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ABSTRACT Biofilms are multicellular aggregates of bacteria that are encased in an
extracellular matrix. The biofilm matrix of Pseudomonas aeruginosa PAO1 is com-
posed of eDNA, proteins, and the polysaccharides Pel and Psl. This matrix is thought
to be degraded during dispersion to liberate cells from the biofilms, with dispersion
being apparent not only by single cells escaping from the biofilm but also leaving
behind eroded or hollowed-out biofilm. However, little is known of the factors in-
volved in matrix degradation. Here, we focused on the glycoside hydrolases PelA
and PslG. We demonstrate that induction of pelA but not pslG expression resulted in
dispersion. As Psl is tethered to the matrix adhesin CdrA, we furthermore explored
the role of CdrA in dispersion. cdrA mutant biofilms were hyperdispersive, while lapG
mutant biofilms were impaired in dispersion in response to glutamate and nitric ox-
ide, indicating the presence of the surface-associated matrix protein CdrA impedes
the dispersion response. In turn, insertional inactivation of cdrA enabled pslG-
induced dispersion. Lowering of the intracellular c-di-GMP level via induction of
PA2133 encoding a phosphodiesterase was not sufficient to induce dispersion by
wild-type strains and strains overexpressing pslG, indicating that pslG-induced disper-
sion is independent of c-di-GMP modulation and, likely, LapG.

IMPORTANCE Pseudomonas aeruginosa forms multicellular aggregates or biofilms
encased in a matrix. We show for the first time here that dispersion by P. aeruginosa
requires the endogenous expression of pelA and pslG, leading to the degradation of
both Pel and Psl polysaccharides, with PslG-induced dispersion being CdrA depen-
dent. The findings suggested that endogenously induced Psl degradation is a se-
quential process, initiated by untethering of CdrA-bound Psl or CdrA-dependent cell
interactions to enable Psl degradation and ultimately, dispersion. Untethering likely
involves CdrA release in a manner independent of c-di-GMP modulation and thus
LapG. Our findings not only provide insight into matrix degrading factors contribut-
ing to dispersion but also identify key steps in the degradation of structural compo-
nents of the P. aeruginosa biofilm matrix.

KEYWORDS CdrA, PelA, PslG, biofilm, dispersion, exopolysaccharide, glycoside
hydrolase, matrix, untethering

Biofilms are structured communities of bacteria that form on surfaces, on interfaces,
or in mucus-encased aggregates. Growing as biofilms is the most prevalent and

important form of life for bacteria in natural, industrial, and clinical settings. Biofilms are
embedded in an extracellular matrix that can make up to 90% of the dry mass (1). The
extracellular matrix contributes to biofilm architecture and integrity and protects
resident biofilm bacteria against antimicrobial agents and engulfment by phagocytic
cells within a mammalian host (2). Additional functions attributed to the matrix
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components include initial surface adhesion, aggregation of bacterial cells, water
retention, sorption and storage of nutrients, binding of enzymes, and protection from
environmental stressors, as well as shear forces in fluid environments (1). Bacteria
growing as biofilms are well protected from environmental stressors, including the host
immune response, and are notoriously difficult to eradicate due to their heightened
tolerance to almost all antimicrobials and antibiotic classes (3–6). It is thus not surpris-
ing that biofilms pose one of the biggest threats to patients in hospital settings, being
responsible for �80% of microbial infections and �60% of all nosocomial infections,
affecting approximately 13 million Americans (7).

The biofilm matrix of nonmucoid strains of Pseudomonas aeruginosa is composed of
the Psl and Pel exopolysaccharides, extracellular DNA (eDNA), and matrix-stabilizing
proteins such as the adhesins CdrA and LecB (1, 8–12). Recent reports indicate that Psl,
the primary matrix polysaccharide of P. aeruginosa PAO1, is primarily localized at the
periphery and base of biofilms, with Psl interacting with the adhesin proteins CdrA and
LecB, forming a “shell around the biofilm aggregates” (13, 14). Pel is limited to the base
of the biofilm and is cross-linked to eDNA (13). eDNA, however, is not limited to the
biofilm base but has also been detected in the aggregate interior (15, 16). CdrA is a
c-di-GMP regulated adhesin that reinforces the biofilm matrix by binding to and
cross-linking Psl (11, 12). CdrA can be tethered to the outer membrane at its C terminus
or released from the outer membrane via cleavage by the periplasmic protease LapG
at low c-di-GMP (11, 17). Similar to CdrA, LecB binds to Psl, likely via the branched side
chains present on Psl, and contributes to the localization of Psl within the biofilm (18).

The shell-like structure is formed over the course of biofilm formation, a cyclical
process that is initiated by single planktonic cells aggregating and/or attaching to a
surface. Once the matrix is formed, the interactions of matrix components render the
biofilm matrix incredibly stable and likely contribute to the resistance of biofilm matrix
components to extracellular proteases and nucleases (13, 19, 20). Biofilm formation
comes full cycle when cells disperse from the mature biofilm to resume a planktonic
lifestyle. During dispersion, biofilms have been observed to undergo a “hollowing out”
process, leaving a small amount of biofilm biomass that is thought to correspond to the
“shell” surrounding the microcolonies after dispersion has occurred. This process has
been characterized many times by cells leaving the interior of aggregates resulting in
central voids (21–23). Dispersion can also involve an erosion process that results in the
active release of biofilm biomass (22, 24, 25). The exact process by which bacteria
liberate themselves from the matrix-enmeshed biofilm structure is unclear, but it is
thought to involve active matrix degradation (26–31). This is supported by freshly
dispersed cells demonstrating increased polysaccharide, protein, and eDNA degrading
activity relative to planktonic and biofilm cells that showed little to no degradative
activity (26). Consistent with this observation, we recently demonstrated that dispersion
coincided with the increased expression of genes encoding secreted nucleases EndA,
EddA, and EddB, which are capable of degrading eDNA present in the biofilm matrix
(32). Moreover, inactivation of endA encoding a secreted DNase coincided with biofilms
that are impaired in dispersion in response to glutamate and nitric oxide, whereas endA
expression promoted dispersion (32), with EndA-induced dispersion coinciding with a
loss of matrix eDNA content (32). Additional evidence suggests that the release of
surface-associated adhesins contributes to the dispersal. Examples of such adhesins are
CdrA from Pseudomonas aeruginosa (12), and LapA from P. putida and P. fluorescens (33,
34). While the two adhesins share no sequence homology, both can be tethered to the
outer membrane or released from the outer membrane upon proteolytic cleavage by
the periplasmic protease LapG at low c-di-GMP (12, 35, 36). LapA is localized at the
outer membrane at high c-di-GMP levels, but released from the cell surface upon
proteolytic cleavage by the protease LapG at low c-di-GMP (36). Gjermansen et al.
demonstrated that starvation�induced dispersal of P. putida biofilms was dependent on
LapG-dependent proteolytic cleavage of LapA (33, 37). The same mechanism was found
to contribute to phosphate limitation�induced dispersal of P. fluorescens biofilms (36).
However, the role of the c-di-GMP-regulated adhesin CdrA that reinforces the biofilm
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matrix in dispersion by P. aeruginosa biofilms has only been inferred, with lapG mutants
demonstrating increased attachment, while cdrA mutants demonstrated decreased
attachment relative to the parental strain upon extended incubation (11).

In addition, several exogenously added glycoside hydrolases, enzymes that act by
hydrolyzing the glycosidic linkages between two or more carbohydrates (38), have
been demonstrated to disrupt or disaggregate biofilms. The glycoside hydrolases PelA
and PslG are required for the synthesis of their respective exopolysaccharides Pel and
Psl (39, 40) but also contribute to their degradation (41). Yu et al. (30) demonstrated
that exogenous addition of PslG disassembled established biofilms. Likewise, Baker et
al. (41) demonstrated that purified glycoside hydrolases PelA and PslG can be utilized
to disrupt and prevent P. aeruginosa biofilms. Fleming et al. (42) used a cocktail of
glycoside hydrolases (cellulase and �-amylase) that targeted glycosidic linkages com-
monly seen within the exopolysaccharides secreted by a wide range of pathogens,
specifically the �-1,4 bond present in cellulose and targeted by cellulases and the �-1,4
bond targeted by �-amylases. Exposure of established Staphylococcus aureus and P.
aeruginosa biofilms with this cocktail effectively disrupted monoculture and coculture
biofilms resulted in significant reductions in biomass and dissolution of the biofilm (42).

While the findings underscore exogenous glycoside hydrolases as capable of dis-
rupting established biofilms in a process which has been interpreted as dispersal or
dispersion, it is not known whether the dispersion response requires the expression of
genes and gene functions that specifically target the matrix polysaccharides. This is
supported by the finding of exogenous DNase being unable to disaggregate estab-
lished P. aeruginosa biofilms (20), whereas activation of intrinsic DNase, by expressing
endA encoding an extracellular nuclease, promoted the dispersion by P. aeruginosa
biofilms (32). Moreover, no obvious self-produced matrix-degrading enzymes contrib-
uting to the degradation of the Pel and Psl polysaccharides, the major polysaccharides
of P. aeruginosa PAO1, have been identified to play a role during the dispersion
response. These findings not only underscore how little we know about the functions
that are required for dispersion and how the process is orchestrated but also raise the
question of whether matrix components other than eDNA, particularly matrix polysac-
charides, are indeed targeted for degradation upon induction of dispersion by P.
aeruginosa PAO1 biofilms.

RESULTS
Overproduction of Pel and Psl polysaccharides affects dispersion. To begin

addressing the question of whether additional matrix components, more specifically
matrix polysaccharides, are targeted for degradation upon induction of dispersion, we
focused on the main polysaccharides present in the biofilm matrix of P. aeruginosa
PAO1, the Pel and Psl exopolysaccharides. We reasoned that if dispersion requires
matrix polysaccharide-degrading factors, that overproduction of Pel and Psl polysac-
charides would likely overwhelm such factors and coincide with reduced or impaired
dispersion response. We therefore made use of two P. aeruginosa strains that overpro-
duce Pel or Psl, referred to here as PAO1::PBAD-pel and PAO1::PBAD-psl.

Previous findings indicated that dispersion can be induced by exposure to various
exogenous dispersion cues (24, 43), including nitric oxide (NO) and glutamate (23,
44–47). Furthermore, it has been demonstrated that dispersion can be detected by a
sharp increase in the absorbance at 600 nm in the effluent within 15 to 20 min upon
induction of dispersion, as determined using tube reactors (23, 25, 44, 45, 48, 49).
Biofilms by PAO1::PBAD-pel and PAO1::PBAD-psl were grown for 5 days in biofilm tube
reactors, and dispersion was subsequently induced by exposing biofilms to the disper-
sion cues glutamate or nitric oxide. P. aeruginosa wild-type biofilms were used as a
control. Wild-type PAO1 biofilms readily dispersed in response to glutamate or nitric
oxide. In contrast, PAO1::PBAD-pel biofilms failed to disperse upon challenge with
glutamate, while the dispersion response by PAO1::PBAD-psl biofilms was significantly
reduced relative to wild-type biofilms (Fig. 1A). Similar results were obtained when the
dispersion cue nitric oxide was used, apparent by biofilms by PAO1::PBAD-pel being
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impaired in dispersion in response to nitric oxide, and biofilms by PAO1::PBAD-psl,
demonstrating a reduced dispersion response relative to wild-type biofilms (Fig. 1B).

The findings suggested that although manipulation of the quantity of matrix
polysaccharide has a negative effect on the dispersion response, increasing the Pel has
a more severe negative impact on dispersion than does overproduction of Psl.

Generating P. aeruginosa strains capable of producing PelA and PslG. Overpro-
duction of matrix polysaccharides impeding or reducing the dispersion response
suggested dispersion requires a reduction of one or both polysaccharides, likely by
degradation. Two possible candidates contributing to Pel and Psl degradation are PelA
and PslG, respectively. PelA has been confirmed to have PEL deacetylase and hydrolase
activities (39, 41, 50). Although the PelA deacetylase activity is required for Pel synthe-
sis, the role of PelA’s hydrolase activity in biosynthesis is not known but has been
suggested to be involved in chain-length regulation, Pel degradation, and biofilm
disassembly (30, 39, 41, 51). PelA was originally predicted to be a periplasmically
localized protein (39), and Marmont et al. (50) recently confirmed PelA to be located in
the periplasm. Moreover, that study demonstrated that PelA was localized to the outer
membrane via its interaction with the outer membrane protein PelB (50). PslG is
anchored to the inner membrane, with the majority of the protein predicted to be
primarily located in the periplasm (40, 52, 53). Similar to PelA, purified PslG has been
shown to be critical for Psl polysaccharide biosynthesis (53) and to contribute to Psl
degradation and biofilm disassembly (30, 41, 51). Despite its location in the periplasm,
the glycoside hydrolase PslG has recently been demonstrated to hydrolyze surface-
associated Psl, with PslG residues E165 and E276 having been implicated in the catalysis
(54).

To determine whether endogenously produced PelA and PslG contribute to the
polysaccharide matrix degradation, resulting in dispersion, we therefore cloned the
pslG and pelA genes into pMJT-1 under the control of an arabinose-inducible promoter.
The genes were modified to harbor a C-terminal V5 tag which adds 1.4 kDa, resulting
in the calculated molecular mass for PelA being 106.3 kDa and PslG being 51.5 kDa.
Immunoblot analysis with anti-V5 antibodies confirmed PelA and PslG to be produced
at their expected molecular masses (Fig. 2A). The resulting constructs were subse-
quently transferred into P. aeruginosa PAO1 to generate strains PAO1/pMJT-pelA and
PAO1/pMJT-pslG. Production of PelA and PslG in the respective strains grown as
biofilms was confirmed by immunoblot analysis. Although little to no PelA or PslG was
detected in biofilms not exposed to arabinose to induce gene expression, both PelA
and PslG were detectable in total cell extracts obtained from biofilms by PAO1/pMJT-

FIG 1 Representative dispersion responses of biofilms by P. aeruginosa PAO1 and the polysaccharide-overproducing strains PAO1::
PBAD-pel and PAO1::PBAD-psl after exposure to glutamate (A) or nitric oxide (B). Sodium nitroprusside served as a source of nitric oxide.
Biofilms were grown for 5 days in 5-fold-diluted VBMM in tube reactors. The absorbance of biofilm tube reactor effluents after the
induction of dispersion is shown. Dispersion assays were performed at least three times, with each biological replicate consisting of
four technical replicates, but only representative dispersion profiles are shown.
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pelA and PAO1/pMJT-pslG, respectively, after 1 h of induction of gene expression by
arabinose (Fig. 2B). In contrast, no protein bands corresponding to PelA or PslG were
detectable in in total cell extracts obtained from biofilms by PAO1 harboring the empty
vector pMJT-1 (Fig. 2B).

We likewise determined the presence of PelA and PslG in culture supernatants of
PAO1/pMJT-pelA and PAO1/pMJT-pslG. Under the conditions tested, PelA and PslG
were detectable by 1 h after induction by arabinose. In contrast, no protein bands
corresponding to PelA or PslG were detectable in supernatants obtained from plank-
tonic cells by PAO1 harboring the empty vector pMJT-1 (Fig. 2C). However, it is unclear
whether the presence of PelA and PslG in supernatants is due to protein secretion or
cell lysis.

Given that biofilms by strains PAO1/pMJT-pelA and PAO1/pMJT-pslG were con-
firmed to produce PelA and PslG, respectively, under the conditions tested, we used the
respective strains to determine whether endogenous expression of pelA and pslG is
sufficient to induce dispersion.

Induction of pelA but not pslG results in biofilm dispersion. We therefore sought
to determine whether endogenous expression of pelA and pslG is sufficient in inducing
dispersion. Since biofilm biomass loss is indicative of dispersion, we first wanted to
confirm whether induction of pelA or pslG gene expression indeed results in biofilm
dispersion. We therefore made use of a strains that harbored pelA and pslG under the
control of the arabinose-inducible PBAD promoter (PAO1/pMJT-pelA, PAO1/pMJT-pslG).
P. aeruginosa wild type harboring the empty plasmid pMJT-1 was used as a control.
Biofilms by the respective mutant strains were grown for 5 days in the absence of
arabinose to ensure the establishment of biofilms (Fig. 3A and B). After 5 days of
growth, arabinose was added to the growth medium for a period of 60 min to induce
the transcription of pelA or pslG. Prior to and following arabinose supplementation, the
biofilm architecture was monitored by confocal microscopy (Fig. 3A). Relative to
uninduced PAO1/pMJT-1 biofilms, exposure to arabinose appeared to have no effect on
the biofilm architecture (Fig. 3A). The findings were supported by the quantitative
analysis of fluorescence indicative of the biofilm biomass prior to and after the addition
of arabinose (Fig. 3C). In contrast, induction of pelA gene expression, upon exposure to
arabinose, resulted in a reduction of the biofilm biomass in biofilms by PAO1/pMJT-pelA
(Fig. 3A and C). Induction of pslG gene expression, however, failed to induce a change
in the biofilm architecture or to induce a significant reduction in the biofilm biomass
(Fig. 3A and C). Our findings suggested that induction of pslG failed to result in the

FIG 2 Confirmation of PelA and PslG protein production. (A) Total cell extracts (TCEs) from E. coli DH5�/pMJT-pslG_V5 and DH5�/pMJT-
pelA_V5 cells grown planktonically to exponential phase. Then, pslG and pelA gene expression was induced upon addition of 1% arabinose
for 2 h. A representative image of immunoblot (IB) probed for the presence of V5-tagged PelA or PslG using anti-V5 antibodies is shown.
(B) TCEs were used as a loading control. TCE, image of Coomassie-stained SDS-gel after immunoblotting. A total of 20 �g of TCE was
loaded. The TCEs from PAO1/pMJT-pslG_V5, PAO1/pMJT-pelA_V5, and PAO1/pMJT-1 strains grown as biofilms for 5 days prior to and after
the addition of 1% arabinose for 1 h are shown. Representative images of immunoblot (IB) and Coomassie-stained SDS-gel after
immunoblotting (TCE) are shown. Arrows point at a band suggestive of PelA. A total of 20 �g of TCE was loaded. (C) Representative images
of immunoblots demonstrating the presence of PslG and PelA in culture supernatants of PAO1/pMJT-pslG_V5 and PAO1/pMJT-pelA_V5
strains grown planktonically to the exponential phase, respectively. Culture supernatants were obtained 1 h after the addition of
arabinose. Culture supernatants by PAO1/pMJT-1 were used as a control. The arrow points at a band suggestive of PelA. A total of 10 �g
of concentrated supernatant protein was loaded.
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disaggregation of biofilms, while induction of pelA gene expression resulted in disper-
sion, coinciding with a significant change in the biofilm architecture.

However, dispersion not only correlates with a reduction of the biofilm biomass but
also correlates with a simultaneous increase of bacteria present in biofilm effluents
compared to wild-type biofilms (23, 25, 49). To further confirm that the observed
reduction in the biofilm biomass (Fig. 3A and C) was indeed due to dispersion, we next
determined whether induction of pelA or pslG gene expression coincides with observ-
able increases in the number of bacteria leaving the biofilm. To do so, we used tube
reactor-grown biofilms and collected biofilm effluents after the addition of arabinose to
induce gene expression, with sharp increases in the absorbance (600 nm) of the effluent
being considered indicative of dispersion events (25, 32).

Wild-type and mutant biofilms were grown similarly to flow cell-grown biofilms for
5 days in the absence of arabinose. The biofilms were then exposed to arabinose to
induce pelA or pslG gene expression, and biofilm effluents were collected for 60 min
after the addition of arabinose to the growth medium. Effluents by PAO1/pMJT-1
biofilms appeared to have an average absorbance of �0.1 over the entire 60-min
period (Fig. 3D). In contrast, addition of arabinose to the growth medium resulted in
repeated dispersion events of differing intensity by PAO1/pMJT-pelA biofilms over
60 min (Fig. 3D), a response that was absent in control biofilms and in PAO1/pMJT-pslG
biofilms after the induction of pslG gene expression (Fig. 3D). Our findings strongly
suggested that induction of pelA gene expression, and thus endogenously produced
PelA, results in dispersion. It is interesting that the dispersion events noted upon
induction of pelA gene expression were similar to those previously observed upon
induction of endA (32) and bdlA_G31A gene expression (25) by P. aeruginosa PAO1

FIG 3 Induction of pelA but not pslG gene expression coincides with a reduction in biofilm biomass and dispersion events, as evidenced by absorbance increases
in the biofilm effluent. (A) Representative confocal images of 5-day-old biofilms by PAO1 prior to and after the induction of pelA and pslG gene expression.
Induction of gene expression was accomplished by adding arabinose to the growth medium. Scale bars, 100 �m. (B) Biofilm biomass, as determined using
COMSTAT analysis, prior the induction of dispersion. Experiments were performed in triplicate, with each biological replicate consisting of four technical
replicates. (C) Fold change in the biofilm biomass after the induction of dispersion by the addition of arabinose. The biofilm biomass prior to and after arabinose
addition was quantitated using COMSTAT. Experiments were performed in triplicate, with each biological replicate consisting of 4 technical replicates. **,
Significantly different (P � 0.05) relative to PAO1/pMJT-1 biofilms used as controls. (D) Detection of dispersion events after the induction of pelA and pslG gene
expression, with gene expression being induced upon addition of 1% arabinose to the growth medium. Different colors represent biological replicates.
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biofilms. Moreover, the findings are in agreement with the reduction of the biofilm
biomass noted upon induction of pelA and pslG gene expression in flow cell-grown
biofilms (Fig. 3A and C). However, our findings also suggested that whereas the
induction of pelA gene expression resulted in dispersion, the induction of pslG failed to
result in the disaggregation of biofilms. Considering that both PelA and PslG were
confirmed to be produced under the conditions tested, the lack of dispersion upon
induction of pslG expression was not due to lack of PslG production.

Surface-associated CdrA impedes the dispersion response, while the lack of
CdrA enhances dispersion. The finding of pelA but not pslG expression results in
dispersion was unexpected. For example, Psl, not Pel, is the primary matrix polysac-
charide of P. aeruginosa PAO1 biofilms (13, 14). Moreover, dispersion frequently results
in shell-like structures or voids left behind, suggesting that some of the Psl located in
the periphery of biofilms (13, 14) will have to be removed. Since both endogenously
produced (54) and purified PslG (41) have been demonstrated to hydrolyze surface-
associated Psl, we hypothesized that Psl hydrolase activity may be somewhat ham-
pered due to structural limitation. Because Psl has been described to be tethered by the
matrix-stabilizing protein CdrA (12), we next sought to determine whether Psl being
tethered impedes Psl degradation and thus dispersion.

To address this question, we first evaluated the dispersion phenotype of P. aerugi-
nosa mutants in which either CdrA remains affixed to the outer membrane (CdrA is not
cleaved in a lapG mutant) or CdrA is lacking (by using a cdrA mutant strain). We
also analyzed the role of cdrB inactivation, since cdrB encodes an outer membrane
transporter responsible for transporting CdrA across the outer membrane (12). We used
mutant strains harboring transposon insertions in lapG, cdrA, and cdrB. The respective
mutant strains are referred to as lapG::IS, cdrA::IS, and cdrB::IS. Biofilms of the respec-
tive mutant strains were grown for 5 days under flowing conditions in tube reactors
after which time biofilms were exposed to glutamate or nitric oxide to induce disper-
sion. Effluents from the biofilm reactor were collected for 20 min after induction of
dispersion, and the absorbance was determined at 600 nm. Under the conditions
tested, insertional inactivation of cdrA and cdrB significantly enhanced the dispersion
response to glutamate relative to wild-type biofilms (Fig. 4A). This was apparent by the
absorbance of the effluents within �15 min upon induction of dispersion being
consistently higher than the absorbance noted for effluents from wild-type biofilms.
Similar results were obtained when dispersion was induced by the addition of nitric
oxide (Fig. 4B). This is in contrast to insertional inactivation of lapG, which has
previously been demonstrated to result in CdrA remaining tethered to the outer
membrane (12, 19). Biofilms by lapG::IS failed to disperse in response to nitric oxide (Fig.
4B) and demonstrated significantly reduced dispersion responses (Fig. 4A). It is inter-
esting that insertional inactivation had no effect on the overall biofilm architecture, as
determined by confocal microscopy (Fig. 5A). Subsequent COMSTAT analysis further-
more confirmed that insertional inactivation of the genes of interest had no significant
effect on the overall biofilm biomass (Fig. 5B). This was confirmed by the CFU counts
of biofilms grown for 5 days under the conditions tested (Fig. 5C).

Our data indicate that the inactivation of lapG coincided with impaired or reduced
dispersion, suggesting that cell-associated CdrA impedes or reduces the dispersion
response, whereas the release of CdrA from the surface enhances dispersion.

Dispersion requires untethering of the Psl polysaccharide. The finding of CdrA,
when bound to the outer membrane, impeding dispersion suggested the possibility
that dispersion is enhanced by the release of CdrA from the surface, which is likely to
untether the matrix as a first step to enable Psl polysaccharide degradation. If so, we
reasoned that we can induce dispersion upon induction of pslG only when CdrA is
absent and thus incapable of tethering Psl to the outer membrane. To test our
hypothesis, we generated pslG-inducible strains in a wild-type and cdrA mutant back-
ground. Strains harboring the empty pMJT-1 vector or pelA under the control of the
arabinose-inducible PBAD promoter were used as controls. The respective strains were
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grown in flow cells for 5 days in the absence of arabinose to ensure the establishment
of biofilms (Fig. 6A). Arabinose was then added to the growth medium for 60 min to
induce the transcription of pslG or pelA. Prior to and after arabinose supplementation,
the biofilm architecture was monitored by confocal microscopy (Fig. 6A). No difference
in the biofilm architecture or biofilm biomass was noted for PAO1/pMJT-1 prior to and
after the addition of arabinose, whereas the induction of pelA gene expression resulted
in a reduction in the biofilm biomass (Fig. 6A). Quantitative analysis of the biofilm
architecture prior to and after the addition of arabinose suggested that the induction
of pelA gene expression correlates with a 4-fold reduction in the biofilm biomass in a
PAO1 background (Fig. 6B). A similar reduction was noted when pelA was expressed in
a cdrA mutant background (Fig. 6B), indicating that pelA expression induces dispersion
regardless of the absence or presence of CdrA. While biofilms by PAO1/pMJT-pslG failed
to disperse (Fig. 3A and C and Fig. 6B), induction of pslG gene expression in a cdrA
mutant background coincided with the dispersal of the mutant biofilm architecture
(Fig. 6A). Quantitative analysis of the cdrA::IS/pMJT-pslG biofilm architecture prior to and
after the addition of arabinose indicated that induction of pslG expression correlates
with a 6-fold reduction in the biofilm biomass (Fig. 6B). The quantitative analysis further
indicated that dispersion induced by pslG exceeded the dispersion response due to
pelA expression (Fig. 6B).

To further ensure that pslG-induced dispersion was CdrA specific, we determined the
effect of endA encoding an endonuclease capable of degrading eDNA present in the
biofilm matrix (32) on dispersion. Induction of endA gene expression resulted in
dispersion when expressed in an endA or cdrA mutant background (Fig. 6C). However,

FIG 4 Representative dispersion responses of biofilms by P. aeruginosa PAO1, lapG::IS, cdrA::IS, and cdrB::IS strains. Biofilms were grown for 5 days in
5-fold-diluted VBMM in tube reactors. The absorbance of biofilm tube reactor effluents after the induction of dispersion is shown. (A) Absorbance of biofilm
effluents after the induction of dispersion by glutamate. (B) Absorbance of biofilm effluents after the induction of dispersion by nitric oxide (NO). Sodium
nitroprusside served as a source of nitric oxide. Dispersion assays were performed at least three times, with each biological replicate consisting of four technical
replicates, but only representative dispersion profiles are shown.
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no significant difference in the extents to which endA gene expression reduced the
biofilm biomass was noted (Fig. 6D).

Our findings support the notion of CdrA impeding or reducing the dispersion
response, likely by preventing efficient degradation of Psl after the induction of pslG
expression. The findings furthermore suggest that dispersion requires untethering of
CdrA-bound Psl prior to Psl degradation.

Reduced c-di-GMP levels are not sufficient in enabling pslG-dependent disper-
sion. Previous findings indicated that a dispersion response by P. putida and P.
fluorescens biofilms is linked to the release of the large adhesin LapA from the cell
surface via cleavage by protease LapG, with the release being linked to the reduction
in cellular c-di-GMP levels upon induction of dispersion (33). Similar to LapA, CdrA is a
c-di-GMP regulated adhesin (11, 12) that is cleaved from the cell surface by LapG at low
c-di-GMP levels. To determine whether untethering of CdrA-bound Psl to enable
pslG-dependent dispersion is c-di-GMP dependent, we next sought to determine
whether pslG-dependent dispersion can be enabled at a low c-di-GMP level. We
previously demonstrated that P. aeruginosa PAO1 expressing PA2133 harbors signifi-
cantly reduced cellular c-di-GMP levels compared to strains harboring an empty vector
(55), whereas Hickman et al. demonstrated that overexpression of PA2133 significantly
inhibited biofilm formation by PAO1 (56). We therefore used PA2133 and generated
strains PAO1/pJN-PA2133/pMJT-1 and PAO1/pJN-PA2133/pMJT-pslG to enable the re-
duction of c-di-GMP levels via the expression of PA2133 encoding a phosphodiesterase
in the absence or presence of inducible pslG expression. To ensure that under the
conditions tested, PA2133 indeed affects cellular c-di-GMP levels, we determined the
overall phosphodiesterase activity using total cell extracts obtained from PAO1/pJN-
PA2133/pMJT-pslG, PAO1/pJN-PA2133/pMJT-1, and PAO1/pJN105/pMJT-1. No signifi-
cant difference in phosphodiesterase activity was noted in cell extracts by PAO1/
pJN105/pMJT-1 prior to and after the induction of gene expression by arabinose (Fig.
7A). Relative to the total extracts obtained from PAO1/pJN105/pMJT-1, we detected
significantly increased phosphodiesterase activity in cell extracts by PAO1/pJN-PA2133/
pMJT-pslG and PAO1/pJN-PA2133/pMJT-1 after induction by arabinose for 1 h (Fig. 7A).

FIG 5 Insertional inactivation of lapG, cdrA, and cdrB does not affect the biofilm architecture. (A) Representative confocal
images of 5-day-old biofilms by PAO1, lapG::IS, cdrA::IS, and cdrB::IS strains. Scale bars, 50 �m. (B) Biofilm biomass, as
determined using COMSTAT analysis, by PAO1 and the respective lapG::IS, cdrA::IS, and cdrB::IS mutant strains. Experiments
were performed in triplicate, with each biological replicate consisting of four technical replicates. (C) Biofilm biomass, as
determined by using the CFU count. Biofilms were grown for 5 days in 5-fold-diluted VBMM in tube reactors. Biofilms were
harvested, homogenized, serially diluted, and spread plated onto LB agar. Experiments were performed in triplicate, with each
biological replicate consisting of two technical replicates. Error bars represent the standard deviations.
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To determine whether pslG-dependent dispersion can be enabled at low c-di-GMP,
the respective strains were grown for 5 days in tube reactors in the absence of
arabinose to ensure the establishment of biofilms, and then arabinose was added to the
growth medium for a period of 60 min to induce the transcription of PA2133 and/or
pslG. In agreement with previous findings (55), no dispersion events were noted upon
lowering c-di-GMP levels by induction of PA2133 expression (Fig. 7B). Likewise, no
dispersion events were noted when the expression of PA2133 and that of pslG were
induced simultaneously (Fig. 7B). However, although we failed to note dispersion
events as for PAO1/pMJT-pelA biofilms (Fig. 3C and D), we noticed an increase in the
overall increase in the absorbance of biofilm effluents (Fig. 7B).

DISCUSSION

Biofilm dispersion has been characterized by an overall erosion of the biofilm’s
biomass, sometimes resulting in central void formation (21–23). The overall change in
the biofilm architecture is due to cells actively evacuating the matrix-enmeshed biofilm
structure. Thus, it is not surprising that dispersion is thought to involve active matrix
degradation. However, with the exception of eDNA degradation (32), evidence sup-
porting degradation of the matrix polysaccharides Pel and Psl leading to the dispersal
of P. aeruginosa biofilms stems from exogenously added matrix-degrading factors (30,
41, 42, 51, 57). We therefore sought to determine in this study whether endogenously
induced degradation of the matrix polysaccharides Pel and Psl contributes to the
dispersion response. Our findings indicate that induction of pelA and pslG gene

FIG 6 Lack of CdrA enhances dispersion upon induction of pslG gene expression. (A) Representative confocal images of 5-day-old biofilms by PAO1 and cdrA::IS
strains harboring the empty vector pMJT-1 or expressing pelA or pslG. Images were acquired prior to and after treatment with arabinose to induce pelA or pslG
gene expression. Scale bars, 100 �m. (B) Fold change in the biofilm biomass after the induction of dispersion by the addition of arabinose. Biofilm biomass prior
to and after arabinose addition was quantitated by using COMSTAT. Experiments were performed in triplicate, with each biological replicate consisting of four
technical replicates. **, significantly different (P � 0.05) relative to biofilms by PAO1 tested under identical conditions. ns, not significant. (C) Representative
confocal images of 5-day-old biofilms by endA::IS and cdrA::IS strains harboring the empty vector pJN105 or expressing endA. Images were acquired prior to
and after treatment with arabinose to induce endA gene expression. Scale bars, 100 �m. (D) Fold change in the biofilm biomass after the induction of dispersion
by the addition of arabinose. The biofilm biomass prior to and after arabinose addition was quantitated using COMSTAT. Experiments were performed in
triplicate, with each biological replicate consisting of four technical replicates. ns, not significant.
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expression coincides with dispersion, suggesting matrix polysaccharide degradation is
an essential step in the dispersion by P. aeruginosa biofilms. Our findings are in
agreement with observations by Ma et al. (14) demonstrating that in dispersing P.
aeruginosa biofilms, Psl-matrix-enmeshed bacteria are present in the periphery of
microcolonies surrounding an interior area with swimming cells and little Psl.

However, these findings also raise the question of how the activity of the two
glycoside hydrolases, PelA and PslG, is modulated in vivo to enable dispersion. For one,
in vivo, pelA and pslG are not differentially expressed relative to the remaining genes
that comprise the pel and psl operons. Second, PelA and PslG are bifunctional enzymes
that contribute not only to the synthesis of their respective exopolysaccharides but also
to their degradation (39–41). What contributes to PelA and PslG switching from
synthesis to degradation of exopolysaccharides? Previous findings indicated that PelA
directly interacts with PelB, with the interaction positively affecting the deacetylase
activity of PelA (39, 50). In contrast, however, the interaction between PelA and PelB
was found to decrease the hydrolase activity of PelA (39, 50). It is interesting that these
protein interactions were observed in developing, 24- and 48-h-old P. aeruginosa
biofilms, suggesting that the presence of the PelAB complex corresponds with matrix
assembly. It is thus possible that the PelAB complex starts to dissociate as biofilms
mature and matrix productions decreases, with complex dissociation enhancing PelA’s
glycoside hydrolase activity and ultimately, Pel degradation. Considering that both PelA
and PslG were detected in culture supernatants (Fig. 2C), it is likewise possible that
increased glycoside hydrolase activity is due to translocation (actively or passively,
through cell lysis) to the extracellular space. Support for PelA and PslG likely being
present in culture supernatant stems from observations by Qin et al. (58) indicating the
presence of extracellular products in P. aeruginosa PAO1 supernatant cultures capable
of disrupting established Staphylococcus epidermidis biofilms, whereas cellulase- or
heat-treated P. aeruginosa supernatant and supernatant from ΔpelA and ΔpelA ΔpslBCD
mutants diminished the disruption of S. epidermidis biofilms. Although that study did
not identify the extracellular products contributing to biofilm disruption, the authors

FIG 7 Dispersion profile upon induction of PA2133 and/or pslG gene expression. (A) Specific phosphodiesterase (PDE) activity. The indicated strains were grown
planktonically to exponential phase in VBMM and subsequently left untreated (– arabinose) or exposed to 1% arabinose for 1 h to induce gene expression (�
arabinose). Phosphodiesterase activity assays were carried out using the chromogenic substrate bis-pNPP and 100 �g of total cell extracts. Total cell extracts
obtained from PAO1 harboring the empty vectors pMJT1 and pJN105 (with or without arabinose) acted as a control. Error bars represent the standard
deviations. **, significantly different (P � 0.05) relative to the vector control in the presence of arabinose. (B) Absorbance of biofilm tube reactor effluents after
the induction of PA2133 and/or pslG gene expression. Induction of gene expression was accomplished by adding 1% arabinose to the growth medium. Graphs
shown are representative of four independent biofilm replicates. Different colors represent biological replicates.
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suggested a role of exopolysaccharides or related factors (58). Likewise, Li et al. (26)
noted increased Psl degradative activities in culture supernatants of P. aeruginosa
dispersed cells. Future investigations are needed to determine the mechanism contrib-
uting to the switch in activity.

Regardless of the mechanisms, our findings suggested Psl-induced dispersion to be
dependent on CdrA. This is supported by the finding that the inactivation of lapG
coincided with reduced dispersion, suggesting that cell-associated CdrA impedes or
reduces the dispersion response, whereas the release of CdrA from the surface en-
hances dispersion. This was further confirmed by the inactivation of cdrA or cdrB
enhancing the dispersion response. The findings suggested that the presence of
cell-associated CdrA impedes or reduces the dispersion response, while release of CdrA
from the surface enhances dispersion. A similar reciprocal relationship was noted by
Rybtke et al. (11) for attachment by P. aeruginosa, with lapG mutants demonstrating
increased attachment, while cdrA mutants demonstrated reduced attachment relative
to the parental strain. Likewise, in P. putida, inactivation of lapA encoding a cell-
associated adhesin coincided with decreased surface adhesion (33).

The finding of CdrA impeding dispersion, however, has additional implications. This
is because our data suggested that the Psl polysaccharide likely needs to be untethered
to enable PslG to effectively degrade the Psl polysaccharide. This was supported by
biofilms by cdrA::IS/pMJT-pslG dispersing upon induction of pslG expression, while
biofilms by PAO1/pMJT-pslG failed to do so (Fig. 6). The interaction between CdrA and
Psl imparting protection from degradation has recently been shown for CdrA, with
CdrA bound to Psl being protected from proteolysis to both exogenous and self-
produced proteases (19). Moreover, lack of CdrA enhancing dispersion further suggests
that degradation of the polysaccharide matrix to induce dispersion is probably an
orchestrated two-stage process, requiring first untethering, likely by the release of CdrA
from the surface, followed by Psl degradation to enable the egress of cells from the
biofilm.

Untethering may be linked to the modulation of c-di-GMP, since dispersion, as well
as the release of surface-associated CdrA, has been linked to cleavage by LapG at low
c-di-GMP levels. In P. putida, lowering the intracellular c-di-GMP level via induction of
a phosphodiesterase led to dispersal of wild-type biofilms but failed to disperse lapG
mutant biofilms, indicating that LapG exerts its activity on LapA in response to a
decrease in the intracellular c-di-GMP level (33). However, overexpression of the
phosphodiesterase PA2133 to reduce cellular c-di-GMP levels was not sufficient to
induce dispersion, even when combined with the overexpression of PslG (Fig. 7). It
is thus likely that factors targeting CdrA other than LapG may contribute to the
release of CdrA from the surface to enable dispersion. This is in agreement with
findings by Reichhardt et al. (19) demonstrating that CdrA is sensitive to self-
produced proteases other than LapG. Future work will focus on elucidating the
protease contributing to CdrA release during the dispersion response. Moreover,
our findings imply that while dispersion has been linked to the modulation of
c-di-GMP and dispersed cells are characterized by low levels of c-di-GMP, dispersion
by P. aeruginosa biofilms and, more specifically, matrix degradation require both
c-di-GMP-dependent and -independent processes. This is supported by dispersion
being induced upon overproduction of the endonuclease 1 EndA (32) and PelA (Fig.
3), with both endA and pelA being directly regulated by AmrZ, the central regulator
of biofilm formation by P. aeruginosa (59–61).

Collectively, our data indicate that dispersion requires gene functions that tar-
get specific matrix components for degradation. In addition to eDNA degradation,
dispersion is linked to the degradation of the matrix polysaccharides Pel and Psl.
Moreover, given the requirement of CdrA release, matrix degradation is likely a
coordinated process involving several degradative enzymes that work in con-
cert.
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MATERIALS AND METHODS
Bacterial strains, plasmids, media, and culture conditions. All bacterial strains and plasmids used

in this study are listed in Table 1. P. aeruginosa strain PAO1 was used as the parental strain. All planktonic
cultures were grown in flasks at 220 rpm at 37°C using Luria-Bertani (LB) medium. For plasmid mainte-
nance, antibiotics were used at the following concentrations: 250 �g/ml carbenicillin and 50 �g/ml
gentamicin for P. aeruginosa and 50 �g/ml ampicillin for E. coli. Unless indicated otherwise, arabinose
was used at 1% to induce gene expression.

Strain construction. C-terminal V5 tagging of PelA and PslG was accomplished by amplifying pelA
and pslG with primers harboring the sequence for V5 (Table 2). The tagged constructs were cloned into
pMJT-1. The identity of all vector inserts was confirmed by PCR and sequencing. Plasmids were
introduced into P. aeruginosa via electroporation or conjugation for pMJT-1 and pJN105, respectively. In
addition, transposon insertional inactivation of cdrA, cdrB, and lapG was confirmed by PCR and sequenc-
ing. The primers used for strain construction and confirmation are listed in Table 2.

Biofilm growth. Biofilms were grown for 5 days under continuous flow conditions in biofilm tube
reactors or flow cells. The flow rate was 0.2 ml/min using 5-fold diluted Vogel-Bonner minimal medium
(VBMM). For plasmid maintenance, 10 �g/ml carbenicillin and 2 �g/ml gentamicin were added. Where
indicated, the growth medium was supplemented with 0.1% arabinose to induce expression of genes of
interest. Flow cell-grown biofilms were stained using a LIVE/DEAD BacLight viability stain kit (Invitrogen,

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Relevant genotype or descriptiona Source or reference

Strains
Escherichia coli DH5� F– �80lacZ�M15 �(lacZYA-argF)U169 recA1 endA1 hsdR17(rK

– mK
�)

phoA supE44 thi-1 gyrA96 relA1 tonA
Life Technologies

P. aeruginosa
PAO1 Wild-type strain B. H. Holloway
PAO1::PBAD-pel Chromosomal replacement of native promoter with araC-PBAD promoter,

arabinose-inducible expression of pel genes
66

PAO1::PBAD-psl Chromosomal replacement of native promoter with araC-PBAD promoter,
arabinose-inducible expression of psl genes

67

endA::IS PAO1 PA2749::ISlacZ Tetr 68
cdrA::IS PAO1 PA4625::ISlacZ Tetr 68
cdrB::IS PAO1 PA4624::ISphoA Tetr 68
lapG::IS PAO1 PA1434::ISlacZ Tetr 68

Plasmids
pJN105 Arabinose-inducible gene expression vector; pBRR-1 MCS; araC-PBAD Gmr 69
pJN-endA-V5 Arabinose-inducible expression of C-terminal V5/6�His-tagged endA (PA2749)

cloned in pJN105, Gmr

32

pJN-PA2133 Arabinose-inducible expression of PA2133 cloned in pJN105, Gmr 56
pMJT-1 Arabinose-inducible gene expression vector; pBRR-1 MCS; araC-PBAD Gmr 70
pMJT-pslG-V5 C-terminal V5-tagged PA3910 cloned into pMJT-1 XbaI and SacI; araC-PBAD Carbr This study
pMJT-pelA-V5 C-terminal V5-tagged PA3909 cloned into pMJT-1 XbaI and SacI; araC-PBAD Carbr This study

aGmr, gentamicin resistance; Tetr, tetracycline resistance; Carbr, carbenicillin resistance.

TABLE 2 Primers used in this study

Purpose and oligonucleotide Sequence (5=–3=)a

Transposon insertional inactivation check
lapG_FOR TGGGACCTGGAGTCGATACT
lapG_REV GCATCTTGGTCAGCAGGTC
cdrA_FOR TCAACTGGAAGGGCTTCGAC
cdrA_REV TCGTTGGTAGGGAAACTGGC
cdrB_FOR CTGTACAGCCATCCCAGCTC
cdrB_REV GAGGTTGTAGGTCTTGCCCC

Cloning
pMJT1 MCS _f GACCGCGAATGGTGAG
pMJT1 MCS _r GAGCTGATACCGCTCG

Cloning into pMJT-1 for C-terminal V5-tagging
pslG_For_NheI gctagcATGGCACGTAAGGGACTCTAT
pslG_REV_SacI V5 GCGCGCGCgagctcTCAcgtagaatcgagaccgaggagagggttagggataggcttaccCTCCCAGACCAGCATCTG
pelA_For_NheI gctagcATGCGGTTCAGCAAGAAAGGA
pelA_REV_SacI _V5 GCGCGCGCgagctcTCAcgtagaatcgagaccgaggagagggttagggataggcttaccGCAGACGAGTTGGCC

aRestriction sites are indicated in lowercase letters; the sequence of the V5 tag is underlined.
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Carlsbad, CA) to visualize the biofilms. The biofilm architecture was visualized via confocal laser scanning
microscopy (CLSM) using a Leica TCS SP5 confocal microscope. The CLSM images were processed using
LAS AF software. Quantitative analysis of biofilm architecture was accomplished using MATLAB with the
COMSTAT software package (62).

Biofilm biomass determination. To determine biofilm biomass accumulation over the course of
biofilm formation, biofilms were harvested, homogenized, serially diluted, and spread plated onto LB
agar. The biofilm biomass was determined via CFU counts. The biofilm biomass was determined daily for
up to 5 days.

Biofilm dispersion. Dispersion assays were performed using biofilms grown for 5 days in flow cells
or tube reactors. Image acquisition using flow cell-grown biofilms was done so that the same biofilm
microcolonies were observed prior to and after the addition of 1% arabinose. To quantify the amount of
biofilm biomass pre- and postdispersion, confocal images were acquired before and after the addition
of arabinose. Each image was subsequently analyzed for the relative fluorescence intensity indicative of
biofilm biomass using Intensity Luminance V1 software (63). For tube reactor-grown biofilms, dispersion
was induced by the sudden addition of L-glutamate (18 mM) or sodium nitroprusside (500 �M) to the
growth medium, as previously described (44, 47). Sodium nitroprusside was used as a source of nitric
oxide (NO). In addition, biofilms were exposed to 1% arabinose to induce endA, pslG, pelA, or PA2133
gene expression to determine whether induction of gene expression resulted in dispersion events.
Regardless of the dispersion cue used, dispersed cells were collected from the tube reactor effluents at
1-min intervals for a total of 24 or 60 min using 96-well microtiter plates. The absorbance of the biofilm
effluents was assessed by spectrophotometry at 600 nm. Dispersion events were characterized by an
increase in the effluent optical density with the optical density being at least two times greater than the
baseline.

Immunoblot analysis. Confirmation of V5-tagged PslG and PelA production was assessed by
SDS-PAGE and immunoblot analysis. For confirmation of PslG and PelA production in Escherichia coli,
strains DH5�/pMJT-pelA-V5 and DH5�/pMJT-pslG-V5 were grown planktonically in LB medium contain-
ing ampicillin for plasmid maintenance to exponential phase. pelA and pslG gene expression was then
induced by arabinose for 2 h. Empty vector pMJT-1 was used as a control. For confirmation of PslG and
PelA production in P. aeruginosa PAO1, strains PAO1/pMJT-pelA and PAO1/pMJT-pslG were grown as
biofilms for 5 days under continuous-flow conditions using 5-fold-diluted VBMM, as described above.
pelA and pslG gene expression was then induced by arabinose for 1 h. Strains harboring the empty vector
pMJT-1 were used as a control. Cells were subsequently harvested by centrifugation for 5 min at
16,000 � g and resuspended in TE buffer (10 mM Tris-HCl, 1 mM EDTA [pH 8.0]) containing 0.3 mg of
phenylmethanesulfonyl fluoride; the cells were then sonicated on ice with six 10-s bursts at 4 W, followed
by centrifugation for 5 min at 21,200 � g to remove cell debris and unbroken cells. To determine whether
PelA and PslG are detectable in culture supernatants, strains PAO1/pMJT-pelA and PAO1/pMJT-pslG were
grown planktonically in LB medium to exponential phase and subsequently exposed to arabinose for 1 h.
The culture supernatant was collected and concentrated using Vivaspin 20 columns (Sartorius Stedim
Biotech, Gottingen, Germany) according to the manufacturer’s protocol. The protein concentrations were
determined by using a modified Lowry assay (Thermo Scientific, Waltham, MA) and bovine serum
albumin as a standard. The samples (10 or 20 �g) were resolved on an 11% polyacrylamide gel and
subsequently transferred onto a polyvinylidene difluoride membrane using a TurboTransblot apparatus
(Bio-Rad, Hercules, CA). Western blots were first probed with anti-V5, followed by a secondary anti-mouse
IgG antibody (Cell Signaling Technologies, Danvers, MA). The blots were subsequently developed using
Immun-Star WesternC chemiluminescence reagents (Bio-Rad, Hercules, CA). After transfer, SDS-PAGE gels
were Coomassie stained to ensure equal loading.

Phosphodiesterase activity assay. Phosphodiesterase activity was determined using the synthetic
chromogenic substrate bis(p-nitrophenyl) phosphate (bis-pNPP; Sigma-Aldrich) essentially as previously
described (64, 65). Total cell extracts were obtained from PAO1/pJN-PA2133/pMJT-1 and PAO1/pJN-
PA2133/pMJT-pslG which were grown to exponential phase in 1� VBMM, prior to and after the addition
of arabinose for 1 h. Total cell extracts obtained from PAO1/pJN105/pMJT-1 cells prior to and after the
addition of arabinose for 1 h were used as controls. Briefly, total cell extracts (100 �g) were added to
reaction buffer consisting of 50 mM Tris (pH 9.1), 50 mM NaCl, and 50 mM MgCl2. Reaction mixtures were
incubated at 25°C for 240 min. The specific phosphodiesterase activity was determined by measuring the
release of p-nitrophenol (pNP) at 405 nm. An extinction coefficient for p-nitrophenol of 1.78 � 104/(M �
cm) was used. Controls without extracts were included to account for any nonenzymatic bis-pNPP
hydrolysis.

Statistical analysis. All experiments were carried out at least in triplicate. A Student t test was
performed for pairwise comparisons of groups, and multivariant analyses were performed a one-way
analysis of variance, followed by Tukey’s test a posteriori to compare the means of all treatment groups.
All statistical analyses were performed using the Prism5 software (GraphPad, La Jolla, CA).
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