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Biofilms are communities of sessile microbes that are phenotypically distinct from

their genetically-identical, free-swimming counterparts. Biofilms initiate when bac-

teria attach to a solid surface, as this attachment triggers intracellular signaling to

change gene expression of individual bacteria from the planktonic to the biofilm phe-

notype. However the initial cues leading allowing bacteria to sense a surface, as well

as the role of spatial structure in biofilm development, are not well known.

This dissertation has two main parts, the first presenting a method for growing

biofilms from initiating cells whose positions are controlled with single-cell precision

using laser trapping. Biofilm infections are notoriously intractable, in part due to

changes in the bacterial phenotype that result from spatial structure. Understanding

the role of structure in biofilm development requires methods to control the spatial

structure of biofilms. The native growth, motility, and surface adhesion of positioned

microbes are preserved, as we show for model organisms Pseudomonas aeruginosa

and Staphylococcus aureus. We demonstrate that laser-trapping and placing bacteria

on surfaces can reveal the e↵ects of spatial structure on bacterial growth in early

biofilm development.

In the second part we show that mechanical shear acts as a cue for surface adhesion

in P. aeruginosa. For P. aeruginosa, it has long been known that intracellular levels

of the signaling molecule cyclic-di-GMP increase upon surface adhesion and that

increased cyclic-di-GMP is required to begin biofilm development. The magnitude of

the shear force, and thereby the corresponding activation of cyclic-di-GMP signaling,
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can be adjusted both by varying the strength of the adhesion that binds bacteria

to the surface and by varying the rate of fluid flow over surface-bound bacteria.

We show that the envelope protein PilY1 and functional Type IV pili are required

mechanosensory elements. Finally, we propose an analytic model that accounts for

the feedback between mechanosensors, cyclic-di-GMP signaling, and production of

adhesive polysaccharides, describing our data.
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Chapter One: Introduction1

Biofilms are sessile communities of bacteria and other microorganisms adhered to each

other and to an interface. Bacteria in a biofilm phenotype have two key di↵erences

from their planktonic, or free-swimming brethren, namely increased virulence and

increased resistance to antibiotics and any form of clearance. Thus in a biofilm,

bacteria become in general both more harmful and more di�cult to eradicate. One

contributing factor is the characteristic protective matrix around a biofilm, made of

self-produced extracellular polymeric substances, or EPS.

Annually, biofilm infections a↵ect 17 million Americans, causing at least 550,000

American deaths, and costing the US healthcare system billions of dollars [2, 3, 4, 5].

Outside the body, biofilms damage civic and industrial infrastructure - for example,

by clogging systems for water treatment [6, 7, 8, 9, 10], biocorrosion of oil and water

pipelines and other liquid-immersed structures [11, 12, 13, 14, 15, 16], and fouling

shipping vessels [17, 18, 19, 20, 21] - thereby decreasing e�ciency, increasing fuel

usage and running costs, and causing harm to the environment.

1.1 Canonical picture of biofilm formation

The canonical picture of biofilm formation begins with individual planktonic cells or

aggregates adhering to a surface [22]. For the case of planktonic cells, this initial

adhesion is largely governed by interactions between self-produced polysaccharides

(EPS) and the substrate. This phase occurs during the first seconds to minutes of

biofilm formation. (Figure 1.1). Once irreversibly adhered, cells grow and divide,

forming microcolonies comprised of tens to tens of hundreds of cells, a process that

usually takes tens of minutes to a couple of hours. As the biofilm matures, neighboring

microcolonies merge together, forming a confluent monolayer of cells, after which

biofilm growth extends into the third dimension upwards o↵ of the surface. The

biofilm, now mature, may persist for years.

1This chapter is adapted from reference [1]. V. D. Gordon, K. Kovach, M. Davis-Fields, and C.
A. Rodesney, ”Biofilms and Mechanics: A review of experimental techniques and findings” Accepted
(2017) J. Phys. D: App. Phys. My contribution was the writing of the portions reproduced here.
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Initial attachment

(seconds - minutes)

Microcolony
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(~hours)

Biofilm maturation and dispersion
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Time

Figure 1.1: Cartoon of the canonical picture of the biofilm life-cycle, denoting the
phases as described in the text and their approximate timescales. Figure adapted from
reference [23]. Monroe, D. Looking for Chinks in the Armor of Bacterial Biofilms.
PLoS Biol 5, doi:10.1371/journal.pbio.0050307 (2007).

1.2 The necessity of understanding biofilm

formation and function

Mature biofilm infections have higher resistance to antimicrobials and the host im-

mune defense than do their genetically-identical planktonic counterparts [24, 25, 26,

27, 28, 29]. The mechanical integrity of the biofilm matrix contributes to the dif-

ficulty of removal and harmful e↵ects of the biofilm. By holding bacteria in place,

the matrix controls intercellular associations and di↵erentiation of microenvironments

[30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42]. Di↵erentiated microenvironments,

in turn, lead to enhanced intercellular signaling, increased virulence, and increased

resistance to antibiotics [43, 44, 45, 46, 47, 48, 49]. Mechanical breakup of biofilms,

and mechanical agitation of intact biofilms by sonication, can render bacteria more

susceptible to antibiotics [50, 51, 52, 53]. It has been suggested that sonication may

increase susceptibility to antibiotics by increasing the rate of the transport of the

drug into the biofilm. Similarly, detached, smaller pieces of biofilms are thought
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to have greater susceptibility to antibiotics than the larger, original biofilm because

larger biofilms will have more limited di↵usive transport of growth substrate and

antibiotics - many of which act specifically on actively-growing bacteria [54, 55]. De-

bridement, the mechanical scraping-away of biofilm, is part of the standard-of-care for

chronic wounds, and has been shown to induce a brief window of increased antibiotic

susceptibility for the biofilm remaining in the wound [56]. For biofilms outside the

body - for example, on ship hulls or in pipelines for oil or water - mechanical removal

is also possible [57, 58].

For the cases discussed in the preceding paragraph, the biofilm’s response to

mechanical input is passive. Much less is known about how microbes, particularly

biofilm-forming bacteria, respond actively to mechanical cues. Yet, bacteria live in,

migrate between, and must adapt to, a wide range of mechanically-di↵erentiated and

-changing environments [59]. For biofilm development in particular, the transition

from suspension in a fluid environment to adhesion to a solid substrate is associated

with radical changes in signaling and gene expression. Recent papers have suggested

that bacteria may be able to sense mechanical changes in their environment through

mechanosensitive proteins in their cell envelopes [60, 61, 62, 63]. In higher eukaryotes,

mechanosensing and mechanotransduction are well-established to be of widespread

importance for a diverse set of processes including both normative development and

disease [64, 65, 66].

1.3 Our model organism, the bacterium

Pseudomonas aeruginosa

Pseudomonas aeruginosa is a Gram-negative, non-fermenting bacterium that is an

opportunistic human pathogen and by far the best-characterized, most widely-studied

model organism for biofilm formation. This made it out choice to use in the exper-

iments contained in this dissertation. As with any biological model system, it is an

error to over-generalize from one type of biofilm-forming organism to all biofilm for-

mers. In our view, a more appropriate approach is to elucidate the roles of spatial

structure and mechanosensing in di↵erent types of biofilms and di↵erent stages of

biofilm development and mechanical challenge, with the long-term hope of establish-

ing a su�ciently-broad substrate of knowledge for many species that common themes
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will emerge.

The widespread use of P. aeruginosa as a model organism for biofilm formation

has two principle causes. First, P. aeruginosa readily forms biofilms on a large va-

riety of surfaces and under a wide range of growth conditions, including on contact

lenses, in water treatment facilities and pipes, and on oil spills. Second, P. aerugi-

nosa biofilm infections are an important factor that detrimentally a↵ect the outcome

for patients with implants or medical devices, chronic obstructive pulmonary disease,

chronic wounds, and cystic fibrosis [67, 41]. In cystic fibrosis, chronic biofilm infec-

tions dominated by P. aeruginosa are the leading proximate cause of morbidity and

mortality. The poor prognoses associated with chronic wounds are even worse in

patients with diabetes - chronic biofilm infections dominated by P. aeruginosa can

prevent wounds from healing and can lead to sepsis and amputation [25, 68]. These

two factors together have led to the selection of P. aeruginosa as a model organism

in the majority of biofilm related research.

1.3.1 Pseudomonas aeruginosa biofilm specifics

Planktonic bacteria are coated in sticky extracellular polysaccharides (EPS) that

promote surface adhesion [69, 70]. In a mature biofilm, bacteria are embedded in a

polymer matrix, which, for P. aeruginosa, can contain up to three distinct EPS mate-

rials; Pel, Psl, and alginate [71, 72, 73, 74, 75], as well as extracellular DNA (eDNA)

[76, 77, 78]. P. aeruginosa is a copious producer of EPS. Microscopy observations of

biofilms grown in our lab show discrete bacteria suspended in a continuous matrix,

with the bacterial volume fraction well below 50%. For this reason, the matrix is the

primary determinate of the mechanical properties of P. aeruginosa biofilms.

Pel is composed of partially-acetylated amino sugars and is P. aeruginosa’s only

cationic EPS [79]. Psl is neutral, mannose-rich, and branched [80]. The protein CdrA

binds to Psl’s mannose groups and promotes biofilm stability and biomass accumula-

tion [81]. Alginate is anionic and unbranched [82]. Why it could be advantageous for

P. aeruginosa to produce more than one type of EPS is not thoroughly understood

and is a topic of active research. Most thought on this topic has focused on distinct

chemical properties of the di↵erent EPS materials and the possibility that having

redundancy in biofilm-matrix production capability could allow one EPS to act as a

backup if a bacterial line lost the ability to produce a primary EPS [83, 79, 84, 85].
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1.4 Overview

This dissertation begins in earnest in Chapter 2, where we look at the way spatial

structure defines associations of cells and impacts the intercellular signaling and di↵er-

entiation of microenvironments [30, 35, 36, 37, 38, 39, 40]. Traditional microbiological

studies are usually carried out in clonal, well-mixed, liquid cultures and thus cannot

reveal the importance of spatial structure in biofilms. Moreover, standard biofilm cul-

ture methods [86] grow spatially extended biofilms in which many di↵erent structural

parameters are entangled so that the e↵ects of specific structural characteristics can-

not be straightforwardly dissected. Recent e↵orts have used microfabrication to study

well-defined bacterial microenvironments [87]. These have elucidated behaviors that

are relevant to biofilm formation but, with some exceptions [37, 36, 43, 88, 89], have

not grown an actual microcolony or biofilm in which cells adhered to a surface and

to each other as they do in a biofilm. Furthermore, extant methods that do pattern

bacteria onto surfaces either do so on millimeter length scales, much larger than the

sizes of biofilm-initiating microbes and biofilm microenvironments, or by modifying

surface chemistry in a way that hinders bacterial motility. Thus, the current state of

the art does not allow the study of the e↵ects of biologically relevant spatial structure

with native bacterial motility and surface adhesion. These omissions are important

because bacterial motility on surfaces and changes in gene expression resulting from

adhesion to a surface are both important to biofilm development [90, 91, 92, 93, 94].

Chapter 2 presents a method for seeding spatial structure in biofilms by laser trapping

and placing bacteria on a surface and demonstrates that laser-trapping and placing

bacteria on surfaces can reveal the e↵ects of spatial structure on bacterial growth in

early biofilm development.

Biofilms initiate when bacteria attach to a solid surface. Attachment triggers

intracellular signaling to change gene expression from the planktonic to the biofilm

phenotype. For P. aeruginosa, it has long been known that intracellular levels of

the signal cyclic-di-GMP increase upon surface adhesion and that increased cyclic-di-

GMP is required to begin biofilm development. However, what cue is sensed to notify

bacteria that they are attached to the surface has not been known. In Chapter 3,

we use confocal microscopy and quantitative image analysis to examine bacteria that

express green fluorescent protein to report intracellular levels of cyclic-di-GMP. We

show that mechanical shear acts as a cue for surface adhesion and activates cyclic-
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di-GMP signaling. The magnitude of the shear force, and thereby the corresponding

activation of cyclic-di-GMP signaling, can be adjusted both by varying the strength

of the adhesion that binds bacteria to the surface and by varying the rate of fluid

flow over surface-bound bacteria. These results are the first to show that mechanical

shear is sensed by bacteria and results in biofilm initiation. We show that the envelope

protein PilY1 and functional Type IV pili are required mechanosensory elements. An

analytic model, that accounts for the feedback between mechanosensors, cyclic-di-

GMP signaling, and production of adhesive polysaccharides, describes our data. This

is an important advance in fundamental microbiology and mechanobiology. Biofilms

are di�cult to prevent using extant approaches. Our new knowledge points the way

to a new type of anti-biofilm surface that thwarts mechanosensing by not sustaining

su�ciently-high shear. This would prevent bacteria from sensing surface attachment,

activating cyclic-di-GMP signaling, and forming a biofilm.

Chapter 4 summarizes the work, and o↵ers a view of future experiments to be

done utilizing and improving upon the work in this dissertation.

1.5 List of Publications

Below is a complete list of my publications from graduate school.

1. Vernita D. Gordon, Kristin Kovach, Megan Davis-Fields, and Christopher A.

Rodesney. ”Biofilms and mechanics: A review of experimental techniques and

findings.” Journal of Physics D: Applied Physics, accepted 2017. (Reference

[1])

2. Christopher A. Rodesney, Brian Roman, Numa Dhamani, Benjamin J. Coo-

ley, Ahmed Touhami, and Vernita D. Gordon. ”Mechanosensing of shear by

pseudomonas aeruginosa leads to increased levels of the cyclic-di-gmp signal

that initiates biofilm development.” Proceedings of the National Academy of

Sciences, in revision 2017. (Reference [97])

3. Parth Shah, Kimberly Marshall-Batty, Justin Smolen, Jasur Tagaev, Christo-

pher A. Rodesney, Henry Le, Vernita Gordon, David Greenberg, and Carolyn

Cannon. ”Ibuprofen as an adjunct antimicrobial therapy for cystic fibrosis as-
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sociated gram - negative pathogens.” Antimicrobial Agents and Chemotherapy,

in revision 2017. (Reference [96])

4. Kasper N. Kragh, Jaime B. Hutchison, Gavin Melaugh, Chris Rodesney, Aled

EL Roberts, Yasuhiko Irie, Peter . Jensen, Stephen P Diggle, Rosalind J Allen,

Vernita Gordon, et al. ”Role of multicellular aggregates in biofilm formation.”

mBio, 7(2):e00237-16, 2016. (Reference [22])

5. Jaime B. Hutchison, Christopher A. Rodesney, Karishma S. Kaushik, Henry

H. Le, Daniel A. Hurwitz, Yasuhiko Irie, and Vernita D. Gordon. ”Single-cell

control of initial spatial structure in biofilm development using laser trapping.”

Langmuir, 30(15):4522-4530, 2014. (Reference [95])
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Chapter Two: Single-cell control of initial spatial

structure in biofilm development using laser

trapping1

2.1 Introduction

In this chapter we present a method for initiating biofilms by placing bacteria on

unmodified surfaces with single-cell precision using optical trapping. The spatial

structure created by the initial cell placement propagates into the developing biofilm.

We show that our approach can probe the e↵ects of micrometer-scale spatial structure

on the growth of small groups of cells, which would not be possible using conventional

approaches to biofilm growth. Our model organisms for this study are P. aeruginosa,

an opportunistic human pathogen that is a widely used model organism for biofilm

formation, and S. aureus, widely found as a copathogen with P. aeruginosa in biofilm

infections.

If little is known about the role of spatial structure in monoculture biofilms, then

even less is known about the role of spatial structure in coculture and multispecies

biofilms. Interspecies synergies can strongly impact clinical outcomes and are modu-

lated by spatial structure [98, 99, 100, 101], but very little is known about how specific

spatial structures interplay with interspecies interactions. Methods have been devel-

oped to prepare coculture biofilms with well-defined microstructures [102, 103, 104],

but again on millimeter length scales. We find that our approach can reveal the ef-

fects of a few cells of P. aeruginosa on the growth of S. aureus, which would not be

possible using conventional approaches for biofilm culture.

The approach we present here contributes a new tool that greatly expands our

ability to study a fundamental biofilm characteristic, namely spatial structure and

its role in intercellular and interspecies interactions. We anticipate that our platform

1This chapter is adapted from reference [95], on which I share joint first authorship with Jaime
Hutchison. J. B. Hutchison, C. A. Rodesney, K. S. Kaushik, H. H. Le, D. A. Hurwitz, Y. Irie, and
V. D. Gordon. ”Single-Cell Control of Initial Spatial Structure in Biofilm Development Using Laser
Trapping.” Langmuir 30, 4522-4530, (2014). My contribution was the conduct of experiments, data
analysis, and writing of the portions reproduced here.
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can be used to determine the role of spatial structure in a variety of P. aeruginosa

- S. aureus interactions [99, 105, 106, 107, 108, 109, 110] and in other polymicrobial

systems [111, 112]. Knowing how spatial structure impacts pathogenicity will help

researchers to develop medical treatments that specifically target spatial structure.

Thus, we expect that the platform we demonstrate here will open up a new type of

biofilm study that will ultimately result in improved quality of life, medical outcomes,

and healthcare costs for a broad spectrum of infecting and commensal bacterial sys-

tems.

2.2 Materials and Methods

2.2.1 Imaging

Optical trapping and subsequent imaging was done on an Olympus IX71 inverted mi-

croscope with a 100⇥ oil-immersion objective (Olympus America, Center Valley, PA).

The stage was enclosed with an incubation chamber to allow for temperature con-

trol of the sample (Precision Plastics, Beltsville, MD). Images were acquired using a

QImaging EXi Blue CCD camera controlled using QCapture Pro 6 imaging software.

Bright-field images were captured with a 0.125 s exposure time. For fluorescent im-

ages, the sample was illuminated with a Lumen 200 fluorescence illumination system

(Prior Scientific, Rockland, MA) and captured with a 2.5 s exposure time. Images

were analyzed using the Fiji distribution of ImageJ software [113].

Confocal laser scanning microscopy was done on an Olympus FV1000 motorized

inverted IX81 microscope suite with a 100⇥ oil-immersion objective. The stage was

enclosed with an incubation chamber to allow for temperature control of the sample.

Image capture was controlled by FV10-ASW version 3.1 software. Confocal z stacks

were recorded during 2 to 3 min scans in green, red, and yellow channels using stan-

dard filter sets. Images were analyzed using the Fiji distribution of ImageJ software

[113], and voxel counting was done with custom-written codes in MATLAB.

2.2.2 Bacterial Strains and Plasmids

The Nottingham wild-type (WT) PAO1 strain of P. aeruginosa was a gift from Steve

Diggle, University of Nottingham. This strain was used for experiments corresponding
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to Figures 2.3, 2.6, and 2.8. The P. aeruginosa mutant strain PAO1 �wspF�pel,

which overexpresses the Psl polysaccharide, was modified to express green fluorescent

protein (GFP) and was used for coculture trapping experiments (Figures 2.12, and

2.13). Constitutive construct PA1/04/03::gfp was introduced in single copy into the

�wspF�pel chromosome using the Tn7 delivery system [114]. P. aeruginosa PAO1

WT expressing GFP on plasmid pMRP9-1 [115] was used for confocal experiments

(Figure 2.15) and was a gift from Marvin Whiteley, University of Texas at Austin. S.

aureus MN8 expressing yellow fluorescent protein (YFP) sar P1-yfp
10B on plasmid

pJY209 [116] was used for coculture and confocal experiments (Figures 2.3 , 2.6, and

2.15) and was also a gift from Whiteley.

2.2.3 Materials

D-Glucose, LB agar (casein peptone, yeast extract, sodium chloride, and agar), and

erythromycin were from Fisher Scientific (Pittsburgh, PA). Disodium succinate was

from Tokyo Chemical Industry (Montgomeryville, PA). Potassium nitrate was from

Amresco (Solon, OH). Tryptic soy broth (TSB) was from Neogen (Lansing, MI). Flow

cells were milled in-house from polycarbonate.

2.2.4 Media and Growth Conditions

All P. aeruginosa strains were streaked from frozen stock onto LB agar (5 g/L yeast

extract, 5 g/L casein peptone, 10 g/L sodium chloride, and 15 g/L agar) plates and

incubated overnight at 37 �C. For optical trapping, planktonic cultures were grown

in FAB medium [117] supplemented with 100 mM potassium nitrate to act as an

electron acceptor for low-oxygen growth (see below). The carbon source was 60 mM

disodium succinate, which was added by filter sterilization just before use. Three or

four colonies were inoculated into 25 mL of supplemented FAB medium and incubated

statically in capped 20 mm glass culture tubes at 37 �C. LB agar plates used for WT

PAO1 used in confocal experiments were supplemented with 150 µg/mL carbenicillin

for plasmid maintenance.

S. aureus was streaked from frozen stock onto LB agar plates supplemented with

150 µg/mL erythromycin for plasmid maintenance. For trapping, planktonic cultures

were grown in FAB medium supplemented with 100 mM potassium nitrate, 3% v/v
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tryptic soy broth (TSB), and 30 mM (overnight cultures) or 0.3 mM (experiment)

D-glucose as the carbon source. Three or four colonies were inoculated in 25 mL of

supplemented FAB medium and incubated statically in capped 20 mm glass culture

tubes at 37 �C.

All liquid media used in trapping experiments were autoclaved and then imme-

diately, while still hot, placed in a vacuum oven at room temperature. The vacuum

oven was evacuated to 4 to 5 Torr and then backfilled with nitrogen up to atmospheric

pressure. The evacuation/refilling cycle was repeated three times, and the medium

was then kept under nitrogen overnight to cool to room temperature. This process

is intended to minimize the absorption of oxygen into the medium after autoclaving.

TSB, carbon sources, and antibiotics were added to the medium just before use.

2.2.5 Monoculture Trapping

After overnight growth, the liquid culture usually reaches an optical density (OD) of

0.1 to 0.2 as measured with a Genesys 20 spectrophotometer (Fisher Scientific) at

600 nm. This culture is then diluted using sterile low-oxygen FAB to OD
600

0.001

for inoculation in the sample chamber. A low concentration of inoculum is desirable

because it facilitates finding a pristine, cell-free area in which to place trapped cells.

Diluted cultures sat at ambient temperature in sealed plastic 14 mL centrifuge tubes

(Falcon) for at least 45 min prior to inoculation in the sample chamber.

A standard flow cell system was prepared with slight modification. A T-joint with

a Luer-Lock connector was inserted 5 cm downstream of each flow cell chamber and

used for inoculation. After the flow cell system was filled with the medium, 150-250

µL of inoculum was injected via the T-joint into a single chamber of the flow cell, the

”inoculation chamber”. The flow cell itself consists of two chambers (1⇥4⇥40 mm3)

connected by a hallway made from the narrow end of a 10 µL pipet tip. Care was

taken to limit spillover of the inoculum into the hallway and other chamber. This is

described in more detail in Figures 2.1 and 2.2.

Our optical trap employs an Ytterbium fiber laser (IPG Photonics, Oxford, MA)

with a wavelength of 1064 nm and a power of approximately 50-100 mW at the

sample plane. Trapping is done at ambient temperature to decrease the P. aeruginosa

motility. The amount of time that cells were in the trap was constrained to less than

3 min. Nonadhered cells in the inoculation chamber were trapped and transported
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A  

B  

Figure 2.1: (A) Cartoon of the 3-chamber flow cell. The light-colored trapezoid (red
arrow) is the hallway between chambers, the green arrows are clamps to prevent flow,
and the black arrows show the direction of flow. (B) Blowup of the hallway area
showing cells that were introduced via inoculation into the top chamber, cells that
were stamped in a cluster formation in the hallway, and a small number of cells that
pass through the hallway to the middle chamber.

to a region in the hallway between the chambers. Cells were gently pressed onto

the coverslip surface. Approximately 60% of the WT P. aeruginosa cells adhere to

the surface after the trap is removed. A higher percentage of Psl overexpressor P.

aeruginosa cells attach, and 80-90% of S. aureus cells attach. A motorized stage

controller allows for spatial precision in positioning on the order of 1 µm.

After cells were placed in the desired pattern, we began flow at a rate of 65

µL/min using a peristaltic pump (Watson Marlow, Wilmington, MA) and set the

microscope incubator temperature to 37 �C. Keeping the sample chamber at room

temperature during trapping reduces the motility of the cells, which in turn allows for

trapping at lower laser power and a consequent reduction of the risk of damage to the

trapped cells. In contrast to other methods that allow for control of the positioning

of cells, motile cells that have been positioned via placement are able to move along

the surface and are free to develop natural biofilm structure.
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A  

B  

C  

D  

E  

F  

Figure 2.2: Inoculation technique for the 3-chamber flow cell connected by a single
hallway. (A) Both inlets and outlets are clamped, and T-joints are capped. (B)
A 3 mL syringe is filled with P. aeruginosa inoculum and connected to the bottom
chamber’s T-joint, being careful not to introduce bubbles. (C) The bottom chamber’s
inlet is unclamped, and 150-250 µL of inoculum is slowly injected into the chamber.
The inlet clamp is replaced and the syringe plunger is slightly drawn back to create
a lower pressure in the bottom chamber, imposing a pressure gradient opposing the
movement of P. aeruginosa cells into the hallway and top chamber. The syringe is
then disconnected and the T-joint recapped. (D) A second 3 mL syringe is filled with
S. aureus inoculum and connected to the top chamber’s T-joint, again being careful
not to introduce bubbles. (E) Both inlets are unclamped, and 150-250 µL of inoculum
is slowly injected and allowed to fill the top chamber and pass through the hallway
into the bottom chamber. Both inlet clamps are replaced and the syringe plunger
is slightly pressed in to create a higher pressure in the top chamber. This creates a
pressure gradient opposing the movement of P. aeruginosa cells into the hallway. The
syringe is disconnected and T-joint recapped. (F) Just prior to beginning flow, the
bottom chamber’s outlet and the top chamber’s inlet are unclamped, directing flow
from top to bottom through the hallway such that media flow opposes the movement
of P. aeruginosa cells into the hallway.

13



2.2.6 Coculture Trapping

P. aeruginosa culture was first inoculated in a single flow-cell chamber, with limited

spillover through the hallway and into the other chamber. See Figure 2.2 for a detailed

analysis. The S. aureus culture was then inoculated in the other chamber and allowed

to fill the hallway. This results in a roughly uniform background distribution of S.

aureus cells in both chambers and the hallway, with P. aeruginosa cells limited to

a single chamber. We trapped P. aeruginosa cells and placed them in the hallway

in the same way as for monoculture. Subsequent flow was then directed in from the

S. aureus inoculation chamber, through the hallway, and out of the P. aeruginosa

chamber to reduce interloper P. aeruginosa cells.

2.2.7 Measuring Doubling Times on the Surface

The doubling time for a single bacterium is a measure of the health and viability, and

was taken as the time between its parent’s division and its own subsequent division.

Doubling times were measured from a visual analysis of bright-field timelapse movies.

Sequences were captured at 15, 30, or 60 s per frame and analyzed in ImageJ. Error

bars represent the standard error of the mean.

Because stamped bacterial cells are free to move around on the surface of the cover-

slip or to detach completely from the coverslip, it is not always possible to track a cell

and its descendants for the entire imaging time. However, division times shown are

from cells that have undergone at least two divisions and have often undergone four

to five divisions. Because it takes some time for the temperature of the microscope

incubator to get up to 37 �C, the first one or two divisions are usually significantly

longer than subsequent divisions. This is true for both trapped and never-trapped

bacteria. Therefore, the first (and sometimes the second) division times for each cell

are excluded from the average.

2.2.8 Measuring Growth Rates in Liquid Culture

For bacteria grown in liquid culture in culture tubes, doubling times were measured

by taking optical density readings at fixed times points (usually 1-2 hour intervals)

and fitting these with an exponential curve.
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2.2.9 Statistics

The significance was determined using a Student’s two-tailed t test, with the signifi-

cance threshold set at p = 0.05. A statistical summary of the data discussed in this

chapter is presented in Table 2.1.

Data set Mean doubling SEM N Compared to p value
time (min) (min)

formerly trapped P. aeruginosa 53 1 62 never-trapped P. aeruginosa 0.5
never-trapped P. aeruginosa 52 1 42
formerly trapped S. aureus 51 1 46 never-trapped S. aureus 0.97
never-trapped S. aureus 51 2 24
P. aeruginosa in a cluster, neutral pH 42 2 19 P. aeruginosa far from a cluster 0.0009
P. aeruginosa far from a cluster, neutral
pH

49 1 37

P. aeruginosa near a cluster, neutral pH 46 2 16 P. aeruginosa in a cluster 0.1698
P. aeruginosa in a cluster, low pH 50 2 96 P. aeruginosa far or near from a

cluster
<0.0001
for both

P. aeruginosa far from a cluster, low pH 65 2 47
P. aeruginosa near a cluster, low pH 52 1 84
S. aureus in or near a P. aeruginosa clus-
ter

47 2 40 S. aureus far from a P. aerugi-
nosa cluster

0.06

S. aureus far from a P. aeruginosa clus-
ter

42 2 47

Table 2.1: Statistical summary of P. aeruginosa and S. aureus doubling times
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2.3 Results

2.3.1 Bacterial Cells Can Be Trapped and Placed in

Ordered Structures

An optical trap uses a laser, focused through a microscope objective with a high

numerical aperture, to hold and manipulate micrometer-sized objects with an index

of refraction higher than that of the surrounding medium [118]. We use an optical

trap to create defined spatial distributions of P. aeruginosa bacterial cells as shown in

Figure 2.3. In panel A, a 3⇥3 array of P. aeruginosa cells is placed on the surface of

an untreated glass coverslip. Because bacterial surface motility is left unchanged by

trapping, bacteria usually move slightly on the surface after placement. In panel B, a

group of P. aeruginosa cells, shown in false-color green, are placed in a surrounding

background of S. aureus cells, shown in false-color red. Here the S. aureus cells are

allowed to attach spontaneously to the coverslip, and then the P. aeruginosa cells

are placed around a selected area of S. aureus.

A            B

Figure 2.3: Laser trapping gives single-cell control of the positions of biofilm-initiating
bacteria. P. aeruginosa cells have been laser-trapped and then placed, or ”stamped,”
onto an untreated glass coverslip. (A) False-color brightfield image of P. aeruginosa
cells stamped into a 3⇥3 array. (B) False-color brightfield image of rod-shaped P.
aeruginosa cells (green) stamped on an isotropic background of spherical S. aureus
cells (red). Scale bars are 15 µm.
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A            Bt = 0 hr            t = 6 hr

Figure 2.4: Laser-trapping and stamping is also applicable to S. aureus. (A) A 5⇥5
ordered array of S. aureus cells created using laser trapping and placement (B) Six
hours later, most of the initial structure is preserved. When biofilms are grown in flow
cells, as here, some cells detach and are removed by the flow. Thus the accumulation
of biomass is a function of both doubling time and detachment. Scale bars are 15
µm.

Because S. aureus is nonmotile on the surface, it is possible to build up larger

ordered structures. This has been done in Figure 2.4 panel A, where a 5⇥5 array has

been created. Much of this order is preserved through subsequent bacterial growth.

Figure 2.4 panel B shows the same region 6 h later.

We have arbitrary control of the structural characteristics of the bacterial config-

uration created by trapping and placing. This is illustrated by comparing Figure 2.4

with Figure 2.5, in which the lattice spacing is greater.

P. aeruginosa cells that are incapable of twitching motility ought to be nonmotile

on the surface and therefore should also be able to be built up into a large, well-

ordered array. However, we have found that �pilA mutants, which do not have pili,

do not stick to the surface once the trapping laser is turned o↵. This may suggest

that the adhesive properties of pili [119, 120] are important for cells to attach to the

surface in our experimental setup.

It is also possible to use the optical trap to copattern both species if desired.

Examples are shown in Figure 2.6.
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A               Bt = 0 hr             t = 6 hr

Figure 2.5: Another example of laser-trapping and stamping of S. aureus cells, this
time with a di↵erent lattice spacing. (A) A 5⇥5 ordered array of S. aureus cells with
a larger lattice spacing than that of Figure 2.4. (B) Image of the same region 6 hours
later, showing the preservation of the structure. Scale bars are 15 µm.

B A 

Figure 2.6: Di↵erent species can be patterned together. P. aeruginosa and S. aureus
cells were both trapped and placed in mixed-species patterns. A ring of S. aureus
encircling a small cluster of P. aeruginosa and a line of cells alternating each species.
(A) Bright-field image of the initial spatial structure. (B) Two-channel fluorescence
image of the same area with P. aeruginosa (green) and S. aureus (red). Scale bars
are 15 µm.
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Figure 2.7: Doubling times of trapped versus untrapped P. aeruginosa and S. aureus
cells. (A) Doubling times of trapped P. aeruginosa cells and their descendants on
the surface are essentially identical to the doubling times of spontaneously attached,
never-trapped trapped cells and their descendants. This demonstrates that our trap-
ping and stamping process has minimal adverse e↵ects on cell viability. (B) Doubling
times of the descendants of trapped and untrapped S. aureus are essentially identical,
demonstrating that trapping has had no measurable impact on cell viability. Error
bars are the standard error of the mean.

2.3.2 Trapping Preserves Normal Bacterial Growth

In addition to preserving cellular motility, placement using optical traps allows for

the normal growth and division of cells. The time it takes a bacterial cell to double

(i.e., the time between the division of the parent and the division of a daughter)

is a sensitive measure of bacterial health. To confirm that the trapping and placing

process does not interfere with normal growth and division, both formerly trapped and

never-trapped cells on the surface and their descendants were imaged every minute

for 5 to 6 h using brightfield microscopy. The average division times are shown in

Figure 2.7 panel A (for P. aeruginosa) and panel B (for S. aureus), where the error

bars are the standard error of the mean.

The average division time for descendants of trapped P. aeruginosa cells is 53 ±
1 min. The average division time for descendants of P. aeruginosa cells that were

not exposed to the laser trap but instead adhered to the coverslip spontaneously

is 52 ± 1 min. These measurements are not statistically di↵erent (p = 0.5). The

average division time for descendants of trapped S. aureus cells is 51 ± 2 min. The
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average division time for descendants of S. aureus cells that were not exposed to the

laser trap but instead adhered to the coverslip spontaneously is 51 ± 2 min. These

measurements are not statistically di↵erent (p = 0.97). Our results clearly show

that trapping need not adversely a↵ect the viability of trapped bacteria and their

descendants.

2.3.3 Safeguarding the Viability of Trapped Cells

Safeguarding the viability of cells through the trapping process was one of the major

challenges in developing this protocol. The phenomenon of ”opticution,” or cell death

due to optical trapping, has been recognized since the application of optical traps to

biophysical systems [121]. It was quickly realized that the wavelength of the trapping

laser had a profound e↵ect on the viability of trapped cells [122]. Infrared (IR) lasers

have since become standard when working with biological systems because of the low

absorbance of IR light in biological samples. More recently, it has been shown that

opticution is likely a single-photon process that depends on the presence of oxygen

[123].

In agreement with this, we have found that P. aeruginosa cells retain viability

post-trapping only if they have been grown and trapped in a low-oxygen medium.

Low-oxygen FAB is prepared as described in subsection 2.2.4. Overnight growth

occurs in an almost-full culture tube so that oxygen-containing headspace is limited

and is not shaken, minimizing the absorption of oxygen in the medium. Empirically,

we find that the last step before trapping, allowing the diluted culture to sit statically

for at least 45 min, is also needed to retain bacterial viability. We attribute this to a

combination of oxygen scavenging by bacteria and to the lower trap powers needed

to trap nonswimming cells, which are notably more abundant after sitting at room

temperature.

Although it is reported that Escherichia coli cells can remain viable after hours

in an optical trap [122], we find that the viability of P. aeruginosa cells is usually

impacted if they remain in our trap for longer than 3 min, even under low-oxygen

conditions. The use of a motorized stage controller makes this time su�cient to trap

a cell, move it millimeters, and position it as desired.
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2.3.4 Bacterial Cells Can Be Formed into Clusters to

Explore Group Behaviors

In addition to ordered arrays or groups of individual cells, as in Figures 2.3 and 2.4,

cells can also be placed in clusters (Figure 2.8 panel A). A cluster of nine cells has

been placed in the middle of the field of view, two cells have been placed to the

west of the cluster, and one cell has been placed to the south of the cluster. The

original cluster and single-cell structure is preserved fairly well over the course of 5

h and multiple divisions (Figure 2.8 panel B). The ability to place cells in clusters

of user-defined size and density and subsequently follow their development allows for

the exploration of group behavior in the early stages of biofilm development. As an

example, we followed the growth of single cells placed far (more than 70 µm) away

from a cluster, single cells placed near (within 70 µm) a cluster, and cells placed in a

cluster in order to determine if there are any benefits to growing either singly or in a

cluster.

15 µm 15 µm

A             Bt = 0 hr             t = 5 hr

Figure 2.8: Bacteria can be placed to create clusters or discrete single cells. P.
aeruginosa cells were trapped and placed as single cells and as clusters. (A) False-
color brightfield image of the initial spatial structure. (B) After 5 h of growth, there
is some movement of cells but the original structure is fairly well preserved. Scale
bars are 15 µm.
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Figure 2.9: Clustering cells can provide a growth advantage. Shown are the doubling
times (from left to right) for P. aeruginosa single cells that were trapped and placed
in a cluster, single cells that were placed near a cluster, single cells that had no cluster
nearby, or cells that were grown planktonically. Cells in or near clusters grow faster
than cells with no clusters nearby. (A) Cells were grown in FAB medium with 100
mM KNO

3

and 0.1% CAA and BSA at neutral pH. (B) Cells were grown in FAB
medium with 100 mM KNO

3

and 0.1% CAA and BSA at pH 5.5. Error bars are the
standard error of the mean.

For this test, we used FAB culture medium containing 0.1% bovine serum albumin

(BSA) and 0.1% casamino acids (CAA) as carbon sources [124]. BSA can be used as

a nutrient source only when it is broken down by cell-produced, secreted proteases

[125]. We expect this to confer a growth advantage to cells in groups, where more

protease will be present. At neutral pH, average doubling times are very significantly

(p = 0.0009) lower for cells in a cluster (42 ± 2 min) than for cells far from a cluster

(49 ± 1 min), indicating a growth advantage for clustered cells of about 15% (Figure

2.9 panel A). Single cells near clusters have an intermediate doubling time (46 ± 2

min) that is not quite resolved from that of clustered cells (p = 0.17) or cells far from

clusters (p = 0.14) (Figure 2.9 panel A). However, at lower pH, the advantage of

growing close to a cluster becomes more pronounced (Figure 2.9 panel B). Here, cells

in clusters double in 50 ± 2 min, and single cells near clusters double in 52 ± 1 min.

These values are very significantly di↵erent (p < 0.0001 for both) from the doubling
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Figure 2.10: For the low-pH case shown in Figure 2.9, the doubling times of P.
aeruginosa cells in clusters, near clusters, and far from clusters are broken down by
distance from the cluster. Error bars are standard errors of the mean.

time of single cells far from clusters, 65 ± 2 min. Again, the growth advantage is

about 15%. These data are broken down by distance from the cluster in Figure 2.10.

This demonstrates that our technique can be used to probe how the spatial struc-

ture in the placement of the initial cells that seed the biofilm could have an impact on

the growth and development of the biofilm. In the case of low pH, it also demonstrates

a growth advantage for cells on a surface over planktonic cells.

2.3.5 Improving Bacterial Adhesion

We introduced the FAB + BSA + CAA medium after trapping and placing cells

in our usual FAB + succinate medium because bacteria spontaneously stuck to the

surface very quickly in the richer medium, leaving none available to trap. Media

switching is accomplished using a T-junction section of tubing near the flow cell. We

have also found that cells grown in LB broth either adhere to the surface too quickly,

leaving none available to trap, or do not stick to the surface once placed there.

We have recently shown that in FAB medium the expression of the extracellular

polysaccharide Psl is the most important factor governing permanent attachment

to a glass coverslip surface [70]. Here, we found that we could improve both the
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likelihood of initial attachment to the surface after placement with a trap and the

likelihood of remaining on the surface after flow was started by using P. aeruginosa

that was modified to overexpress Psl constitutively. This strain (PAO1 �wspF�pel)

was used for the following trapping study.

2.3.6 Optical Trapping and Placement Can Be Used to

Dissect Interspecies Interactions

It is increasingly common to investigate biofilms by confocal microscopy. Our ap-

proach provides a complement to conventional confocal microscopy experiments by

allowing strategically designed trapping experiments to dissect the structural depen-

dence of bulk phenomena observed under the confocal microscope. To demonstrate

this, we use a P. aeruginosa - S. aureus coculture system. In bulk biofilm growth

imaged using the confocal microscope, we find that the P. aeruginosa population in-

creases monotonically with time (Figure 2.11 panel A) but the S. aureus population

is nonmonotonic with time (Figure 2.11 panel B, solid red lines). Because the S.

aureus monoculture does not show a corresponding decrease (Figure 2.11 panel B,

dashed yellow lines), we attribute the decrease to the antagonism of P. aeruginosa

toward S. aureus. P. aeruginosa upregulates virulence factors in response to sensing
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Figure 2.11: Voxel counts measure the population of (A) P. aeruginosa in coculture
with S. aureus and (B) S. aureus in monoculture (dashed yellow) and coculture (solid
red) with P. aeruginosa. In coculture with P. aeruginosa, the S. aureus population
declines after an initial rise. This does not happen in S. aureus monoculture, so we
attribute the decline to P. aeruginosa antagonism.
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S. aureus peptidoglycan [105, 106]. These virulence factors lyse S. aureus and also

increase the damage to the host. How interspecies antagonism depends on the spatial

structure of the P. aeruginosa - S. aureus biofilm is not known.

We arranged P. aeruginosa onto a uniform background of S. aureus. Figure 2.12

panel A shows a small grouping of P. aeruginosa cells in a ring around a cluster of

S. aureus cells. A similar initial configuration is shown in Figure 2.13 panels A-B.

These initial cells subsequently grew and divided, forming a structure that persisted

as long as 10-12 h post-trapping (Figure 2.12 panel B and Figure 2.13 panels C and

D). The doubling times of S. aureus cells away (more than 30 µm) from P. aeruginosa

clusters is 42 ± 2 min, whereas doubling times in or near clusters (surrounded by

P. aeruginosa on all sides or within 6 µm of a cluster) is 47 ± 2 min; data from S.

aureus within Pseudomonas clusters was combined with data from S. aureus close

to Pseudomonas clusters to have enough data points for statistical analysis. This

data is summarized in Figure 2.14. These measurements are very nearly statistically

significant (p = 0.06) and may suggest that even at very low densities the growth of

S. aureus is hindered in the immediate vicinity of a P. aeruginosa cluster. For the

few P. aeruginosa cells that we place here, the growth disadvantage is about 10%.

B A t = 0 hr             t = 6 hr

Figure 2.12: Structures created by trapping and stamping of P. aeruginosa and S.
aureus cells. (A) False-color, single-channel fluorescence images of a stamped pattern
of P. aeruginosa in an isotropic background of S. aureus at t = 0 h. (B) Two-channel
fluorescence image of the same region at t = 6 h, after the initial pattern has developed
into a localized cluster. Scale bars are 20 µm.
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A  B  

C  D  

 

 

 

 

t = 0 hr           t = 0 hr

t = 6 hr           t = 6 hr

Figure 2.13: (A) A false-color, single-channel fluorescence image and (B) a brightfield
image of a pattern of P. aeruginosa (rod-shaped, green) that have been trapped and
placed on the surface in an isotropic background of S. aureus (spherical, red) at t = 0
h. (C) False-color fluorescence image and (D) brightfield image of the same location
at t = 6 h, after the initial pattern has developed into a localized cluster. Scale bars
are 20 µm.
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S. aureus doubling times

Figure 2.14: Doubling times of S. aureus in coculture, demonstrating that S. aureus
grows more slowly in the immediate presence of P. aeruginosa. Error bars are the
standard error of the mean.

This demonstrates that our technique can be used to probe how the spatial ar-

rangement of cospecies could have an impact on the growth and development of the

biofilm.

2.4 Discussion

P. aeruginosa plus S. aureus is an important two-pathogen system that infects

wounds, implants, and the Cystic Fibrosis lung and has spatial structure both in

biofilms and in the distribution of species in infected tissue [100, 126, 127, 128, 129,

130, 131, 132, 133, 134, 135, 136, 137] . Our finding that bulk biofilm growth with P.

aeruginosa results in death for S. aureus is consistent with observations in [137]. P.

aeruginosa increases the expression of virulence factors that can lyse S. aureus upon

sensing peptidoglycan from this Gram-positive species [105, 106]. These virulence

factors are also under the control of P. aeruginosa quorum sensing, which alters gene

expression in response to cell density and environmental conditions, as measured via

the concentration of autoinducer molecules. The amount of peptidoglycan present

depends on the amount of S. aureus (or other Gram-positive species), whereas the

amount of Pseudomonas acylhomoserine lactone autoinducers present depends also

on the amount of P. aeruginosa. Future work using an extension of the method we

present here could dissect the e↵ects arising from the density and spatial structure of
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each species in this coculture biofilm system.

Recent work has shown that type IV pili of PAO1 and extracellular DNA from

dead S. aureus cells can also alter the structure of coculture biofilms by promoting

microcolony formation [137]. Those authors postulate that these two factors may

be related through the DNA-binding properties of type IV pili. Type IV pili also

control twitching motility on surfaces, which promotes enclosure of Agrobacterium

tumefaciens by P. aeruginosa [138]. Such an enclosure is seen in Figure 2 of [137] for

pili-active strains of P. aeruginosa and in Figure 2.15. Enclosure is an example of a

topological change in biofilm structure as the S. aureus region becomes nested within

the P. aeruginosa region. We expect enclosure to promote interspecies interactions.

However, the dependence of interactions on structural specifics cannot be readily

determined in traditional flow cell culture because of the overall e↵ect of the bulk

Figure 2.15: Spontaneous structure arising in a P. aeruginosa - S. aureus coculture
biofilm. From confocal microscopy, a reconstructed 3D image of a spontaneously
formed structure in a coculture biofilm after 18 h of growth. P. aeruginosa is green,
and S. aureus is red. Scale bar is 100 µm.
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biomass of both species and the many di↵erent types of structure simultaneously

present. The approach we present here will allow the disentanglement of structural

parameters using well-defined, discrete structures that we create using laser trapping.

Our approach could also allow the introduction of di↵erent species at di↵erent time

points to study the e↵ects of temporal as well as spatial structure. This could be used,

for example, to measure how an established S. aureus population responds to local

invasion by small numbers of P. aeruginosa cells, mimicking the succession dynamics

often seen in Cystic Fibrosis lung disease

2.5 Conclusion

We have developed a method for controlling the initial positions of bacterial cells

on surfaces in the very earliest stages of biofilm formation using laser trapping. We

demonstrate that, with proper care, laser trapping need not impinge on the viability

of P. aeruginosa and S. aureus cells. These are two important human pathogens that

form biofilm infections. Notably, our technique allows patterned bacteria to retain

their native motility in their subsequent growth. We use imaging and quantitative

analysis to show that our technique can reveal group behaviors of bacteria in early

biofilm formation that depend on spatial structure in ways that could not be studied

using conventional techniques for biofilm culture.

It is striking that we have been able to observe the e↵ects of spatial structure

created by small numbers of bacteria even in large, millimeter-sized chambers with a

continuous flow of media. Such conditions are very far from optimized for revealing

the e↵ects of spatial structure because they will tend to homogenize and remove any

secreted, di↵usible factors. Combining our approach with techniques for microfab-

rication can be expected to reveal much more about the role of spatial structure in

biofilms.

By trapping and placing bacteria in a standard flow cell system, we make direct

comparisons with a substantial body of microbiological literature straightforward.

Placing bacteria onto a glass coverslip also allows for many subsequent imaging op-

tions, including brightfield and epifluorescence, both of which we demonstrate here.

The use of parfocal objectives will also allow the trapping objective to be switched

out for a phase contrast or di↵erential interference contrast objective.
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Although laser trapping is not a common tool in microbiology departments, the

basic kind of trap that we use here is widespread and can often be found in physics,

chemistry, and engineering laboratories. The other equipment required to implement

this procedure is inexpensive and standard. Therefore, we believe that the process

presented in this chapter will be a widely usable tool for biological and physical

researchers at many types of institutions.
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Chapter Three: Mechanosensing of shear by

Pseudomonas aeruginosa leads to increased levels

of the cyclic-di-GMP signal that initiates biofilm

development1

3.1 Introduction

In higher eukaryotes, mechanosensing and mechanotransduction are well-established

to be of widespread importance for a diverse set of processes including both normative

development and disease [64, 65, 66]. In contrast, very little is known about how

prokaryotes respond to mechanical inputs from their environment. Yet bacteria live

in, migrate between, and must adapt to, a wide range of mechanically-di↵erentiated

and -changing environments [59]. An important example is biofilm development,

in which the transition from suspension in a fluid environment to adhesion to a

solid substrate is associated with radical changes in intracellular signaling and gene

expression. What cue is sensed to notify bacteria that they have become attached

to a surface is not known. Notably, transitioning from fluid suspension to surface

attachment can result in an abrupt increase in the shear experienced by bacteria.

Increased shear can arise from liquid media flowing over the surface and from bacterial

motility on the surface (Figure 3.1 panels A and B). In both these cases, adhesive

forces binding one side of a bacterium to the surface will resist displacement and

thereby result in shear. It has recently been found that surface-attached E. coli can

respond to shear by increasing virulence [139]. For several bacterial species, biofilms

that are grown under high shear are more elastic and denser in matrix proteins

and polysaccharides than biofilms grown under low shear [140, 141, 142]. In this

chapter we investigate the role of shear as a cue to activate the signaling response

1This chapter is adapted from reference [97]. C. A. Rodesney, B. Roman, N. Dhamani, B. J.
Cooley, A. Touhami, and V. D. Gordon. ”Mechanosensing of shear by Pseudomonas aeruginosa leads
to increased levels of the cyclic-di-GMP signal that initiates biofilm development.” in revision (2017)
Proceedings of the National Academy of Sciences. My contribution was the conduct of experiments,
data analysis, and writing of the portions reproduced here.
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Figure 3.1: Physical interactions between P. aeruginosa and surfaces. Sources of
shear stress on adhered cells include (A) external fluid flow and (B) pili-driven twitch-
ing motility. Among surface motile cells, two distinct adhesion geometries emerge,
with (C) cells lying flat on the surface have a larger area in contact with the sub-
strate and (D) cells tilted up o↵ of the surface have a smaller area in contact with
the substrate.

to surface adhesion that triggers the change from the planktonic phenotype to the

biofilm phenotype.

P. aeruginosa is an opportunistic human pathogen that notoriously forms biofilms

that resist antibiotics and evade the host immune defense [2, 3, 4, 5, 24, 25, 26, 27,

28, 29]. When planktonic P. aeruginosa cells attach to a solid surface, intracellular

levels of c-di-GMP increase [55, 94, 143]. C-di-GMP is a second messenger used by

many species of bacteria to regulate the expression of genes associated with biofilm

initiation [54]. Elevated levels of c-di-GMP trigger biofilm formation; without c-di-

GMP, P. aeruginosa that otherwise form robust biofilms within 12 hours instead

form no biofilm whatsoever over at least 72 hours of culturing [144]. What specific

cue is sensed upon surface adhesion and leads to increased c-di-GMP signaling is not

known. This is a significant gap in our understanding of a fundamental microbiolog-

ical process. Furthermore, the finding that c-di-GMP is required to initiate biofilm
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development upon adhesion to a surface hints at a new type of approach for biofilm

prevention by making surfaces that prevent upregulation of c-di-GMP upon surface

adhesion and thereby prevent the transition to the biofilm state. For such surfaces to

be designed, the cue arising from surface adhesion that leads to c-di-GMP signaling

must be identified.

Recent work has suggested that P. aeruginosa and other bacteria may be able to

sense mechanical changes in their environment through mechanosensitive proteins in

their cell envelopes [60, 61, 62, 63]. The envelope protein PilY1 has been identified as

a key mediator of surface-associated behaviors and has been suggested as a possible

mechanosensor [145]. PilY1 has a 200-amino-acid region with weak similarity to the

von Willebrand factor A domain [62], a mechano-responsive protein sub-structure

widely found in eukaryotes [146, 147, 148, 149]. The von Willebrand factor A domain

promotes hemostasis and platelet adhesion by changes in its conformation in response

to changes in shear [150].

In addition to PilY1, Type IV pili have recently been suggested as possible force

sensors in a proposed mechanochemical model for the regulation of virulence in P.

aeruginosa by a di↵erent intracellular signal, cyclic-AMP [145, 151]. Type IV pili ex-

tend, attach, and retract like grappling hooks to exert forces that allow P. aeruginosa

to move laterally across surfaces, in a motility mode known as ”twitching,” and there-

fore can generate shear in surface-motile bacteria [152, 153]. Type IV pili have been

associated with c-di-GMP signaling and biofilm development in Clostridium di�cile

[154] and P. aeruginosa [61].

Here, we show that mechanical shear cues P. aeruginosa that it is adhered to a

surface and thereby results in increased c-di-GMP signaling. We demonstrate this in

two ways: (1) modulating the intrinsic shear force arising from bacterial motility on

surfaces by modulating the friction-like, dissipative interactions from polymers that

bind bacteria to the surface and (2) imposing variable external shear by varying fluid

flow (Figure 3.1 panels A and B).

We find that bacteria that make two adhesive polymers, Psl and Pel, have stronger

c-di-GMP signaling upon surface adhesion than do bacteria that only make Psl. We

also find that bacteria that make both adhesive polymers have slower twitching motil-

ity than if they make only Psl. Impairing Pel production should have no e↵ect on

the force-generating capabilities of pili. Therefore, we infer that Pel increases dissi-

pative, friction-like interactions with the surface, and thereby increases the shear on
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moving bacteria. This suggests that shear may be the cue that a bacterium senses as

a notification that it is attached to the surface, resulting in elevated c-di-GMP levels.

We test this inference by using flow to apply controlled shear to bacteria. We

find that increasing external shear increases c-di-GMP levels. Furthermore, cells

already responding to surface adhesion can later be triggered to additional c-di-GMP

production by activating external shear. By using fluid flow to impose shear with

a magnitude and time-dependence that we control, we can distinguish the e↵ects

of twitching motility from those of environmental forces, and we can distinguish

the e↵ects of mechanical coupling from those of mechanosensing. We propose an

analytic model for bacterial surface sensing that incorporates inputs from both surface

adhesion per se and external shear stress. Given biologically-reasonable parameters,

we find that this model is able to recreate the responses we experimentally measure.

Our findings are the first evidence that P. aeruginosa use mechanosensing of shear

as a cue to upregulate c-di-GMP signaling and initiate biofilm development.

3.2 Materials and Methods

3.2.1 Bacteria and Media

We used WT P. aeruginosa strain PA01 and four single-gene transposon mutants in

the PAO1 background, �pel, �pilA, �pilT, and �pilY1 [65]. To be able to measure

c-di-GMP levels, we transformed strains with the reporter plasmid pCdrA::gfp [155].

This plasmid causes production of green fluorescent protein (GFP) to be increased

when transcription of the cdrA gene increases in response to high intracellular levels

of c-di-GMP. Strains transformed with a promotorless control plasmid pMH487 were

used to measure background GFP expression.

Bacteria were streaked from frozen stock onto LB-Miller agar plates (5 g yeast

extract, 10 g tryptone, 10 g sodium chloride, and 15 g agar per liter of Millipore

water) and incubated at room temperature. Strains with the pCdrA::gfp and pMH487

plasmids were grown with 60 µg/mL Gentamicin for plasmid selection. Single colonies

were inoculated into 4 mL FAB minimal medium [70] with 36 mM disodium succinate

as the sole carbon source and incubated at 37 �C in 20 mm glass culture tubes on

an orbital shaker (Labnet Orbit 1000) with a 19 mm circular orbit operating at 200-
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250 rpm. Disodium succinate is added by filter sterilization; media with succinate is

stored at 4 C for no more than two weeks prior to use.

We grew cultures in culture tubes to an optical density at 600 nm (OD
600

) of

0.3, as measured by a Thermo Spectronic Genesys 20 Spectrophotometer. From

our growth curve measurements, this corresponds approximately to mid-exponential

growth phase.

3.2.2 Phase Contrast Microscopy

Time-lapse phase-contrast microscopy data acquired for other work was analyzed

in this work to determine the relationship between EPS expression, tilting and cell

motility.

We used sterile medium to volumetrically dilute the culture by a factor of either

50,000 or 500,000. We prepared samples for microscopy by placing an adhesive spacer

(SecureSeal SS1⇥13) onto an uncoated glass slide, followed by addition of a few drops

of the diluted culture and covering with a glass cover slip to seal the chamber. Prior

to use, we cleaned the cover slips by 5 minutes of sonication in a solution of 150 g

of potassium hydroxide (KOH) dissolved in 450 mL of ethanol, followed by further

sonication and rinsing in deionized water.

The bacteria were imaged using an Olympus IX71 inverted microscope in phase

contrast mode. The microscope stage is enclosed within an incubator chamber heated

to 30 �C. For better spatial resolution, monochromatic green light was used for il-

lumination. We use a 60⇥ oil-immersion objective in combination with an internal

1.6⇥ multiplier that increases the e↵ective magnification. Images were captured with

a QImaging EXi Blue CCD camera controlled by a computer running QCapture Pro

6. An exposure time of 0.2 seconds and a frame rate of one frame per 30 seconds

su�ced to capture most motion of the bacteria on the surface and avoid blurring.

Rapidly spinning bacteria were excluded from the analysis. Images were assembled

into time-lapse movies using the Fiji distribution of ImageJ software [113].

Eight time-lapse movies of WT and �pel are reported on here. Our experiments

began with a single isolated bacterium or a just-divided pair in the field of view.

With time, bacterial division and attachment of additional cells caused the number

of bacteria in the field of view to increase. The total number of bacteria surveyed per

experiment was ⇠10-60 over 4-6 hours.
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3.2.3 Laser-Scanning Confocal Fluorescence Microscopy

For measurements of cyclic-di-GMP signaling, we volumetrically diluted the culture

by a factor of either 500 or 50,000. Samples for static experiments were prepared in

the same way as for phase contrast microscopy. For flow experiments, 500⇥ diluted

cultures were inoculated via needle into flow cell chambers (2⇥4⇥40 mm) and al-

lowed to adhere to the surface of an untreated glass coverslip for 30-40 minutes, after

which flow was begun using a peristaltic pump (Watson Marlow, Wilmington, MA).

Volumetric flow rates varied from 0.065-7.7 mL/min. Bacteria were imaged using an

Olympus FV1000 motorized inverted IX81 microscope suite; the stage was enclosed

by an incubation chamber heated to 37 �C. We use a 100⇥ oil-immersion objective

and bacteria were illuminated with a 488 nm laser using standard GFP filter sets.

Image capture was controlled by FV10-ASW version 3.1 software. Confocal z-stacks

were taken with a depth of ⇠4 µm and a spacing of 340 nm. For 50,000⇥ dilutions

and flow experiments, Z-stacks were taken every 30 minutes for four hours. 500⇥
dilutions were used to increase the ease with which cells could be found and imaged.

For static experiments at this dilution z-stacks were taken every minute for the first

ninety minutes, and for flow experiments z-stacks were taken every 30 minutes for

four hours.

3.2.4 Analysis - Phase Contrast

We tracked and analyzed phase contrast movies using a version of colloid-tracking

software modified to account for elongated particles rather than spherical ones. Track-

ing output includes center position, velocity, orientation in the focal plane, and the

aspect ratio, projected onto the focal plane, of each bacterium. To exclude poorly-

tracked bacteria, we only consider bacteria tracked for more than five minutes.

As a proxy readout for tilting, we look at the projected aspect ratio in each

frame, as we did earlier [70]. A newly-divided cell lying flat on the surface has an

aspect ratio of about 2.5. Therefore, a projected aspect ratio less than 2.5 indicates

unambiguously that a cell is tilting. Interpretation of aspect ratios larger than 2.5

is ambiguous, since these cells may be either lying flat or longer cells tilted up. For

each cell, we then compute the fraction of its lifetime spent unambiguously tilting,

with 1 being unambiguously tilted up for the whole trajectory and 0 lying flat for the
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whole trajectory. This computation gives a lower bound on the time a cells spends

tilted up, so we likely underestimate the actual time.

3.2.5 Analysis - Confocal Fluorescence Microscopy

Confocal z-stacks were projected in the vertical direction to create images in the x-y

plane. The projected length and the mean intensity of each bacterium were measured

using the Fiji distribution of ImageJ software [113]. The WT and �pel populations

have very similar distributions of projected lengths, which verifies that images of

dimmer, �pel cells are not being artifactually truncated by brightness thresholding

in a way that would magnify di↵erences between the two populations. The aver-

age intensity of each individual cell was computed and recorded along with the time

elapsed from initial surface adhesion. Intensities were normalized by subtracting the

average per-cell intensity of an ensemble of cells carrying a control plasmid for pro-

ducing GFP that lacks the cdrA promoter (pMH487) to correct for natural variations

in fluorescence between strains.

3.2.6 Calculation of Shear Stress in Flow Experiments

Flow was controlled using a Watson Marlow peristaltic pump, allowing us to set the

3D volumetric flow rate (Q⇤
3D). From this we can calculate the pressure drop per unit

length down our channel [156] as
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Using our channel dimensions h = 2 mm and w = 4 mm, a 3D flow rate of

Q

⇤
3D = 0.77 mL/min, and the dynamic viscosity of water µ = 6.9 ⇥ 10�4 Pa·s, this

value is

�P

L

= 4.83 Pa/m (3.2)

The centerline (x = 0) flow velocity is then

u(y) =
�P

2µL

"⇣
h

2

⌘
2

y � y

2 �
1X

n=0

an cos
⇣
�nw

h/2

⌘#
, an =

h

2(�1)n

�

3

n cosh(�nw/h)
(3.3)

37



Volumetric flow rate Q

⇤
3D (mL/min) Shear stress (pN/µm2) ↵

1

value

0 0 0.0250
0.065 0.001 0.0377
0.43 0.007 0.0411
0.77 0.013 0.0378

Table 3.1: Volumetric flow rates, the corresponding shear stresses exerted on a single
bacterium, and ↵

1

values for modeling response to external shear stress

Integrating y along the height of the channel yields the 2D centerline flow rate

(Q⇤
2D)

Q

⇤
2D =

0.915�Ph

3

12µL
= 4.27 mm2/s (3.4)

Gaver and Kute [156] derive an equation for the maximum shear stress as a func-

tion of channel dimension and 2D flow rate

⌧

⇤
s,max

=
17.7µQ⇤

2D

h

2

= 13⇥ 10�3 pN/µm2 (3.5)

3.2.7 Model

The model for mechanoactivation of c-di-GMP signaling was implemented and fit in

COPASI [157] and iterated deterministically for 250 minutes using the LSODA [158]

method.

3.2.8 AFM Experiments and Analysis

We used a Veeco MultiMode Scanning Probe Microscope controlled by a NanoScope

IV and PicoForce Control Module (Veeco, Santa Barbara, CA). We used V-shaped

Si
3

N
4

cantilevers with oxide-sharpened tips (Olympus, spring constant of 0.17 N/m).

The spring constants of the cantilevers were determined using the thermal noise

technique provided with the instrument software. The AFM cantilever was mounted

in a fluid cell probe holder and was prepared as follows: first, the cantilever was

immersed in 0.1% poly-L-lysine solution (Sigma) for 45 minutes; next, the excess

liquid was carefully drawn o↵ the probe by wicking with a Kimwipe, and the tip was

allowed to dry for 10 minutes; third, a drop of bacterial culture was placed on the

38



cantilever and allowed to sit for 30 minutes; finally, the probe was gently rinsed with

phosphate bu↵ered saline (PBS), leaving a small drop of PBS on the cantilever.

A glass cover slip, pre-cleaned as for the optical microscopy, served as the substrate

for force curve measurements, which were performed in PBS. The cantilever tip was

repeatedly brought down into contact with the glass substrate, left in contact for some

time, and then pulled o↵, approximately 100 times for each experiment (between 74

and 112 usable curves in each experiment). The deflection of the cantilever during

retraction was used to measure adhesion. For the data reported here, the AFM probe

was moved over a vertical distance of 4 µm, the rate of approach and retraction was

10 µm/s, and the time on the surface was 1 s.

To determine the work of detachment, we numerically integrated the force versus

separation curves from zero separation to the separation at which the force first

returned to zero.

3.3 Results

3.3.1 The Pel polysaccharide, which tightens the coupling

of P. aeruginosa to the surface, increases

cyclic-di-GMP levels in surface-adhered bacteria

Planktonic P. aeruginosa are coated in sticky extracellular polysaccharides (EPS)

that promote surface adhesion [69, 70, 159]. The P. aeruginosa wild-type (WT) lab

strain PAO1 in vitro makes two EPS materials, Psl and Pel; the isogenic transposon

mutant �pel does not produce Pel. We have previously shown that Pel modulates

the geometry of surface attachment by making it more likely that cells will lie down

flat, so that the area of the cell envelope that is in contact with the surface is maxi-

mized (Figure 3.1 panels C and D) [70]. We have also used atomic force microscopy

(AFM) to pull bacteria o↵ a surface and found that, near the surface, force increases

more steeply with displacement for WT than for �pel (Figure 3.2) [70]. Thus, Pel

production increases both geometric and mechanical coupling to the surface, which

we have previously speculated might help cells better sense the surface [69].

Here we investigate how Pel production is linked to surface sensing and c-di-GMP

production. Conventional c-di-GMP studies have relied on discrete measurements of
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Figure 3.2: AFM measurements of force during retraction from a glass surface for
WT and �pel. Individual force curves show representative features of each type. The
�pel curve has a shallower slope near the surface than does the WT.

c-di-GMP levels before and after some specific event, with measurements typically

separated on the timescale of hours [143, 144, 61, 62, 160]. Such a binary approach

neglects c-di-GMP levels at intermediate times. Therefore, the dynamics of c-di-

GMP activation have been largely unknown. This knowledge gap prevents deeper

understanding of how c-di-GMP functions as a signal and precludes identification of

what aspects of c-di-GMP activation are most important for biofilm development and

therefore are the most promising targets for thwarting or hindering biofilm growth.

We determine c-di-GMP dynamics by using time-lapse confocal fluorescence mi-

croscopy of bacteria containing the plasmid pCdrA::gfp, which is a verified reporter

for c-di-GMP; cdrA, and thus green fluorescent protein (GFP), is upregulated by

c-di-GMP [155]. The stage of our confocal microscope is completely enclosed in an

incubator chamber that is maintained at 37 �C, which is human body temperature;

this allows continual monitoring of the bacterial population at a relevant physiological

temperature. We use a 100⇥ oil objective, so that single cells are well-resolved (Fig-

ure 3.3), and cycle between subpopulations on the surface, so that each subpopulation

is imaged at 30-minute intervals.

In the first 30 minutes following attachment to the surface, reporter populations

of WT and �pel both have a sharply-peaked GFP intensity distribution (Figure 3.4

panels A and E). We interpret this as the footprint of residual c-di-GMP levels from
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Figure 3.3: Sample confocal micrographs of P. aeruginosa WT and �pel cells. Scale
bars are 2 µm.

planktonic culture. We use a two-sample Kolmogorov-Smirnov test to compare the

WT and �pel populations’ brightness distributions and find that these are indis-

tinguishable, with p = 0.87 (Figure 3.5 panel A). The finding that WT and �pel

populations have the same reporter brightness distribution indicates that loss of pel

functionality has not intrinsically disrupted the c-di-GMP production machinery.

Beginning 30 minutes after attachment to the surface, the brightness distribution

for WT populations broadens before slowly narrowing back toward its initial, peaked

distribution (Figure 3.4 panels 2 B-D); the broadening indicates that a large sub-

population of WT cells achieves high production of c-di-GMP compared with the

planktonic state. The 30-minute delay likely reflects the timescales necessary for

adhesion-triggered increase in c-di-GMP plus the timescales for GFP production and

folding [161]. The brightness distribution for �pel populations broadens much less

upon surface adhesion than does the brightness distribution for WT populations

(Figure 3.4 panels F-H), and Kolmogorov-Smirnov tests show that WT and �pel

distributions remain significantly di↵erent for at least 240 minutes (Figure 3.5 panel

A).

To assess these brightness changes more quantitatively, we set a threshold bright-

ness of 550 a.u. and measure the fraction of cells from each population with brightness

above this threshold. For the first 30 minutes, less than 15% of either population is

above this threshold, but within the first 90 minutes the above-threshold fraction
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Figure 3.4: Histograms of average fluorescence intensity per cell for WT (A-D) and
�pel (E-H) populations during thirty-minute intervals that begin at the times indi-
cated. Each histogram contains a minimum of 100 cells from at least five independent
experiments. Less than 30 minutes after surface attachment, WT (A) and �pel (E)
histograms are indistinguishable (two-sample Kolmogorov-Smirnov test, p = 0.92).
After 30 minutes, both WT (B-C) and �pel (F-G) populations have broadened to-
ward higher intensities, with the WT showing a larger change. At long times (D,
H), both populations become more similar to each other and to the initial distribu-
tions. (Insets) Sample confocal micrographs taken during each time window. This
time-series of micrographs tracks the brightness of one WT bacterium and one �pel
bacterium and their daughter cells. Purple = lower intensity, yellow = higher inten-
sity, see detailed colormap in Figure 3.3. Scale bars are 2 µm.
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Figure 3.5: Analysis of population shifts in WT and �pel through time. (A) p-values
from comparing WT and �pel populations using a two-sample Kolmogorov-Smirnov
test. (B) The percentage of cells in each population, during each 30-minute time
window, that have a mean intensity brighter than 550 a.u.

more than doubles for �pel and more than triples for WT (Figure 3.5 panel B). After

two hours, the above-threshold fraction of the �pel population falls back to its initial

level (below 15%), but the above-threshold fraction of the WT population never falls

back below 30%.

To coarse-grain each brightness histogram into a single data point, we take the

average intensity for each 30-minute window and plot this against time after surface

attachment (Figure 3.6). C-di-GMP levels peak at about 60 minutes after surface

attachment and then decrease toward a base level. Thirty minutes after adhesion

the average intensity of WT reporters has increased by 61%, whereas the average

intensity of �pel reporters has increased by only 30%. Moreover, WT achieve a peak

increase in brightness of 74% percent compared to 50% for �pel, and subsequently

the WT drop toward a baseline level 3⇥ more slowly than do the �pel.

Our results show that Pel production enhances the magnitude and lifetime of

the response to the surface without intrinsically changing c-di-GMP production for

bacteria that are not attached to a surface. Moreover, our results show that P.

aeruginosa populations respond to surface adhesion with a nonmonotonic c-di-GMP

signaling timecourse.
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Figure 3.6: Pel production increases intracellular c-di-GMP levels. Plot of average
intensity vs. time for the first 250 minutes after surface attachment. Both WT and
�pel populations (data points, left axis) start at the same low level, show a sharp
increase during the first hour, then decay toward later times. Each data point is the
average of all cells imaged in 30-minute windows, beginning at surface attachment.
Corresponding curves are from our model (solid lines, right axis).

3.3.2 Slower surface motility, indicative of greater friction,

is associated with stronger surface sensing.

The pili-driven twitching motility of P. aeruginosa can take on two distinct modes;

flat ”crawling,” where the cell is lying flat on the surface, and upright ”walking,”

where the cell is in contact with the surface at only one pole (Figure 3.1 panels

C and D, Figure 3.7) [162]. We find that WT, on average, move about 25% more

slowly on the surface than do �pel (Figure 3.8 panel A). This discrepancy is even

greater for cells that spend most of their lifetime lying flat. In contrast, for cells

that spend most of their lifetime attached by only one end, WT and �pel do not

have a significant di↵erence in speed (Figure 3.8 panel B). From these findings we

conclude that there is a friction-like force between the cells and the surface that

originates from the polymers coating the cell body. The magnitude of this dissipative

force increases with the adhesion area, which also increases the number of polymer

contacts involved. We expected a priori that disruption of pel function should have
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A

B

3 μm

Figure 3.7: Micrograph and schematic of cells lying flat or tilting up o↵ of a surface.
(A) Sample phase-contrast micrograph of PAO1 �pel cells. The three cells in the
upper left are fully in focus, indicating that they are lying flat on the surface. The
circled cell (bottom right) is partially out of focus, indicating that it is tilting up o↵
of the surface. Scale bar is 3 µm. (B) Schematic showing a side view of flat-lying and
tilting cells.

no impact on the force generated by the pilus motor. This is supported by our finding

that WT and �pel have indistinguishable motility when average adhesion area, and

therefore polymer-mediated friction, is low. Therefore, we infer that WT experience

greater dissipative interactions with the surface, and therefore greater shear stress,

than do �pel.

Individual Type IV pili exert forces of ⇠100 pN [163]; the collective activity of

several pili, plus the polymer-mediated force opposing motion, plus hydrodynamic

resistance, sum to give the net motility-associated force on a bacterium [164, 165].

The net force is a shear force because the polymer-mediated force acts only where

the bacterium is attached to the surface.

3.3.3 Mechanical shear increases cyclic-di-GMP levels

The association between loss of Pel, reduced c-di-GMP response to surface attach-

ment, and reduced motility-associated shear, leads to the hypothesis that P. aerugi-
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Figure 3.8: Cells unable to produce Pel move more quickly on surfaces, in particular
when they are tilted up o↵ of the surface. (A) Average instantaneous speed of WT
and �pel cells twitching on a surface. Data collected from a minimum of 80,000 data
points across 3 experiments. p < 0.001 from two-sample t test, error bars are standard
error of the mean. (B) Scatter plot showing the mean speed of cells during an entire
trajectory as a function of the fraction of the cell’s trajectory that was spent tilting.
A cell lying flat during its entire lifetime has a tilting fraction of 0, a cell tilted up
during its entire lifetime has a tilting fraction of 1, and a cell that splits its lifetime
between lying flat and tilting has a tilting fraction between 0 and 1. Linear fits to
each dataset are shown. Below a lifetime tilting fraction of 0.67, the fits lie outside
each others’ 95% confidence intervals and �pel are faster than WT. Detail for fit lines
is shown in Figure 3.9.

nosa may be sensing mechanical shear as a cue that it is attached to the surface. If

this is the case then an externally-applied shear should also increase c-di-GMP levels.

Therefore, we apply external shear by varying the flow rate of liquid media over

surface-attached bacteria. We measure the resulting impact on c-di-GMP levels by

averaging over the time-window from 30 to 120 minutes after surface attachment,

since this corresponds to the peak of the c-di-GMP timecourse for both WT and

�pel (Figure 3.6). We find that externally-applied shear increases the peak intracel-

lular levels of c-di-GMP for both populations (Figure 3.10). Notably the WT and

�pel peaks increase in lockstep with each other. This serves as further confirmation

that the cellular machineries for surface sensing and for c-di-GMP production are not
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Figure 3.9: Zoomed in view of the fit lines in Figure 3.8. The 95% confidence intervals
do not overlap for tilting fractions lower than 0.68. Linear fits (y = m · x + b) to
each dataset yield: for WT, m = 0.1825 ± 0.025, b = 0.2963 ± 0.0068; for �pel
m = 0.020± 0.034, b = 0.468± 0.014.

intrinsically perturbed by loss of pel function. This experiment also allows us to dis-

tinguish mechanical coupling, which is impacted by loss of Pel, from mechanosensing,

which is not impacted by loss of Pel.

The maximum total external shear force on each cell for which we measure c-di-

GMP reporter intensity is only 0.002 pN, and we have seen cells adhered strongly at

shear forces up to 0.02 pN. This is four orders of magnitude lower than pilus-generated

forces. Thus, it is not surprising that we find that flow rarely removes cells from the

surface (Figure 3.11) and that bacteria can still translate freely even at high flow

rates. The finding that even our highest flow rates do not remove bacteria from the

surface also shows that the surface responses we measure do not arise from selective

removal of weakly-adhering or low-signaling sub-populations as shear increases. This

suggests some other, non-mechanical factor may become important at higher shears.
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Figure 3.10: Mechanical shear increases intracellular c-di-GMP levels. Plot of peak
intensity vs. applied shear stress. Each data point is the average of all cells imaged
in the interval 30 to 120 minutes after surface attachment, corresponding to the time
interval of the peaks in Figure 3.6 panel A (grey shaded region in panel A). Each data
point contains a minimum of 100 cells from at least two independent experiments.
Error bars are standard error of the mean.

3.3.4 Shear further elevates cyclic-di-GMP levels in

populations already responding to surface adhesion

The finding that shear acts as a cue for surface adhesion raises the possibility that

bacteria may be able to respond di↵erentially to surface adhesion and to changes

in external shear. To disentangle the e↵ects of surface adhesion alone from surface

adhesion coupled with externally-applied shear stress, we allow WT cells to attach

to a surface in the absence of flow. These bacteria experience an initial c-di-GMP

response that peaks ⇠60 minutes after surface attachment. Then, 150 minutes after

surface attachment, we turn on flow to apply a shear stress of 0.013 pN/µm2. This

begins a second increase in c-di-GMP that we attribute directly to the mechanical

input provided by shear flow (Figure 3.12 panel A, hollow black circles). The second

increase does not exactly reproduce the response profile seen when constant flow is

applied from the beginning. Rather, the second increase has an intensity that is close

to that of the response under constant flow at the observed time (filled red circles).
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Figure 3.11: Shear flow does not disproportionately remove �pel cells from the sur-
face. Cell counts for WT (solid lines) and�pel (dashed lines) populations in time. For
a given shear stress, WT and �pel populations follow the same trend. Initial down-
turns correspond to an initial decrease of surface cells, with comparable decreases for
both WT and �pel.

This suggests that a time-dependent response function may be activated upon initial

adhesion that acts as an envelope to limit the magnitude of the response to external

shear. Thus, the response under time-varying flow is fundamentally di↵erent from

the response curves for no flow (hollow blue circles) and constant flow. The c-di-GMP

increase is not due to the influx of fresh media, as refreshment of media without a

sustained shear stress does not elicit a response (Figure 3.13).

3.3.5 Functional type IV Pili and PilY1 are required

mechanosensory elements

Others have recently shown that PilY1, a protein in the outer cell envelope, is re-

quired for P. aeruginosa to respond to adhesion to a solid surface by increasing the
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Figure 3.12: Shear stress can ”restart” c-di-GMP response in surface sensitive cells.
(A) C-di-GMP response for WT PAO1 as a function of time. Cells in static (filled
red) and constant shear stress (hollow blue) conditions show a characteristic rise and
monotonic decrease in time. Cells in semi-filled black circles were grown in static
culture for 150 minutes, after which point a constant shear stress was applied. This
curve shows a sharp increase in fluorescence after 150 minutes, attributable to the
applied shear stress, demonstrating that the c-di-GMP response can be triggered in-
dependently by surface attachment and shear stress. Each data set is from at least
three independent experiments. Error bars are standard error of the mean. Corre-
sponding curves are from our model (solid and dashed lines, right axis). Companion
plots of PAO1 knockouts for (B) pilY1, (C) pilA, and (D) pilT, showing the lack of a
c-di-GMP response to either surface adhesion or shear stress for cells either lacking
type IV pili (C) or missing key pilus proteins (B, D).
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malized intensity for WT PAO1 cells under static (filled red circles), step-up (partially
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conditions. For the spike case, flow was turned on after 150 minutes and turned back
o↵ 10 minutes later (160 minutes after surface attachment). These cells do not show
a response at this time. This indicates that the secondary increase in fluorescence (c-
di-GMP level) from applied shear stress at 150 minutes (partially filled black circles)
is not a media refreshment artifact.
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production of virulence factors [145]. However, whether PilY1 responds to mechan-

ical forces per se has not previously been tested. We find that �pilY1 bacteria are

non-motile on surfaces and do not increase c-di-GMP in response to surface attach-

ment in the absence of external shear (Figure 3.12 panel B). We also find that �pilY1

bacteria do not respond to external shear with any increase in c-di-GMP. Thus, we

find that PilY1 is a mechanosensor that is required for the c-di-GMP response to

surface adhesion and shear.

Other researchers have found that type IV pili themselves may also act as force

sensors for a di↵erent signaling system which may have links to c-di-GMP [145, 151].

This raises the question of to what degree pili and related cellular structures may

act as a mechanosensory element to trigger c-di-GMP signaling. �pilA is deficient in

production of PilA, the major subunit for type IV pili [166], and thus cannot form

type IV pili. Therefore, �pilA bacteria are incapable of twitching motility and are

non-motile on surfaces. We found that �pilA cells adhere to the surface, in line

with our previous findings [70]. However, �pilA show a complete lack of c-di-GMP

response upon surface adhesion when no fluid was flowing to impose external shear

(Figure 3.12 panel C). To distinguish force generation from mechanosensing, we apply

external shear stress using flow. For both flow beginning immediately after surface

attachment and flow beginning 150 minutes after attachment, we find no c-di-GMP

response.

Type IV pili are involved in the transport of PilY1 to the outer cell envelope

[61]. Therefore, our data showing that �pilA do not respond to surface adhesion

with increased c-di-GMP are not an unambiguous indication that type IV pili are a

requisite mechanosensor. To dig more deeply, we repeated these experiments with

PAO1 �pilT. �pilT bacteria are hyper-piliated but cannot produce the pilus retrac-

tion motor PilT and therefore are also non-motile on the surface. If pilus functionality

were necessary for force generation but not for force sensing, then �pilT cells would

be unable to respond to surface adhesion per se, but would show a response to ex-

ternal force. However PAO1 �pilT also failed to respond both to surface adhesion

and to externally-applied shear (Figure 3.12 panel D). This suggests that retrac-

tion functionality, or a structural feature disrupted in �pilT, must be necessary for

mechanosensing.

Therefore, we conclude that both PilY1 and fully functional pili are necessary for

a c-di-GMP surface sensing response.
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Biological factor Initial value Description

C 120 # of c-di-GMP molecules
Y

1

1939 (WT) # of activated surface sensors
1060 (�pel)

E 12 Amount of EPS

Table 3.2: Biological factors in our model for mechano-activation of c-di-GMP

3.3.6 Modeling

Thus far, we have inferred from our experimental results that sensing mechanical

shear is a cue that increases c-di-GMP production and that the magnitude of the

shear will depend on the EPS coating the bacteria. This implies a feedback loop,

since increased c-di-GMP levels are known to increase EPS production [160]. To

assess the degree to which a few-parameter model incorporating such a feedback

loop can describe our experimental results, we model cyclic-di-GMP timecourse using

coupled di↵erential equations for force on activated mechanosensors increasing cyclic-

di-GMP production (Equation 3.6), EPS increasing sensor activation (by increasing

coupling to the surface, Equation 3.7), and cyclic-di-GMP increasing EPS production

(Equation 3.8).

dC

dt

= ↵

1

Y

1

� �

1

C + ↵

5

(3.6)

dY

1

dt

= ↵

3

E � �

2

Y

1

(3.7)

dE

dt

= ↵

4

C � �

3

E (3.8)

The model incorporates three biological factors: cyclic-di-GMP, EPS, and cell-

bound force sensors (Table 3.2). Parameters describe the coupling between biological

factors (↵’s) and the constitutive rates of production and degradation (�’s) (Table

3.3).

The initial number of cyclic-di-GMP molecules was estimated from [167], and the

number of force sensors and EPS were estimated using geometrical considerations.

This model posits that WT cells will activate more force sensors than �pel cells

upon adhesion to the surface because WT have stronger coupling to the surface than

do �pel. The parameter ↵

1

describes the rate at which an activated force sensor

triggers production of c-di-GMP. In our model this includes the e↵ects of variable
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Parameter Value Description

↵

1

0.025-0.04 min�1 Surface sensor-triggered production of c-di-GMP -
depends on force

↵

3

0.01 min�1 More EPS translates into more force sensors in
contact with the surface

↵

4

0.001 min�1 (WT) C-di-GMP promotes EPS production
0 min�1 (�pel)

↵

5

3.6 molecules/min Constitutive production of c-di-GMP
�

1

0.03 min�1 Decay rate for c-di-GMP
�

2

0.006 min�1 Decay rate for Y
1

�

3

0.003 min�1 Decay rate for EPS

Table 3.3: Coupling and decay parameters in our model for mechano-activation of
c-di-GMP

force, so that ↵

1

is lower for cells in static culture and increases with increasing

shear.

This model has a large number of free parameters, but it is not under-determined

because we can vary EPS production and the magnitude and time-dependence of

shear to generate an arbitrarily-large number of distinct cyclic-di-GMP timecourses.

Keeping parameters C and E constant at their initial values, we fit Y
1

for both WT

and �pel (Table 3.2). WT data from constant flow experiments (Figure 3.14) was

then used to fit new ↵

1

values for each flow rate (Table 3.1). These values were

used to plot curves for both WT and �pel (Figure 3.14). For WT at all external-

shear values and for �pel at zero external shear and high external shear, the model

curves are in excellent agreement with the data (Figures 3.6 and 3.14). For �pel at

intermediate shear values, the agreement is less exact, but the trends are correct and

the models in this case are pure predictions, using no free parameters. Furthermore,

our model also describes the shape of the curve when external shear flow is activated

150 minutes after attachment to the surface (Figure 3.12 panel A). Thus, this basic

model predictively describes the most salient features of our experimental results in

terms of a mechanically-activated feedback loop between c-di-GMP signaling and the

production of adhesive EPS.
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Figure 3.14: C-di-GMP levels increase in response to a range of magnitudes of external
shear stress. Curves for WT (A-D) and �pel (E-H) knockout strains in response to
varying amounts of external shear stress. Data points are experimental results (left
axis), and solid curves are from our model (right axis). Model stress levels (↵

1

parameter ) were fitted to the WT data and then applied to the �pel model.
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3.4 Discussion

The primary finding of this paper is that P. aeruginosa uses mechanosensing to re-

spond to surface attachment by increasing the production of c-di-GMP. C-di-GMP is

an intracellular signal that initiates the transition from the planktonic to the biofilm

phenotype. The extracellular polysaccharide Pel enhances surface sensing by increas-

ing friction-like interaction with the surface, and thereby increasing the shear resulting

from twitching motility driven by type IV pili.

Our results are the first to show that the timecourse of the c-di-GMP signaling

response to surface adhesion is non-monotonic - for both WT and �pel, average signal

levels first increase and then decrease to levels closer to the initial, immediately-post-

planktonic, state (Figure 3.6). This suggests that c-di-GMP may act as a toggle

switch, wherein transient high signal levels set gene expression patterns to the biofilm

state, which is then maintained at lower signal levels [168]. Higher eukaryotes have

mechanoresponsive toggle switches [169]. Genetic toggle switches have been analyzed

theoretically in systems biology, with models verified using switches constructed in E.

coli and Bacillus subtilis [170, 171, 172]. These switches settle into one of two bistable

states, with a single spike in chemical or thermal cues serving to flip from one state

to the other. Unlike a toggle switch, a pressure switch would require sustained high

levels of c-di-GMP throughout the lifetime of the biofilm. Thus, use of a toggle

switch instead of a pressure switch would reduce the metabolic burden of continually

producing c-di-GMP, freeing biofilm cells to expend energy in other pursuits.

Analysis of data taken in our earlier work shows that Pel decreases the net me-

chanical work required to detach individual bacteria from a surface (Figure 3.15)

[70]. For a biofilm-forming organism such as P. aeruginosa, paying the metabolic

cost to maintain and reproduce a gene, and make the gene product, that decreases

the energy cost that must be paid by grazing predators or external flow to detach it

from a surface, would seem to be non-adaptive. The data we present here suggest

that Pel strengthens the surface-sensing response of newly-adhered cells by enhancing

mechanical coupling to the surface. We speculate that this might overcome the dis-

advantage of easier detachment, since strong c-di-GMP signaling response to surface

adhesion should enhance transition to the biofilm phenotype. We suggest that the

di↵erence in c-di-GMP signaling between WT and �pel may be a major contributor

to the di↵erence in WT and �pel biofilm phenotype previously reported in [173].
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Figure 3.15: The EPS Pel decreases the work of detachment. Bacteria were attached
to the tip of an AFM cantilever, brought into contact with a surface, and then pulled
o↵. Measuring the deflection of the cantilever tip yielded the force of retraction as
a function of distance from the surface. Integration of force over distance gives the
mechanical work needed to detach the bacterium from the surface.

We find that PilY1 is a required mechanosensor for c-di-GMP response to surface

adhesion and shear. This is in line with Luo et al [61] who found that PilY1 provides

a signal to the diguanylate cyclase SadC to activate c-di-GMP production in surface-

attached cells, but apparently contradicts Kuchma et al. (2010) [62], who found that

deleting pilY1 had no e↵ect on c-di-GMP pools within bacteria. However, Kuchma

et al. conducted their experiment on planktonic cells; we also see no di↵erence in

c-di-GMP levels for planktonic populations of WT and �pilY1 (Earliest timepoints,

Figure 3.12 panels A and B). Cell wall deformation has been suggested as a means

of sensing surface adhesion, however this deformation and subsequent triggering of

mechanosensitive channels takes longer than an hour [174], too long to be responsible

for the fast responses we see. This further implicates PilY1 as a surface sensor, not

intrinsic to the c-di-GMP production machinery. In addition, our results also show

that�pilA, which altogether lack type IV pili, have constitutively-higher levels of c-di-

GMP production than do WT (Figure 3.12 panel C). This hints at another potential

purpose for the PilA protein and/or the pilus structure in c-di-GMP production.
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3.5 Conclusion

Identification of mechanical stress as the cue leading to biofilm development points to

the possibility of a new type of approach for engineering anti-biofilm surfaces. Extant

approaches to preventing biofilms focus on developing surfaces that resist bacterial

attachment or are bactericidal [175, 176, 177, 178, 179, 180]. These approaches have

had limited success because bacteria evolve rapidly and have multiple adhesion mech-

anisms, because biofilm formation has a high selective advantage for bacteria, and

because some of the materials used to make anti-biofilm surfaces have limited regimes

of application. Our work here suggests that surfaces that prevent or hinder the devel-

opment of mechanical stress (e.g. surfaces that behave as 2D fluids or very soft solids)

should also prevent or hinder transition to the biofilm phenotype, and should do so

by targeting highly-conserved mechanisms for which evolutionary escape is likely to

be di�cult.

Our work also suggests that the mechanical stresses from the environment, such

as shear stress by external flow, to which bacteria are subjected in in early biofilm

initiation, may impact properties of the mature biofilm. If so, this might allow biofilm-

forming bacteria to adapt the strength and resilience of the biofilms formed to better

resist mechanical removal. Such an inference must remain speculative until more is

known about the quantitative, causative relationship between early c-di-GMP time-

course and the subsequent development of biofilm properties.
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Chapter Four: Summary and future work

As researchers and doctors increasingly recognize the importance of biofilms, it has

become clear that we are still far from a thorough understanding of how they form

and what makes them tick. As biofilm research moves closer to the forefront of micro-

biological and physics research, innovative techniques and experiments will continue

to reveal critical new information about them. These advances will both contribute

to the base of scientific knowledge on biofilms as well as to the arsenal that doctors

and engineers have to use against them.

4.1 Summary of work

In this dissertation, we have developed a new method for initializing spatial structure

in biofilms. Using an optical trap to move and place bacterial cells onto an untreated

surface with micron precision, we have successfully demonstrated a proof of concept

for creating spatial structures in vitro while preserving native cell motility, growth,

and adhesive properties. With this technique we demonstrated growth advantages

and disadvantages to based on spatial positioning and local density variation in our

engineered biofilms.

We also show the first evidence for mechanosensing in P. aeruginosa. Using a

reporter plasmid for cyclic-di-GMP and isogenic knockouts in a flow cell system,

we show that the surface response of cells in increased with stronger coupling to

the surface, and that externally applied shear stress further enhances this response.

We also made a determination that the membrane-associated protein PilY1, as well

as functional type IV pili, are necessary for mechanosensation. This finding is an

important advancement in biofilm research, giving the first evidence as to the method

of how bacteria sense surfaces.

4.2 Limitations and future goals

This dissertation has outlined the modest progress that we have made towards an

understanding of the impact of spatial structure in early biofilm formation and the
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specific way in which P. aeruginosa bacteria can sense that they are on a surface.

However many more dissertations’ worth of work remains to be done.

In regard to the work in Chapter 2, future goals include optimization of the

trapping chamber. We used a standard flow cell system modified to leave an opening

(hallway) between two channels (Figure 2.1). This configuration had the unfortunate

consequence of interloper cells traveling through the open hallway, which also led to a

greater distance over which we had to carry trapped bacteria in order to stamp them

in a pristine location. This was ultimately a limiting factor in how many cells we

could stamp in a given time. Future experiments would benefit from a redesign of the

flow cell chamber to include a shorter hallway to reduce the distance between the two

channels, and a sealable valve between the two channels. Both of these improvements

are possible using microfluidic chambers, and such devices incorporating the valve

examples such as twist valves or pressure driven (Quake) valves are readily available

[181, 182].

Another potential improvement to throughput would be multiplexing the trap

to allow for the stamping of multiple cells simultaneously. This premise has also

been demonstrated previously [183], although it’s implementation is significantly more

involved than our single-trap configuration. Ultimately, both of these modifications

would increase the number of cells it is possible to stamp at the expense of a more

expensive and technically demanding setup.

Reducing the size of the flow cell chamber would also improve the work in Chapter

3. The range of shear stresses we could apply to adhered cells is determined by the

3D volumetric flow rate, the viscosity of our growth medium, and the dimensions of

the channel (Equation 3.5). In practice we had limited control of the first two factors,

and our fixed flow cell width and height are the parameters most easily altered. By

reducing the channel width and/or height, we could drastically increase the range of

applied shear stresses by orders of magnitude.

Chapter 3 also proposes a model for surface sensing of P. aeruginosa that incor-

porates mechanical input. As of now we do not know enough about our system to

say anything about the functional form this input (↵
1

) should take, or what specific

factors go into it. This in particular should be a goal of future researchers.

A future application of this research is the development of novel surfaces that

reduce bacterial mechanosensing. These ”anti-biofilm” surfaces would restrict a bac-

terium’s ability to sense the surface by reducing or eliminating mechanical inputs

60



to the cell. This work is currently ongoing, using lipid bilayers in various phases

to observe the e↵ects of substrate fluidity in lateral directions, and soft agarose gels

to observe e↵ects of substrate rigidity in the normal direction. Once such surfaces

are developed, it is our hope that they will be incorporated into industrial systems

and/or medical devices, putting a significant dent into the adverse e↵ects of biofilms

on society.
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Hense, and J. O. Rädler, “Dynamics of ahl mediated quorum sensing under

flow and non-flow conditions,” Physical Biology, vol. 9, no. 2, 2012. 2, 5

65



[37] S. T. Flickinger, M. F. Copeland, E. M. Downes, A. T. Braasch, H. H. Tu-

son, Y.-J. Eun, and D. B. Weibel, “Quorum sensing between pseudomonas

aeruginosa biofilms accelerates cell growth,” Journal of the American Chemical

Society, vol. 133, no. 15, pp. 5966–5975, 2011. 2, 5

[38] G. E. Dilanji, J. B. Langebrake, P. De Leenheer, and S. J. Hagen, “Quorum

activation at a distance: spatiotemporal patterns of gene regulation from dif-

fusion of an autoinducer signal,” Journal of the American Chemical Society,

vol. 134, no. 12, pp. 5618–5626, 2012. 2, 5

[39] J. L. Connell, A. K. Wessel, M. R. Parsek, A. D. Ellington, M. Whiteley,

and J. B. Shear, “Probing prokaryotic social behaviors with bacterial ”lobster

traps”,” mBio, vol. 1, no. 4, pp. e00202–10, 2010. 2, 5

[40] D. Koley, M. M. Ramsey, A. J. Bard, and M. Whiteley, “Discovery of a biofilm

electrocline using real-time 3d metabolite analysis,” Proceedings of the National

Academy of Sciences, vol. 108, no. 50, pp. 19996–20001, 2011. 2, 5

[41] H.-C. Flemming and J. Wingender, “The biofilm matrix,” Nature Reviews Mi-

crobiology, vol. 8, no. 9, pp. 623–633, 2010. 2, 4

[42] S. Periasamy, H.-S. Joo, A. C. Duong, T.-H. L. Bach, V. Y. Tan, S. S. Chatter-

jee, G. Y. Cheung, and M. Otto, “How staphylococcus aureus biofilms develop

their characteristic structure,” Proceedings of the National Academy of Sciences,

vol. 109, no. 4, pp. 1281–1286, 2012. 2

[43] H. Gu, S. Hou, C. Yongyat, S. De Tore, and D. Ren, “Patterned biofilm for-

mation reveals a mechanism for structural heterogeneity in bacterial biofilms,”

Langmuir, vol. 29, no. 35, pp. 11145–11153, 2013. 2, 5

[44] L. D. Renner and D. B. Weibel, “Physicochemical regulation of biofilm forma-

tion,” MRS bulletin, vol. 36, no. 05, pp. 347–355, 2011. 2

[45] S. R. Chhabra, B. Philipp, L. Eberl, M. Givskov, P. Williams, and M. Cámara,

“Extracellular communication in bacteria,” in The chemistry of pheromones

and other semiochemicals II, pp. 279–315, Springer, 2005. 2

66



[46] G. D. Geske, R. J. Wezeman, A. P. Siegel, and H. E. Blackwell, “Small molecule

inhibitors of bacterial quorum sensing and biofilm formation,” Journal of the

American Chemical Society, vol. 127, no. 37, pp. 12762–12763, 2005. 2

[47] Y.-J. Eun and D. B. Weibel, “Fabrication of microbial biofilm arrays by geo-

metric control of cell adhesion,” Langmuir, vol. 25, no. 8, pp. 4643–4654, 2009.

2

[48] Z. Xue, V. R. Sendamangalam, C. L. Gruden, and Y. Seo, “Multiple roles of

extracellular polymeric substances on resistance of biofilm and detached clus-

ters,” Environmental science & technology, vol. 46, no. 24, pp. 13212–13219,

2012. 2

[49] E. V. Piletska, G. Stavroulakis, L. D. Larcombe, M. J. Whitcombe, A. Sharma,

S. Primrose, G. K. Robinson, and S. A. Piletsky, “Passive control of quorum

sensing: prevention of pseudomonas aeruginosa biofilm formation by imprinted

polymers,” Biomacromolecules, vol. 12, no. 4, pp. 1067–1071, 2011. 2

[50] M. Alipour, Z. E. Suntres, and A. Omri, “Importance of dnase and alginate lyase

for enhancing free and liposome encapsulated aminoglycoside activity against

pseudomonas aeruginosa,” Journal of antimicrobial chemotherapy, p. dkp165,

2009. 2

[51] Z. Qian, P. Stoodley, and W. G. Pitt, “E↵ect of low-intensity ultrasound upon

biofilm structure from confocal scanning laser microscopy observation,” Bioma-

terials, vol. 17, no. 20, pp. 1975–1980, 1996. 2

[52] H. Bandara, A. Harb, D. Kolacny, P. Martins, and H. Smyth, “Sound waves

e↵ectively assist tobramycin in elimination of pseudomonas aeruginosa biofilms

in vitro,” AAPS PharmSciTech, vol. 15, no. 6, pp. 1644–1654, 2014. 2

[53] K. K. Je↵erson, D. A. Goldmann, and G. B. Pier, “Use of confocal microscopy

to analyze the rate of vancomycin penetration through staphylococcus aureus

biofilms,” Antimicrobial agents and chemotherapy, vol. 49, no. 6, pp. 2467–2473,

2005. 2

67



[54] M. Valentini and A. Filloux, “Biofilms and cyclic di-gmp (c-di-gmp) signaling:

lessons from pseudomonas aeruginosa and other bacteria,” Journal of Biological

Chemistry, vol. 291, no. 24, pp. 12547–12555, 2016. 3, 32

[55] P. A. Cotter and S. Stibitz, “c-di-gmp-mediated regulation of virulence and

biofilm formation,” Current Opinion in Microbiology, vol. 10, no. 1, pp. 17–23,

2007. 3, 32

[56] G. Schultz, P. Phillips, Q. Yang, and P. Stewart, “Biofilm maturity studies

indicate sharp debridement opens a time-dependent therapeutic window,” J

Wound Care, vol. 19, no. 8, p. 320, 2010. 3

[57] C. Winner, “To banish biofouling,” Oceanus, vol. 50, no. 2, p. 8, 2013. 3

[58] Z. Satterfield, “Line pigging,” Tech Brief, 2007. 3

[59] A. Persat, C. D. Nadell, M. K. Kim, F. Ingremeau, A. Siryaporn, K. Drescher,

N. S. Wingreen, B. L. Bassler, Z. Gitai, and H. A. Stone, “The mechanical

world of bacteria,” Cell, vol. 161, no. 5, pp. 988–997, 2015. 3, 31

[60] K. Otto and T. J. Silhavy, “Surface sensing and adhesion of escherichia coli

controlled by the cpx-signaling pathway,” Proceedings of the National Academy

of Sciences of the United States of America, vol. 99, no. 4, pp. 2287–2292, 2002.

042521699[PII] 5216[PII] 11830644[pmid] Proc Natl Acad Sci U S A. 3, 33

[61] Y. Luo, K. Zhao, A. E. Baker, S. L. Kuchma, K. A. Coggan, M. C. Wolfgang,

G. C. L. Wong, and G. A. O’Toole, “A hierarchical cascade of second messen-

gers regulates pseudomonas aeruginosa surface behaviors,” mBio, vol. 6, no. 1,

pp. e02456–14, 2015. 3, 33, 40, 52, 57

[62] S. L. Kuchma, A. E. Ballok, J. H. Merritt, J. H. Hammond, W. Lu, J. D. Ra-

binowitz, and G. A. O’Toole, “Cyclic-di-gmp-mediated repression of swarming

motility by pseudomonas aeruginosa: the pily1 gene and its impact on surface-

associated behaviors,” Journal of Bacteriology, vol. 192, no. 12, pp. 2950–2964,

2010. 3, 33, 40, 57
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