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ABSTRACT Many bacterial species use the secondary messenger, c-di-GMP, to promote
the production of biofilm matrix components. In Pseudomonas aeruginosa, c-di-GMP produc-
tion is stimulated upon initial surface contact and generally remains high throughout biofilm
growth. Transcription of several gene clusters, including the Sia signal transduction system,
are induced in response to high cellular levels of c-di-GMP. The output of this system is
SiaD, a diguanylate cyclase whose activity is induced in the presence of the detergent
SDS. Previous studies demonstrated that Sia-mediated cellular aggregation is a key feature
of P. aeruginosa growth in the presence of SDS. Here, we show that the Sia system is impor-
tant for producing low levels of c-di-GMP when P. aeruginosa is growing planktonically.
In addition, we show that Sia activity is important for maintaining cell-associated Psl in plank-
tonic populations. We also demonstrate that Sia mutant strains have reduced cell-associated
Psl and a surface attachment-deficient phenotype. The Sia system also appears to posttransla-
tionally impact cell-associated Psl levels. Collectively, our findings suggest a novel role for the
Sia system and c-di-GMP in planktonic populations by regulating levels of cell-associated Psl.
IMPORTANCE The biofilm matrix of the opportunistic pathogen Pseudomonas aeruginosa
is composed of exopolysaccharides (EPS), proteins, and nucleic acids. In P. aeruginosa, an
increase in the small molecule c-di-GMP causes an increase in biofilm matrix production
both transcriptionally and posttranslationally. C-di-GMP is synthesized by diguanylate cyclases
(DGCs), and P. aeruginosa encodes many DGCs which are active under different conditions
and influence specific pathways. Here, we demonstrate that the DGC SiaD, specifically,
posttranslationally regulates production of the cell-associated form of the EPS Psl. Since
cell-associated Psl is essential for attachment to surfaces, mutants lacking SiaD activity
do not attach robustly to surfaces. Our findings reveal a novel mechanism for regulating
production of an EPS important for colonization of infection sites.
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Many bacteria exist as part of large multicellular aggregates called biofilms that are
encased by a self-produced extracellular matrix (1–3). Pseudomonas aeruginosa is a

model organism for studying biofilms in the laboratory and is an opportunistic pathogen
that causes chronic infections that resist eradication despite intensive treatment (4–6). P. aeru-
ginosa forms a biofilm, encased by matrix components, at some infection sites (7–9).

The P. aeruginosa biofilm matrix is primarily composed of extracellular DNA, proteins,
including the large adhesion protein CdrA, and up to three exopolysaccharides (EPS): alginate,
Pel, and Psl (10). CdrA increases aggregate stability by binding to itself, Pel, and Psl (11, 12). In
nonmucoid strains, Pel and Psl serve as the primary matrix scaffolds (13–15). Psl is a neutral
EPS composed of D-mannose, D-glucose, and L-rhamnose that promotes initial attachment
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to surfaces and protects the bacterium from various stressors (16–20). Psl and Pel exist in
both cell-free and cell-associated forms (16, 21). Themechanism by which Psl and Pel associate
with the cell is unknown.

In P. aeruginosa, the intracellular signaling molecule, cyclic diguanylate monophosphate
(c-di-GMP), facilitates the transition of planktonic cells to the biofilm state (22, 23). C-di-GMP
is synthesized by diguanylate cyclases (DGC) which contain a GG(D/E)EF domain and is
degraded by phosphodiesterases harboring a HD-GYP or EAL domain (22, 24). When a
cell contacts a surface, the Wsp and Pil-Chp surface sensing systems increase c-di-GMP
which promotes the transition to biofilm growth (25, 26). High levels of c-di-GMP results
in transcriptional repression of flagellar and pili motility genes and increases expression
of the cdrAB, pel, and psl operons at the level of transcription and translation (23, 27).
Production of Pel is also induced by c-di-GMP posttranslationally (28).

The siaABCD operon is also elevated under conditions of high c-di-GMP (23, 25). The
siaABCD operon encodes a signal transduction complex that controls the activity of a DGC,
SiaD (29). In response to an unknown environmental signal, the inner membrane-associated
Ser/Thr phosphatase, SiaA, dephosphorylates SiaC. This allows SiaC to bind SiaD, promoting
c-di-GMP synthesis. SiaB is a kinase that competitively binds SiaC and rephosphorylates it. Once
rephosphorylated, SiaC will no longer bind SiaD, and DGC activity is shut off (29) (Fig. 1A).

The sia operon was first described as essential for cellular aggregation of P. aeruginosa
when grown on the detergent sodium dodecyl sulfate (SDS) (30, 31). It was later determined
that SiaD DGC activity is essential for cellular aggregation in response to both SDS and tellur-
ite (TeO4

22), therefore increasing P. aeruginosa survival in the presence of these stressors
(30–33). Subsequent work showed that mutations in both siaA and siaD cause a decrease in
psl, cdrAB, and cupA expression (31). SiaA and SiaD also affect the activity of the translational
regulator RsmA, by regulating the levels of the small regulatory RNA rsmZ (32, 34). These stud-
ies show that the Sia signaling network responds to an environmental signal that stimulates
P. aeruginosa aggregate formation through SiaD-mediated c-di-GMP synthesis.

A function for the Sia system in the absence of added stressors has not been reported.
Here, we show that mutations in the sia operon influence planktonic production of both
c-di-GMP and the cell-associated form of Psl. This results in Sia-dependent changes to sur-
face attachment. Screening of additional DGC mutant strains revealed that only the Sia sys-
tem has a significant impact on the planktonic levels of cell-associated Psl. Additionally, in
a Sia-deficient background, cell-associated Psl levels are impacted even when the psl operon
is expressed under the control of an inducible promoter. This suggests that the Sia system

FIG 1 The Sia signaling network impacts attachment of P. aeruginosa to surfaces. (A) The Sia signaling network regulates
SiaD diguanylate cyclase activity. In response to an unknown environmental signal, SiaA dephosphorylates SiaC. SiaC then
binds SiaD, activating SiaD DGC activity. SiaB is a kinase that competitively binds SiaC and rephosphorylates it. Once
rephosphorylated, SiaC will no longer bind SiaD, and DGC activity is shut off. Figure created in BioRender.com (29). (B)
Static biofilm formation of sia mutant strains. Biofilm biomass produced by each strain was measured by crystal violet
staining and normalized to wild type (PAO1). Presented as mean and standard deviation. N, 3 biological replicates, *P
, 0.05. (C) Adherence of sia mutant strains to glass. Cells were incubated on a glass coverslip, rinsed and attached
cells were immediately quantified by microscopy. Presented as mean and standard deviation. N, 3 biological replicates,
*, P , 0.05.
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affects Psl distribution posttranslationally. Collectively, our results indicate that the Sia system
contributes to both planktonic levels of c-di-GMP and cell-associated Psl.

RESULTS
The Sia system promotes the attachment of planktonic cells to a surface.We ini-

tially sought to determine the impact of the Sia signaling network on P. aeruginosa
biofilm formation. Mutations that prevent SiaD DGC activity, DsiaA, DsiaC, and DsiaD,
impede biofilm formation, in the absence of external stressors. Whereas a DsiaB mutation
constitutively activates SiaD and increases biofilm formation (Fig. 1B, Fig. S1A) (29, 35). The
observed changes were not due to changes in growth and this phenotype could be partially
rescued (Fig. S1BC).

We used a microscopic approach to gain insight into how the Sia system influences
surface attachment. GFP expressing, midlog-phase planktonic cells (OD600nm = 0.5) were inocu-
lated onto a glass coverslip and allowed to attach for 10 min. Unattached cells were washed
away and attached cells were quantified by microscopy (Fig. 1C). Compared with the parental
strain, DsiaA, DsiaC, and DsiaD mutant strains exhibited an attachment defect, while a DsiaB
mutant strain showed an increase in attached cells. This phenotype could be also be partially
restored by expressing the sia genes in trans. (Fig. S1D). These data demonstrate that the Sia
system impacts the surface attachment of planktonic cells.

The Sia system regulates cell-associated Psl levels during planktonic growth.
While expression of any of the major P. aeruginosa nonmucoid matrix components,
Pel, Psl, or CdrA, has the potential to increase attachment, only Psl is produced during
planktonic growth in the lab strain PAO1 (11, 13). As a result, only strains that cannot
produce Psl exhibit impaired surface attachment. (Fig. 2A, Fig. S2A); (13, 18, 36).

We hypothesized that the Sia system regulates initial attachment by altering planktonic Psl
production. To test this, we performed Psl immunoblots on both cell-free and cell-associated
fractions. The amount of cell-free Psl made by these strains was similar. However, we observed
that, compared to the wild-type strain, the DsiaC and DsiaD mutant strains have a significant
decrease in cell-associated Psl levels (Fig. 2B, C; Fig. S2B, C). The DsiaA mutant strain also
appeared to have decreased cell-associated Psl, but this was not statistically significant.
Conversely, deleting siaB caused an increase in cell-associated Psl levels. Although there are
changes in the levels of cell-associated Psl, only the DsiaB mutant strain shows a significant
change in total Psl production (Fig. S2D). These results are consistent with the initial attach-
ment data (Fig. 1C) and suggest that attachment differences between strains are due to the
levels of cell-associated Psl.

To determine whether our observations are growth phase dependent, we measured
cell-free and cell-associated Psl production throughout the growth curve (Fig. 2D to F). For
this experiment, we compared wild type (PAO1) to DsiaD, since SiaD is the ultimate output
of the system. There was no significant difference in the amount of cell-free Psl made between
PAO1 and the DsiaDmutant strain at any time point (Fig. 2D, F). For PAO1, we observed that
as cells enter stationary phase, the amount of cell-associated Psl gradually increases (Fig. 2D,
F). However, we observed reduced levels of cell-associated Psl in the DsiaDmutant strain at
every time point (Fig. 2D, F). These results suggest that the Sia system is important for main-
taining levels of cell-associated Psl regardless of the growth phase of the cells. Depending
on the nature of the siamutation, this translates to reduced (DsiaA, DsiaC, DsiaD) or elevated
(DsiaB) surface attachment phenotypes.

SiaD enzymatic activity is an important contributor to planktonic levels of c-di-
GMP and Sia-dependent phenotypes. We hypothesized that the influence of the Sia
system on cell-associated Psl could be through modulating intracellular levels of c-di-GMP. To
directly test this hypothesis, we measured c-di-GMP levels of wild type and a DsiaD mutant
during planktonic growth. Indeed, the DsiaDmutant has an approximately 2-fold decrease in
c-di-GMP levels compared to wild type (Fig. 3A). This decrease can be rescued (Fig. S3A). Two
other well-characterized DGCs in P. aeruginosa, WspR and SadC, were analyzed for their poten-
tial contribution to c-di-GMP pools in planktonically grown cells. We found that mutations in
these DGCs did not significantly affect c-di-GMP levels. This suggests that SiaD is an important
contributor to c-di-GMP in planktonic cells.
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To further evaluate the role of SiaD DGC activity during planktonic growth, we made a tar-
geted mutation in the GGEEF domain of SiaD and introduced this allele onto the chromo-
some. Western blot analysis showed that the E142A mutation did not affect steady-state levels
of SiaD (Fig. S3B). We observed that the catalytic siaD mutant strain, like DsiaD, has a 2-fold
decrease in c-di-GMP levels compared to wild type (Fig. 3B; Fig. S3A). Similarly, cells expressing
the catalytically defective SiaD demonstrate an attachment defect (Fig. 3C, Fig. S3C) and a
decrease in levels of cell-associated Psl (Fig. 3D and E; Fig. S3D, E). Taken together, these
data support that SiaD DGC enzymatic activity is responsible regulating cell-association of Psl
and initial attachment.

Planktonic levels of cell-associated Psl are not impacted by other DGCs. It was
not known whether other DGCs contribute to Psl production during planktonic growth.

FIG 2 The Sia signaling network impacts the surface adherence of planktonic cells through control of cell-associated Psl.
(A) Adherence of matrix mutant strains to glass. Cells were incubated on a glass coverslip, rinsed and attached cells were
immediately quantified by microscopy. (B) Representative immunoblot for Psl produced by sia mutants, extracted from
midlog planktonic cells (OD600nm = 0.5). RNAP served as a loading control. (C) Quantification of relative Psl production calculated
using blots in 2B. Psl band intensity was normalized to RNAP levels and then compared to wild-type (PAO1) cell-associated Psl. (D)
Representative immunoblot for Psl from PAO1 and DsiaD throughout planktonic growth. Negative-control samples (DpslD) were
processed at OD600nm = 2. At each time point 1 � 109 cells were processed. RNAP served as a loading control. (E) Growth curve of
strains evaluated in 2D, in Lennox Broth. The time points collected for 2D are marked on the curve. (F) Quantification of relative
cell-free and cell-associated Psl production calculated using blots in 2D. Psl band intensity was normalized to RNAP levels and
then compared to PAO1 at OD600nm = 0.3. Presented as mean and standard deviation. N, 3 biological replicates, *, P , 0.05.
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Therefore, we tested a panel of mutant strains from the PAO1 transposon mutant library
(37, 38). We chose 13 DGCs that have been shown to be enzymatically active (29, 39–42).
There was no significant change in cell-free Psl levels in any of the transposon mutants
(Fig. 4A and B). There was a significant decrease in cell-associated Psl only in the siaD trans-
poson mutants (Fig. 4A, C). These data suggest that the Sia system specifically impacts levels
of cell-associated Psl during planktonic growth.

Although SiaD produced c-di-GMP is responsible for these phenotypes during planktonic
growth, we hypothesized that artificially elevating c-di-GMP levels could restore cell-associ-
ated Psl levels in sia mutant strains. We already observed that strains with high c-di-GMP,
DsiaB (29) and DsiaD PBAD-siaD (Fig. S3A), demonstrate an increase in cell-associated Psl lev-
els (Fig. 2B, C, Fig. S2B, C). However, in both strains c-di-GMP increases are due to increased
SiaD activity. We next determined if cell-associated levels of Psl could be rescued by
expressing a nonnative, heterologously expressed DGC. When we induced expression
of the Mycobacterium leprae DGC Ml1419c we observed 10-fold higher c-di-GMP levels
than wild type (Fig. 5A) and a corresponding increase in cell-associated, but not cell-free
Psl (Fig. 5B and C) (43). This suggests that while SiaD is responsible for levels of cell-asso-
ciated Psl during planktonic growth, cell-associated Psl can be restored in a siaD mutant
strain by artificially elevating intracellular c-di-GMP levels.

The Sia system’s impact on cell-associated Psl levels appear to occur posttrans-
lationally.We hypothesized that the effect of SiaD on cell-associated Psl levels is post-
transcriptional since a majority of Psl (the cell-free fraction) is still produced by a DsiaDmutant
strain (Fig. 2F, G, Fig. S2D). However, since transcription of the psl operon is regulated by c-di-
GMP (27), we wanted to determine whether uncoupling c-di-GMP-mediated transcriptional
control of the psl operon negates the effect of siaD on Psl distribution. We used qRT-PCR
to measure pslA transcript levels during exponential growth and observed no difference
between PAO1 and a DsiaD mutant (Fig. 6A). We also utilized a strain where the native,
c-di-GMP regulated promoter has been replaced with an arabinose inducible promoter,
on the chromosome (PBAD-ara) (20). In this strain, psl transcription is no longer regulated
by c-di-GMP. We found that a DsiaDmutation in this background still results in a decrease
in levels of cell-associated Psl (Fig. 6B and C). This strain also demonstrated the expected

FIG 3 The Sia system impacts levels of cell-associated Psl through SiaD diguanylate cyclase activity. (A) C-di-GMP
levels of by diguanylate cyclase mutant strains. C-di-GMP was extracted from midlog planktonic cells (OD600nm = 0.5).
Presented as mean and standard deviation. N = 5 biological replicates, *, P , 0.05. (B) C-di-GMP levels of the siaDE142A

catalytic mutant strain. C-di-GMP was extracted from midlog planktonic cells (OD600nm = 0.5). Presented as mean and
standard deviation. N = 3 biological replicates, *, P , 0.05. (C) Adherence of the siaDE142A mutant strain to glass. Cells
were incubated on a glass coverslip, rinsed and attached cells were immediately quantified by microscopy. Presented
as mean and standard deviation. N, 3 biological replicates, *P , 0.05. (D) Representative immunoblot for Psl
produced by the siaDE142A mutant, extracted from midlog, planktonic cells (OD600nm = 0.5). RNAP served as a loading
control. (E) Quantification of relative Psl production calculated using blots in 3D. Psl band intensity was normalized to
RNAP levels and then compared to wild-type (PAO1) cell-associated Psl. N, 3 biological replicates, *, P , 0.05.
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corresponding decrease in initial attachment (Fig. 6D). These data suggest that the effect
of the Sia system on cell-association of Psl occurs posttranscriptionally.

Psl translation is repressed by the mRNA-binding regulatory protein RsmA (44). Past work
found that a DsiaD mutant had lower levels of the small RNA rsmZ, one of the regulators of
RsmA activity (32). We hypothesized that decreased levels of rsmZ could lead to an increase in
RsmA binding to the psl transcript and cause a decrease in overall Psl protein translation.
However, using the same PBAD-psl strain described above, we probed for two of the Psl pro-
teins, PslB and PslG, and found no difference in the amount of Psl protein made between
wild type and the DsiaD mutant (Fig. 6B). Together, these data suggest that the Sia system
affects cell-association of Psl through a posttranslational mechanism, independent of the Rsm
pathway effects on Psl.

DISCUSSION

C-di-GMP is a major determinant that promotes P. aeruginosa biofilm formation. The
results of our study reveal that c-di-GMP produced by the Sia signaling network plays a
key role in P. aeruginosa biology in planktonic populations. We observed that SiaD DGC
activity is responsible for regulating cell-associated Psl produced during planktonic growth,
and this affects the ability of cells to attach to a surface. SiaD was the only DGC of the 13

FIG 4 Planktonic levels of cell-associated Psl are not impacted by DGCs than SiaD. (A) Representative
immunoblot for Psl produced by DGC transposon insertion mutants, extracted from midlog planktonic cells
(OD600nm = 0.5). RNAP served as a loading control. (B) Quantification of cell-free and (C) cell-associated Psl
production calculated using blots in 4A. Psl band intensity was normalized to RNAP levels and then compared to
the wild-type control (MPAO1). Presented as mean and standard deviation. N, 3 biological replicates, *, P , 0.05.
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examined in this study that showed evidence of affecting Psl cell-association, suggesting
that this is a specific role of the Sia system. Our data also show that cell-free Psl is the
major form of Psl detected in planktonic cultures. We further demonstrate that, at later
stages of planktonic growth, the relative amount of cell-associated Psl increases in a Sia-
dependent manner. While specific to SiaD DGC activity during planktonic growth, cell-
associated Psl in a DsiaD mutant strain can be restored by artificially elevating c-di-GMP.
We also show that the impact of the Sia system on cell-associated Psl does not involve ei-
ther transcriptional or translational control of the Psl biosynthetic machinery. These find-
ings reveal a role for the Sia signaling network and c-di-GMP in planktonic populations
and point to a novel mechanism for regulating the association of Psl to the cell.

While the output of the Sia system, c-di-GMP, has been well established, the environ-
mental cues that stimulate the system remain a mystery. The SiaA periplasmic domain
has predicted structural homology to a Cache domain (data not shown) (45). Cache
domains can bind a diversity of ligands, though these ligands are typically small or-
ganic molecules, including amino acids, purines, monosaccharides, and 4-carbon dicar-
boxylates (46, 47). Since the Sia signaling network is essential for the SDS induced
aggregation response it has been largely assumed that SiaA binds to a product of that
response, e.g., a molecule released upon cell membrane permeabilization or SDS itself.
However, since we show that the Sia signaling network is active during planktonic growth
in the absence of stressors, we suspect that SiaA binds to either a self-produced molecule
commonly released by P. aeruginosa during growth, or that low levels of a stressor are
present in our liquid culture growth conditions. Since it was previously shown that expo-
sure to exogenous, cell-free Psl causes a SiaD dependent increase in c-di-GMP levels it is
also possible that some chemical feature of Psl or envelope stress caused by Psl is sensed
by the Sia system (48).

FIG 5 Overproduction of c-di-GMP causes an increase in cell-associated Psl levels. (A) C-di-GMP levels of cells
overexpressing the heterologous cyclase Ml1419c in P. aeruginosa. C-di-GMP was extracted from midlog planktonic
cells (OD600nm = 0.5). Presented as mean and standard deviation. N, 5 biological replicates, *, P , 0.05. (B) Representative
immunoblot for Psl produced by cells overexpressing siaD or ml1419c, extracted from midlog, planktonic cells
(OD600nm = 0.5). RNAP served as a loading control. (C) Quantification of relative Psl production calculated using
blots in 5B. Psl band intensity was normalized to RNAP levels and then compared to the wild-type vector control
(PAO1 VC) cell-associated Psl. Presented as mean and standard deviation. N, 3 biological replicates, *, P , 0.05,
VC=vector control.
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The mechanism by which the Sia system controls cell-associated Psl is unclear. One
hypothesis is that a minimum threshold level of cellular c-di-GMP is required to produce cell-
associated Psl. Thus, the slightly lower c-di-GMP levels present in the siaDmutant strain during
midlog planktonic growth might be insufficient to promote whatever mechanism is necessary
to produce the cell-associated form of Psl. It appears that overexpression of DGC activity can
rescue the Sia defect, but this is observed at high levels of c-di-GMP (Fig. 5A). However, the Sia
system appears to be fairly specific in its ability to control cell-associated Psl. No other DGC
mutant strain tested influenced levels of cell-associated Psl (Fig. 4A, C). It is possible that other
DGC may play a minor role in this phenotype; however, when SiaD is present this effect is
masked and so would not have been detected in this screen. In addition, the DsiaD mutant
strain exhibited a defect in producing cell-associated Psl even in stationary phase (Fig. 2D, F),
where other DGCs become active and c-D-GMP levels are known to rise, which does not sup-
port this hypothesis. An alternative hypothesis is that the Sia system directly interfaces with
the mechanism responsible for cell-association of Psl. One possibility here is that SiaD interacts
with the Psl biosynthetic machinery, influencing Psl synthesis and potentially the activity of
the Psl hydrolase, PslG. However, none of the Psl biosynthetic proteins are known to bind c-di-
GMP; however, this type of regulation has been observed for both Pel and alginate (28, 49).
This would allow SiaD-generated c-di-GMP to act as an effector for these processes. An alterna-
tive hypothesis is that the Sia system may regulate the expression and/or function of an outer
membrane capable of interacting with Psl. Further experimentation is required to distinguish
between these different hypotheses.

Finally, this work demonstrates the biological significance of the two different forms of Psl.
Cell-free Psl is known to bind complement components and impact other features of innate
immunity (17, 18). Here, we show that cell-associated Psl promotes surface attachment and
likely promotes aggregate formation when grown in the presence of certain stressors like SDS.
This might allow the cell to use Psl as an adhesive and under the right conditions promote a

FIG 6 The Sia system regulates cell-associated Psl production posttranslationally. (A) q-RT-PCR of pslA-
containing transcripts relative to rpoD transcript levels. RNA was extracted from midlog planktonic cultures
(OD600nm = 0.5). (B) Expression of the psl operon was driven by the PBAD promoter to uncouple any potential
transcriptional control of the Psl promoter. These strains were analyzed for potential effects on Psl protein translation.
Representative immunoblots are shown for Psl, PslB, and PslG. RNAP served as a loading control. (C) Quantification of
relative Psl production calculated using blots in 6B. Psl band intensity was normalized to RNAP levels and then compared
to wild-type (PAO1 PBADpsl) cell-associated Psl. (D) Adherence of psl overexpression strains to glass. Cells were incubated
on a glass coverslip, rinsed and attached cells were immediately quantified by microscopy. Presented as mean and
standard deviation. N, 3 biological replicates, *, P , 0.05.
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protective biofilm lifestyle. A significant remaining question pertains to the molecular mecha-
nism by which Psl is cell-associated. These findings could be significantly relevant to human
disease, where activity of the Sia system and the resulting cell-associated Psl might assist in
establishing biofilm infections.

MATERIALS ANDMETHODS
Bacterial strains and growth conditions. The strains and plasmids used are listed in Table S1. E.

coli and P. aeruginosawere maintained on Lennox Broth agar and grown at 37°C. For all experiments P. aerugi-
nosa was grown in Lennox Broth. For experiments, overnight cultures were diluted to OD600nm = 0.05 and
grown at 37°C with shaking to exponential phase (OD600nm = 0.5), unless otherwise stated. Plasmids were main-
tained with 100 mg/mL gentamicin for P. aeruginosa and 10 mg/mL gentamicin, 50 mg/mL kanamycin, or
100mg carbenicillin for E. coli. One percent arabinose was used to induce express of the PBAD promoter.

Strain construction. Markerless, nonpolar deletions were made using allelic exchange as previously
described (50). Regions flanking the genes were amplified and sewn together using the primers listed in
Table S2 and cloned into pDONRPEX18GmGW. The resulting plasmids were transformed into DH5a and
verified by sequencing. The plasmid was then mobilized into P. aeruginosa using the helper plasmid
pRK2013. Transconjugants were selected for on VBMM agar containing 60 mg/mL gentamicin. Counter
selection was performed on NSLB containing 10% sucrose and Pseudomonas Isolation Agar. Colonies were
screened by colony PCR and confirmed by sequencing. For overexpression constructs, genes were ampli-
fied using the primers listed in Table S2 and cloned into pJN105. Plasmids were confirmed by sequencing.

Growth curves. Overnight cultures were diluted to OD600nm = 0.01 in 50 mL Lennox Broth. Cultures
were incubated at 37°C with shaking at 225 rpm and the OD600nm was measured every hour for 15 h using a
ThermoSpectrophic Spectrophotometer (Thermo Scientific). For hyperaggregating strains, including DsiaB, the
sample taken was first passed through a 22-guage syringe to break up aggregates measuring the OD600nm.

Initial attachment of P. aeruginosa to glass. GFP expressing, exponential-phase cells were diluted
1:10 and 100mL of the mixture was incubated on a glass coverslip for 10 min at room temperature. The coverslip
was washed three times with sterile distilled water, placed on a slide, and cells were visualized on a Zeiss LSM
800 confocal laser scanning microscope. Images were analyzed with Volocity software (Quorum Technologies).

Western blotting. P. aeruginosa cultures were pelleted, resuspended in phosphate-buffered saline
(NaPO4 pH 7.4, 150 mM NaCl) and sonicated on ice. The lysate was pelleted, and the concentration of
protein in the supernatant was quantified using a Qubit 3.0 fluorometer (Invitrogen). Samples were normalized by
protein concentration and were boiled in Laemmli buffer. For SDS-PAGE, proteins were separated on a 4–20% tris
glycine gel and transferred to a 0.22 mm nitrocellulose membrane for immunoblotting. Membranes were incu-
bated with the relevant primary antisera: anti-LasB diluted 1:6,000 (raised against AEAGGPGGNQKIGKC; Genscript),
anti-6xhis diluted 1:6,000 (Lifetein; LT0426), anti-PslB diluted 1:5,000 (raised against CAPDISVDYALMERS; Genscript),
or anti-PslG diluted 1:6,000 (51). All were diluted in 1% milk in tris buffered saline (50 mM tris pH 7.6, 150 mM
NaCl) with 0.1% Tween 20. HRP-conjugated goat anti-rabbit (Invitogen; 32460) diluted 1:20,000 was used as the
secondary antibody. Super Signal West Pico chemiluminescent substrate was used to detect signal (Thermo
Fisher) and signal was visualized using an Azure Biosystems c600 imager.

Crude exopolysaccharide extractions and Psl immunoblots. At the desired OD600nm, cells were
spun down at 16,000 � g for 5 min. The supernatant contained the cell-free fraction. For the Psl growth
curve, 109 cells were processed at each time point. The pellet was resuspended in an equivalent volume
of 0.5 M EDTA (pH 8.0; Promega), boiled at 95°C for 20 min, with occasional vortexing, and spun down
again. The supernatant contained the cell-associated fraction (Fig. S4). Both fractions were treated with
final concentration of 200 mg/mL proteinase K (Sigma). For the RNA polymerase loading control, pro-
teins were isolated from the resulting pellet. The pellet was resuspended in phosphate-buffered saline
(NaPO4 pH 7.4, 150 mM NaCl) and sonicated on ice. The lysate was pelleted, and the supernatant was
boiled with XT reducing buffer (Bio-Rad). Crude exopolysaccharide samples were applied to a 0.45 mm
nitrocellulose membrane using a Bio-dot vacuum manifold (Bio-Rad; 1706542). Anti-Psl antiserum was
diluted 1:3,000 in 1% milk in tris buffered saline (50 mM tris pH 7.6, 150 mM NaCl) with 0.1% Tween 20
(TBST) (52). HRP-conjugated anti-human (Abcam; ab98624) diluted to 1:6,000 was used as the secondary
antibody. For RNA polymerase immunoblots proteins were separated on a 3–8% XT Tris-acetate gel and
transferred to a PDVF membrane for immunoblotting. Anti-RNA polymerase antiserum was diluted
1:6,000 in 1% milk in TBST (Abcam; ab191598). HRP conjugated goat anti-rabbit (Invitogen; 32460) diluted
1:20,000 was used as the secondary antibody. Super Signal West Pico chemiluminescent substrate was used to
detect signal (Thermo Fisher) and signal was visualized using an Azure Biosystems c600 imager. Densitometry
was performed on cell-free and cell-associated samples applied to the same membrane and imagined using
the same exposure, so that samples can be directly compared. Densitometry measurements were made using
ImageJ. Psl band intensity was normalized to RNAP band intensity. Immunoblots which are joined together
from noncontiguous portions of the same blot or combined from multiple blots (not all samples fit on a single
membrane) are delineated with black lines. When samples needed to be spread over multiple membranes,
controls samples were rerun with the additional samples to used for normalization.

C-di-GMP quantification. C-di-GMP was extracted as previously described (25, 48) using 2-chloro
AMP as an internal standard. Briefly, all experiments were performed on independent cultures for a total of 5 bio-
logical replicates. C-di-GMP was extracted from pelleted cells by incubating with 70% perchloric acid on ice for
1 h. The supernatant was retained and neutralized using potassium bicarbonate. Liquid chromatography MS/MS
measurements were performed using an Acuity UPLC with a Synergi 4 m Hydro RP 80A column and a C18
Guard Cartridge (Phenomenex) on a Premier XL triple-quadrupole electrospray mass spectrometer (Waters). The
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m/z 691> 152 transition was used for c-di-GMP and 382 > 170 for 2-chloro-AMP. The cone voltages and colli-
sion energies were 40 V/30 eV and 35 V/20 eV, respectively. Fifteen mL of each sample were injected and the
ratio of area under the curve of the c-di-GMP channel signal (retention time = 1.6 min) was divided by the area
under the curve of the 2-chloroAMP signal (retention time = 2.1 min). A standard curve of 0 nM to 100 nM c-
di-GMP containing 2-chloroAMP was used to quantify c-di-GMP for all samples. All c-di-GMP quantifications
were normalized to protein concentration.

Crystal violet static biofilm formation assay. 200 mL of exponential-phase culture was added to
wells of an untreated microtiter dish (Fisher Scientific 260860) and incubated for 20 h at 37°C. Biofilms were
washed with sterile distilled water three times to remove unattached cells. Biofilms were stained with 0.1%
crystal violet, solubilized with 30% acetic acid and biomass was measured (A595nm) as described previously (13).
For each experiment, data were normalized to PAO1 or the PAO1 vector control (VC) as applicable.

RNA purification and quantitative real-time PCR. RNA was extracted as previously described (13).
Quantitative real-time PCR was performed with SsoAdvanced Universal SYBR green Supermix in a
CFX384 touch deep well thermocycler (Bio-Rad). Primers used are listed in Table S2. pslA transcript levels
are normalized to rpoD transcript levels.

Statistical analysis. GraphPad Prism 9 was used for all statistical analyses. All experiments were ana-
lyzed using a Student's t test and a P-value ,0.05 was considered statistically significant.
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