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Abstract

Extracellular polysaccharides comprise a major component of the biofilm matrix. Many species

that are adept at biofilm formation have the capacity to produce multiple types of polysaccharides.

Pseudomonas aeruginosa produces at least three extracellular polysaccharides, alginate, Pel and

Psl, that have been implicated in biofilm development. Non-mucoid strains can use either Pel or

Psl as the primary matrix structural polysaccharide. In this study, we evaluated a range of clinical

and environmental P. aeruginosa isolates for their dependence on Pel and Psl for biofilm

development. Mutational analysis demonstrates that Psl plays an important role in surface

attachment for most isolates. However, there was significant strain-to-strain variability in the

contribution of Pel and Psl to mature biofilm structure. This analysis led us to propose four classes

of strains based upon their Pel and Psl functional and expression profiles. Our data also suggest

that Pel and Psl can serve a redundant function as a structural scaffold in mature biofilms. We

propose that redundancy could help preserve the capacity to produce a biofilm when

exopolysaccharide genes are subjected to mutation. To test this we used PAO1, a common lab

strain that primarily utilizes Psl in the matrix. As expected, a psl mutant strain initially produced a

poor biofilm. After extended cultivation, we demonstrate that this strain acquired mutations that

up-regulated expression of the Pel polysaccharide, demonstrating the utility of having a redundant

scaffold exopolysaccharide. Collectively, our studies revealed both unique and functionally

redundant roles for two distinct biofilm exopolysaccharides.

Introduction

Pseudomonas aeruginosa thrives in diverse environments, including soil, water, insects,

plants and animals (26). In humans, P. aeruginosa is an opportunist, capable of causing both

acute and chronic infections. Examples of acute infection include, urinary track infections,

respiratory infections, soft tissue infections, bone and joint infections, bacteremia and a

variety of systemic infections (2). P. aeruginosa is also well known for the chronic infections

it causes in individuals with the genetic disease, cystic fibrosis (CF) (25). It is widely

believed that biofilm growth within the lungs of CF patients is a hallmark for the facilitation
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of disease (49, 55). Biofilm bacteria exhibit reduced susceptibility to antimicrobials,

detergents and the host immune system compared to planktonic cells (18, 27, 46). As a

result biofilm infections (including CF airway infections) tend to be chronic and difficult to

eradicate (13).

Biofilms are surface associated communities embedded within an extracellular matrix (46,

49, 59). The extracellular matrix consists of polysaccharides, proteins, nucleic acids and

lipids and is a distinguishing feature of biofilms, capable of functioning as both a structural

scaffold and protective barrier (28). Extracellular polysaccharides are a crucial component

of the matrix, and carry out a range of functions including promoting attachment to surfaces

and other cells, building and maintaining biofilm structure, as well as protecting the cells

from antimicrobials and host defenses (58, 59).

P. aeruginosa produces at least three extracellular polysaccharides that can be important in

biofilm development (51). Alginate is an important biofilm exopolysaccharide that is over-

produced in mucoid variants, which are often isolated from lungs of chronically-colonized

CF patients (25). In mucoid strains, alginate is the predominant extracellular polysaccharide

of the matrix (29). Non-mucoid strains utilize primarily the Pel and Psl polysaccharides for

biofilm formation (65). The pel locus contains seven genes encoding functions involved in

the synthesis and export of an uncharacterized polysaccharide (19). The pel locus was

identified in a transposon mutagenesis screen for loss of pellicle formation, a biofilm formed

at the air-liquid interface of a static liquid culture (20). The loss of biofilm formation is

specifically attributed to the capability of Pel to initiate and maintain cell-cell interactions

(12). The polysaccharide synthesis locus (psl) contains 12 genes, 11 of which are necessary

for synthesis and export of the Psl polysaccharide (7). Recently, the structure of Psl was

identified as repeating units of a neutral, branched pentasaccharide consisting of D-glucose,

D-mannose and L-rhamnose monosaccharides (7).

Depending on the strain studied, the role of Pel and Psl in biofilm formation can vary

drastically (22, 66). For example, the two most commonly studied non-mucoid laboratory

strains, PAO1 and PA14, differ in the primary polysaccharide used to maintain biofilm

structure (12). PAO1 relies primarily on Psl, while Pel production is required for mature

biofilm development in PA14 (12, 22, 66). Collectively, these studies suggest that Pel and

Psl are each capable of functioning as a structural scaffold involved in maintaining biofilm

integrity.

Regulation of Pel and Psl expression is complex, with multiple levels of intricate control.

Recent studies have demonstrated multiple pathways of transcriptional control for both pel

and psl. FleQ represses transcription of the pel and psl operons. This repression is relieved in

the presence of the intracellular signaling molecule c-di-GMP (30). RpoS acts as a positive

transcriptional regulator of psl gene expression and quorum sensing has been suggested to

positively regulate pel and psl expression as well (23, 34, 52). Another regulatory system

controlling pel and psl gene expression is the Gac-Rsm signal transduction pathway (24, 62).

Translation of psl is inhibited by the RNA binding protein, RsmA (34). Finally, c-di-GMP

can act as a positive allosteric regulator of Pel synthesis through PelD binding (40).

Rugose small colony variants (RSCVs) of P. aeruginosa have been isolated from CF sputum

and in vitro biofilm reactors (3, 56). RSCVs are characterized by hyperadherence and

hyperaggregation that result from elevated expression of Pel and Psl (16, 34, 57). In

addition, c-di-GMP signaling is linked to the RSCV phenotype (57). To date, the RSCVs

described in P. aeruginosa all have elevated levels of c-di-GMP, and depletion of c-di-GMP

suppresses the RSCV phenotype (30, 34, 57, 60). One common genetic route to the RSCV

phenotype is a mutation in the wspF gene (56, 57). This mutation activates the diguanylate
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cyclase WspR and results in elevated c-di-GMP, which in turn results in the RSCV

phenotype (30).

In this study, we evaluated a range of clinical and environmental P. aeruginosa isolates for

their dependence on the Pel and Psl polysaccharides for biofilm development. Mutational

analysis demonstrates that for most strains Psl plays an important role in surface attachment.

However, there was significant strain-to-strain variability in the contribution of Pel and Psl

to mature biofilm structure. Our study led us to propose four classes of strains based upon

their dependence for and expression patterns of Pel and Psl. These data demonstrate that the

relative importance of Pel and Psl is highly variable. We conclude that both Pel and Psl can

each serve as the primary biofilm matrix polysaccharide, while only Psl is an important

surface attachment determinant. To examine the significance of producing two

exopolysaccharides, we performed biofilm evolution experiments and discovered in the

absence of the one structural polysaccharide, the evolved biofilm population selects for the

up-regulation of a secondary structural polysaccharide.

Results

P. aeruginosa can use either Psl or Pel as the primary biofilm matrix polysaccharide

Two common laboratory strains, PAO1 and PA14, differ in the primary polysaccharide used

as a structural scaffold for the biofilm (12). PAO1 primarily uses Psl, while PA14, which

has a three-gene deletion in the psl operon, uses Pel (12, 39). For the purpose of this study,

we validated this observation using two distinct biofilm culturing formats. The first being a

microtiter dish assay which measures biofilm biomass that forms at the air-liquid interface

after static incubation. The second method utilizes confocal laser scanning microscopy

(CLSM) to visually monitor live biofilms growing in dilute medium under conditions of

continuous flow using a flow-cell reactor.

PAO1 and PA14 and their corresponding pel, psl, and pelpsl mutant strains were compared

for initial attachment and biofilm formation in the microtiter dish assay (Figure 1A and 1B).

A pel mutation did not have a surface attachment phenotype in either PAO1 or PA14

backgrounds. As expected, a PAO1 psl mutant strain was completely deficient in

attachment.

Unlike surface attachment, Pel had a significant impact on later stages of biofilm

development, but this result was strain dependent (Figure 1B). A PA14 pel mutant strain

produced a substantially reduced level of biofilm biomass compared to PA14, while a PAO1

pel biofilm was indistinguishable from PAO1. In contrast, the PAO1 psl and a PAO1 pelpsl

double mutant strain were impaired for biofilm formation. Similar to the microtiter dish

assays, flow-cell grown PAO1 biofilms were dependent on Psl and PA14 biofilms on Pel

(Figure 1C). PA14 pel, PAO1 psl and PAO1 pelpsl strains are arrested at the monolayer

stage of biofilm development, showing an absence of microcolony growth and relatively

reduced biomass compared to the parent strain. These data confirm previous observations

and serve as a reference for the subsequent analysis of environmental and clinical isolates.

Pel and Psl utilization is variable among clinical and environmental isolates for biofilm
development

The data presented in Figure 1 raise the question as to whether PAO1 or PA14 is generally

representative of P. aeruginosa in terms of matrix polysaccharide dependence. To address

this question, we examined a variety of clinical and environmental isolates for their

dependency on Pel and Psl. The strain collection consisted of 20 isolates, including four

environmental and sixteen isolates from diverse human infections (Table S1). The colony
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morphologies of these isolates, a phenotype that is linked to exopolysaccharide production

(1, 8, 57, 67), was highly variable (Figure S1).

In-frame deletions of pelF and pslD were generated using standard allelic replacement

strategies. These mutations have previously been shown to eliminate Pel and Psl production,

respectively (7, 61). Due to some strains having intrinsic antibiotic resistance, mutagenesis

intractability or other unknown factors, only 10 of the isolates were successfully mutated.

These strains were tested for growth on laboratory medium and found to have comparable

growth rates (Figure S2).

We first tested the ability of these strains to attach to plastic surfaces in a microtiter dish

assay. In all the strains tested, a psl mutation impaired attachment (Figure 2A, B and C).

Additionally, pel mutations did not have an attachment phenotype in any tested strain. Three

strains, all of which were weakly adherent, still demonstrated reduced attachment in a psl

mutant (Figure 2B). Two of the strains, CF127 and 19660, showed a slight effect of Pel on

attachment, but only in the absence of Psl (Figure 2C). Collectively, these results emphasize

the importance of Psl as a surface attachment determinant.

Overall, we found that the strains were variable in their ability to produce biofilms in

microtiter dishes. One strain, CF127, was a hyper-biofilm forming strain, producing 3-4 fold

more biofilm biomass than the other strains (Figure 3). For five isolates, a psl mutation

severely impaired biofilm formation, in a manner very similar to PAO1. In these strains, a

pel mutation did not have a phenotype (Figure 3A). For three isolates, single pel or psl

mutations had little effect (Figure 3B). Two isolates, CF127 and 19660, showed small but

consistent reduced biofilm biomass for single pel and psl mutations (Figure 3C). All pelpsl

double mutant strains were completely deficient for biofilm formation (Figure 3).

We took a complementary approach using flow-cell bioreactors to evaluate biofilm

formation for a few representative strains: E2, S54485, CF127, 19660 and MSH3 (Figure 4).

E2 formed a thick rough biofilm devoid of any cell aggregate structures. The E2 pel mutant

strain looked identical to wild-type, while the psl and pelpsl mutants contained only a few

attached cells to the glass surface. These data correlated to our microtiter dish biofilm

analysis (Figure 3A). S54485 is similar to E2. Wild-type and the pel mutant formed thick,

uniform biofilms. The psl mutant formed small aggregates of cells that were not present in

the double mutant. MSH3 is capable of forming large mature cell aggregate structures,

similar to PAO1 (Figure 4). In contrast to PAO1 pel, MSH3 pel biofilms produced immature

structures that are significantly reduced in size, suggesting that Pel production can contribute

to biofilm structure for this strain under these culturing conditions. MSH3 psl and MSH3

pelpsl mutants strains both fail to form cellular aggregates and produce a monolayer of cells

on the glass surface. Strain 19660 and 19660 pel produced biofilms characterized by densely

packed cell aggregates. In stark contrast to the microtiter dish assay data, the 19660 psl

mutant produced biofilms with more biomass and fewer cell aggregates than wild-type

(Figure 4). We hypothesize this is partially due to an attachment defect in this strain (Figure

S3A). The discrepancy between the 19660 psl strain microtiter dish assay and flow-cell data

(Figure 3B verse Figure 4) can be explained by the fragile nature of the biofilms produced

by this strain. The microtiter dish assay has a vigorous wash step, which removed what

appeared to be adherent biomass. When a gentle wash is performed, the psl mutant has

similar biomass to wild-type (Figure S3B). CF127 forms a thick structured biofilm with a

high degree of surface roughness. Both pel and psl single mutants display similar rough,

structured biofilms, slightly reduced in height (Figure 4). Although impaired, the CF127

pelpsl strain is not completely deficient for biofilm formation. Though, as expected, the

biofilm biomass is significantly reduced from the parent and single mutant strains.
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Determining the effects of pel and psl mutations on colony morphology

Strains were grown on solid medium for 5 d at 25°C. Nearly all pel, psl single mutants and

pelpsl double mutants displayed identical colony morphology to the wild-type strain (Figure

5). An exception to this was seen for two strains, 19660 and CF127. Both strains display a

wrinkly colony morphology that is converted to a smooth colony in a pelpsl double mutant

strain. It should be noted that the colony texture appearance between CF127 and 19660 is

strikingly different (Figure 5 and S1). CF127 and 19660 colony morphologies are similar to

the previously described rugose small colony variants (RSCVs) (16, 34, 57). We were

surprised to see very little change in Congo red binding between CF127 and mutant strains.

In particular, we were surprised that CF127 did not hyperbind the dye as previously reported

for other RSCVs (57).

Strain classification based upon Pel and Psl-dependent phenotypes

Our colony morphology and biofilm phenotypes suggest that the strains can be classified

into four different classes. The first class, or Class I, is a “Pel-dominant matrix” (Figure 6).

Our only current representative of this class is PA14. Class II is a “Psl-dominant matrix”.

“Psl-dominant matrix” strains, like PAO1, relied primarily on Psl for biofilm formation.

Representatives of this class includes SS4485, X13273, E2, 62, and X24509. Class III we

have termed “EPS redundant matrix users”. These are poor attaching strains, similar to

PA14. Here mutations in both pel and psl are necessary to eliminate the ability of these

strains to produce a biofilm in the microtiter dish assay; single pel and psl mutations do not

affect biofilm formation. MSH3, MSH10, and T56593 are class III strains. Finally we

propose class IV, which we term “matrix over-producers”. Class IV strains include CF127

and 19660. For “matrix over-producers” Pel and Psl are both important for attachment.

Similarly, both single pel and psl mutants are partially impaired for mature biofilm

formation. In CF127, pel and psl mutant strains are equally impaired for biofilm formation

but are still capable of producing significant amounts of adhered biomass. While in strain

19660, a psl mutant is much more compromised than a pel mutant, but is not as impaired as

the double mutant. This suggests both polysaccharides contribute additively to biofilm

formation. Additionally, matrix overproducers are the only class where pel or psl mutations

impact colony morphology (Figure 5). It should be noted that not all isolates fall cleanly into

a single class based upon their phenotypes.

PelC protein and Psl polysaccharide expression levels correlate with biofilm phenotypes
and strain class designations

We reasoned that the observed attachment and biofilm phenotypes (Figures 2 and 3) are

related to Pel and Psl expression levels. To explore this possibility, we measured the isolates

relative PelC protein and Psl expression levels. Psl levels were measured semi-quantitatively

using Psl-specific antiserum (7). Since reagents are not available for evaluating Pel directly,

we used antiserum against one of the proteins necessary for its synthesis, PelC. We have

generally found that elevated PelC protein levels track well with Pel-dependent phenotypes

(Data not shown and (12)). To confirm the specificity of the Psl antibody, we evaluated

strains with expected reactivity results. All psl mutant strains showed reduced reactivity

(Figure S4).

The first condition we tested approximated the initial planktonic attachment conditions for

the microtiter dish assay data presented in Figure 2. In PA14, as expected, PelC is expressed

but Psl polysaccharide is not detected. PAO1 expressed Psl to a high degree while PelC

protein expression is reduced compared to PA14 (Figure 7A). Both of these strains have

expression profiles that correspond to their reliance on the different polysaccharides for

biofilm production. In general “Psl-dominant” (Class II) strains produce an intermediate

level of Psl and low PelC protein expression. The class III “EPS redundant matrix users”
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expresses both PelC and Psl at low levels. “Matrix over-producers” (Class IV), 19660 and

CF127, both show elevated PelC protein and Psl polysaccharide levels. These data also

suggest that Psl expression correlates to initial attachment. Strains that produce little Psl:

PA14, X24509, MSH3, MSH10 and T56593 show reduced initial attachment (Figure 1 and

Figure 2).

Expression profiles were also analyzed from strains grown to closer approximate microtiter

dish biofilm culturing conditions (Figure 7B). As expected, PA14 produced PelC at a high

level, while PAO1 produced high levels of Psl. “Psl-dominant” strains (Class II) produced

Psl at an intermediate to high level and PelC at an intermediate level. Class III strains had

slightly elevated PelC protein expression but low levels of Psl. Class IV “Matrix over-

producers” still displayed elevated expression levels of PelC and Psl. We also analyzed PelC

and Psl levels for all of our original strains grown in these conditions (Figure S5A). Of the

10 strains for which we had no mutational data (designated “not classified” in Figure S5A),

all appeared to produce Pel and Psl to some degree.

pelA and pslA transcript levels do not correlate to PelC and Psl expression levels

We hypothesized that variations in polysaccharide expression levels could be due to

transcriptional differences. Therefore, we measured pelA and pslA mRNA levels using qRT-

PCR (Figure 7C and Figure S5B). In almost all strains, the relative transcript level was

similar to PAO1. One exception was CF127, which exhibited pelA transcript levels 40-fold

higher than PAO1 (Figure 7C). Differences in pelA and pslA transcript levels did not always

translate to similar changes in PelC or Psl expression (Figure 7 and Figure S5). For example,

E2's pslA transcript was 3-fold higher compared to PAO1, but Psl polysaccharide levels

appeared to be lower (Figure 7).

Despite the relatively small differences detected in pelA and pslA transcription between

strains, we investigated the possibility that variations in polysaccharide expression levels

could be explained by DNA sequence differences in regulatory control regions upstream of

the pel and psl operons. We sequenced the upstream intergenic regions of pel and psl for

each strain (Figure S6 and Figure S7). PA14 has an intergenic region of 562 bp between the

ATG of pelA and the translational stop of the upstream ORF, gdhB (Figure S8). In contrast,

PAO1 has a three-gene operon (PA3065-PA3067) inserted 484 bp upstream of the pelA

translational start site (Figure S8). This operon is missing in PA14. Members from each of

the other three polysaccharide classes were found to have this insertion. The first 200 bp

upstream of the pelA translational start site was highly conserved (Figure S6). Similarly, the

intergenic region upstream of pslA (525 bp) was strongly conserved (Figure S7). Only one

nucleotide change was seen for all 20 isolates, strain 62, within 200 bp of the translational

start site, including the RsmA binding sequences.

C-di-GMP levels track with PelC expression

C-di-GMP levels control pel and psl transcription and allosterically regulate Pel biosynthesis

(24, 31, 60). We hypothesized that our protein and polysaccharide expression results (Figure

7B) could be explained by strain-to-strain differences in intracellular c-di-GMP

concentrations. The intracellular concentration of c-di-GMP was measured from a select

number of strains grown 3 d on agar media at 25°C (Figure 8). Intracellular c-di-GMP levels

appeared to track well with PelC protein expression and less so with Psl polysaccharide

expression. As expected, the RSCV, CF127, had elevated c-di-GMP levels. Interestingly,

both PAO1 and 19660 displayed high Psl expression with relatively low c-di-GMP levels.

Overall, c-di-GMP proved to be a poor indicator of Psl.
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Pel and Psl redundancy can rescue biofilm formation in mutant strains

We hypothesized that one advantage for strains to maintain two distinct EPS biosynthetic

loci such as pel and psl would be for redundancy. This would minimize the impact of a

mutation on a critical function such as biofilm formation. In the case of PAO1, Psl is the

primary biofilm polysaccharide. Since PAO1 can produce Pel (12, 34, 66), we reasoned that

during biofilm growth, a PAO1 psl mutant strain may acquire mutations that up-regulate Pel

production to compensate for the loss of Psl.

To test this, we compared PAO1 and PAO1 psl for PelC expression before and after

extended biofilm growth. As expected, the mutant strain was initially impaired for biofilm

growth. After extended culturing, a biofilm was visible and upon harvesting the adherent

biofilm biomass, we observed an increase in PelC protein levels in both PAO1 and PAO1

psl compared to the starting planktonic inoculum (Figure 9A). This supports previous data

showing that biofilm cells exhibit elevated pelA transcription and PelF protein levels

compared to planktonic populations (12). Interestingly, the PAO1 psl biofilm displayed PelC

protein levels 3-fold higher than PAO1 (Figure 9B). When we plated the biofilm biomass

onto solid medium, we noticed a high frequency of the RSCV phenotype in the biomass

harvested from PAO1 psl biofilm (Figure 9C). The RSCVs are approximated half of the

total population for PAO1 psl after 3 d of biofilm growth, while they account for only five

percent of the total PAO1 population (Figure 9D).

RSCVs have elevated c-di-GMP levels and Pel and Psl expression levels (16, 31, 34). In a

PAO1 psl mutant, elevated c-di-GMP still results in the RSCV phenotype. Individual

smooth and RSCV colonies isolated from the biofilm were then tested for PelC expression.

As expected, strains displaying the RSCV phenotype had elevated levels of PelC protein

expression compared to the parental inoculum and elevated intracellular levels of c-di-GMP

(Figure 10). Interestingly, the representative smooth isolate from PAO1 psl biofilm also

displayed elevated levels of c-di-GMP compared to the parent strain (Figure 10B).

Laboratory derived RSCVs commonly result from mutations in the wspF gene (57). To

determine if the RSCVs isolated were wspF mutants, we attempted complementation with

pWspF (Figure S9A). The PAO1 RSCV was partially complemented by WspF. The colony

morphology was smooth but remained small in size. In contrast, each PAO1 psl RSCV was

fully complemented by WspF (Figure S9A). We then sequenced the wspF gene for each

isolate (Figure S9B). The PAO1 RSCV has a 201 bp gene deletion including 164 bp of the

C-terminus of wspF and 36 bp in the intergenic region between wspF and wspR. In the

PAO1 psl RSCVs, single base pair insertions were identified producing a frameshift in the

ORF.

We next tested if biofilm growth increased PelC expression in other clinical and

environmental class II isolates bearing psl mutations. Similar to PAO1, each psl mutant

displayed higher PelC expression compared to the corresponding wild-type strain (Figure

S10C). To see if RSCVs are selected for in the psl mutant background, we plated out the

biofilm biomass (Figure S10A). For one strain, S54485, RSCVs were detected and their

presence was increased in the psl mutant compared to the wild-type (Figure S10B). RSCVs

were not clearly identified in E2 or X13273 and thus not quantified. Regardless of whether

RSCVs were isolated or not, PelC expression was elevated in the psl mutant biofilms. These

data suggest that a strain relying primarily on Psl can utilize Pel to rescue biofilm growth if

faced with a deleterious psl mutation.

Discussion

Extracellular polysaccharides are a key component of the biofilm matrix. The ability to

produce multiple types of polysaccharides appears to have been maintained in P. aeruginosa.
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Yet the two common laboratory strains, PAO1 and PA14, use two different polysaccharides

as the major biofilm matrix polysaccharide. We sought to determine the relative prominence

of Psl and Pel as the major matrix polysaccharide. In this study we propose four classes of

matrix users based upon Pel and Psl dependent phenotypes. Finally, we demonstrated that

elevated Pel expression can rescue biofilm formation for a Psl-utilizing strain. These data

suggest that an advantage of having both Pel and Psl is to reduce the impact of deleterious

mutations on an important function such as biofilm formation.

Psl played an important role in surface attachment for all the isolates tested (Figure 2). This

suggests that Psl universally plays a critical role in attachment for more P. aeruginosa

isolates. This is also not surprising, as many polysaccharides are involved in the attachment

of various bacterial species to abiotic surfaces (like plastic and glass), plant, and mammalian

surfaces (10, 38, 63). However, Pel did not appear to be an important attachment

determinant. Only in strains producing a large amount of Pel (class IV) was an attachment

phenotype observed for a pel mutant strain (Figure 2C).

Unlike surface attachment, the isolates exhibited a spectrum of Pel and Psl dependencies for

biofilm formation. We classified Pel polysaccharide utilizing strains class I matrix

producers. PA14 was the only strain we found to use Pel as the dominant matrix

polysaccharide. An extensive analysis of multiple isolates would have to be performed to

determine how widespread class I strains are in the community. However, we would predict

that isolates bearing psl mutations would probably be class I strains. Some strains, like

PAO1, primarily relied on Psl for biofilm formation. Our expression data at least confirm

that these strains are capable of transcribing and expressing some of the Pel biosynthetic

genes/proteins. Therefore, like PAO1, their reliance on Psl is not due to the inability to

express the Pel enzymes, although we cannot rule out that these strains are unable to make

the Pel polysaccharide itself. We called these strains class II matrix producers.

Class III strains we called EPS redundant matrix users. These strains produced relatively

low amounts of PelC and Psl. Single mutations in either pel or psl did not have a phenotype

for biofilm formation in the microtiter dish assay (Figure 3B), suggesting that both Pel and

Psl are individually capable of ensuring normal biofilm development in this class. The one

class III strain we examined in a flow cell, MSH3, showed reduced biomass for both pel and

psl single mutations relative to the wild-type. This is different from the microtiter dish

biofilm assay data, where single mutations have no phenotype. One explanation is that

several factors can impact biofilm structure in the flow cell besides EPS production (e.g.

relative surface motility) (54). Perhaps the longer culturing time (5 d verse 1 d) or a flowing

compared to a static environment influenced biofilm resulted in the observed differences

seen in the two systems. However, this data is consistent with the idea that both Pel and Psl

are produced and are important in class III strain biofilms.

Finally, Class IV strains were matrix overproducers. These strains, CF127 and 19660,

produced a robust biofilm, where single pel or psl mutations only slightly reduced biofilm

biomass compared to the wild-type strain. This does not clearly appear to be the case for

19660, where in microtiter dish biofilms a psl mutation appeared to have a significant

impact on biofilm formation (Figure 3C). However, analysis of the same strain in a flow cell

(Figure 4) showed that it was capable of producing a significant biofilm. We speculated that

our vigorous wash step removed most of the biofilm biomass in the 19660 psl mutant. By

changing our microtiter wash conditions, we confirmed that the 19660 psl mutant formed

significant, albeit fragile, biofilms (Figure S3). PelC and Psl expression studies showed that

CF127 and 19660 strains produced both at high levels. Elevated polysaccharide expression

in CF127 can be explained by high levels of intracellular c-di-GMP (Figure 8). However,
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this is not the case for 19660, suggesting that the underlying molecular mechanisms

responsible for elevated matrix production are different in these two strains.

One might predict that the source of isolates would be a key predictor of which matrix class

they belong to. However, polysaccharide dependence and the isolate source do not appear to

be correlated, but a much larger number of strains would need to be tested in order to make

any definite conclusions. Interestingly, phylogenetic analysis of P. aeruginosa strains

demonstrate that strains from similar environmental or clinical sources are in general no

more related than those from different sources (64). In addition, the functional significance

of being placed in a given matrix class is not clear. It is reasonable to presume that each

class exhibits functional differences. Pel and Psl are chemically distinct polysaccharides

with unique properties that could influence function (7, 14, 20). For example, Psl has been

specifically found to be important in surface adherence and biofilm initiation on glass,

polyvinyl chloride (PVC), mucin, epithelial cells and human alveolar epithelial cells (6, 21,

41, 43). Not surprisingly, PA14, a class I isolate, was the poorest at surface attachment of

tested strains (Figure 6). Pel production has also been linked to aminoglycoside tolerance in

biofilms (12). This suggests that biofilms produced by class II isolates might be more

sensitive to this class of antibiotic.

Our evolution experiments suggest that a mutation in the primary matrix polysaccharide

(Psl) will select for adaptations promoting expression of the compensatory matrix

polysaccharide (Pel) during biofilm growth (Figure 9). The molecular nature of the PAO1

psl RSCV strains demonstrates elevated c-di-GMP levels similar to previously described

RSCVs (31, 57). In addition, we identified the mutations responsible for the conversion to

an RSCV in the PAO1 psl strains to the gene wspF. Mutations in the gene wspF activate the

diguanylate cyclase WspR increasing c-di-GMP levels and result in an RSCV (15, 16, 31,

38, 57). We also demonstrated that biofilm growth of Class II psl mutants universally selects

for increased PelC expression as demonstrated in Figure S11. For some of the isolates,

RSCVs are produced and as seen in PAO1, they are produced at a greater frequency in the

psl mutant. However, the molecular mechanism of increased PelC expression in X13273 and

E2 (which did not produce RSCVs) is not clear

There are different hypotheses (not mutually exclusive) as to why a species might retain the

capability of producing multiple biofilm matrix polysaccharides. One hypothesis is that

depending upon the environment, different polysaccharides might be employed as the

primary matrix scaffold. P. aeruginosa is not unique in its ability to produce multiple

different extracellular polysaccharides. Other organisms such as, Escherichia coli,

Pseudomonas putida, Vibrio spp, Salmonella spp. and Burkholderia spp. also produce

multiple polysaccharides, each of which contribute to biofilm formation (35). For example,

Salmonella enterica serovar Typhimurium produces three known extracellular

polysaccharides, colanic acid, cellulose and an O-antigen capsule (15). Interestingly, each

polysaccharide has a niche-specific role in biofilm formation. For example, O-antigen

capsule is critical to form a biofilm on gallstone surfaces but is not involved in glass or

plastic binding (15). Colanic acid is important in biofilm formation on HEp-2 cells and

chicken intestinal tissue but does not play a role in plastic surface or gallstone biofilm

development (38). Finally, cellulose does not contribute to gallstone biofilm formation but

does on HEp-2 cells, chicken intestinal epithelium and plastic surfaces (15, 38). Thus, P.

aeruginosa might utilize Psl, Pel and alginate in a similar niche-specific manner.

Pseudomonas putida is another example capable of producing four unique polysaccharides,

Pea, Peb, alginate and a cellulose-like polymer (Bcs) (9, 42, 44, 45). Recent studies

demonstrate that Pea and Peb play important roles in P. putida biofilm stability, while

alginate and Bcs appear to be minor contributors in laboratory grown biofilms (9, 42, 44,
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45). Similar to P. aeruginosa, strains of P. putida can differentially depend on individual

polysaccharides for biofilm development (9, 42, 44, 45). These polysaccharides also display

unique attachment patterns. The cellulose-like polymer, but not Pea contributes to maize

root colonization and neither is important in glass attachment (44). This set of work

highlights that polysaccharides in the P. putida biofilm matrix have unique niche-

colonization but display some redundant cell-cell adhesion functions.

Another hypothesis is that biofilm formation is such an important survival mechanism that

maintaining the capability of producing redundant matrix polysaccharides would be an

advantage. This is demonstrated in our biofilm evolution experiments. Such redundancy

might be important for adverse environments, such as the CF airways, where strains arise

that exhibit elevated rates of mutation (48). Redundancy of matrix polysaccharides might

help reconcile high mutations rates with the maintenance of a key survival mechanism such

as biofilm formation.

Experimental Procedures

Bacterial strains and growth conditions

Bacterial strains and primers in this study are listed in Table S1 (4, 7, 12, 17, 32, 33, 36, 37,

41, 50, 64). For routine culture, P. aeruginosa strains were grown at 37°C in Luria-Bertani

(LB) medium (Difco). Plasmids were selected with 100 μg/ml gentamycin for P. aeruginosa

strains and 10 μg/ml gentamycin for E. coli. 25 μg/ml irgasan was used to counter select for

E. coli. For all assays comparing isolates, Tryptic Soy Broth (TSB) 30g/L and supplemented

with 15g/L of bacto agar for plates (Difco).

Strain construction

ΔpelF—Allelic replacement strains were constructed by using an unmarked, nonpolar

deletion strategy. Flanking regions of pelF were amplified using primers pelF UP and pelF

DN primer sets. The resultant PCR product was ligated into the suicide vector, pEX18Gm,

via HindIII restriction site. The plasmid pEX18GmΔpelF was verified by sequencing

analysis. Single recombination mutants were selected on VBMM containing 100 μg/ml

gentamicin or LB containing 100 μg/ml gentamicin and 25 μg/ml irgasan. Double

recombination mutants were selected on LB without NaCl plates containing 5% sucrose and

confirmed by PCR.

ΔpslD—Construction of ΔpslD strains was performed as described before (7).

Colony morphology

Overnight cultures were diluted 1/100 in PBS. 5 μl of cells were spotted onto TSB plates

supplemented with 40 μg/ml Congo red and 15 μg/ml brilliant blue R (Sigma-Aldrich) and

incubated at 25°C for 5d.

Microtiter dish biofilm

96-well microtiter dish assay was preformed as described previously with the following

modifications (47). 100 μl of mid-log cells (OD600 ～ 0.5) grown in TSB was added to the

wells of a 96-well polypropelene plate (Nunc) and incubated statically for 1 h (rapid

attachment) or 24 h (biofilm development) at 25°C. Following incubation, non-attached

cells were removed and the plate was rinsed thoroughly with water. Plates were stained with

150 μl 0.1% crystal violet for 10 min. The plate was rinsed and adhered crystal violet was

solubilized in 200 μl 95% ethanol for 10 min, then 100 μl was transferred to a new 96-well

plate to measure the absorbance at OD595.
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Flow cell experiments

PA14 monocultures were tagged with GFP on the chromosome using the mini Tn7 system

to allow fluorescent visualization of growing biofilms (11). PAO1, E2, CF127, 19660 and

MSH3 monoclutures were tagged with the GFP expression vector, pMRP9-1 (17). S54485

biofilms were stained with 1 ml of 5 μM FM4-64 for 10 m. Flow resumed and images

captured after 15 m of washing. Log phase cultures grown in full-strength TSB were diluted

to a final OD600 of 0.05 for PA14 and 0.01 for PAO1, E2, S54485, CF127, 19660 and

MSH3 in 1% TSB. Bacteria were inoculated into an inverted flow cell and allowed to attach

for one hour. Upon initiation of media flow, fresh media of 1% TSB was pumped at a

constant rate (10 ml/h). Biofilms were grown at room temperature for 5 d. Biofilms were

visualized by fluorescence using a Zeiss LSM 510 scanning confocal laser microscope and

image series were compiled using Velocity software (Improvision).

Tube biofilm

Tube biofilms were conducted as previously described with the following modifications

(53). P. aeruginosa was grown to log phase in TSB at 37°C shaking, diluted to an OD600

0.05 and 3 ml injected into a 30 cm long × 6.35 mm inner-diameter tube and incubated for 1

h. Biofilms were grown at 25°C in full-strength TSB medium at 10 ml/h flow rate for 72 h.

The external portion of the tube was sterilized with ethanol and from each tube three 2 cm

slices were extracted and placed in 2 ml PBS. Biomass was scraped from the inside of the

tube, vortexed and analyzed for protein expression as described in the immunoblot analysis

section. Colony morphology was assessed on LB medium with a dissecting microscope

(Olympus SZX-ILLK100).

PelC purification and antibody production

The coding sequence for the mature PelC protein (residues 20-172) was amplified from P.

aeruginosa PAO1 genomic DNA using gene-specific primers and cloned into the pET28a

expression vector (Novagen) and the sequence verified. The expression vector was then

transformed into E. coli BL21 (DE3) cells (Agilent) and subsequently grown in 1 L Luria-

Bertani (LB) broth containing 50 μg/ml kanamycin at 37°C. Once the cells reached an

OD600 of 0.6, protein expression was induced by the addition of 1 mM isopropyl-β-D-1-

thiogalactopyranoside (IPTG) followed by incubation at 25°C for 18 h. The cell cultures

were then pelleted by centrifugation and flash frozen for subsequent purification. Frozen cell

pellets were thawed in 40 ml of cell lysis buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 1

SIGMAFAST protease inhibitor EDTA-free cocktail tablet (Sigma)) and lysed by

homogenization using an Emulsiflex-C3 (Avestin, Inc.) at a pressure of 10000-15000 psi

(three passes total). Following centrifugation of the insoluble cell lysate, PelC was purified

over Ni-NTA agarose (QIAGEN) using a linear imidazole gradient (20 mM Tris-HCl pH

8.0, 300 mM NaCl, 20-250 mM imidazole) followed by size-exclusion chromatography (20

mM Tris-HCl pH 8.0, 150 mM NaCl) using a HiLoad 16/60 Superdex 200 column (GE

Healthcare). Purified PelC protein was sent to Open Biosystems for polyclonal antisera

production.

RNA purification and analysis

P. aeruginosa strains were grown in TSB shaking at 37°C for 8 h or on TSB plates for 3 d at

25°C. Total RNA was stabilized for purification using RNAprotect Bacterial Reagent and

extracted using the RNeasy Mini Purification kit (QIAGEN). Briefly, approximately 109

CFU in RNAprotect were lysed using 5 mg/ml lysozyme and tip-sonication. Genomic DNA

was removed with an on-column RNase-free DNase I treatment (QIAGEN) and the RNA

eluted in 30 μl RNase-free water. Remaining genomic DNA was removed by a second off-

column DNase I treatment (Promega). Following purity confirmation by PCR using rplU

Colvin et al. Page 11

Environ Microbiol. Author manuscript; available in PMC 2013 November 26.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



primers, cDNA was synthesized using the iScript cDNA synthesis kit (Bio-Rad) and verified

by PCR. 84 μl of water was added to the cDNA samples to prevent interference of real-time

PCR by reagents from the reverse transcription reaction. Quantitative real-time PCR was

performed using the CFX96 Real-Time PCR Dectetion System (Bio-Rad). With iQ SYBR

Green Supermix used according to manufacturer's instructions (Bio-rad). Primers are listed

in Table S1. pelA, pslA and algD transcript levels are normalized to rpsL transcript levels.

Immunoblot analysis

1 ml of P. aeruginosa liquid culture grown in TSB for for 2.5 h to an OD600 ～ 0.5 followed

by 1 h static incubation at 25°C were harvested and resuspended in 500 μl PBS.

Alternatively, cells were collected from TSB agar surfaces grown for 3 d at 25°C and

resuspended in PBS. Alternatively, biomass was collected from tube biofilms grown for 3 d

at 25°C. Biomass was resuspended in PBS. 50 μl sample was mixed with 50 μl 2× laemli

buffer and boiled for five m. Protein concentration was measured using the Pierce 660 nm

Protein Assay and Ionic Detergent Compatibility Reagent as described by the manufacturer

(Thermo Scientific). Equal total protein was loaded onto a pre-cast 12.5% Tris-HCl

polyacrylamide gel and transferred to a PVDF membrane for immunoblotting (Bio-rad). The

membrane was blocked in 5% non-fat milk in TBST for 1 h at room temperature. The

membrane was cut in half and either probed for RNA polymerase (RNAP, Neoclone

Biotechnologies) according to manufacturers instructions or with α-PelC antibodies at

1:5,000 dilution in 1% non-fat milk TBST for 1 h. Blots were developed with goat α-rabbit

HRP-conjugated secondary antibody (Thermo-Scientific) and Pierce detection kit.

Psl immunoblots were performed as described previously with the following

modifications(7). Cells from each growth condition described above were harvested and

resuspended in 100 μl 0.5 M EDTA. Cells were boiled for 20 min with periodic vortexing

and centrifuged. The supernatant fraction was treated with Proteinase K (final concentration

0.5mg/ml) for 60 min at 60°C, followed by Proteinase K inactivation for 30 min at 80°C.

Samples were stored at 4°C for immunoblotting. Polysaccharide preparations were

normalized to total protein in the PBS resuspension as determined by Pierce 660 nm Protein

Assay supplemented with the ionic detergent compatibility reagent (Thermo Scientific). 5 μl
sample was spotted onto a nitrocellulose membrane and probed as described previously (7).

Promoter alignments

The pel promoter was amplified with either pel-Prom F/pel-Prom R1 or pel-Prom F/pel-

Prom R2 primer pairs. The psl promoter was amplified with pslProm F/pslProm R.

Sequencing was performed by GENEWIZ. Sequences were aligned using the multiple DNA

sequence alignment feature in MacVector.

Nucleotide extraction and c-di-GMP measurements

P. aeruginosa strains were grown on TSB plates for 3 d at 25°C or 1 d at 37°C. Colonies

were harvested using a plastic loop and quickly deposited into 1.1ml VBMM. With minimal

re-suspension step, 990ml was immediately aspirated and added into 70% perchloric acid

(Sigma) to a final concentration of 0.6M. 10ml of 10mM 2-chloro-AMP (internal standard

compound) was added to the mixture, vortexed, and placed on ice. Each individual sample

was prepared one at a time to minimise the time spent between harvesting cells and acid

extraction, as bacteria rapidly alter intracellular nucleotide pools in response to changes in

their growth environment (5). All subsequent extraction steps and LC/MS/MS

measurements were performed as described in a forthcoming article (Irie Y et al, manuscript

in preparation).

Colvin et al. Page 12

Environ Microbiol. Author manuscript; available in PMC 2013 November 26.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PAO1 and PA14 attachment and biofilm analysis
The effect of pel and psl mutations in static microtiter dish assays and flow cell experiments

were analyzed. Attachment after 1 h of incubation (A) and biofilm formation after 24 h of

incubation (B) were assessed by crystal violet staining for PAO1 and PA14 and the

corresponding mutants. Flow cell images were acquired after 5 d of growth. Representative

top down and side view CLSM images are shown using 20× objective (C). Scale bars

represent 50 μm. Error bars represent standard deviation.
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Figure 2. Relative attachment of the isolates to a microtiter plate
The effect of pel and psl mutations in static microtiter dish assays for attachment was

analyzed. Strains were incubated statically for 1 h, loosely adherent material was removed

through washing and the remaining biomass was stained by crystal violet. Mutants were

separated based on class categorization, “Psl-dominant strains” (A), “EPS redundant matrix

users” (B) and “matrix over-producers” (C). The rationale is described in the text. Error bars

represent standard deviation.
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Figure 3. Relative biofilm formation of the isolates to a microtiter plate
The effect of pel and psl mutations in static microtiter dish assays for biofilm formation was

analyzed. Strains were incubated statically for 24 h, loosely adherent material was removed

through washing and the remaining biomass was stained by crystal violet. Mutants were

separated based on class categorization, “Psl-dominant strains” (A), “EPS redundant matrix

users” (B) and “matrix over-producers” (C). The rationale is described in the text. Error bars

represent standard deviation.
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Figure 4. Flow cell analysis of select isolates
Flow cell images of PA14, PAO1, E2, S54485, MSH3, CF127, 19660 and their

corresponding mutants were acquired after 5 d of growth. Representative top down and side

view CLSM images are shown using 20× objective. Scale bars represent 50 μm.
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Figure 5. Colony morphology of pel and psl mutants
The colony morphology of 5 μl spots was compared for the parent strain, pel and psl single

mutants and pel/psl double mutant. Images were acquired after 5 d of growth at 25°C.
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Figure 6. Representative phenotypes for class categorization
One strain from each class is chosen as a representative class isolate. The effect of pel, psl

and pelpsl mutations in static microtiter dish assays and colony morphology are shown. The

top panel is relative attachment, middle panel is relative biofilm formation in a microtiter

assay and bottom panel shows colony morphology for wild-type and pelpsl mutant.
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Figure 7. PelC protein, Psl polysaccharide and pelA and pslA transcript level analysis
Psl polysaccharide dot blot (top panel), PelC protein (middle panel) and RNA polymerase

protein loading control (bottom panel) were analyzed for the different isolates.

Polysaccharide and protein profiles were assessed for microtiter dish attachment conditions

(A) or from plate grown cultures at 25 °C for 3 d (B). qRT-PCR on pelA, pslA and rpsL

transcripts were performed from the same culture conditions as analyzed for protein and

polysaccharide expression level in part B (C). pelA and pslA transcripts are normalized to

rpsL and then to PAO1 for relative transcript level. Error bars indicate standard deviation

from three independent experiments.
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Figure 8. Intracellular c-di-GMP concentrations are quantified for the isolates
Total intracellular c-di-GMP was extracted and measured by LC/MS/MS from plate grown

cultures at 25 °C for 3 d. c-di-GMP concentrations were quantified from three individual

experiments. C-di-GMP concentrations are normalized to mg of total protein. Error bars

represent standard deviation.
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Figure 9. PelC expression is up-regulated in PAO1Δpsl during biofilm growth
PAO1 and PAO1Δpsl were compared for PelC expression level in planktonic and biofilm

grown cells. Protein levels were isolated from the log phase cultures used for the initial

inoculum and adhered biomass after 3 d of continuous flow within a tube bioreactor (A).

Relative expression levels were quantified using densitometry analysis (B). Representative

images of colony morphology of the initial inoculum and post biofilm growth are shown

(C). Arrows are pointing toward RSCV morphotypes. The number of RSCVs in each

population was quantified from three separate experiments (D). RNAP is a loading control.

Error bars represent standard deviation.
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Figure 10. Biofilm-derived RSCVs over-express PelC and have increased c-di-GMP levels
Representative smooth and RSCV isolates were selected after 3 d of continuous flow within

a tube bioreactor for PAO1 and the psl mutant. Isolates were streaked onto LB agar and

allowed to grow for 1 d at 37°C. Images of colony morphology were acquired and relative

PelC expression levels measured (A). Total intracellular c-di-GMP was extracted and

measured by LC/MS/MS from plate grown cultures at 37°C for 1 d. c-di-GMP

concentrations were quantified from three individual experiments (B). C-di-GMP

concentrations are normalized to mg of total protein. RNAP is a loading control. Error bars

represent standard deviation.
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