A Hierarchical Cascade of Second Messengers Regulates Pseudomonas
aeruginosa Surface Behaviors
Yun Luo,a Kun Zhao,b Amy E. Baker,a Sherry L. Kuchma,a Kimberly A. Coggan,c* Matthew C. Wolfgang,c Gerard C. L. Wong,b
George A. O’Toolea
Department of Microbiology and Immunology, Geisel School of Medicine at Dartmouth, Hanover, New Hampshire, USAa; Department of Bioengineering, California
Nanosystems Institute, University of California Los Angeles, Los Angeles, California, USAb; Department of Microbiology and Immunology, University of North Carolina at
Chapel Hill, Chapel Hill, North Carolina, USAc
* Present address: Kimberly A. Coggan, Novan Therapeutics, Durham, North Carolina, USA.

ABSTRACT Biofilms are surface-attached multicellular communities. Using single-cell tracking microscopy, we showed that a

pilY1 mutant of Pseudomonas aeruginosa is defective in early biofilm formation. We leveraged the observation that PilY1 protein levels increase on a surface to perform a genetic screen to identify mutants altered in surface-grown expression of this protein. Based on our genetic studies, we found that soon after initiating surface growth, cyclic AMP (cAMP) levels increase, dependent on PilJ, a chemoreceptor-like protein of the Pil-Chp complex, and the type IV pilus (TFP). cAMP and its receptor protein
Vfr, together with the FimS-AlgR two-component system (TCS), upregulate the expression of PilY1 upon surface growth. FimS
and PilJ interact, suggesting a mechanism by which Pil-Chp can regulate FimS function. The subsequent secretion of PilY1 is
dependent on the TFP assembly system; thus, PilY1 is not deployed until the pilus is assembled, allowing an ordered signaling
cascade. Cell surface-associated PilY1 in turn signals through the TFP alignment complex PilMNOP and the diguanylate cyclase
SadC to activate downstream cyclic di-GMP (c-di-GMP) production, thereby repressing swarming motility. Overall, our data
support a model whereby P. aeruginosa senses the surface through the Pil-Chp chemotaxis-like complex, TFP, and PilY1 to regulate cAMP and c-di-GMP production, thereby employing a hierarchical regulatory cascade of second messengers to coordinate
its program of surface behaviors.
IMPORTANCE Biofilms are surface-attached multicellular communities. Here, we show that a stepwise regulatory circuit, involv-

ing ordered signaling via two different second messengers, is required for Pseudomonas aeruginosa to control early events in
cell-surface interactions. We propose that our studies have uncovered a multilayered “surface-sensing” system that allows
P. aeruginosa to effectively coordinate its surface-associated behaviors. Understanding how cells transition into the biofilm state
on a surface may provide new approaches to prevent formation of these communities.
Received 8 December 2014 Accepted 10 December 2014 Published 27 January 2015
Citation Luo Y, Zhao K, Baker AE, Kuchma SL, Coggan KA, Wolfgang MC, Wong GCL, O’Toole GA. 2015. A hierarchical cascade of second messengers regulates Pseudomonas
aeruginosa surface behaviors. mBio 6(1):e02456-14. doi:10.1128/mBio.02456-14.
Editor Caroline S. Harwood, University of Washington
Copyright © 2015 Luo et al. This is an open-access article distributed under the terms of the Creative Commons Attribution-Noncommercial-ShareAlike 3.0 Unported license,
which permits unrestricted noncommercial use, distribution, and reproduction in any medium, provided the original author and source are credited.
Address correspondence to George A. O’Toole, georgeo@dartmouth.edu.
This article is a direct contribution from a Fellow of the American Academy of Microbiology.

B

acteria are able to live as members of surface-attached microbial communities called biofilms. The formation of a biofilm
in pseudomonads begins with cells “reversibly” attaching to a surface and progresses to more stable “irreversible” attachment. The
transition from reversible to irreversible attachment is the first
committed step in forming a biofilm (1). Alternatively, once cells
contact a surface, they also have the ability to move across the
surface using either type IV pilus (TFP)-mediated twitching motility or flagellator-mediated swarming motility (2–4). A comprehensive understanding of these early events remains elusive.
The intracellular second messenger cyclic di-GMP (c-di-GMP)
is now appreciated as a master regulator for the transition between
motile and sessile lifestyles in many bacterial species (5). In the
case of Pseudomonas aeruginosa, studies to date have linked c-diGMP and its effector proteins primarily to the control of flagellar
motility and EPS production; that is, elevated levels of c-di-GMP
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stimulate biofilm formation by increasing EPS production and
inhibiting flagellator-mediated swarming motility (4, 6–9). The
levels of c-di-GMP are modulated by two classes of enzymes:
diguanylate cyclases (DGCs) and phosphodiesterases (PDEs).
DGCs synthesize c-di-GMP from two molecules of GTP, while
PDEs degrade c-di-GMP to pGpG or GMP (10–12).
In studying the mechanisms of the early events in biofilm formation, we reported that c-di-GMP levels were elevated 3- to
5-fold in P. aeruginosa PA14 when cells were grown on an agar
surface compared to this microbe grown in a liquid broth (13).
Concomitant with this increase in c-di-GMP is the upregulation
of the cell surface-associated protein PilY1, which shares sequence
similarity with the pilus-associated adhesin PilC of Neisseria.
PilY1 also contains a von Willibrand A mechanosensory domain
(14, 15). Genetic analyses showed that PilY1, as well as the DGC
SadC, is required for the increased c-di-GMP in surface-grown

®

mbio.asm.org 1

Downloaded from mbio.asm.org on January 27, 2015 - Published by mbio.asm.org

crossmark

RESEARCH ARTICLE

cells and, furthermore, that PilY1 functions upstream of SadC in
boosting c-di-GMP levels (16). These data point toward a central
role for PilY1 in controlling surface behaviors by this microbe
(17).
In this study, we dissected the earliest event in biofilm initiation and explored the regulatory network of surface-induced
PilY1 expression. Together, our data revealed a complex regulatory system, whereby P. aeruginosa senses the surface through the
Pil-Chp chemotaxis-like complex, TFP, and the FimS-AlgR twocomponent system (TCS) and employs a hierarchical regulatory
cascade of two different second messengers (cyclic AMP [cAMP]
and c-di-GMP) to initiate its program of surface behaviors.
RESULTS

The pilY1 mutant is defective for irreversible attachment. To
begin to address the question of how P. aeruginosa adapts to a
surface lifestyle, we wanted to identify a target gene/protein whose
expression was specifically upregulated on a surface and then
search for mutants that were altered for expression of this target.
Based on the criteria outlined below, we selected the pilY1 gene as
this target. The pilY1 gene is expressed as part of a polycistronic
operon fimU-pilVWXY1Y2E (here, pilY1 operon) (Fig. 1A). The
PilY1 protein can be detected in the cytosol, inner membrane
(IM), and on the cell surface (13, 14, 18–20), is required for biogenesis and function of TFP (18, 21), and has been proposed to be
a pilus-associated adhesin (14, 15). We showed previously that
PilY1 is required to repress swarming when levels of c-di-GMP are
elevated and is upregulated when bacteria are grown on an agar
plate compared to in liquid medium. We also showed that c-diGMP levels increase for agar-grown bacteria, and the increase in
levels of this dinucleotide requires PilY1 (13, 16). Here, we demonstrate that a strain lacking PilY1 is defective in irreversible attachment during biofilm formation (Fig. 1B and C). We monitored ~500,000 cells of the wild type (WT) and a pilY1 mutant
strain over a period of 20 to 40 h in flow cells, as reported (3), and
determined the orientation of each cell relative to the surface using
the apparent aspect ratio, defined as the ratio of the length to the
width of an object (Fig. 1B). We found that WT cells centered at
aspect ratios of 1 and 5.5 (Fig. 1C), which represent the reversible
and irreversible attachment status, respectively. Compared to the
WT, the pilY1 mutant also showed a “reversibly attached” peak at
1, but the second peak was left-shifted to 3.5 (Fig. 1C). Since the
pilY1 and WT strains have a similar growth rate (see Fig. S1 in the
supplemental material), this shift to a lower value is not due to
differences in cell length but instead due to the increased population of cells at an angle relative to the surface. These data indicate
that the pilY1 mutant initiates surface adhesion but cannot stabilize irreversible attachment, a finding consistent with the observation that the pilY1 mutant shows increased surface-associated
swarming motility (13, 16).
Because the pilY1 mutant is also defective for TFP biogenesis
(14, 18), we also assessed the phenotype of the pilA mutant in this
assay, which codes for the major pilin in TFP, and thus the pilA
mutant is also defective in TFP biogenesis. In contrast to the pilY1
mutant and the WT, the attachment profile of the pilA mutant
showed that most cells had an aspect ratio of ~5.5, a finding consistent with earlier work showing that a mutant defective in TFP
biogenesis was unable to “stand” (3), and thus few cells had an
aspect ratio near 1. Taken together, our data suggest that the impact of PilY1 on attachment in this assay is not simply due to the
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loss of the TFP fiber but also the loss of another PilY1-mediated
function, a conclusion consistent with the data presented below.
Identification of genes that affect surface-specific pilY1 transcription. To better understand how the pilY1 gene is regulated
when grown on a surface, we sought to identify candidate regulators of the pilY1 operon using transposon mutagenesis screening.
To facilitate high-throughput screens, we constructed both pilY1
transcriptional and translational lacZ reporter fusions. We observed a 2-fold increase in PpilY1-lacZ transcription for cells grown
on an agar surface (147 ⫾ 9 Miller units) compared to those in
liquid broth (72 ⫾ 2 Miller units). A similar fold change was also
observed when the pilY1 translational lacZ reporter was inserted at
the pilY1 site (Fig. 2A) and when the PilY1 protein level was monitored by Western blotting (13). These results indicated that the
surface-associated expression of pilY1 is regulated mainly at the
transcriptional level and that the PpilY1-lacZ transcriptional reporter is suitable for genetic screening.
To identify potential regulators of the pilY1 operon, we performed a mariner transposon (Tn) mutagenesis screen in a strain
carrying the PpilY1-lacZ transcriptional reporter described above.
We screened over 60,000 random Tn insertion mutants (~10-fold
coverage of the genome), and the identified 32 candidate genes
whose expression was altered (up or down) compared to the WT
when grown on an agar plate are listed in Table S1 in the supplemental material. A number of the genes identified in this screen
were previously implicated in pilY1 regulation, and new genes
involved in this process were also identified. We found transposon
insertions in the gene coding for FimS-AlgR TCS, known positive
regulators of the pilY1 operon (22). We also recovered multiple
insertions in the cyclic-AMP (cAMP)-responsive transcription
factor Vfr and in the pilGHIJK-chpABC gene cluster, which encodes a chemotaxis-like chemosensory signal transduction system. Finally, we identified mutations in TFP biogenesis genes,
namely, pilC and fimV. The genes identified in the screen allowed
us to develop the model that serves as a framework for this report
(Fig. 1A).
pilY1 transcription on a surface is regulated by two pathways. To validate the results from the Tn screen, we constructed
nonpolar, unmarked deletion mutations of select genes or gene
clusters listed in Table S1 in the supplemental material and quantified PpilY1-lacZ reporter activities of agar-grown cells in these
backgrounds using ␤-galactosidase assays. Based upon previously
established relationships (22–24) and our findings here, we organized these genes into two pathways, namely, the Pil-Chp pathway
and the PilY1 pathway (Fig. 2B).
The Pil-Chp pathway includes the PilGHIJK-ChpABC complex (here, Pil-Chp complex) and two transcriptional regulators,
Vfr and AlgR (Fig. 1). The Pil-Chp complex is a chemotaxis-like
system with components that share sequence similarity with the
flagellar chemotaxis system of Escherichia coli (25–28). PilJ is a
methyl-accepting chemotaxis protein (MCP), and its activity, by
analogy with chemotaxis, is likely regulated by the opposing activities of the methyltransferase PilK, which stimulates signaling
through PilJ, and the methylesterase ChpB, which dampens PilJ
signaling. The activated form of PilJ is thought to stimulate histidine kinase ChpA via its adaptors PilI and ChpC, which in turn
activate the response regulators PilH and PilG, leading to cAMP
synthesis by CyaB, the major cAMP cyclase of P. aeruginosa (23).
cAMP, in turn, binds to its receptor Vfr, regulating transcription
of the fimS-algR genes (24, 29). The response regulator AlgR pro-
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FIG 1 A role for PilY1 in regulation of surface behaviors. (A) Model for surface behavior regulation in P. aeruginosa. From left to right, a surface-associated signal
activates the Pil-Chp complex and induces the production of cAMP through CyaB. CyaB, a putative membrane-associated protein, was illustrated as a
cytoplasmic protein due to space restriction. cAMP, together with its receptor Vfr, regulates transcription at the fimS-algR locus. AlgR-P (the phosphate indicated
by the red dot) directly binds the pilY1 operon promoter region and activates its transcription. FimS and PilJ physically interact, and we propose that PilJ may act
via the FimS-AlgR two-component system, along with cAMP-Vfr, to stimulate production of and autoregulate pilY1 gene expression. PilY1 and minor pilins
PilVWX are localized to the inner membrane (IM), where they feedback inhibit their own expression via PilJ, Vfr, and AlgR-FimS. PilY1 is also secreted to the
cell surface through the TFP apparatus and remains associated with the outer membrane (OM). The external PilY1 can signal through components of TFP
alignment complex PilMNOP and induce SadC activity. SadC synthesizes c-di-GMP, leading to promotion of biofilm formation and repression of swarming
motility. Straight arrows indicate activation, and T arrows are inhibition. Solid arrows indicate direct regulation, and dashed arrows indicate indirect regulation.
Illustration courtesy of William Scavone, Kestrel Studio, reprinted with permission. (B) Schematic illustration of the aspect ratio. The aspect ratio is calculated
as cell length (as it is projected on the surface) divided by the projected cell width. The cell orientation and relative aspect ratios were defined based on the
measurements with WT cells. Since cells were visualized with a camera that was oriented 90° to the attachment surface, cells show “stadium-shaped” contour
(aspect ratio of ⱖ5, as in the WT) when they are perfectly horizontal and irreversibly attached and circular contour (aspect ratio of ~1) when they are perfectly
vertical and reversibly attached. There are a large number of cells that exhibit behavior between these two limiting cases and have different tilt angles (between
0 and 90°) with respect to the surface; therefore, intermediate aspect ratios are observed. Besides cell attachment angles, the aspect ratio can also be affected by
cell growth. For example, a dividing cell has longer cell length than a nondividing cell and hence a larger aspect ratio. (C) Shown are the aspect ratio histograms
plotted as probability density versus aspect ratio of the indicated strain. Bin size ⫽ 0.1.

tein directly binds the pilY1 operon promoter region and activates
its transcription; AlgR activity is regulated by its cognate sensor
kinase FimS, also known as AlgZ (22, 30, 31).
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As shown in Fig. 2B, when the positive-acting components of
this regulatory cascade (pilGHI, pilJ, vfr, or algR) were deleted,
PpilY1-lacZ expression was reduced in surface-grown cells. When
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FIG 2 ␤-Galactosidase activities of PpilY1-lacZ transcriptional reporter in
various strain backgrounds. All strains were grown overnight on an M8 agar
plate (1% agar); M8 medium is the standard swarm medium used and thus was
used throughout our studies. The data represent a minimum of three independent experiments with two biological replicates each, and values are reported
as means ⫾ standard errors of the mean (SEM). (A) ␤-Galactosidase activities
of the transcriptional reporter PpilY1-lacZ and the translational reporter pilY1::
lacZ. Cells were grown in liquid M8 minimal medium or on the surface of M8
minimal medium supplemented with 1% agar. The data represent a minimal
of three independent experiments with two biological replicates each, and
values are reported as means ⫾ SEM. Significance was determined by one-way
analysis of variance (ANOVA) followed by a Tukey posttest comparison. ***, P
⬍ 0.001. (B) Pathways involved in pilY1 expression. Expression of the pilY1lacZ fusion is presented as Miller units, for mutants in the Pil-Chp and PilY1
pathways and TFP assembly. Significance was determined by one-way
ANOVA followed by a Dunnett posttest comparison for the difference between WT and individual mutants. *, P ⬍ 0.05; ***, P ⬍ 0.001. (C) Epistasis
analysis with the vfr mutant. Expression of the pilY1-lacZ fusion is presented as
Miller units for the mutants indicated. Statistical analyses were performed
using one-way ANOVA followed by a Tukey posttest comparison, P ⬍ 0.05. a,
significant difference between the ⌬pilJ, ⌬vfr, or ⌬pilJ vfr mutant and the
parental strain; b, significant difference between the ⌬pilJ and ⌬pilJ vfr mutants in the same strain background; c, significant difference between the ⌬vfr
(Continued)
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the negative-acting component (chpB) was deleted, significantly
higher ␤-galactosidase activity was observed. These results support the involvement of the Pil-Chp, cAMP-Vfr, and FimS-AlgR
regulatory factors in pilY1 expression.
The second pathway identified implicates PilY1 in its own regulation. We isolated two Tn insertions in pilY1 that increased
PpilY1-lacZ expression (see Table S1). To dissect the role of pilY1
operon in its own expression, we generated nonpolar deletion
mutants of the entire operon as well as the individual genes
(Fig. 1). Compared to the WT strain, the deletion mutant of the
pilY1 operon (⌬fimT-pilE mutant) showed significantly increased
␤-galactosidase activity. A similar significant increase was also observed for single mutants of the pilV, pilW, pilX, or pilY1 genes but
not the other genes tested (using complemented mutants from a
previous study [13, 16]), suggesting these four genes participate in
autoregulation of their own transcription (Fig. 2B). This finding is
consistent with previous work from Bohn et al. (21). Together,
these data show that PilY1 and the minor pilins PilVWX regulate
their own transcription; we suggest a model below to explain this
regulation.
Finally, we identified mutations in TFP assembly complex
components pilC and fimV, which significantly reduced PpilY1lacZ expression. Interestingly, mutating the major TFP pilin gene,
pilA, had minimal impact on PpilY1-lacZ activity (Fig. 2B). This
result indicates that loss of the pilus is not sufficient to explain the
observed impact on surface-mediated PpilY1-lacZ expression in
strains lacking pilV, pilX, pilW, pilY1, pilC, or fimV, all of which are
also defective in TFP assembly (18, 19, 32–34).
The PilY1 pathway is epistatic to the Pil-Chp pathway. We
noticed that there are two transcriptional regulators (Vfr and
AlgR) in the Pil-Chp pathway and hypothesized that PilY1 and
PilVWX are epistatic to the Pil-Chp pathway, and, furthermore,
we propose that the pilY1 operon is regulated by Pil-Chp, cAMPVfr, and FimS-AlgR. To test this idea, we performed an epistasis
test with mutations in the pilX and pilY1 genes and with mutations
in components of the Pil-Chp pathway, namely, pilJ, vfr, and algR.
A chpB mutant was included as a positive control.
As shown in Fig. 2C, the increased PpilY1-lacZ activity in the
chpB mutant (compared to the WT) was eliminated by introducing mutations in the pilJ or vfr genes, illustrating an epistatic relationship among chpB, pilJ, and vfr. In the pilX mutant background, introducing mutations in the pilJ or vfr genes reduced
PpilY1-lacZ activity of surface-grown cells to about half of that of
the parental pilX mutant strain. The PpilY1-lacZ activity, however,
is significantly lower in the triple mutant of pilX pilJ vfr than that in
each double pilX pilJ and pilX vfr mutants, suggesting that PilJ and
Vfr both contribute to PpilY1-lacZ expression; that is, PilJ acts via a
cAMP-dependent as well as a cAMP-independent pathway. Finally, mutating algR eliminated PpilY1-lacZ activity in all the strain
backgrounds tested (WT, ⌬chpB, ⌬pilX, and ⌬pilY1 strains)
(Fig. 2D), possibly masking the effects of Vfr, which functions
upstream of AlgR (Fig. 1). This result shows that AlgR acts with
cAMP-Vfr in the transcriptional regulation of the pilY1 operon.
Figure Legend Continued
and ⌬pilJ vfr mutants in the same strain background. (D) Epistasis analysis
with the algR mutant. Expression of the pilY1-lacZ fusion is presented as Miller
units for the mutants indicated. Statistical analyses were performed by oneway ANOVA followed by a Tukey posttest comparison. *, P ⬍ 0.05; ***, P ⬍
0.001; ns, no significant difference.
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We found similar regulation in the P. aeruginosa PAK strain (see
Fig. S2 in the supplemental material).
Together, these genetic analyses suggest that Pil-Chp regulates
PilY1/PilVWX via both cAMP-Vfr as well as FimS-AlgR (Fig. 1), a
model consistent with that previously proposed for planktonically
grown bacteria (22, 23, 29). The fact that we found the same pathway in surface-grown cells indicates the previously unrecognized
surface induction of this pathway. Furthermore, we show that the
increased expression of the pilY1 operon in a pilX or pilY1 mutant
strain can be eliminated by mutating the pilJ, vfr, and algR genes,
indicating that PilY1 and PilX feedback inhibit their own expression through the Pil-Chp, cAMP-Vfr, and FimS-AlgR signal transduction pathways.
Physical interaction between PilJ and FimS. To further explore the relationship between the Pil-Chp and PilY1 pathways,
we examined whether the inner membrane-localized components
of these two pathways physically interact using the bacterial adenylate cyclase two-hybrid assay (BACTH). Of all the pairwise tests
between the proteins in the Pil-Chp and PilY1 pathways tested in
the BACTH assay (listed in the supplemental data), we detected an
interaction only between PilJ-FimS (see Fig. S3A and B in the
supplemental material). FimS is a sensor histidine kinase whose
cognate response regulator is AlgR. FimS, like PilJ, is a predicted
IM protein, consistent with the ability of these proteins to interact.
Furthermore, as shown above, AlgR plays a key role in the regulation of the pilY1 operon. Together, these data suggest that PilJ and
FimS activities may be coordinated through protein-protein interactions in the IM (Fig. 1), thus allowing coordination between
the input signal(s) of the Pil-Chp and FimS-AlgR pathways and
the downstream expression of the pilY1 gene.
cAMP levels are upregulated when cells are grown on a solid
surface. We next asked how cells upregulate pilY1 expression
when they grow on a solid surface. We hypothesized that surface
growth might induce PilJ activity, which would then in turn stimulate downstream cAMP production and, consequently, pilY1
transcription. To test this idea, we utilized a cAMP-dependent
promoter fusion, P1-lacZ, whose activity has been shown to reflect
cellular cAMP levels (23). We deduced cellular cAMP levels based
on the fold change of P1-lacZ activity over a vector control, as
reported (23), and tracked these levels over time.
When cells were grown in liquid culture, both the WT and the
⌬pilJ mutant showed constant, low levels of cAMP production
over time (Fig. 3A). The cAMP level in the ⌬pilJ mutant strain was
slightly lower than that in the WT strain, which is consistent with
the positive role of PilJ in cAMP synthesis (23). When the WT was
grown on an agar surface, cAMP levels increased sharply during
the first 7 h, with a detectable increase observed as soon as 2 h
postinoculation. This surface-specific increase was abolished in
the cells lacking the pilJ gene, where cAMP levels remained at low
levels, similar to levels measured for the liquid-grown cells. As
expected, we also found that the cAMP levels in a chpB mutant
remained constantly high when cells were grown in liquid or on a
surface (Fig. 3B). This result suggests that cells increase cAMP
production when growing on an agar surface and that this increase
is dependent on signaling through the PilJ chemotaxis-like receptor.
To confirm that the cAMP level is altered in surface-grown
cells, we mutated the genes that are known to be involved in cAMP
synthesis (cyaA and cyaB) and degradation (cpdA) and determined their effects on cAMP levels in both liquid- and surface-
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FIG 3 The cellular cAMP levels in cells grown in liquid broth and on agar
surface. (A) Representative time lapse plot of cAMP levels in cells grown in
liquid broth or on an agar surface with the same base medium (M8). The
cellular cAMP level is expressed as P1-lacZ activity divided by the vector control. The means ⫾ SEM from three biological replicates were shown. (B) cAMP
levels in the WT and mutant strains grown in M8 liquid broth or on agar
surface. Each strain was grown to early log phase in M8 broth. At time ⫽ 0 h,
the cultures were split and either continued to be incubated in M8 broth or
spread on M8 plate (1% agar) for an additional 5 h. The data represent a
minimum of three independent experiments with two biological replicates
each, and values are reported as means ⫾ SEM. (C) cAMP levels in the WT and
mutant strains grown in M8 liquid broth or on agar surface, performed as
outlined in panel B.

grown cells (Fig. 3B). When cells were grown in liquid broth,
cAMP levels were reduced in single mutants lacking either cyaA or
cyaB and further reduced in the cyaAB double mutant. Upon surface growth, the cAMP levels increased only in the cyaA mutant
but remained unchanged in the cyaB and cyaAB mutants. These
results confirm that cAMP level is upregulated in surface-grown
cells and further suggest that this change is largely dependent on
the presence of CyaB. Consistent with this observation, CyaB has
been shown to be involved in the PilJ-induced cAMP synthesis in
planktonic cultures (23, 29).
Our findings suggested that several factors regulating pilus biogenesis impacted cAMP levels. We directly addressed whether pilus biogenesis impacts cAMP levels by testing the levels of this
signaling molecule in a strain lacking TFP (⌬pilA mutant) or a
hyperpiliated strain defective for pilus retraction (a pilU::Tn mu-
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tant) (35). Consistent with a role for TFP in regulating cAMP
levels, the ⌬pilA mutant showed no surface induction of cAMP;
however, fully functional pili capable of extension and retraction
are not required for cAMP production, as the hyperpiliated pilU
mutant shows increased cAMP signaling (Fig. 3C), indicating that
the TFP may act as a surface-sensing appendage independent of
active retraction/extension.
Based on these findings, we conclude that both the Pil-Chp and
TFP are required for the surface-specific increase in cAMP levels,
implying the surface-deployed TFP might signal via the IMlocalized Pil-Chp system. Second, given that the loss of TFP does
not significantly impact the downstream surface-dependent expression of PilY1 (Fig. 2B), we also conclude that TFP and cAMP
signaling are not sufficient to drive pilY1 expression, and as described in the following sections, we show that the FimS-AlgR TCS
is also required for surface-specific upregulation of the pilY1 gene.
cAMP functions upstream of c-di-GMP in the regulation of
surface behaviors. The observation that cAMP is upregulated
soon after cells are inoculated on an agar surface led us to hypothesize that cAMP may act upstream of c-di-GMP in the regulation
of surface behaviors. To test this idea, we measured cellular c-diGMP levels in strains with altered levels of cAMP (Fig. 4A). The
strain lacking the pilJ (low in cAMP) gene showed significantly
reduced c-di-GMP levels compared to those of the WT strain, as
did the control strains carrying mutations in the sadC or pilY1
genes. In contrast, the c-di-GMP levels were increased in the
⌬chpB and ⌬cpdA mutant strains, both of which are known to
have high levels of cAMP. Surprisingly, the level of c-di-GMP in
the cyaB mutant (low cAMP) was not different from the WT,
suggesting that signaling via cAMP may be necessary but is not
sufficient for increased c-di-GMP signaling, a point that we address in the next section.
We also tested the effect of mutations analyzed in Fig. 4A on
surface behaviors, including swarming motility and biofilm formation (Fig. 4B). Swarming motility was increased in the ⌬pilJ
mutant and repressed in the ⌬chpB mutant. A small but reproducible increase in swarming motility was observed with the ⌬cyaB or
⌬cyaAB mutant but not to the degree observed for the sadC mutant (which is defective in upregulating c-di-GMP on a surface
[Fig. 4A]). As expected, loss of the cAMP phosphodiesterase CpdA
and overstimulation of cAMP signaling results in stimulated c-diGMP levels (Fig. 4A), as well as a complete loss of swarming motility, which is restored by introduction of the ⌬cyaAB mutations
(Fig. 4B). However, if cAMP signaling were sufficient to regulate
downstream c-di-GMP signaling, we would have expected the
⌬cyaAB mutant to show both reduced c-di-GMP levels (Fig. 4A)
and a hyperswarming phenotype similar to the sadC mutant
(Fig. 4B); we did not observe either of these phenotypes. Again,
these data suggest that a surface-dependent increase in cAMP levels alone is not sufficient to drive downstream c-di-GMPmediated behaviors, a point we address in the next section.
Finally, when PilY1 was overexpressed in the mutants with low
cAMP levels (i.e., ⌬pilJ, ⌬cyaB, and ⌬cyaAB strains), swarming
motility was repressed, but no such repression was observed in the
strain defective for c-di-GMP production (i.e., the sadC mutant
[Fig. 4B]). Together, these results are consistent with the idea that
PilY1 functions downstream of cAMP in swarming regulation and
argue for both a cAMP-dependent and cAMP-independent pathway for downstream regulation of pilY1 gene expression and subsequent PilY1-mediated c-di-GMP levels.
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We also observed reduced biofilms in the ⌬pilJ, ⌬cyaB, and
⌬cyaAB mutants and increased biofilm in the ⌬chpB and ⌬cpdA
mutant strains (Fig. 4B, bottom). Taken together, our data suggest
that cAMP signaling functions upstream of c-di-GMP-mediated
regulation, consistent with the model presented in Fig. 1.
Regulation of pilY1 gene expression, and thus increased c-diGMP, is also mediated by the FimS-AlgR TCS. The data given
above indicated that the Pil-Chp system signaled via both a
cAMP-dependent and cAMP-independent mechanism to regulate pilY1 gene expression, downstream stimulation of c-di-GMP
levels on a surface, and c-di-GMP-mediated control of surface
behaviors. A candidate for this alternative pathway was the FimSAlgR TCS given that FimS and PilJ interact and that we identified
mutations in the fimS and algR genes in our genetic screen. To test
this possibility, we started with a ⌬chpB mutant that we showed in
Fig. 4B is nonswarming, likely due to increased signaling through
hypermethylated PilJ (Fig. 1), and introduced a mutation in fimS
as well as mutations in the cyaAB genes, coding for the two adenylate cyclases. As shown in Fig. 4C, mutating the fimS gene partially restored swarming to the ⌬chpB mutant. Because the ⌬fimS
mutant is defective in pili biogenesis, the swarm patterns observed
typically lack the defined tendrils observed in the WT strain (13,
16). Similarly, the ⌬chpB ⌬cyaAB mutant also showed partial rescue of the swarming defect observed in the ⌬chpB mutant, while
the ⌬chpB ⌬fimS ⌬cyaAB strain shows swarm plate coverage comparable to or greater than the WT. Together, these data show that
signaling through the Pil-Chp system to modulate surface behaviors requires both stimulation of cAMP signaling and activation of
the FimS-AlgR system to fully induce PilY1 production, as well as
PilY1 surface localization, downstream c-di-GMP signaling, and
the associated modulation of surface behaviors.
PilY1 secretion is dependent mainly on the TFP assembly
complex. Previous work has shown that the cell surface-associated
PilY1 can stimulate c-di-GMP synthesis via the IM-localized DGC
SadC (16); however, it is not clear how PilY1 is localized to the cell
surface. In the genetic analysis described above, we found that
mutations in pilC or fimV, but not in pilA (pilin), impact pilY1
expression, suggesting that the TFP secretion machinery has a role
in regulating expression of the pilY1 gene. Based on this finding,
we hypothesized that the TFP complex may be involved in PilY1
secretion. To test this idea, we assessed localization of PilY1 in the
WT and TFP assembly mutants with antiserum specific to PilY1
(Fig. 5). The absence of IM platform protein (PilC), OM secretin
(PilQ), or members of the alignment complex (PilMNOP and
FimV) has strong negative impacts on PilY1 accumulation at the
cell surface (Fig. 5A). Consistent with the transcriptional analysis
described above, the ⌬pilX mutant showed increased PilY1 levels
compared to those of the WT (see figure legend). The FliC (flagellin) protein served as a loading control and surface protein
marker. Antibody to the cytoplasmic Cas3 protein served to show
that there was no cell lysis in our cell surface protein preparations
(Fig. 5B). The total protein levels of PilY1 were reduced in the pilC
and fimV mutant but largely unchanged in the other strains, in
contrast to the severe reduction of PilY1 level observed at the cell
surface (Fig. 5A compared to C). These results suggest that PilY1
secretion is dependent mainly on the TFP assembly system.
We also noted that there were small amounts of PilY1 (5 to
20% of the WT level) detected in the cell surface fraction in the
TFP assembly mutants (Fig. 5A). When overexpressed in trans, a
large quantity of PilY1 can be found at the cell surface in strains
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FIG 4 cAMP functions upstream of c-di-GMP in surface behavior regulation. (A) Quantification of cellular c-di-GMP levels by liquid chromatography-mass
spectrometry (LC-MS) for the indicated strains grown on swarm plates. Data are expressed as picomoles of c-di-GMP per milligram (dry weight) of the cell pellets
from which the nucleotides were extracted. The data represent six independent experiments, and values are reported as means ⫾ SEM. Significance was
determined by one-way ANOVA followed by a Dunnett posttest comparison for the difference between WT and individual mutants. **, P ⬍ 0.01; ***, P ⬍ 0.001.
(B) Surface behaviors of mutants in the cAMP-Vfr pathway. Top and middle panels are representative swarm plates of strains carrying either empty vector (V)
or PilY1-expressing plasmid (Y1). Plates contained 0.2% arabinose. The ratio numbers below the top panel indicate the percentage (means ⫾ SEM, from 20
plates) of the plate surface coverage of the mutant strains (harboring empty vectors) relative to that of the WT strain (set at 100%). The bottom panel shows
representative wells of a 96-well biofilm assay for each strain. The biofilm ratios (mutant/WT) were calculated using the WT and mutant strains grown in the same
96-well plate. The means and SEM from three independent experiments are reported. Significance was determined by one-way ANOVA followed by a Dunnett
posttest comparison for the difference between WT and individual mutants. *, P ⬍ 0.05; **, P ⬍ 0.01; ***, P ⬍ 0.001. (C) Swarms of the indicated strains grown
on M8 agar plate containing 0.5% agar.
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FIG 5 The TFP complex is involved in PilY1 secretion and signaling. (A)
Detection of PilY1 in cell surface (CS) fractions. The CS protein samples were
concentrated using TCA precipitation before loading. Western blots were
probed with anti-PilY1 antibody (top) or anti-FliC antibody (middle). Strains
tested in all blots are indicated at the top of panel A. FliC (flagellin) served as a
cell surface protein marker and a protein loading control. The intensity of the
PilY1 protein band is normalized to FliC. The ratio numbers below each band
represent the percentage (means ⫾ standard deviations [SD], from three experiments) of the normalized PilY1 in mutants relative to that in the WT strain
(lane 2). (B) Western blot probed with anti-Cas3 antibody (bottom) was included as a cytoplasmic protein control. Lane 1, whole-cell lysate from WT
cells; lanes 2 to 8, the same cell surface fraction samples used in lanes 2 to 8 in
the top and middle panels. (C) Detection of PilY1 in whole-cell lysate. An
unknown protein cross-reacting with anti-PilY1 antibody served as a proteinloading control. The strains analyzed here are indicated at the top of panel A.
The experiment was repeated three times, and one representative gel was
shown. The ratio is calculated as the percentage of normalized PilY1 intensity
relative to that in the WT strain and is reported as means ⫾ SD from three
experiments. Note: in panels A and C, the protein extracts from the ⌬pilX
strain (lane 3) were diluted 10-fold before loading. (D) Assessment of PilY1
protein levels in the unconcentrated CS fraction. Strains carrying either empty
vector (V) or the pilY1-expressing plasmid pPilY1 (Y1) were grown on an M8
agar plate containing 1% agar and 0.2% arabinose. (E) Swarms of the indicated
strains grown on an M8 agar plate containing 0.5% agar and 0.2% arabinose.

lacking the TFP complex (Fig. 5D). These results suggest that there
are additional pathway(s) involved in PilY1 secretion. We speculated that PilY1 might be secreted through the T2SS, an evolutionarily related pathway to the TFP system (36). However, additional
mutations in T2SS secretin genes xcpQ and hxcQ (37, 38) did not
affect PilY1 secretion compared to the ⌬pilQ single mutant (see
Fig. S4 in the supplemental material). We concluded that PilY1
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secretion is dependent primarily on the TFP assembly complex,
and small amounts of PilY1 can be secreted through an unknown
alternative pathway.
Importantly, taken together with our genetic studies described
above, these findings suggest that PilY1 deployment occurs downstream of signaling via Pil-Chp, cAMP-Vfr, and FimS-AlgR. In
other words, in response to cell growth on surfaces, Pil-Chpmediated cAMP synthesis and signaling via FimS-AlgR first promotes assembly of the TFP biogenesis machinery, which is in turn
required for robust PilY1 secretion. Thus, PilY1 is not deployed on
the cell surface until after the TFP system is assembled.
PilY1-mediated stimulation of c-di-GMP requires components of the TFP alignment complex. Given the extracellular localization of PilY1, we hypothesized that PilY1 likely communicates with the IM-localized SadC through intermediary
membrane proteins. In the search for components connecting
PilY1 to SadC, we took advantage of the PilY1-mediated swarming
phenotypes. Overexpressing PilY1 in the WT strain can repress
swarming motility (Fig. 5E); however, swarming cannot be repressed in a strain lacking a functional sadC gene (16). Similarly,
one could expect that if the intermediate signaling components
are missing, PilY1, when overexpressed, would not be able to repress swarming.
We speculated that components of the TFP complex might
participate in signal transduction between PilY1 and SadC. This
analysis was complicated by the fact that PilY1 requires a functional TFP complex for maximal secretion, but as mentioned
above, there was residual PilY1 secretion in a strain lacking TFP
components. In addition, overexpressing PilY1 from a plasmid
could bypass the requirement for TFP in its secretion, allowing
PilY1 to accumulate at the cell surface (Fig. 5D).
We tested the impact of overexpression of PilY1 on repression
of swarming motility in TFP mutants. Overexpression of PilY1
completely repressed swarming motility of the ⌬fimV mutant but
failed to do so with the ⌬pilM-P mutant (Fig. 5E) or with the single
nonpolar mutations of pilM, pilN, pilO, or pilP genes (see Fig. S5
in the supplemental material). PilMNOP and FimV are components of the TFP alignment complex, a nonessential component of
the TFP assembly system that is required for optimal TFP assembly (32, 33). In contrast, overexpression of PilY1 can repress
swarming motility of strains lacking pilC (see Fig. S5) or pilA (16),
again indicating that TFP play only a partial role in controlling
biofilm formation and other surface behaviors. Taken together,
we concluded that PilMNOP are involved in the PilY1-SadC signaling pathway and thus involved in affecting c-di-GMP levels of
surface-grown cells.
DISCUSSION

How cells sense and respond to a surface is a fundamental question in biofilm research. Our data show that the Pil-Chp complex,
a chemotaxis-like complex located at the IM, is critical in surface
sensing. Mutating the pilJ gene, which codes for an MCP-like protein, leads to a reduction in PilY1 expression, a loss in biofilm
formation, and a hyperswarming phenotype. Mutation of ChpB, a
methylesterase, presumably results in hypermethylation of PilJ
and increased basal signaling through this MCP. In contrast to the
pilJ mutant, loss of ChpB results in increased biofilm formation
and a nonswarming phenotype, as well as increased PilY1 expression. Given the close regulation between the Pil-Chp complex and
TFP synthesis (25–27), and the observation that PilY1 is not de-
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ployed until the TFP is assembled, it is tempting to speculate that
the TFP or TFP-associated factor(s) may serve as a mechanosensor for a surface, a finding consistent with our observation that
loss of pili results in reduced cAMP signaling. The observation
that the hyperpiliated pilU mutant, defective in retraction, shows
increased cAMP signaling suggests that active extension/retraction of the TFP is not required for cAMP signaling.
Our data show that signaling through the Pil-Chp system to
stimulate PilY1 production and downstream c-di-GMP-mediated
regulation requires both stimulation of cAMP levels via CyaA/B
and signaling through the FimS-AlgR two-component system,
likely through direct physical interaction of PilJ and FimS. Our
findings are in good agreement with previous reports that cAMPVfr upregulates transcription at the fimS-algR operon (24) and
that FimS-AlgR is required for pilY1 operon expression, as the
phosphorylated AlgR directly binds to the pilY1 operon promoter
and activates its transcription (22, 30).
Our data also show that the TFP assembly complex is intimately involved in PilY1 production, secretion, and signal transduction. The TFP assembly complex is comprised of four interacting subcomplexes, including (i) the IM motor subcomplex
(PilC, PilB, PilT, and PilU), (ii) the outer membrane (OM) secretin pore subcomplex (PilQ and PilF), (iii) the alignment subcomplex (PilM, PilN, PilO, PilP, and FimV) that bridges the IM and
OM subcomplexes but is not required for pili assembly (31, 39),
and finally (iv) the pilus itself (PilA) plus the minor pilins FimU,
PilV, PilW, PilX, and PilE (40). We showed that PilY1 is secreted
through the TFP apparatus. Furthermore, our published studies
show that cell surface-associated PilY1 can signal through SadC to
control swarming motility (16), and this report shows that the
PilMNOP alignment complex is also required for PilY1 to stimulate c-di-GMP production via SadC. Taken together, our studies
show that PilY1 plays a central role in coordinating the surface
behaviors in P. aeruginosa, and this function is exerted via two
discrete regulatory pathways: (i) PilY1 in the IM represses its own
transcription via modulation of cAMP signaling through Pil-Chp,
cAMP-Vfr, and FimS-AlgR, and (ii) PilY1 on the cell surface is
required to regulate c-di-GMP levels via the TFP alignment complex and the DGC SadC (Fig. 1).
In a broader context, we believe we are now at the beginning
stage of answering the question of how cells sense a surface. Here,
we propose that P. aeruginosa utilizes a stepwise regulatory circuit
to detect and respond to surface growth; this circuit employs a
hierarchical regulatory cascade of two second messengers (cAMP
and c-di-GMP) to initiate this microbe’s program of surface behaviors. It appears that TFP assembly and the pilus are required
for robust cAMP signaling, indicating that the low levels of pili
found on planktonic cells participate in initial surface engagement. We propose that the FimS-AlgR system, perhaps with input
from a direct physical interaction with PilJ, also is required for
sensing surface engagement. Subsequent c-di-GMP signaling does
not require the pilus per se but instead requires PilY1, whose expression requires Pil-Chp, cAMP-Vfr, and the FimS-AlgR TCS;
and furthermore, PilY1 is secreted in a TFP-dependent manner.
Thus, we can propose a hierarchical model of signaling because
downstream c-di-GMP-mediated events via PilY1 cannot occur
until PilY1 is synthesized, secreted, and localized to the cell surface. Furthermore, previous studies by Harwood and colleagues
implicated surface-dependent clustering of WspR and phosphorylation of this protein, likely by a chemotaxis-like system, are re-
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quired for surface-dependent stimulation of WspR activity (41,
42). Given the timing of WspR clustering upon surface contact
(~6 to 8 h) and the observation that cAMP signaling is stimulated
as early as 2 h, we believe the system we describe here occurs
upstream of WspR signaling.
A key implication of our findings is that there may not be a
single “surface signal” to trigger the surface program in P. aeruginosa. Instead, we suggest that there may be multiple reinforcing
signals mediated via numerous sensing proteins (i.e., PilJ, TFP,
FimS, PilY1, Wsp), and likely additional downstream factors, to
continually reassure the bacterium that it has engaged and remains in contact with a solid surface. Blocking any of these inputs
may result in a microbe that is not fully committed to life on a
surface and thus offers a number of potential targets for antibiofilm therapeutics.
MATERIALS AND METHODS
Additional details are provided in the supplemental material.
Bacterial strains and plasmids. Bacterial strains and plasmids used
here are listed in Table S2 in the supplemental material. Mariner transposon mutagenesis and mapping mutations were performed as reported
(16, 43, 44).
␤-Galactosidase activity assays. The ␤-galactosidase activity assay of
strains harboring lacZ fusions was performed as previously described
(45), and results were presented as Miller units, except that the reactions
were performed at room temperature and the absorbance was measured
in 96-well flat-bottom plates using a SpectraMax M2 microplate reader
(Molecular Devices). In most studies, we performed ␤-galactosidase activity assays with both planktonic- and surface-grown bacteria, but typically only the results of assays from surface-grown cells are included to
simplify presentation.
Swarming and biofilm assays. Swarming and biofilm formation assays were performed as previously described (46–48). M8 medium was
used, as this is the standard medium for swarming assays.
PilY1 cellular localization, SDS-PAGE, and Western blotting. Fractionation assays and Western blot analysis was performed as reported
previously (16).
Bacterial adenylate cyclase two-hybrid (BATCH) assay. The E. coli
strain bth101 was cotransformed with relevant recombinant T18 and T25
plasmids as previously described (49).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org/
lookup/suppl/doi:10.1128/mBio.02456-14/-/DCSupplemental.
Text S1, PDF file, 0.2 MB.
Figure S1, PDF file, 0.2 MB.
Figure S2, PDF file, 0.5 MB.
Figure S3, PDF file, 0.6 MB.
Figure S4, PDF file, 0.1 MB.
Figure S5, PDF file, 0.6 MB.
Table S1, PDF file, 0.1 MB.
Table S2, PDF file, 0.2 MB.
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