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Major Goals:  (1) To understand how the existence of a surface can drive the formation of heterogeneous 
populations of P. aeruginosa through surface sensing.

(2) To understand the role of surface sensing controlled EPS secretion during reversible attachment, the first stage 
of bacterial engagement with a surface, and quantitatively compare P. aeruginosa strains PA14 and PAO1

(3) To assess whether we can guide biofilm forming behavior of Shewanella oneidensis, a strain capable of 
extracellular electron conduction that has been proposed for devices

(4) Determine the breadth of EPS cross-linking activities for the P. aeruginosa biofilm matrix protein, CdrA.

(5) To understand how specific molecular details of EPS can influence sensing, cdiGMP signaling, and social 
behavior in P. aeruginosa

Accomplishments:  Findings: 

(1)

Major activity: Heterogeneity in surface sensing and EPS production suggest a division of labor in Pseudomonas 
aeruginosa populations 



Specific objectives: To understand how the existence of a surface can drive the formation of heterogeneous 
populations of P. aeruginosa through surface sensing. 



Significant results: The second messenger signaling molecule cyclic diguanylate monophosphate (c-di-GMP) drives 
the transition from planktonic to biofilm growth in many bacterial species. Pseudomonas aeruginosa has two 
surface sensing systems that produce c-di-GMP in response to surface adherence. The current thinking in the field 
is that once cells attach to a surface, they uniformly respond with elevated c-di-GMP. Here, we describe how the 
Wsp system generates heterogeneity in surface sensing, resulting in two physiologically distinct subpopulations of 
cells. One subpopulation has elevated c-di-GMP and produces biofilm EPS matrix, serving as the founders of initial 
microcolonies. The other subpopulation has low c-di-GMP and engages in surface motility, allowing for exploration 
of the surface. We also show that this heterogeneity strongly correlates to surface behavior for descendent cells. 
Together, our results suggest that after surface attachment, P. aeruginosa engages in a division of labor that 
persists across generations, accelerating early biofilm formation and surface exploration. 

Key outcomes: This work was published in eLife in 2019. 



(2)



Major activity: Parsing social cooperativity during surface attachment in young Pseudomonas aeruginosa biofilms 
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Specific objectives: To understand the role of surface sensing controlled EPS secretion during reversible 
attachment, the first stage of bacterial engagement with a surface, we performed a quantitative comparison 
between P. aeruginosa PA14 and PAO1. 



Significant results: What are bacteria doing during “reversible attachment,” the period of transient surface 
attachment when they initially engage a surface, besides attaching themselves to the surface? Can an attaching 
cell help any other cell attach? If so, does it help all cells or employ a more selective strategy to help either nearby 
cells (spatial neighbors) or help its progeny (temporal neighbors)? Using community tracking methods at single-cell 
resolution, we suggest answers to these questions based on how reversible attachment progresses during surface 
sensing for Pseudomonas aeruginosa strains PAO1 and PA14, which have drastically different surface sensing 
circuits and EPS production profiles. Although PAO1 and PA14 exhibit similar trends of surface cell population 
increase, they show unanticipated differences when cells are considered at the lineage level and interpreted using 
the quantitative framework of an exactly solvable stochastic model. Reversible attachment comprises two regimes 
of behavior, processive and nonprocessive, corresponding to whether cells of the lineage stay on the surface long 
enough to divide or not before detaching. Stark differences between PAO1 and PA14 in the processive regime of 
reversible attachment suggest the existence of two surface colonization strategies,  which are roughly analogous to 
“immediate-” vs “deferred-gratification” in a prototypical cognitive-affective processing system made possible by 
different uses of EPS:  PAO1 lineages commit quickly to a surface compared to PA14 lineages, with early c-di-
GMP mediated EPS production that can facilitate attachment of neighbors. PA14 lineages modulate their motility 
via cAMP, and retain memory of the surface so that their progeny are primed for improved subsequent surface 
attachment.  Based on previous studies, we propose that the differences between PAO1 and PA14 are potentially 
rooted in downstream differences between Wsp-based and Pil-Chp-based surface sensing systems, respectively. 

Key outcomes: This work was published in mBio in 2020. (We note that predictions we had made in this paper 
regarding the complex ecological competition landscape between strains of P. aeruginosa that use EPS differently 
has recently been confirmed by Kassety et al, J. Bact. (2021))



(3) 



Major activity: Initiate prototypical studies using artificially patterned glycopolymers to mimic EPS 



Specific objectives: To assess whether we can guide biofilm forming behavior of Shewanella oneidensis. 



Significant results: Using glycopolymer decorated surfaces, we have stimulated Shewanella oneidensis bacterial 
colonization and controlled bacterial attachment via artificial molecular patterns. When adherent bacteria were 
rinsed with methyl α-d-mannopyranoside, the glycopolymer-functionalized surfaces retained more cells than self-
assembled monolayers terminated by a single mannose unit. These results suggest that the three-dimensional 
multivalency of the glycopolymers both promotes and retains bacterial attachment. When the methyl α-d-
mannopyranoside competitor was codeposited with the cell culture, however, the mannose-based polymer was not 
significantly different from bare gold surfaces. The necessity for equilibration between methyl α-d-mannopyranoside 
and the cell culture to remove the enhancement suggests that the retention of cells on glycopolymer surfaces is 
kinetically controlled and is not a thermodynamic result of the cluster glycoside effect. The MshA lectin appears to 
facilitate the improved adhesion observed. Our findings that the surfaces studied here can induce stable initial 
attachment and influence the ratio of bacterial strains on the surface may be applied to harness useful microbial 
communities.

Key outcomes: This work was published in ACS Appl Mater Interfaces in 2020. 



(4)

Major activity: Identifying CdrA as a versatile biofilm EPS matrix cross-linking protein that mediates interactions with 
multiple EPS types in Pseudomonas aeruginosa.

Specific Objectives: Determine the breadth of EPS cross-linking activities for the P. aeruginosa biofilm matrix 
protein, CdrA.

Significant Results: Depending upon the strain, Pseudomonas aeruginosa can use different exopolysaccharides (e.
g., Psl, Pel, and alginate) to build its biofilm matrix. Previously, we demonstrated that the biofilm matrix protein 
CdrA binds to Psl, promoting biofilm formation and aggregate stability. As such, it was thought that CdrA might be 
important for biofilm assembly only in strains that rely upon Psl. However, past studies indicated that CdrA can 
interact with monosaccharides not present in Psl, including N-acetylglucosamine, a constituent of another EPS 
called Pel. We discovered that CdrA also binds to Pel and promotes biofilm formation by strains in which Psl is not 
dominant. Thus, our findings suggest that CdrA plays a common role as a biofilm matrix cross-linker across P. 
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aeruginosa isolates with different EPS types.  This finding has significant implications for CdrA contributing to 
biofilm assembly by multiple species and additionally raises the key question as to whether it is present in Psl trails.

Key Outcomes: This work was published in the Journal of Bacteriology in 2020 (Spotlight article).



(5)

Major activity: Demonstration that specific molecular motifs in artificial EPS can differentially drive surface sensing 
and c-di-GMP signaling in Pseudomonas aeruginosa 



Specific objectives: To understand how specific molecular details of EPS can influence sensing, cdiGMP signaling, 
and social behavior in P. aeruginosa. 



Significant Results: We designed artificial EPS consisting of glycomimetic polymers that mimic the known 
composition of Psl and can be “printed” on surfaces as defined spatial patterns of artificial EPS. In this work, we are 
able to compare artificial trails with naturally secreted trails, and assessed how P. aeruginosa can differentiate 
between EPS trails of different composition. Details are in the attachment.
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Emerging roles of the exopolysaccharide matrix and surface sensing in bacterial 
communication and ecology 

Gerard C L Wong, Matthew R Parsek 

 

i. Abstract 

Biofilms are surface-adhered, organized multicellular communities that are fundamental to the 
microbiology and ecology of bacteria. A canonical feature of bacterial biofilms is 
exopolysaccharides (EPS), which are secreted by bacteria during biofilm formation in response 
to increased c-di-GMP signaling. EPS molecules are known to function as cell-to-surface and 
cell-to-cell adhesins (‘molecular glues’), and as structural components of the extracellular 
matrix. What is missing in microbiology is an understanding of precisely how EPS impacts 
bacterial surface sensing, signaling, intercellular communication, and motility behavior that 
ultimately lays the foundations of the bacterial biofilm, especially at a sufficient level of detail 
that allows deterministic engineering of bacterial social behavior. In our early work on 
Pseudomonas aeruginosa, the Psl EPS has been shown to be secreted on surfaces and act as 
trails for bacteria to follow during the initial stages of biofilm formation. At present, control of 
the exact structure, composition, and spatial location of bacterial EPS is an intractable problem, 
which makes it difficult to study how bacteria interact with their EPS at molecular resolution.  

 

ii. Objectives:  

To meet these challenges, we designed the program of research which was executed in the last 3 
years. We combined state-of-the-art microbiology (M R Parsek) with state-of-the-art 
bioengineering in the form of glycopolymer synthesis, engineered surfaces for modifying 
bacterial social behavior, and artificial intelligence assisted tracking of entire bacterial 
communities at single cell resolution, so that we can answer the necessary fundamental science 
questions and demonstrate some of the engineering possibilities. The major objectives are as 
follows:  

(1) To understand how the existence of a surface can drive the formation of heterogeneous 
populations of P. aeruginosa through surface sensing. 

(2) To understand the role of surface sensing controlled EPS secretion during reversible 
attachment, the first stage of bacterial engagement with a surface, and quantitatively compare P. 
aeruginosa strains PA14 and PAO1 

(3) To assess whether we can guide biofilm forming behavior of Shewanella oneidensis, a strain 
capable of extracellular electron conduction that has been proposed for devices 

(4) Determine the breadth of EPS cross-linking activities for the P. aeruginosa biofilm matrix 
protein, CdrA. 



(5) To understand how specific molecular details of EPS can influence sensing, cdiGMP 
signaling, and social behavior in P. aeruginosa  

Our collaboration finished five major projects, four of which have been published in flagship 
journals in microbiology and engineering (eLife, mBio, ACS Appl Mater Interfaces, J. 
Bacteriology), and one that we are preparing to submit to a high profile journal. These individual 
projects are summarized below.  

 

iii. Findings:  

(1) 

Major activity: Heterogeneity in surface sensing and EPS production suggest a division of labor in 
Pseudomonas aeruginosa populations  
 
Specific objectives: To understand how the existence of a surface can drive the formation of heterogeneous 
populations of P. aeruginosa through surface sensing.  
 
Significant results: The second messenger signaling molecule cyclic diguanylate 
monophosphate (c-di-GMP) drives the transition from planktonic to biofilm growth in many 
bacterial species. Pseudomonas aeruginosa has two surface sensing systems that produce c-di-
GMP in response to surface adherence. The current thinking in the field is that once cells attach 
to a surface, they uniformly respond with elevated c-di-GMP. Here, we describe how the Wsp 
system generates heterogeneity in surface sensing, resulting in two physiologically distinct 
subpopulations of cells. One subpopulation has elevated c-di-GMP and produces biofilm EPS 
matrix, serving as the founders of initial microcolonies. The other subpopulation has low c-di-
GMP and engages in surface motility, allowing for exploration of the surface. We also show that 
this heterogeneity strongly correlates to surface behavior for descendent cells. Together, our 
results suggest that after surface attachment, P. aeruginosa engages in a division of labor that 
persists across generations, accelerating early biofilm formation and surface exploration.  

Key outcomes: This work was published in eLife in 2019.  

 
(2) 
 
Major activity: Parsing social cooperativity during surface attachment in young Pseudomonas aeruginosa 
biofilms  
 
Specific objectives: To understand the role of surface sensing controlled EPS secretion during reversible 
attachment, the first stage of bacterial engagement with a surface, we performed a quantitative comparison 
between P. aeruginosa PA14 and PAO1.  
 

Significant results: What are bacteria doing during “reversible attachment,” the period of 
transient surface attachment when they initially engage a surface, besides attaching themselves to 



the surface? Can an attaching cell help any other cell attach? If so, does it help all cells or 
employ a more selective strategy to help either nearby cells (spatial neighbors) or help its 
progeny (temporal neighbors)? Using community tracking methods at single-cell resolution, we 
suggest answers to these questions based on how reversible attachment progresses during surface 
sensing for Pseudomonas aeruginosa strains PAO1 and PA14, which have drastically different 
surface sensing circuits and EPS production profiles. Although PAO1 and PA14 exhibit similar 
trends of surface cell population increase, they show unanticipated differences when cells are 
considered at the lineage level and interpreted using the quantitative framework of an exactly 
solvable stochastic model. Reversible attachment comprises two regimes of behavior, processive 
and nonprocessive, corresponding to whether cells of the lineage stay on the surface long enough 
to divide or not before detaching. Stark differences between PAO1 and PA14 in the processive 
regime of reversible attachment suggest the existence of two surface colonization strategies,  
which are roughly analogous to “immediate-” vs “deferred-gratification” in a prototypical 
cognitive-affective processing system made possible by different uses of EPS:  PAO1 lineages 
commit quickly to a surface compared to PA14 lineages, with early c-di-GMP mediated EPS 
production that can facilitate attachment of neighbors. PA14 lineages modulate their motility via 
cAMP, and retain memory of the surface so that their progeny are primed for improved 
subsequent surface attachment.  Based on previous studies, we propose that the differences 
between PAO1 and PA14 are potentially rooted in downstream differences between Wsp-based 
and Pil-Chp-based surface sensing systems, respectively.  

Key outcomes: This work was published in mBio in 2020. (We note that predictions we had 
made in this paper regarding the complex ecological competition landscape between strains of P. 
aeruginosa that use EPS differently has recently been confirmed by Kassety et al, J. Bact. 
(2021)) 

 

 

(3)  
 
Major activity: Initiate prototypical studies using artificially patterned glycopolymers to mimic EPS  
 
Specific objectives: To assess whether we can guide biofilm forming behavior of Shewanella oneidensis.  
 

Significant results: Using glycopolymer decorated surfaces, we have stimulated Shewanella 
oneidensis bacterial colonization and controlled bacterial attachment via artificial molecular 
patterns. When adherent bacteria were rinsed with methyl α-d-mannopyranoside, the 
glycopolymer-functionalized surfaces retained more cells than self-assembled monolayers 
terminated by a single mannose unit. These results suggest that the three-dimensional 
multivalency of the glycopolymers both promotes and retains bacterial attachment. When the 
methyl α-d-mannopyranoside competitor was codeposited with the cell culture, however, the 
mannose-based polymer was not significantly different from bare gold surfaces. The necessity 
for equilibration between methyl α-d-mannopyranoside and the cell culture to remove the 



enhancement suggests that the retention of cells on glycopolymer surfaces is kinetically 
controlled and is not a thermodynamic result of the cluster glycoside effect. The MshA lectin 
appears to facilitate the improved adhesion observed. Our findings that the surfaces studied here 
can induce stable initial attachment and influence the ratio of bacterial strains on the surface may 
be applied to harness useful microbial communities. 

Key outcomes: This work was published in ACS Appl Mater Interfaces in 2020.  

 

(4) 

Major activity: Identifying CdrA as a versatile biofilm EPS matrix cross-linking protein that mediates 
interactions with multiple EPS types in Pseudomonas aeruginosa. 

Specific Objectives: Determine the breadth of EPS cross-linking activities for the P. aeruginosa biofilm 
matrix protein, CdrA. 

Significant Results: Depending upon the strain, Pseudomonas aeruginosa can use different 
exopolysaccharides (e.g., Psl, Pel, and alginate) to build its biofilm matrix. Previously, we demonstrated 
that the biofilm matrix protein CdrA binds to Psl, promoting biofilm formation and aggregate stability. As 
such, it was thought that CdrA might be important for biofilm assembly only in strains that rely upon Psl. 
However, past studies indicated that CdrA can interact with monosaccharides not present in Psl, 
including N-acetylglucosamine, a constituent of another EPS called Pel. We discovered that CdrA also 
binds to Pel and promotes biofilm formation by strains in which Psl is not dominant. Thus, our findings 
suggest that CdrA plays a common role as a biofilm matrix cross-linker across P. aeruginosa isolates with 
different EPS types.  This finding has significant implications for CdrA contributing to biofilm assembly 
by multiple species and additionally raises the key question as to whether it is present in Psl trails. 

Key Outcomes: This work was published in the Journal of Bacteriology in 2020 (Spotlight article). 

 

 

 

(5) 

Major activity: Demonstration that specific molecular motifs in artificial EPS can differentially drive 
surface sensing and c-di-GMP signaling in Pseudomonas aeruginosa  
 
Specific objectives: To understand how specific molecular details of EPS can influence sensing, cdiGMP 
signaling, and social behavior in P. aeruginosa.  
 
Significant Results: We designed artificial EPS consisting of glycomimetic polymers that mimic 
the known composition of Psl and can be “printed” on surfaces as defined spatial patterns of 
artificial EPS. In this work, we are able to compare artificial trails with naturally secreted trails, 
and assessed how P. aeruginosa can differentiate between EPS trails of different composition. It 
is well known that during the earliest stages of biofilm formation, known as “reversible” 
attachment, the surface cell density is roughly constant, and cells that land on the surface tend to 



detach before dividing. As the biofilm progresses, cells begin to stay long enough to divide on 
the surface, and this coincides with the surface cell density increasing exponentially and the 
transition to “irreversible” attachment. With naturally secreted EPS trails, as cells transition from 
reversible to irreversible attachment, their c-di-GMP levels tend to increase, while their surface 
exploration tends to decrease. In this work with synthetic EPS with well-defined glycol-motifs, 
we find that the composition of the EPS trails can strongly modulate biofilm sensing, signaling, 
and social behaviors, and do so in a time-dependent manner. Psl is a type of EPS found in P. 
aeruginosa which incorporates mannose and galactose motifs as the two majority components in 
its polysaccharide structure.  Interaction with a mannose-rich glycopolymer pattern results in a 
larger increase in c-di-GMP and do so earlier in the biofilm development process. These changes 
influence behavior during both reversible and irreversible attachment. In contrast, interaction 
with a galactose glycopolymer pattern results in a larger increase in c-di-GMP later, during 
irreversible, but not reversible, attachment. We show that these surface sensing and signaling 
differences have profound implications in the transition between motile and sessile bacterial 
communities. These results demonstrate umambiguously that molecular details of EPS play a 
central role in bacteria signaling and motility, with each component of EPS having a time-
dependent impact on bacteria behavior during the biofilm development timeline. Moreover, the 
results suggest that bacteria may be able to coordinate motility and biofilm development via 
intercellular communication mediated by changes in the EPS composition.  

Key Outcomes: This work represents a major advance in our understanding of EPS and is being prepared 
for a joint high profile publication between our labs.  



 

(A) Schematic data for biofilm surface growth following 2 attachment phases. In the first phase, surface 

cell density is roughly constant. This corresponds to the “reversible” attachment phase, where most cells 

land and detach before dividing. As the biofilm progresses, cells begin to stay long enough to divide, and 

this coincides with the surface cell density increasing exponentially. This corresponds to the 

“irreversible” attachment phase. The transition from reversible to irreversible is broad and difficult to 

measure exactly, but we have approximated the transition time point ݐ௟௔௚ through a fit of the surface 
coverage to an exponential function. (B) Histogram of c‐di‐GMP reporter intensities for cells in either the 

reversible or irreversible attachment phases. Cells in the irreversible attachment phase tend to have 

higher c‐di‐GMP levels. (C) Measurement of surface exploration behavior by fitting the spatial visit 

distribution to a power law. The value |ߙ| characterizes the amount of surface exploration: higher values 

correspond to more surface exploration and vice versa. Cells in the irreversible attachment phase tend 

to have less surface exploration. (D) Visit maps indicate how many times bacteria have visited a given 

pixel location.  



 

(A‐D) Histograms of c‐di‐GMP reporter intensities for cells in either reversible or irreversible attachment 

phases and either on or off a mannose or galactose pattern. Cells off any pattern have a similar 

distribution of intensities compared to cells on natural trails. (A, C) In both reversible and irreversible 

attachment, more cells on a mannose pattern have higher c‐di‐GMP levels compared to cells off the 

pattern, as indicated by the longer tail of the distribution. (B) Cells on a galactose pattern during 

reversible attachment have a similar distribution of intensities compared to cells off the pattern. (D) 

More cells on a galactose pattern have higher c‐di‐GMP levels during irreversible attachment compared 

to cells off the pattern. (E‐H) Measurements of surface exploratory behavior value |ߙ|, which 
characterize the amount of surface exploration: higher values correspond to more surface exploration 

and vice versa. Cells off any pattern tend to explore the surface more compared to cells off the pattern. 

(E, G) Cells on a mannose pattern tend to explore the surface similarly to cells on natural trails, and 

there is no change in exploration when cells transition from reversible to irreversible attachment. (F, H) 

Compared to natural trails, cells on a galactose pattern tend to explore the surface more during 

reversible attachment and less during irreversible attachment.  



 

Visit maps for mannose and galactose patterns during reversible and irreversible attachment. The 

galactose pattern has a much stronger impact on bacteria visits compared to mannose during both 

reversible and irreversible attachment, since bacteria tend to visit the galactose pattern stripes more.  
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