilm formation and
repression of swarming motility. Moreover, it was shown that en-
hanced production of the Pel EPS is required for the hyper-bio-
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film-forming phenotype but contributes only marginally to the
swarming defect of the bifA mutant (30).

The finding described above prompted us to ask what factors
are required for repression of swarming motility when c-di-GMP
levels are elevated. To address this question, we performed a ge-
netic screen to identify suppressors in the bifA background that
restored the ability to swarm (29). Through this analysis, we iden-
tified a role for the pilYI gene in c-di-GMP-mediated repression of
swarming motility. Strains with mutations in the pilY1 gene show
robust suppression of both the swarming deficiency as well as the
hyper-biofilm-forming phenotype exhibited by the bifA mutant
(29). The PilY1 protein is involved in biogenesis, stability, and
function of the type IV pilus required for twitching motility, a
form of movement on solid surfaces that involves cycles of pilus
extension, tethering, and retraction (2, 8, 21, 34, 43). However,
mutation of the pilA gene, encoding the major subunit of the type
IV pilus, showed only weak suppression of the bifA swarming and
biofilm defects, indicating that it is loss of PilY1 specifically, and
not loss of pili, that fully suppresses the bifA mutant defects (29).

Taken together, data from our studies outlined above suggest
that the PilY1 protein plays two distinct cellular roles: one role
promoting pilus assembly and a second role repressing swarming
motility. In this report, we demonstrate that this duality of func-
tions extends to a limited subset of components of the pilus as-
sembly machinery. Specifically, we provide evidence that the mi-
nor pilins, PilW and PilX, impact both pilus assembly and
swarming motility, and we propose a model wherein this subset of
pilus assembly proteins functions to allow P. aeruginosa to coor-
dinately regulate two distinct motility behaviors, swarming and
twitching, when associated with a surface. These findings may
provide new insights into how P. aeruginosa transitions between
surface behaviors.

MATERIALS AND METHODS

Strains and media. Strains used in this study are listed in Table 1. P.
aeruginosa PA14 and Escherichia coli DH5a and S17-1 Apir strains were
routinely cultured in lysogeny broth (LB) medium, solidified with 1.5%
agar when necessary. Gentamicin (Gm) was used at 25 pg/ml for P.
aeruginosa and at 10 pg/ml for E. coli. Ampicillin (Ap) was used at 150
pg/ml and nalidixic acid (NA) at 20 wg/ml for E. coli. For phenotypic
assays with P. aeruginosa, either M63 or M8 minimal salts medium (as
indicated below) was supplemented with MgSO, (1 mM), glucose (0.2%),
and Casamino Acids (CAA; 0.5%). For expression plasmids harboring the
Pyp promoter, arabinose was added to cultures at a 0.2% final concen-
tration, unless noted otherwise.

Saccharomyces cerevisiae strain InvScl (Invitrogen), used for plasmid
construction via in vivo homologous recombination, was grown with
yeast extract-peptone-dextrose (1% Bacto yeast extract, 2% Bacto pep-
tone, and 2% dextrose), as reported previously (52). Selections with In-
vScl were performed using synthetic defined agar-uracil (4813-065;
Qbiogene).

Construction of mutant strains and plasmids. Table 1 lists all plas-
mids constructed and/or used in this study. Primers used in plasmid con-
struction are listed in Table SI in the supplemental material. In-frame
gene deletions, chromosomal knock-in epitope tagging, and mutagenesis
were performed via allelic exchange. Plasmids for these purposes were
constructed via cloning by homologous recombination of relevant PCR
products into the pMQ30 vector in yeast (52). In-frame deletions of genes
at the fimU-pilE locus were generated in both the WT and bifA mutant
backgrounds using methods previously described (29, 30). The resulting
internal gene deletions remove the following amino acids: fimU (amino
acids [aa] 8 to 149), pilV (aa 15 to 158), pilW (aa 36 to 241), pilX (aa 41 to
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171), pilY2 (aa 13 to 100), pilE (aa 2 to 127), and pilD (aa 22 to 280). For
the fimU-pilVWXY1Y2E operon deletion, the deleted region begins 645
bp upstream of the fimU translational start and ends within pilE at aa 127,
as for the pilE single mutant. All deletions were confirmed by PCR, and all
chromosomal modifications were confirmed by PCR and sequencing.

A chromosomal knock-in construct with a deletion of the leader pep-
tide (LP) in pilX and insertion of a His, epitope (pilXALP::His) is expected
to yield the N-terminal amino acid sequence MSTLL in contrast to the
predicted sequence STLL formed by PilD cleavage at the G~ ! (gylcine
residue at the —1 position with respect to the cleavage site) and methyl-
ation of the newly formed N-terminal serine. The methionine start codon
of pilXALP::His was included for proper translation initiation. Thus, our
version of processed PilX (PilXALP::His) is not identical to the expected
PilD-processed version of PilX. A similar construct was used previously to
test the requirement for the leader peptide of PilA in pilus assembly (56).

Plasmids for complementation and overexpression were generated us-
ing the pMQ72 vector via homologous recombination in yeast. For prim-
ers used see Table S1 in the supplemental material. For all complementa-
tion and mutant expression constructs for the pilX gene, we designed
primers to include six additional base pairs upstream of the predicted
translational start codon for the pilX gene of strain P. aeruginosa PA14
denoted in the Pseudomonas Genome Database (www.pseudomonas
.com). The database indicates that the start of translation is a CTG; how-
ever, there is an in-frame ATG two codons upstream of the CTG. Since it
seemed plausible that the upstream in-frame ATG might be a bona fide
start site, we chose to include this sequence in the design of our pilX
expression constructs.

Motility assays. Swim (0.3% agar) and twitch (1.5% agar) motility
plates consisted of M8 medium supplemented with glucose, MgSO,,
CAA, and arabinose (0.2%) where indicated in the figure legends. Swim
and twitch assays were performed as previously reported (45, 60). For
quantification of twitch zones, agar was removed from the petri plate,
twitch zones were stained with crystal violet, and digital images of the
zones were then analyzed using Image]. Swarm motility plates (0.5% agar)
were comprised of M8 medium supplemented with MgSO,, glucose,
CAA, and arabinose (0.2%) where indicated in the figure legends. Swarm
assays were performed as previously described (29, 30).

Biofilm formation assay. Biofilm formation in 96-well microtiter
plates was assayed and quantified as previously described (10, 44). All
biofilm assays were performed using M63 minimal medium supple-
mented with glucose, MgSO,, CAA, and arabinose where indicated.

CR binding assays. Congo red (CR) binding assays were performed as
reported previously (14, 15, 29).

Expression analysis of PilX-His/PilW-His proteins. Cultures grown
in LB medium overnight were diluted (1:100) into M8 (250 ml volume)
supplemented with glucose, MgSO,, CAA, and 0.2% arabinose, where
indicated in the figure legends, and grown to an optical density at 600 nm
(ODgqyo) of ~0.5 at 37°C with shaking (250 rpm). Bacterial cells were
harvested by centrifugation at 5,520 X g for 15 min at 4°C and stored at
—80°C. Cell pellets were resuspended in cell lysis buffer (200 mM Tris-
HCI [pH 7.5], 1 mM EDTA, 2 mM MgCl,, and complete protease inhib-
itors [Roche Diagnostics Corp., Indianapolis, IN]). Benzonase nuclease
(Novagen, San Diego, CA) was added to a final concentration of ~50
units/ml, and bacterial cells were lysed in a French pressure cell. Samples
were centrifuged at 9,300 X g for 10 min at 4°C to remove unbroken cells,
and supernatants were collected as whole-cell lysates (WCL).

For Western blotting of whole-cell lysates, samples were normalized to
the same protein concentrations, and equivalent amounts of total protein
were mixed with 2X SDS loading buffer containing freshly added dithio-
threitol ([DTT] 200 mM). The concentration of total protein in lysates
was determined using a Bio-Rad detergent-compatible (DC) protein as-
say kit (Bio-Rad, Hercules, CA) according to the manufacturer’s instruc-
tions. Samples were boiled for 10 min and resolved by SDS-PAGE using
15% polyacrylamide gels (Bio-Rad). Proteins were transferred to a nitro-
cellulose membrane and probed with an anti-penta-His antibody
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TABLE 1 Strains and plasmids

Reference or

Strain or plasmid Relevant genotype, description, or sequence source
E. coli strains
DH5a 17 £80dlacZDM15D(lacZYA-argF) U169 recAl endA hsdR17(r ™ my ) supE44 thi-1 gyrA relAl Life Technologies
S17-1 (\pir) thi pro hsdR- hsdM ™" ArecA RP4-2::TcMu-Km::Tn7 55
P. aeruginosa strains
PA14 Wild type
bifA strain Unmarked in-frame deletion of the bifA gene 30
bifA pilY1 strain Unmarked in-frame deletions of bifA and pilY1 29
bifA pilA strain Unmarked in-frame deletions of bifA and pilA 29
bifA fimU strain Unmarked in-frame deletions of bifA and fimU This study
bifA pilV strain Unmarked in-frame deletions of bifA and pilV This study
bifA pilW strain Unmarked in-frame deletions of bifA and pilW This study
bifA pilX strain Unmarked in-frame deletions of bifA and pilX This study
bifA pilE strain Unmarked in-frame deletions of bifA and pilE This study
bifA fimU-pilVWXY1Y2E strain  Unmarked deletions of bifA and the fimU-pil VWXY1Y2E operon This study
bifA pilD strain Unmarked in-frame deletions of bifA and pilD This study
pilX " :His strain PA14 with chromosomal insertion of a C-terminal His, tag in the pilX gene This study
pilX(G—1F)::His strain PA14 with chromosomal insertion of a His, tag and mutation of G~ ' to F in the pilX gene This study
PilXALP::His strain PA14 with chromosomal deletion of the pilX leader peptide sequence and insertion of a Hisq epitope  This study
bifA pilX*::His strain bifA mutant with chromosomal insertion of a C-terminal His, tag in the pilX gene This study
bifA pilX(G—1F)::His strain bifA mutant with chromosomal insertion of a His, tag and mutation of G~ to F in the pilX gene This study
bifA pilXALP::His strain bifA mutant with chromosomal deletion of the pilX leader peptide sequence and insertion of a His, ~ This study
epitope
pilD pilX ™" ::His strain pilD mutant with chromosomal insertion of a C-terminal His, tag in the pilX gene This study
pilD pil XALP::His strain pilD mutant with chromosomal deletion of the pilX leader peptide sequence and insertion of a His, ~ This study
epitope
Plasmids
pMQ72 Shuttle vector for cloning in yeast and for arabinose-inducible gene expression; Gm" 52
pMQ30 Shuttle vector for yeast cloning and Gram-negative allelic replacement; Gm* 52
pMQ30-imU Plasmid for in-frame deletion of fimU gene; Gm" This study
pMQ30-pilV Plasmid for in-frame deletion of pilV gene; Gm" This study
pPMQ30-pilW Plasmid for in-frame deletion of pilW gene; Gm" This study
pMQ30-pilX Plasmid for in-frame deletion of pilX gene; Gm" This study
pPMQ30-pilE Plasmid for in-frame deletion of pilE gene; Gm" This study
pMQ30-pilD Plasmid for in-frame deletion of pilD gene; Gm" This study
PMQ30-imUpil VWXY1Y2E Plasmid for in-frame deletion of the fimU-pilVWXYIY2E operon; Gm" This study
pMQ30-pilX+::His Plasmid for chromosomal insertion of a His, tag in the pilX gene This study
pMQ30-pilX(G—1F)::His Plasmid for chromosomal insertion of a His, epitope and an amino acid substitution of G™' to Fin  This study
pilX
pMQ30-pilXALP::His Plasmid for chromosomal deletion of the pilX leader peptide sequence and insertion of a His,
epitope
pPilX-His His-tagged pilX gene in pMQ72; Gm" This study
pPilX(G—1A)-His His-tagged pilX gene with the G—1A substitution cloned in pMQ72; Gm" This study
pPilX(G—1D)-His His-tagged pilX with the G—1D substitution cloned in pMQ72; Gm" This study
pPilX(G—1F)-His His-tagged pilX gene with the G— 1F substitution cloned in pMQ72; Gm" This study
pPilW-His His-tagged pilW gene in pMQ72; Gm" This study
pPilW(G—1F)-His His-tagged pilW gene with the G— IF substitution cloned in pMQ72; Gm* This study
pPilY1-His His-tagged pilY1 gene cloned in the pMQ80 expression vector 29

(Qiagen, Valencia, CA) to detect His-tagged PilX and PilW and mutant
variants of these proteins. Western blots were developed with a Western
Lightning ECL detection kit (Perkin-Elmer, Boston, MA) according to the
manufacturer’s instructions.

Cellular localization of PilX. For cellular fractionation of strains ex-
pressing the chromosomally modified genes pilX::His and pilX::His with a
mutation of the G~ ! residue to F [pilX(G— 1F)::His], we cultured strains on
soft agar (0.5%) swarm plates where cells were allowed to swarm for 16 h at
37°C; cells were then harvested by gentle scraping with an ethanol-washed
plastic coverslip into microcentrifuge tubes. Samples were centrifuged for 2
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min at room temperature (RT), supernatants were removed, and cell pellets
were frozen at —80°C until further fractionation (see below).

For fractionation, cell pellets were then resuspended in cell lysis buffer
(see above), and Benzonase nuclease (Novagen, San Diego, CA) was
added to a final concentration of ~50 units/ml. Bacterial cells were lysed
in a French pressure cell, and samples were centrifuged at 9,300 X g for 10
min at 4°C to remove unbroken cells. Supernatants were collected as
whole-cell lysates (WCL), and samples were further fractionated to yield
cytoplasmic and inner and outer membrane fractions (IM and OM, re-
spectively), as described previously (29, 30, 41).
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For surface protein (SP) preparations, cultures grown overnight in LB
medium were struck in a crosshatched pattern to M8 minimal salts me-
dium plates supplemented with glucose, MgSO,;, and CAA, and SP frac-
tions were isolated as described previously (16).

For Western blotting of fractions, samples within a fraction were nor-
malized to the same protein concentrations, and equivalent amounts of
total protein were mixed with 2X SDS loading buffer containing dithio-
threitol (200 mM). The concentration of total protein in fractions was
determined as described above. Samples were boiled for 10 min and re-
solved by SDS-PAGE as follows: using 15% gels for resolution of PilX-His,
7.5% gels for resolution of the inner membrane marker SecY, and 4 to
15% gels for resolution of the outer membrane marker OprF. Proteins
were transferred to a nitrocellulose membrane and probed with one of the
following antibodies: (i) an anti-penta-His antibody to detect His-tagged
PilX and PilX(G—1F), (ii) an anti-SecY antibody (1, 24), and (iii) an
anti-OprF antibody (6, 20, 32). Western blots were developed as described
above.

In vivo quantification of c-di-GMP. (i) Quantification of c-diGMP
levels in liquid-grown cells. Overnight LB-grown cultures were diluted to
an OD, 0f 0.04 in M8 medium supplemented with MgSO,, glucose, and
Casamino Acids and grown at 37°C (250 rpm) for approximately 3 h,
whereupon cultures were normalized to an ODy, of 0.4 prior to nucleo-
tide extraction. Subsequent extraction of nucleotides and quantification
of ¢-di-GMP by liquid chromatography-mass spectrometry (LC-MS)
were performed as described previously (39) with the exception that ex-
tractions were incubated at —20°C for 1 h. Following LC-MS analysis,
samples were compared to a standard curve derived from measurements
of known concentrations of pure c-di-GMP to determine the concentra-
tion (in nM) of c-di-GMP in the samples. The data were then normalized
to the dry weight of the cell pellet from which the c-di-GMP was extracted
and presented as pmol of c-di-GMP/mg of dry weight.

(ii) Analysis of c-diGMP levels in swarm-grown cells. Overnight LB-
grown cells were inoculated onto the surface of swarm plates and grown
overnight for 16 h at 37°C. Swarm cells were then scraped from the surface
using an ethanol-washed plastic coverslip, deposited into a 1.5-ml micro-
centrifuge tube, and centrifuged for 1 min at RT. Supernatants were re-
moved, and cell pellets were resuspended in nucleotide extraction buffer
and further processed as described above.

Analysis of protein expression in liquid- versus surface-grown cells.
Strains were cultured under the same liquid and swarm plate conditions
used to prepare cells for c-di-GMP measurements (see above) with the
exception that cells harvested after the growth period were centrifuged,
and pellets were stored at —80°C after removal of the supernatant. Whole-
cell lysates were then prepared for Western blot analysis as described
above (see “Expression analysis of PilX-His/PilW-His proteins”). West-
ern blotting was performed as described above. Samples were resolved by
SDS-PAGE using 15% gels for resolution of PilX-His and PilA and 7.5%
gels for resolution of PilY1. Proteins were transferred to a nitrocellulose
membrane and probed with one of the following antibodies: (i) an anti-
PilY1 antibody (43), (ii) an anti-PilA antibody (29), or (iii) an anti-penta-
His antibody to detect PilX-His. Following detection of proteins as de-
scribed above, autoradiograph films were scanned, and protein species
were quantified using ImageJ software (http://rsbweb.nih.gov/ij/).

Rhamnolipid production. To detect rhamnolipid production, plate-
based assays were performed as described previously (54), using M8 min-
imal salts medium plates supplemented with glucose, MgSO,, and CAA
and solidified with 1.5% agar. Plates were incubated overnight at 37°C
followed by 6 days at room temperature.

Analysis of flagellin expression. Cells were harvested from swarm
plates by gentle scraping with an ethanol-washed plastic coverslip. Sam-
ples were normalized by ODy,, and cells were harvested by centrifuga-
tion. Cell pellets were resuspended in 1X SDS loading buffer containing
100 mM DTT, boiled for 10 min, and resolved by SDS-PAGE using 7.5%
polyacrylamide gels. Proteins were transferred to a nitrocellulose mem-
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brane and probed with a polyclonal antibody to FliC (51), and detection
was performed as described above.

RESULTS

The minor pilins, PilW and PilX, participate in c-di-GMP-me-
diated repression of swarming motility. To address the question
of whether additional proteins involved in pilus assembly might
also function with PilY1 in c-di-GMP-mediated swarming repres-
sion, we first looked to the pilY] genomic locus for candidate
genes (Fig. 1A). Previous work had shown that the fimU-
pilVWXYIY2E locus is expressed as a polycistronic operon in
Pseudomonas aeruginosa (5). The fimU, pilV, pilW, pilX, and pilE
genes encode pilin-like proteins containing a predicted hydro-
phobic N-terminal a-helical region that is a hallmark of pilins
such as the major pilin subunit PilA. While the precise role of these
so-called “minor” pilins (minor refers to their low abundance
relative to PilA) in pilus biogenesis is not clear, the minor pilins
were recently reported to be incorporated into pilus fibers; and,
furthermore, while pilus assembly is not absolutely dependent
upon the minor pilins, assembly is suboptimal in their absence
(16). It is worth noting that the genome annotations at the pilY1
locus in P. aeruginosa strain PA14 do not include the pilV and
pilY2 genes (www.pseudomonas.com), despite the fact that the
coding sequences of these genes appear to be intact in the genomic
sequence, indicating that the pilV and pilY2 genes may represent
bona fide open reading frames (ORFs). Indeed, Giltner et al. (17)
have shown that the pilV gene from strain P. aeruginosa PA14,
when expressed in a P. aeruginosa PAO1 pilV mutant, is able to
complement its twitching defect, indicating that the P. aeruginosa
PA14 pilV gene encodes a functional homolog. Therefore, we in-
cluded these ORFs in our initial analysis.

To determine whether any of the minor pilins, like PilY1, play
a role in swarming repression, we constructed in-frame deletions
in each of the minor pilin genes in the bifA mutant background
and then assessed suppression of the bifA mutant phenotypes. We
found that the double mutant strains could be grouped into four
classes based on suppression of the bifA phenotypes: a weak-sup-
pressor class, a strong-suppressor class, an intermediate suppres-
sor class, as well as a fourth class of one mutant that displayed no
detectable phenotype.

Weak-suppressor strains showed only partial suppression of
the swarming defect, (typically characterized by a small circular
zone of expansion surrounded by a ruffled border), the enhanced
binding of the dye Congo red, and the hyper-biofilm-formation
phenotype of the bifA mutant (Fig. 1B, first, third, and fourth
rows, and C, respectively). CR binding provides a visual assess-
ment of the polysaccharide produced by the bifA mutant, and we
have previously shown that this enhanced polysaccharide produc-
tion is required for the hyper-biofilm-forming phenotype of this
mutant and requires the Pel locus (30).

Strains in the weak-suppressor class include the bifA fimU and
bifA pilE double mutants. Phenotypes of the weak suppressors
closely resemble those of the bifA pilA double mutant in all assays
(Fig. 1B, third from left). Quantification of biofilm formation in-
dicates that the biofilms formed by the bifA fimU and bifA pilE
mutants do not differ significantly from the biofilm of the bifA
pilA double mutant (Fig. 1C). Furthermore, mutation of fimU or
pilE in the bifA background leads to loss of twitching motility (Fig.
1B, second row). These results agree with our previous observa-
tions of the bifA pilA double mutant (29) and indicate that loss of
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FIG 1 Genetic analysis of the pilY1 locus. (A) Schematic diagram of the pilY] genomic locus. The annotation for the P. aeruginosa PA14 genome (www
.pseudomonas.com) does not include the pilV and pilY2 open reading frames (striped). (B) Phenotypes of the bifA mutant suppressor analysis. The strain
genotypes for each image in this panel are shown at the bottom of panel C. The first row shows representative swarm images for the WT and bifA single mutant,
followed by the weak-suppressor class consisting of the bifA pilA, bifA fimU, and bifA pilE double mutants. The bifA pilV mutant has an intermediate phenotype
and is followed by the strong-suppressor class consisting of the bifA pilW, bifA pilX, and bifA pilY1 mutants. Note that suppression of the bifA mutant swarming
defect by mutation of pilW, pilX, or pilY1 does not restore WT tendril formation. The rightmost image shows the bifA fimU-pilVWXY1Y2E (fimU-pilE) mutant.
Swarm plates were incubated at 37°C for 16 h. Images of twitch zones stained with crystal violet to aid visualization are shown in the second row. Twitch plates
were incubated overnight at 37°C followed by 6 days at RT, at which time agar was removed from the petri plate for subsequent crystal violet staining. Images of
Congo red (CR) binding by each of the strains are shown in the third row. CR plates were incubated overnight at 37°C followed by an additional 48 h at RT. The
fourth row shows representative wells of a 96-well dish from a biofilm assay for each strain. Strains were grown in M63 medium with MgSO,, glucose, and CAA
for 24 h at 37°C prior to crystal violet staining. (C) Quantification of crystal violet-stained biofilms. The strain genotypes are shown on the x axis. Crystal violet
was solubilized with 30% glacial acetic acid, and the absorbance was measured at 550 nm. Error bars represent standard deviations of the averages of four
experiments with four replicates per experiment. Data were analyzed by one-way analysis of variance followed by a Tukey’s posttest comparison. ns, not
significantly different; *, P < 0.05; ***, P < 0.001 (all relative to the bifA pilA double mutant).

Mutations in either pilW or pilX render those strains defective
for twitching motility (Fig. 1B), consistent with previous observa-
tions by others that the PilW and PilX minor pilins are involved in
pilus assembly and twitching motility (2, 16). Deletion of the en-

pilus assembly/twitching motility leads to weak suppression of the
bifA swarming defect.

Strains in the strong-suppressor class include the bifA pilW and
bifA pilX double mutants. The bifA pilX and bifA pilW double

mutants exhibit phenotypes that closely resemble the bifA pilY1
double mutant, showing both robust rescue of the swarming de-
fect and strong reduction of the hyper-biofilm formation and CR-
binding of the bifA mutant (Fig. 1B). Quantification of biofilm
formation indicates that biofilms formed by the bifA pilX and bifA
pilW mutants are not significantly different from the biofilm of the
bifA pilY]1 mutant, but, in contrast, are significantly reduced rela-
tive to the biofilm of the bifA pilA double mutant. It should also be
noted that while swarming is restored, the classic pattern (i.e.,
tendril formation) exhibited by the WT is not restored, similar to
what was reported for the bifA pilY1 double mutant (29).

5392 jb.asm.org

tire fimU-pil VWXY1Y2E locus in the bifA mutant background re-
sults in phenotypes that are comparable to the bifA pilX, bifA pilW,
and bifA pilY1 double mutants (Fig. 1A to C, rightmost columns).
Thus, with no obvious additive effects, we infer that PilY1 and the
minor pilins PilX and PilW participate in the regulation of swarm-
ing motility in a bifA mutant. Furthermore, these data support the
notion that PilX and PilW play dual roles in the cell by participat-
ing in both pilus assembly and repression of swarming motility.
The bifA pilV double mutant exhibited phenotypes akin to
both suppressor classes, being a weak suppressor of the hyper-
biofilm formation and CR binding but a strong suppressor of
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swarming motility. While we have been able to partially comple-
ment the biofilm and twitching motility defects of the bifA pilV
mutant by arabinose-inducible expression of a His-tagged version
of pilV in multicopy, we have been unable to complement the
swarming phenotype using a range of arabinose concentrations
(data not shown). In light of these data, we cannot make any
strong conclusions regarding the role of pilV in swarming repres-
sion and, thus, have not further pursued analysis of this gene at
this time.

Finally, the bifA pilY2 double mutant was indistinguishable
from the bifA single mutant in all assays, including the twitching
motility assay (data not shown), suggesting that the pilY2 gene
does not play an obvious role in pilus assembly or swarming re-
pression; therefore, we did not include this gene in further studies.
These data are consistent with the absence of pilY2 from the ge-
nome annotation at this locus in the P. aeruginosa PA14 strain and
with the recent suggestion that pilY2 may be a pseudogene (16).

Expression of His-tagged PilX in trans complements the bifA
pilX double mutant phenotypes. To ensure that suppression of
the bifA mutant phenotypes and loss of twitching motility ob-
served for the bifA pilX mutant are due to inactivation of pilX and
not caused by polar effects on expression of the pilY1 gene down-
stream or secondary mutations, we introduced an arabinose-in-
ducible expression plasmid bearing a Hisq-tagged version of the
pilX gene (pPilX-His) into the bifA pilX double mutant and as-
sessed the ability of this construct to complement the mutant phe-
notypes. As shown in Fig. 2A, expression of PilX-His in the bifA
pilX double mutant fully restores the swarming defect observed
for the bifA single mutant relative to the vector control.

In twitching motility assays, we observed that expression of
PilX-His is able to complement the twitching defect of the bifA
pilX double mutant (Fig. 2B). Furthermore, PilX-His expression
restored hyper-biofilm formation to levels comparable to the bifA
single mutant (Fig. 2C). Collectively, these results confirm that it
is inactivation of pilX alone that is responsible for the observed
suppression of the bifA mutant phenotypes.

Separation of functions by mutation: cleavage of the PilX N-
terminal leader sequence is required for function in twitching
motility but not for repression of swarming motility. To further
support our hypothesis that the minor pilins play two distinct
roles in the cell, we sought to separate these functions by muta-
tional analysis. Shown in Fig. 3A is an alignment of the N termini of
PilA and the minor pilins of P. aeruginosa strain PA14. Previous stud-
ies of the major pilin subunit, PilA, have shown that PilA undergoes
cleavage of a leader peptide just after the glycine residue (in the —1
position with respect to the cleavage site), followed by methylation of
the newly formed N-terminal amino acid, phenylalanine (46, 56).
Both the proteolysis and methylation activities are performed by the
PilD peptidase, and it has been shown that the cleavage event is re-
quired for proper pilus assembly while the requirement for methyl-
ation is less clear (40, 42, 56, 58). Recently, it was shown that the
minor pilins of P. aeruginosa are also cleaved by PilD and that they are
incorporated into the mature pilus (16) although it has not been
established whether cleavage of the minor pilins is required for incor-
poration into the pilus and for proper pilus assembly.

Based on the studies with PilA, we predicted that cleavage of
the PilX N-terminal leader peptide would be required for assem-
bly of functional pili and asked whether cleavage was also required
for the role of PilX in repression of swarming. To address this
question, we made amino acid substitutions of the PilX G~ resi-
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FIG 2 Complementation of the bifA pilX double mutant phenotypes. (A) Repre-
sentative swarm plate showing the bifA pilX double mutant carrying either the
empty vector (+v) on the left or the pPilX-His plasmid on the right. Swarm plates
were supplemented with 0.2% arabinose and were incubated at 37°C for 16 h. (B)
Crystal violet-stained twitching zones for the WT, bifA mutant, bifA pilA mutant,
and bifA pilX mutant carrying either the vector or the pPilX-His plasmid are
shown at the top. Twitch plates supplemented with arabinose were incubated
overnight at 37°C followed by 6 days at RT, when agar was removed from petri
plates for subsequent crystal violet staining. The graph shows corresponding quan-
tification of twitch zones using the Image]J program with units in pixels (X1,000).
Error bars represent standard deviations of the averages from four twitch zones.
(C)Representative wells of a 96-well microtiter dish from a biofilm assay for the
WT, bifA mutant, and the bifA pilX double mutant carrying either the vector or the
pPilX-His plasmid are shown at the top. Strains were grown in M63 medium with
MgSO,, glucose, CAA, and arabinose for 24 h at 37°C prior to crystal violet stain-
ing. The graph shows quantification of the biofilms by solubilization of crystal
violet with 30% glacial acetic acid and measurement of absorbance at 550 nm.
Error bars represent standard deviations of averages from three independent ex-
periments with four wells per experiment.

\

due to prevent processing by PilD and assessed whether the result-
ing mutant versions of PilX were functional in both pilus assembly
and swarming repression. For the amino acid substitutions, we
selected a subset of those generated in previous studies examining
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FIG 3 Separation of PilX functions by mutation. (A) Alignment of the N termini of PilA and the minor pilins PilE, FimU, PilW, PilV, and PilX from P. aeruginosa
PA14 using the ClustalW alignment software (http://www.ebi.ac.uk/Tools/msa/clustalw2/). Sequences were obtained from the Pseudomonas Genome Database
(www.pseudomonas.com). For the PilX protein, the amino acid sequence shown differs from the sequence predicted by the genome annotation (MRHTS. . .) by
including an in-frame methionine two codons upstream of the predicted coding sequence (see Materials and Methods for further information). The conserved
glycine residue (G) is indicated in bold and underlined and is in the —1 position with respect to the indicated cleavage site. (B) Western blot showing
arabinose-induced expression of PilX-His and the G™' mutant variants in the pilD and bifA pilX mutant backgrounds. Equal amounts of total protein from
whole-cell lysates for each strain were resolved by SDS-PAGE using a 15% polyacrylamide gel. The PilX-His protein and its mutant variants were detected using
an anti-penta-His antibody. The marker lane (M) indicates the position of the 25-kDa marker. The filled arrowhead indicates the processed form of PilX-His
(~21 kDa), and the open arrowhead indicates the unprocessed form. v, vector control. (C) Graph depicting quantification of twitch zones using the Image]J
program with units in pixels (>X1,000). Twitch plates were supplemented with 0.2% arabinose. Error bars represent standard deviations of averages from four
independent experiments with four twitch zones per experiment. Data were analyzed by one-way analysis of variance followed by a Tukey’s posttest comparison.
ns, not significantly different from the bifA pilX strain carrying the vector alone. (D) Images of swarms for the bifA pilX mutant carrying the vector (top of the
plate) and the pPilX-His plasmid or its mutant variants (bottom of the plate). The medium was supplemented with 0.2% arabinose and incubated at 37°C for 16
h. (E) Representative images of swarms, twitch zones, and biofilm wells for the indicated strains. The strain genotypes for each image in this panel are shown
below the graph depicting quantification of biofilm formation. Error bars represent standard deviations of averages from three independent experiments with
four wells per experiment.
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FIG 4 Analysis of PilX. (A) Assessment of chromosomally expressed PilX-His and PilX(G—1F)-His protein levels by Western blot analysis. Equal amounts of
total protein from whole-cell lysates prepared from each strain were resolved by SDS-PAGE on a 15% polyacrylamide gel. PilX-His and the PilX(G—1F)-His
mutant variant were detected using an anti-penta-His antibody. P, processed form; UP, unprocessed form. (B) Graph showing quantification of twitch zones
using Image] with units in pixels (X 1,000). Error bars represent standard deviations of averages from three twitch zones per strain. (C) Representative images of

swarm plates for the indicated strains. Plates were incubated at 37°C for 16 h.

PilD-mediated processing of PilA (56). We chose to replace the
G~ ! residue of PilX with amino acids that fully blocked cleavage of
PilA (D and F) as well as the single amino acid tested (A) that
allowed for partial cleavage of PilA (56).

First, we examined whether the amino acid substitutions of the
PilX G™! led to inhibition of PilD-mediated cleavage. We ex-
pressed the wild-type PilX-His and the PilX(G—1A)-, PilX
(G—1D)-, and PilX(G—1F)-His mutant proteins from a plasmid
in the bifA pilX (pilD™) background and observed that the mutant
versions of PilX migrate at a higher molecular weight than the
wild-type protein, suggesting that the mutant proteins are unpro-
cessed, as expected (Fig. 3B, right side). Indeed, we observe a sim-
ilar size shift when comparing migration of the wild-type PilX
protein in a pilD mutant strain to a PilD " strain (Fig. 3B, left side),
indicating that the size increase in the pilD mutant strain is due to
retention of the leader peptide. Thus, we conclude that these mu-
tations prevent cleavage of the leader peptide by PilD. For the
PilX(G—1A)-His mutant protein, we were unable to detect the
processed form of this protein as had been reported for the non-
His-tagged PilA(G—1A) protein (56).

Next, we assessed the ability of these constructs to complement
the twitching phenotype of the bifA pilX double mutant. As shown
in Fig. 3C, expression of wild-type pPilX-His in the bifA pilX strain
restores twitching motility to levels comparable to those observed
for the bifA single mutant. In contrast, expression of either
pPilX(G—1D)-His or pPilX(G—1F)-His is unable to restore
twitching motility as strains carrying these constructs are indistin-
guishable from the bifA pilX mutant carrying the vector control.
Expression of pPilX(G—1A)-His leads to a small recovery in
twitching ability; however, this increase in motility is not statisti-
cally significant relative to the vector control (Fig. 3C). Collec-
tively, our results demonstrate that mutations in the PilX G~ !
residue that inhibit cleavage by PilD compromise the ability of the
mutant PilX proteins to function in pilus assembly and therefore
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indicate that cleavage of PilX is required for its function in pilus
assembly and twitching motility.

To determine whether cleavage of PilX is required for its role in
swarming repression, we tested the pPilX-His mutant constructs
for the ability to complement the bifA pilX double mutant by
restoring the swarming defect observed for the bifA single mutant.
The results in Fig. 3D show that expression of each of the pPilX-
His mutant constructs in the bifA pilX mutant is able to repress
swarming motility in a manner indistinguishable from that of the
wild-type pPilX-His construct. These data indicate that repression
of swarming motility by PilX does not require cleavage by PilD.

As further verification of these findings, we generated a pilD
mutation in the bifA mutant background and assessed suppres-
sion of the bifA mutant phenotypes. If cleavage of PilX were re-
quired for its role in swarming repression, then we would expect a
pilD mutation in the bifA background to strongly suppress the
swarming defect, similar to what we observe for a pilX mutation.
However, that is not what we observe. Instead, we find that the
bifA pilD double mutant exhibits only weak suppression of the
bifA phenotypes and is virtually indistinguishable from the bifA
pilA double mutant (Fig. 3E). Thus, these genetic data agree with
our mutational analysis of PilX and support the notion that cleav-
age of PilX, while required for its role in pilus assembly, is not
required for repression of swarming motility.

Thus far, our assessment of the function of unprocessed PilX
mutant proteins in pilus assembly and swarming repression is
based upon complementation of the bifA pilX mutant, relying on
overexpression of these proteins in this strain. To examine the role
of cleavage on function of PilX when it is expressed from its native
locus, we constructed the G—1F amino acid substitution in the
pilX gene on the chromosome in both the WT and bifA mutant
backgrounds. To monitor expression of both the wild-type PilX
and PilX(G— IF) proteins in these strains, we inserted a His, tag at
the C terminus of the pilX gene. As shown in Fig. 4A, the PilX::His
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FIG 5 Deletion of the PilX leader peptide at the native locus and impact on pilus assembly and repression of swarming. (A) Sequence of the PilX N terminus with
the leader peptide deletion (ALP) shaded in gray and the conserved glycine in the —1 position relative to the PilD cleavage site indicated by the arrow (See
Materials and Methods for details of this mutation). (B) Western blot showing cleavage status of PilX-His, PilX(G—1F)-His, and PilXALP-His proteins in the WT
strain compared to cleavage status of PilX-His and PiIXALP-His in the pilD mutant strain. UP, unprocessed; P, processed. Western blots were probed with an
anti-His antibody. (C) Graph showing quantification of twitch zones using the Image] program with units in pixels (>X1,000). Error bars represent standard
deviations of averages from three twitch zones per strain. (D) Representative image of a swarm plate with the indicated strains. Plates were incubated at 37°C

for 16 h.

and PilX(G—1F)::His proteins are expressed at similar levels in
both the WT and bifA mutant backgrounds. We also observe the
expected size shift in the PilX(G—1F)::His proteins indicating lack
of cleavage by PilD. We next performed twitching motility assays
and found that insertion of the His tag alone had no impact on
twitching abilities of either the WT or the bifA mutant strain (Fig.
4B). In contrast, WT and bifA cells expressing the PilX(G—1F):
His mutant protein were as defective in twitching motility as pilX
and pilA null mutants. These data are consistent with the results
obtained in the complementation experiments when the PilX
(G—1F) mutant protein was expressed in multicopy and further
support the idea that cleavage of PilX is required for its function in
pilus assembly and twitching motility.

We next examined the ability of these chromosomal knock-in
strains to swarm. In the bifA mutant background, insertion of the
His epitope tag alone had no discernible impact on the swarming
defect, indicating that the His epitope tag did not disrupt the abil-
ity of PilX to repress swarming in this background (Fig. 4C). In
contrast, the bifA pilX(G— 1F) mutant exhibited weak suppression
of the swarming defect similar to what is observed for the bifA pilA
mutant. This is not surprising, given that the pilX(G—1F) muta-
tion renders cells defective for pilus assembly and twitching
motility, and our previous observations of the bifA pilA mutant
suggest that loss of pilus assembly does result in some loss of
swarming repression (Fig. 1). Notably, however, we did not ob-
serve full suppression of the bifA swarming defect, which is the
result expected if cleavage of PilX was absolutely required for its
role in swarming repression.

Our genetic analyses of the bifA pilX and bifA pilW mutants
suggest that PilW behaves similarly to PilX in influencing both
pilus assembly and swarming repression (Fig. 1B and C). There-
fore, we further investigated the involvement of PilW in pilus
assembly and swarming repression. Based on our results with
PilX, we predicted that the PilW(G—1F) mutant protein would
fail to be processed by PilD and would be unable to rescue the
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twitching defect when expressed in the bifA pil W mutant strain, in
contrast to expression of the wild-type PilW-His protein. And this
is, indeed, what we observe (see Fig. S1A and B in the supplemen-
tal material), indicating that processing of PilW is required for its
function in pilus assembly. Furthermore, expression of either the
wild-type PilW-His or the PilW(G—1F) mutant protein in the
bifA pilW mutant restores the bifA swarming defect (see Fig. S1C),
indicating that cleavage of the PilW N terminus is not required for
its function in swarming repression, as expected based on our PilX
studies.

Collectively, the data presented above support our hypothesis
that the minor pilins, PilX and PilW, play two roles in the cell, both
involving surface-associated motile behaviors. In one role, PilX/
PilW promote pilus assembly, and this function requires PilD-
mediated cleavage of the leader peptide; in the second role, PilX/
PilW repress swarming motility, and this is independent of PilD-
mediated cleavage.

Unprocessed PilX is not required for swarming repression.
The findings presented thus far are consistent with the notion that
the processed and unprocessed forms of the minor pilins PilW and
PilX have distinct cellular functions. We presume that the PilD-
processed versions of these proteins proceed directly to their role
in pilus assembly. Given that PilD-mediated processing is not re-
quired for the role of PilX/PilW in swarming repression, we hy-
pothesized that some fractions of PilW and PilX proteins might
remain in the unprocessed form and that this unprocessed pool of
proteins participates in the repression of swarming motility.

To test this hypothesis directly, we sought to generate a pro-
cessed version of PilX without requiring synthesis of unprocessed
PilX. To this end, we deleted the DNA sequence encoding the
leader peptide normally cleaved by PilD in the pilX gene (denoted
PilXALP) on the chromosome and inserted a C-terminal Hisg
epitope tag for detection of the PilXALP protein in the WT and
bifA strain backgrounds (see Materials and Methods for details)
(Fig. 5A). As shown in Fig. 5B, the PiIXALP-His protein (lane 3)
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migrates at the same size as the processed PilX-His (lane 1) in the
WT strain unlike the larger unprocessed PilX(G— 1F)-His protein
(lane 2). We observe the same migration pattern when these pro-
teins are expressed in the bifA mutant background (data not
shown).

To verify that this deletion construct was behaving as expected,
we also generated the leader peptide deletion in the pilD mutant
background. Expression of the wild-type pilX " :His gene in the
pilD mutant background yields the unprocessed form of PilX-His,
as expected given the absence of the PilD peptidase (Fig. 5B, lane
4). In contrast, expression of pilXALP::His results in synthesis of a
protein consistent with the size of the processed PilX, despite the
absence of PilD (Fig. 5B, lane 5), and thus confirms that the
PIlXALP deletion mutation eliminates synthesis of unprocessed
PilX-His.

We then assessed the ability of the PiIXALP protein to function
in pilus assembly by performing twitching assays with these
strains. Interestingly, both the pilXALP::His and the bifA pilXALP::
His strains exhibited twitching motility that was comparable to
strains expressing the wild-type PilX-His protein (Fig. 5C). These
data suggest that interaction with PilD and the subsequent processing
event itself are not absolutely required for the function of PilX in
pilus assembly, provided that a processed version of PilX is present
in cells. This is in contrast to what has been observed for the major
pilin subunit, PilA, where expression of a leaderless PilA protein
resulted in the absence of surface piliation (56), indicating that
processing of the major pilus subunit by PilD is required for
proper pilus assembly.

We next evaluated the swarming ability of the bifA pilXALP::
His strain. If unprocessed PilX is required for repression of
swarming in the bifA mutant, then we would expect the bifA
PIlXALP::His strain to regain the ability to swarm. What we ob-
serve, however, is that swarming by the bifA pilXALP::His strain
remains defective and is indistinguishable from that of the bifA
pilX*::His strain (Fig. 5D). These data suggest that the unpro-
cessed version of PilX per se is not required to repress swarming in
the bifA mutant and, thus, argue against our hypothesis regarding
a distinct function for unprocessed PilX. Together, these data are
consistent with a model in which the processed version of PilX is
required for pilus assembly, whereas either form of PilX, pro-
cessed or unprocessed, appears to be functional in repression of
swarming.

Cellular localization of PilX-His. Our data indicate that the
PilX protein is involved in c-di-GMP-mediated repression of
swarming motility. Thus, we postulated that levels of c-di-GMP
might influence the expression and/or localization of this protein.
To address these possibilities, we fractionated (swarm) surface-
grown cells of both the WT and bifA mutant carrying the chromo-
somally encoded His epitope-tagged versions of PilX at the native
locus [pilX ™ ::His and pilX(G—1F)::His] and probed for the pres-
ence of these proteins in various cellular fractions. In both the WT
and bifA strain backgrounds, we detect wild-type PilX-His and the
larger variant PilX(G—1F)-His in the whole-cell (WC), cytosolic
(Cyt), total membrane (TM), and inner membrane (IM) fractions
but not in the outer membrane (OM) fractions (see Fig. S2 in the
supplemental material). Our data indicate that PilX-His is pre-
dominantly found in the IM fraction, which is consistent with an
earlier report showing PilX primarily in the insoluble membrane
fraction; however, the specific membrane compartment was not
further delineated in those studies (2).
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In the WT strain background, we did not observe any signifi-
cant changes in the localization pattern of PilX(G—1F)-His com-
pared to PilX-His, suggesting that lack of processing by the PilD
peptidase (and thus retention of the leader peptide) has no impact
on cellular localization. In comparing the WT and bifA mutant
strains, we did not observe any significant alterations in the PilX
fractionation pattern. Thus, levels of c-di-GMP do not appear to
grossly alter the localization or abundance of the PilX protein.

The integrity of the inner and outer membrane fractions was
confirmed by Western blotting using antibodies against SecY, an
inner membrane protein (1, 24), and OprF, an outer membrane
protein (6, 20, 32) (see Fig. S2 in the supplemental material).

Given that the PilX protein was recently shown to be associated
with the pilus fiber (16), we wanted to examine the cell surface-
associated proteins for the presence of PilX and to assess any dif-
ferences that might be attributable to differences in c-di-GMP
levels. To this end, we prepared surface protein (SP) fractions
according to the protocol used by Giltner et al. (16) in which cells
are grown overnight on agar plates and harvested directly for iso-
lation of cell surface proteins. However, we were unable to detect
the PilX-His protein in SP fractions prepared from strains carry-
ing either the chromosomally expressed version of PilX-His or the
multicopy plasmid-based version (data not shown).

It is worth noting that we did not detect unprocessed PilX in
any of the fractions we examined from strains expressing the
pilX*::His gene. The lack of detectable cellular pools of unpro-
cessed PilX suggests that this version of PilX is indeed transient.
Taken together with our results showing that the PiIXALP protein
is sufficient for function in both pilus assembly and swarming
repression, these data strongly argue against the notion that un-
processed PilX has a distinct cellular role.

Given that the leader peptide of PilX does not appear to play an
important role in either pilus assembly or swarming repression,
we wondered whether it was also dispensable for cellular localiza-
tion of PilX. Previous work with the PilA protein suggests that the
leader peptide is not involved in membrane association but,
rather, the maturation of pilin subunits into pilin fibers (56, 57).
However, it is possible that the leader peptide of the minor pilins
behaves differently and may influence cellular localization. If so,
then any changes in cellular localization of the PilXALP protein
could indicate that proper localization of PilX is not absolutely
required for function in either pilus assembly or swarming repres-
sion.

To evaluate the role of the PilX leader peptide in cellular local-
ization, we fractionated WT and bifA mutant cells expressing the
PilXALP-His protein after growth on swarm plates and found no
detectable alterations in the cellular localization profile relative to
the PilX-His protein (see Fig. S3 in the supplemental material),
suggesting that the leader peptide is not a cellular localization
determinant for PilX. However, we did observe that the overall
levels of PiIXALP-His protein appear to be somewhat elevated
relative to PilX-His in all fractions where these proteins are de-
tected although the biological significance of this difference is not
clear.

PilY1 and the minor pilins, PilX/PilW, impact cellular c-di-
GMP levels in a surface-specific manner. Having established that
PilY1, PilX, and PilW participate in c-di-GMP-mediated repres-
sion of swarming motility, we next explored the mechanism by
which this repression might occur. One hypothesis is that the mi-
nor pilins impact intracellular c-di-GMP levels by modulating
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FIG 6 Quantification of intracellular c-di-GMP levels by LC-MS. (A) Graph depicting quantification of global pools of c-di-GMP in WT cells grown either in
liquid culture or on swarm plates. Data are expressed as picomoles of c-di-GMP per mg (dry weight) of the cell pellets from which the nucleotides were extracted
(see Materials and Methods for details). Error bars represent standard deviation of the mean with four replicates per experiment. *, P < 0.02 (¢ test). (B)
Quantification of c-di-GMP levels in the indicated strains grown on swarm plates. Error bars represent standard deviations of the averages of two experiments
with three replicates per experiment. Data were analyzed by analysis of variance followed by a Tukey’s posttest comparison. ns, not significant; ***, P < 0.001. (C)
Measurements of c-di-GMP in swarm-grown cells of the indicated strains. Error bars represent standard deviation of the averages of two experiments with three
replicates per experiment. Data were analyzed by analysis of variance with a Tukey’s posttest comparison. ns, not significant; **, P < 0.01; ***, P < 0.001. (D) The
top panel shows images of swarm plates for the indicated strains (see strain labels below the graph). The strains carried either the vector control or the pPilY1
plasmid. The medium was supplemented with 0.2% arabinose, and plates were incubated at 37°C for 16 h, after which cells were harvested for c-di-GMP

quantification by LC-MS. The graph shows c-di-GMP measurements for each strain taken from swarm plates. Error bars represent standard deviations of the

averages of two experiments with four replicates per experiment. Data were analyzed by analysis of variance and Tukey’s posttest comparison. *, P < 0.05;

P < 0.001.

some aspect of c-di-GMP metabolism, such as synthesis or degra-
dation. An alternative hypothesis is that the minor pilins influence
factors important for swarming function or regulation that are
downstream of c-di-GMP metabolism, such as rhamnolipid pro-
duction or flagellar synthesis. We tested the latter hypothesis and
found that strains with a mutation in pilY1, pilX, or pilW do not
exhibit any detectable changes in rhamnolipid production or lev-
els of the flagellar subunit, FliC, relative to the WT parent strain
(data not shown).

Thus, we turned our attention to the hypothesis that the minor
pilins impact c¢-di-GMP metabolism. In our previous studies of
the pilYI gene and its involvement in c-di-GMP-mediated repres-
sion of swarming motility, we observed that mutating pilY] had
no impact on c-di-GMP levels in either WT or bifA mutant cells,
despite all phenotypic evidence indicating some role for PilY1 in
these processes (29). However, c-di-GMP measurements for those
studies were taken from cells grown in liquid culture. These results
prompted us to consider the possibility that pilYI and the minor
pilins might exhibit surface-specific impacts on c-di-GMP levels.
To begin to test this notion, we first extracted cellular nucleotides
from WT cells grown in liquid culture and on swarm plates and
measured levels of the c-di-GMP species using LC-MS (see Mate-
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rials and Methods for details). As shown in Fig. 6A, we observe
that c-di-GMP levels are significantly elevated ~2.5-fold in WT
cells grown on swarm plates compared to liquid growth, suggest-
ing that growth on a surface stimulates c-di-GMP production.

Given that c-di-GMP levels increase when WT cells are grown
on the surface of a swarm plate, we next asked whether the pilX or
pilW mutant is defective in this surface-induced c-di-GMP re-
sponse. Indeed, surface growth of pilX and pilW mutant strains
resulted in cellular levels of c-di-GMP that were nearly 3-fold
lower than the level of the WT (Fig. 6B), approaching levels seen
for the WT grown in liquid, indicating that the pilX and pilW
genes likely participate in the surface stimulation of c-di-GMP
synthesis. In contrast, a surface-grown pilA mutant showed a
small, nonsignificant decrease in c-di-GMP levels relative to WT
levels, indicating that the c-di-GMP surface response we observe is
independent of pilus assembly.

We next assessed whether the minor pilins might impact cel-
lular pools of c-di-GMP in the bifA mutant grown on swarming
agar. Our genetic analyses of the bifA pilX and bifA pilW strains
would indicate that this is indeed the case. Specifically, mutation
of either the pilX or pilW gene in the bifA mutant background
leads to suppression of all of the c-di-GMP-related phenotypes of
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this mutant (Fig. 1B). Results of c-di-GMP measurements from
surface-grown cells (Fig. 6C) show that the bifA mutant accumu-
lates ~3-fold higher levels of c-di-GMP than the WT, as expected
(30), and that mutation of pilX in the bifA mutant background
leads to a reduction in c-di-GMP to levels comparable to the WT
level, implying that pilX is required for the observed c-di-GMP
elevation in the bifA mutant. In contrast, c-di-GMP measure-
ments from liquid-grown cultures show no differences between
the bifA and bifA pilX strains (data not shown). Furthermore,
mutation of the pilA gene in the bifA mutant background has no
impact on c-di-GMP levels from surface-grown cells, further sup-
porting our observations that defects in pilus assembly alone do
not impact c-di-GMP levels. Thus, the weak suppression of the
bifA swarming defect that we observe in the bifA pilA double mu-
tant does not appear to result from c-di-GMP alterations.

Upon revisiting the question of whether the pilY1 gene also
impacts c-di-GMP levels in the bifA mutant specifically when cells
are surface grown, we found that c-di-GMP levels are indeed re-
duced in the bifA pilYI double mutant relative to the bifA mutant
alone and that the c-di-GMP levels of the bifA pilYI and bifA pilX
double mutants are indistinguishable from one another (Fig. 6C).
As mentioned above, this is in contrast to our previous observa-
tions where in liquid we did not see any difference in c-di-GMP
levels between either the WT and the pilY1 mutant or between the
bifA strain and the bifA pilY1 double mutant (29). Taken together,
we find that PilX, PilW, and PilY1 are involved in a surface
growth-dependent elevation of c-di-GMP levels.

Enhanced pilY1 gene expression leads to elevated c-di-GMP
levels in the WT but not in a sadC diguanylate cyclase mutant.
Previously, we showed that overexpression of the pilY1 gene in the
WT led to repression of swarming and that this repression re-
quired the function of the SadC diguanylate cyclase (29) (Fig. 6D,
top panel). Based on those studies and the results described above,
we predicted that pilYI overexpression would lead to increased
c-di-GMP levels in the WT but not in the sadC mutant back-
ground. In other words, we hypothesized that pilY] overexpres-
sion stimulates c-di-GMP synthesis and that this stimulation re-
quires the SadC diguanylate cyclase. To test this hypothesis, we
measured intracellular c-di-GMP levels in swarm surface-grown
cells of either the WT or the sadC mutant carrying a vector control
or an arabinose-inducible pilY] expression vector (pPilY1-His).
We showed previously that this PilY1 expression construct does
result in PilY1 overexpression (29). First, we observed that c-di-
GMP levels are reduced nearly 3-fold in the sadC mutant relative
to the WT (Fig. 6D, both carrying the vector control) which is
consistent with data from a previous report (36). We also found
that pilYI overexpression leads to a nearly 2.5-fold increase in
c-di-GMP levels in the WT strain; however, we did not observe a
significant change in c-di-GMP levels upon overexpression of
PilY1 in the sadC mutant background. These results support our
hypothesis that PilY1 overexpression in surface-grown cells leads
to a SadC-dependent increase in intracellular c-di-GMP levels and
further bolster a link between PilY1, a pilus assembly protein, and
SadC, a diguanylate cyclase, in the c-di-GMP-mediated repression
of swarming motility.

In contrast to PilY1, multicopy plasmid-based expression of
PilX or PilW does not lead to repression of swarming by the WT
(data not shown). Therefore, we did not assess whether any
changes in c-di-GMP levels occurred in strains carrying pilX or
pilW overexpression constructs. Interestingly, we also observed
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that expression of multicopy pPilY1-His in either a pilX or pilW
mutant background is still able to repress swarming motility (data
not shown), suggesting that multicopy expression of PilY1 likely
diminishes the requirement for PilX and PilW in the negative
regulation of swarming motility.

Surface growth results in increased levels of PilY1, PilX, and
PilA. Thus far, our data suggest that surface growth increases cel-
lular c-di-GMP levels and that this increase involves the functions
of PilY1 and SadC, as well as of PilX and PilW. Based on the data
presented above showing that overexpression of PilY1 leads to
stimulation of ¢c-di-GMP synthesis, we reasoned that surface
growth might alter PilY1 levels and that this, in turn, would lead to
an increase in c-di-GMP synthesis via the SadC diguanylate cy-
clase.

To test this hypothesis, we examined PilY1 protein levels in
lysates from strains grown either in liquid or on the surface of
swarm plates. For these experiments, we used the pilX ™" ::His vari-
ants of the WT and bifA mutant strains so that we could also
examine PilX-His levels under these conditions as well. Recall that
strains expressing PilX-His behave like their parental counterparts
in all assays tested. We observed that levels of PilY1 are increased
approximately 3.7-fold when pilX ™ ::His cells are cultured on the
surface of swarm plates relative to growth in liquid (Fig. 7A, top
panel, left two lanes, and B, black bars). We observed a similar
increase (~4.5-fold) in PilY1 levels in surface-grown versus lig-
uid-grown cells of the bifA pilX ™" ::His mutant (Fig. 7A, right two
lanes, and B, black bars). We detected no significant differences in
PilY1 levels between the WT and bifA mutant strains when they
were grown under the same conditions (either liquid or surface
growth), indicating that the level of c-di-GMP (i.e., relatively low
versus high) does not have a detectable impact on PilY1 expres-
sion under either growth condition. These data suggest that there
is no apparent feedback regulation of PilY1 expression by c-di-
GMP. Overall, these results support our hypothesis that surface
growth increases PilY1 levels and, furthermore, are consistent
with PilY1 playing a role upstream of c-di-GMP surface-induced
synthesis.

Moreover, these data are reminiscent of recent work by Cowles
and Gitai showing that synthesis of the pilus assembly proteins,
PilA and PilT, is induced when cells are grown on surfaces (12).
Thus, we next assessed whether PilX and PilA levels were also
elevated upon surface growth. Indeed, we found that both PilX
and PilA protein levels are elevated in the pilX™::His (WT) and
bifA pilX" ::His (bifA) strains when they are grown on the surface
of swarm plates relative to growth in liquid (Fig. 7A, middle and
bottom panels, and B, gray and white bars, respectively).

For PilA, we observed a ~2.4-fold increase in PilA levels when
WT cells were grown under solid versus liquid conditions and a
~1.9-fold increase in PilA for the bifA mutant grown under solid
versus liquid conditions. We did not observe a statistically signif-
icant difference in PilA levels between WT and the bifA mutant
when both strains were grown in liquid, nor was there a significant
difference when both were cultured on swarm plates.

For PilX, we observed a ~3-fold increase in PilX levels in the
WT and a ~2.2-fold increase in the bifA mutant when they were
grown under solid versus liquid conditions. While PilX levels are
not significantly different in the WT versus the bifA mutant when
the strains were grown in liquid, there is a significant difference
when these strains are grown on swarm plates. Specifically, in the
bifA mutant, PilX accumulates to only ~60% of the level observed
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FIG 7 Expression of pilus assembly proteins under liquid versus swarm surface growth conditions. (A) Representative Western blot images showing expression
of PilY1, PilX-His, and PilA in the WT or bifA strain carrying the His epitope insertion in the pilX gene (pilX " ::His) grown either in liquid cultures (L lanes) or
on swarm plates (S lanes). The pilX*::His strain behaves like its parental strain under all conditions tested. (B) Graph depicting quantification of relative protein
levels from Western blots. Protein levels were quantified from scanned autoradiographs using Image], and levels of PilY1, PilX, and PilA were set equal to 1 for
the pilX " ::His strain grown in liquid. Error bars indicate standard deviations of the averages of two experiments with three replicates per strain under each
condition of growth. Significance was determined by a f test as follows: a***, P < 0.001, for the difference in protein levels between the pilX " ::His strain grown
in liquid versus growth on swarm plates; b***, P < 0.001, for the difference in protein levels between bifA pilX " ::His grown in liquid versus growth on swarm
plates; ¢, P < 0.001, for the difference in PilX levels between the pilX "::His and bifA pilX*::His strains grown on swarm plates. Besides this exception, there are
no other significant differences in levels of PilY1, PilX, or PilA between the pilX"::His and bifA pilX " ::His strains when they are grown under the same conditions.

in the WT strain, indicating a less robust surface-induced increase
in PilX when the bifA gene is mutated; however, the biological
significance of this difference remains unclear.

DISCUSSION

Pseudomonas aeruginosa exhibits several surface-associated group
behaviors, including biofilm formation, and two distinct surface-
associated motile behaviors, namely, flagellum-propelled swarm-
ing motility and type IV pilus-mediated twitching motility. An
open question is how cells transition from one surface behavior to
another when changing environmental cues and/or surface con-
ditions necessitate such a switch.

The work presented here illustrates one connection among
surface-associated behaviors in this organism; that is, we show
that components of the pilus assembly machinery apparently re-
press swarming motility. For this study, we focused on the genes
encoding the minor pilins (fimU, pilV, pilW, pilX, pilY2, and pilE)
because they are expressed in an operon containing the pilYI gene
(5). In previous work, we showed that mutating the pilYI gene
relieves the inhibition of swarming motility conferred on strains
producing high levels of c-di-GMP due to loss of the BifA c-di-
GMP phosphodiesterase (29). The minor pilins have been shown
genetically to be important for optimal pilus assembly and were
recently shown to be incorporated into the pilus fiber; however,
the significance of this incorporation is not yet understood (2—4,
16, 49).

In the experiments here, we utilized the bifA mutantas a tool to
assess the involvement of the minor pilins in repression of swarm-
ing motility. By mutating each of the minor pilin genes in the bifA
background and assessing the suppression of the swarming defect,
we determined that mutation of either the pilW or pilX gene
showed robust suppression of the swarming defect, resembling
the suppression we reported for the pilYI mutation in the bifA
strain (29). Phenotypic analysis of the fimU, pilE, and pilY2 mu-
tants revealed weak-suppression phenotypes (akin to mutating
the PilA pilin) or no phenotype, while a pilV mutant yielded an
inconsistent and therefore inconclusive phenotype. Thus, we con-
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clude that PilW and PilX indeed participate, along with PilY1, in
swarming repression.

Our studies indicate that PilW and PilX (as well as the previ-
ously reported PilY1) play two roles in the cell: in one role these
minor pilins promote assembly of the pilus, and in a second role
they repress swarming when c-di-GMP levels are elevated. Here,
we show that, for PilW and PilX, these two roles represent distinct
functions of these proteins such that they can be separated by
mutation. Mutating the invariant glycine (G™') to a phenylala-
nine (F) in the N-terminal leader peptide of both PilW and PilX
inhibits cleavage of this peptide by the PilD peptidase. With cleav-
age blocked, the PilW(G—1F) and PilX(G—1F) mutant proteins
are unable to function in pilus assembly, indicating that process-
ing by PilD is required for this role, a finding that is not unex-
pected given that PilD-mediated processing of the major pilin,
PilA, is also required for proper pilus assembly (56). In contrast,
the PilW(G—1F) and PilX (G—1F) mutant proteins are still able
to function in swarm repression, indicating that processing of the
minor pilins is not required for this second function. This conclu-
sion is further supported by genetic evidence, whereby deletion of
the pilD gene (which would inhibit processing of PilA and all of
the minor pilins) in the bifA mutant background fails to fully
suppress the swarming defect of a bifA mutant and instead yields a
weak-suppression phenotype that is indistinguishable from the
bifA pilA mutant. This finding indicates that, despite lack of N-ter-
minal processing of PilA, PilW, and PilX, repression of swarming
still occurs.

An important goal moving forward is to understand the mech-
anism by which the minor pilins repress swarming. Here, we pres-
ent findings supporting a mechanism whereby PilX/PilW and
PilY1 repress swarming by modulating levels of the intracellular
signaling molecule c-di-GMP, specifically when cells are grown on
asurface. These findings are consistent with the model depicted in
Fig. 8. We show that surface growth of P. aeruginosa cells increases
the level of pilus assembly proteins, including PilY1 and PilX as
well as PilA. These data are consistent with a recent report in
which Cowles and Gitai demonstrate that surface growth stimu-
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FIG 8 Model for coordinate regulation of surface-based swarming and
twitching motility. Surface growth induces expression of pilus assembly pro-
teins, including PilY1, PilX, and PilA, likely to prepare cells for twitching mo-
tility. Recent evidence indicates that the level of this induction may be tuned to
surface conditions, such as surface hardness (12), and one could postulate that
additional surface cues such as surface wetness or relative humidity might also
impact this induction. Surface induction of PilY1 not only facilitates pilus
biogenesis but also stimulates synthesis of the intracellular signaling molecule,
c-di-GMP, via an as yet uncharacterized interaction with the SadC diguanylate
cyclase. Our data are consistent with the minor pilins, PilX and PilW, also
participating in the modulation of c-di-GMP levels, either in conjunction with
PilY1 or possibly via a separate pathway. Increased synthesis of c-di-GMP then
leads to repression of swarming motility, most likely by influencing flagellar
function as previously proposed (9). Elevated c-di-GMP levels also stimulate
biofilm formation (9, 30, 35), allowing P. aeruginosa cells to coordinately reg-
ulate all three of these distinct surface behaviors. Note that depictions in the
figure are not to scale.

lates pilus production, in part by increasing levels of PilA (12).
Furthermore, these investigations showed that the level of PilA
increases with increasing surface hardness (i.e., agar concentra-
tion), suggesting a response that may be fine-tuned, depending
upon specific surface conditions (12). From these studies, the au-
thors surmise that surface induction of pilus biogenesis proteins
allows cells to assemble pili when conditions favor twitching mo-
tility.

In our model, we propose that a surface-induced increase in
PilY1 facilitates not only pilus assembly but also suppression of
swarming via stimulation of ¢-di-GMP synthesis by a direct or
indirect interaction with the SadC diguanylate cyclase. Under sur-
face growth conditions that favor swarming (i.e., 0.5% agar),
where we observe an increase in PilY1 levels, we also observe in-
creased c-di-GMP levels. Furthermore, we show that overexpres-
sion of PilY1 leads to increased c-di-GMP levels and repression of
swarming, both of which are dependent upon the SadC diguany-
late cyclase. We postulate that the increase in c-di-GMP levels
when cells are grown on 0.5% agar acts as a signal for the cell to
undergo swarming motility versus the swimming motility utilized
in liquid medium. However, if c-di-GMP levels are further in-
creased, for example, when we overexpress PilY1 or presumably
when cells are grown on a hard surface (1.5% agar), swarming
motility is completely repressed.

Additional evidence supporting the notion that surface growth
can lead to enhancement of diguanylate cyclase activity has been
reported by Giivener and Harwood (19). These studies revealed
that surface growth of P. aeruginosa stimulates clustering of the
phosphorylated (i.e., active) form of the WspR diguanylate cy-
clase, leading to enhanced signal transduction through the Wsp
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chemosensory system. While this study did not directly measure
c-di-GMP levels in surface-grown cells, it has been well estab-
lished that signal transduction through the Wsp system results in
WspR-mediated c-di-GMP synthesis (18, 23, 33).

Together with previous studies, we have shown that PilX,
PilY1, and SadC localize to the inner membrane of cells (29, 35).
While this is a broad brushstroke in terms of compartmentalizing
these proteins, such observations allow for the possibility of inter-
action among these proteins. However, previous reports have
found PilY1 present in sheared surface protein fractions, indicat-
ing that PilY1 is a cell surface-localized protein, possibly associ-
ated with the pilus (7, 21). Thus, we cannot rule out the possibility
that signaling by PilY1 occurs through a more complex mecha-
nism involving communication between the outer cell surface and
inner membrane compartment.

Given that mutation of pilY1, pilX, or pilW leads to similar
impacts on c-di-GMP levels in both the WT and bifA strain back-
grounds, it is reasonable to propose that PilX/PilW participate
together with PilY1 in the surface-induced stimulation of c-di-
GMP production. PilY1 is likely to be the main actor in this sce-
nario, given the additional observations here that multicopy plas-
mid-based expression of pilY1 but not pilX or pilW is able to
repress swarming motility. However, we have also observed that
overexpression of pilY1 does not require the functions of either
PilX or PilW (data not shown). One interpretation of these data is
that PilX/PilW are accessory factors whose role in swarming re-
pression can be bypassed by excess PilY1 expression. An alterna-
tive possibility is that PilX/PilW function to modulate c-di-GMP
in a pathway distinct from that of PilY1, providing a potentially
intriguing depth to the regulation of swarming motility by these
pilus assembly proteins. These questions as well as the nature of
potential interactions of these proteins with SadC remain to be
investigated.

Additional questions remain regarding the specific signals that
are sensed when these microbes encounter or grow on a surface
and how such signals are perceived by cells. The investigations by
Cowles and Gitai suggest that surface hardness is a potential sig-
nal, with the notion that cells may be able to sense surface hardness
over a broad spectrum and respond by building pili incrementally
across this spectrum (12). Our model based on the findings pre-
sented here fits within this framework. We present evidence that
cells respond to growth on a soft (swarm) agar surface by increas-
ing levels of PilY1, PilX, PilW, and PilA, followed by induction of
c-di-GMP synthesis relative to growth in liquid cultures. We
would predict that further increases in PilY1 levels and c-di-GMP
induction would lead to incremental decreases in swarming mo-
tility as cells transition from soft to hard agar surfaces where full
repression would be achieved. However, additional factors (that
may or may not be controlled by c-di-GMP) may contribute to full
repression of swarming motility on hard surfaces, a notion sup-
ported by recent studies showing that growth on hard agar sur-
faces inhibits production of the rhamnolipid surfactant required
for swarming motility (27). Alternatively, surface hardness may
represent only a surrogate measure of a more complex set of sur-
face conditions involving changes in relative humidity or water
potential of the surface, as described recently (13). In any case, the
precise nature of surface signals and how such signals are per-
ceived by cells remain to be fully explored.

More broadly, our findings suggest that P. aeruginosa has
evolved mechanisms that allow this organism to suppress swarm-
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ing motility when twitching motility is favored. Consistent with
this idea, both the extent and patterning of swarming motility are
altered when pilus biogenesis is disrupted (29, 31, 53) (Fig. 1B),
implying an interaction between swarming and twitching func-
tions in P. aeruginosa. Potentially, the reverse may be true as well;
that is, we postulate that there may be regulatory mechanisms
allowing this microbe to modulate twitching when swarming is
favored. Together with our previous findings showing that biofilm
formation and swarming motility are inversely regulated (9, 30,
35), a picture is emerging whereby P. aeruginosa can effectively
coordinate its surface-associated behaviors and where, further-
more, at least some aspects of this regulation are mediated via the
intracellular signaling molecule c-di-GMP.
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