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Abstract

Biofilms are surfaced attached communities of cells encased in an extracellular
matrix. The transition from free-swimming planktonic cells to a surface attached
biofilm begins with cellular changes that occur after surface contact. This process is
known as "surface sensing" and the opportunistic pathogen Pseudomonas aeruginosa
PA14 uses its two motility appendages, type IV pili (T4P) and a single, polar flagellum
to sense and traverse surfaces. The first cellular changes to occur within this
organism upon surface contact is an increase in the second messengers cAMP and c-
di-GMP. While the genes involved in surface sensing by P. aeruginosa are known, the
mechanism by which these molecular machines sense and relay surface contact to the
rest of the cell has remained a mystery. This thesis focuses on how T4P and flagellar
surface contact lead to increases in cAMP and c-di-GMP, respectively. I show that the
primary T4P retraction motor likely relays a surface signal to the Pil-Chp system,
leading to CyaB activation and cAMP production. I also present data that supports a
model whereby the stators of the flagellar motor senses surface contact and relay this
information to a diguanylate cyclase leading to c-di-GMP production. These studies
demonstrate how mechanical perturbations to these molecular motility machines

upon surface contact can serve as cellular signals to initiate biofilm formation.
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Chapter 1

Introduction

A sense of touch : T4P retraction motor as a means of surface sensing by
Pseudomonas aeruginosa PA14

C.]. Geiger! and G.A. O’'Toole!?

1Department of Microbiology and Immunology, Geisel School of Medicine at Dartmouth

Author contributions:

C.J.G. wrote the chapter and performed the computational and structural analyses.

G.A.O. provided critical input and assisted in writing, organizing, and editing the
chapter.



1.1 Abstract

Most microbial cells found in nature exist in matrix-covered, surface-attached
communities known as biofilms. This mode of growth is initiated by the ability of the
microbe to sense a surface on which to grow. The opportunistic pathogen
Pseudomonas aeruginosa (Pa) PA14 utilizes a single polar flagellum and type IV pili
(T4P) to sense and traverse surfaces. In Pa, T4P function by pulling the cell across a
surface through rounds of pilus extension, surface binding and T4P retraction that is
powered by hexameric ATPases. Pa cells that have engaged a surface and perform the
T4P-dependent surface motility, known as twitching, increase production of the
second messenger cAMP over multiple generations via the Pil-Chp system. This rise
in cAMP allows cells and their progeny to become better adapted for surface
attachment and activates virulence pathways through the cAMP-binding
transcription factor Vfr. While many studies have focused on mechanisms of T4P
twitching and regulation of T4P production and function by the Pil-Chp system, the
mechanism by which Pa senses and relays a surface-engagement signal to the cell is
still an open question. Here we review the current state of the surface sensing
literature for Pa. We also propose a new model of surface sensing whereby the
retraction motor PilT senses and relays the signal to the Pil-Chp system culminating

in cAMP production.



“All models are wrong but some are useful”

-George Box

1.2 Introduction

Bacteria exist as either free swimming planktonic cells or as communities of
surface attached cells encased in an extracellular matrix known as a biofilm (1). Of
the estimated 1.2 x 103° microbial cells on planet Earth, up to 80% of them may be in
a biofilm (2). The first step in transitioning from the planktonic lifestyle to the biofilm
mode of growth is detecting surface engagement and transmitting this signal to the
cell, which we refer to here as “surface sensing”(1, 3-5). Pseudomonas aeruginosa (Pa)
is an opportunistic pathogen that is able to cause biofilm infections in persons
suffering from burn wounds, cystic fibrosis, and acute leukemia(6). Like many other
bacteria, Pa uses its two motility appendages, flagella and type IV pili (T4P), to sense
and traverse surfaces (Figure 1)(3, 7). Pa possesses a single polar flagellum that
rotates and propels the cell forward in both a liquid environment (swimming) and
across surfaces (swarming)(8, 9). Stator proteins incorporated into the flagellum
machinery utilize the cell’s proton motive force (PMF) to power rotation(10-12). T4P
are tiny hairlike appendages that extend from the cell's poles. Polymerization of the
pilin monomer leads to extension of the pilus fiber and depolymerization leads to
retraction(13, 14). In Pa PA14, T4P extension is powered by a single motor, PilB, and
retraction is powered by a primary and accessory retraction motor, PilT and PilU,
respectively. All three of these motor ATPases form hexamers and are powered by
ATP hydrolysis(14-19).

The cellular parts necessary for surface sensing are present in many strains of
Pa but the magnitude to which each of these appendages contributes to surface
adaptation and biofilm formation varies widely between backgrounds (20-22).
Various studies have investigated the different mechanisms of surface sensing and
their impact among Pa strains. For example, while both Pa strains PA14 and PAO1
encode the Wsp and Pil-Chp systems, Pil-Chp and cAMP appears to be more critical
for early surface attachment in PA14 whereas the Wsp system and c-di-GMP is more

critical in the PAO1 background (20, 21). Furthermore, extracellular components that
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can affect biofilm formation such as EPS vary between Pa backgrounds. For these
reasons this review will focus on studies using P aeruginosa PA14 as a model
organism to study surface sensing and biofilm formation.

After surface contact by Pa, one of the first cellular changes to occur is the
increase of the nucleotide second messenger 3'5'-cAMP (23, 24). In Pa, this molecule
is required for further surface adaptation as well as acute virulence (25-27). Robust
cAMP production by Pa is dependent on functional T4P and the presence of a surface
(24, 28, 29). This increase in cAMP leads to a subsequent c-di-GMP response that is
necessary for production of a mature biofilm (5). The biofilm can be maintained,
which is an active process; or alternatively, if conditions become unfavorable, cells can
disperse from the biofilm and return to the planktonic state (5, 30-34). When we say
“surface sensing”, we are focusing on the first few steps of biofilm initiation that lead
to an increase in both nucleotide second messengers. Here we review data regarding
surface sensing mediated by T4P for Pa PA14 and propose a new model whereby cells

sense and transmit this surface engagement signal via the T4P retraction motor PilT.
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Figure 1. Diagram of the biofilm cycle of Pseudomonas aeruginosa PA14. Biofilm
formation by Pseudomonas aeruginosa PA14 (green) begins with free-swimming
planktonic cells (1) making initial surface attachment through its single, polar
flagellum (2). After initial surface contact, bacteria can either continue to explore the
surface using their motility appendages or return to the planktonic population in a
process known as reversible attachment (3). As cells continue to explore the surface
using T4P they become better surface adapted in a process that is mediated by cAMP
level (blue triangle). Once cells are surface adapted they commit to the biofilm
lifestyle and become irreversibly attached (4). As biofilm cells continue to grow on a
surface they increase c-di-GMP level (green triangle) resulting in motility repression
and upregulation of genes necessary for the formation of a mature biofilm (5). When
conditions become unfavorable for the biofilm, cells can either passively or actively
disperse into the planktonic population (6).



1.3 Surface sensing and its connection to virulence

The surface-mediated increase in cAMP to initiate biofilm formation cascade
also contributes to activation of virulence genes (25, 27, 35-37). The majority of
cellular changes that occur in Pa upon cAMP increase is due to its binding protein and
virulence factor Vfr (35, 38). In terms of virulence, Vfr bound to cAMP directly
activates many genes necessary for type 2 secretion systems (T2SS) and T3SS,
including expression of the exsA gene (37). These genes are active during acute Pa
infections. Thus, studying surface sensing will help us integrate two key aspects of

bacterial biology - biofilm formation and host-microbe interactions.

1.4 Surface sensing by motility appendages

As cells near a surface, motility appendages can contact this surface leading to
a dramatic change in the forces experienced by the cell envelope as well as the motors
powering T4P retraction and stators powering flagellar rotation (39, 40). Here the
mechanical force experienced by the cell can serve as the signal of surface
engagement for the cell, a process known as mechanosensing in bacteria. This aspect
of surface sensing focuses on the mechanical forces exerted on the cell due to the
presence of an attachment substrate that is not encountered in a planktonic
environment. For a full explanation on the difference between "surface sensing" and
"mechanosensing” please see a recent review from our team (4). Below we highlight
the different forces experienced by Pa due to motility appendages interacting with the

surface and the resulting cellular changes that occur.

1.5 The forces experiences by Pa upon surface contact
Forces experienced by Pa cells upon surface contact: the flagellum

Planktonic Pa cells experience force due to flagellar rotation in a liquid
medium. Swimming cells in a liquid with a viscosity similar to water will experience
a drag force ~0.5-2 pN when swimming (39, 41). During flagellar rotation the cell
body counter rotates and experiences a resistive torque ~1600 pN (39). The Pa
flagellum motor in particular has a torque output of 2 pN*um (42). When the load on

the flagellum increases either due to changes in viscosity or engagement of the cell
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body or flagellum with a surface, the flagellum machinery is able to undergo
remodeling to recruit more stator units (43-47). Stators only conduct protons upon
incorporation into the flagellar motor. The ability to conduct protons is crucial to
mechanosensitive stator recruitment, as stator mutants that no longer allow the flow
of protons are not recruited to flagella (47).

Based on work in E. coli, under low loads, the flagellum can contain 4-6 stator
units, but this number can increase to 11-16 units under high load (48-51). When the
flagellum is experiencing a high load, each stator unit can contribute ~10 pN of force
towards flagellar rotation (47). Stator units bind the peptidoglycan (PG) layer as well
as FliG of the C ring of the flagellar base to convert the energy supplied by PMF into
flagellar torque. Itis thought that under high loads the stators undergo a catch-bond
regime which enhances binding between stators and the flagellar machinery (52).
That is, binding of the stator to the motor increases with increasing load on the
flagellum.

Pa contains two sets of stators that power flagellar rotation. MotAB stators are
dominant in low load environments and are produced at ~40x higher levels than the
second stator set, MotCD (53). The MotCD stator is required for high load flagellar
rotation like that experienced during swarming motility (8, 10, 54). Interestingly,
based on signal motor measurements, both stator sets exert the same amount of
torque, but flagella composed of MotCD stators are 10x more likely to be active (53).

For Pa, initial surface contact is mediated by the flagellum and is accompanied
by a sharp increase in the flagellar load from ~5pN nm*s/revolution to >150 pN*nm
s/revolution (39, 42, 55). The change in forces due to flagellar-mediated surface
contact is not unique to Pa and many different organisms rely on their flagella to sense

a surface (56-58).

Forces experienced by Pa cells upon surface contact - the T4P:

Under planktonic conditions T4P extend and retract freely and consequently,
the force required to retract the pilus through a liquid environment is thought to be
negligible (39). Although it was previously thought that surface contact by T4P

stimulated retraction, it has since been shown that the rate of pilus extension and
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retraction is not significantly different for surface-associated versus liquid-suspended
cells (14, 59). After surface attachment by Pa, T4P are able to mediate two types of
surface motility: upright walking and directional crawling, the latter of which is also
known as twitching (3, 60-63). T4P retraction motors make up some of the strongest
motors found in nature (19, 64). Some microbes are able to retract a single pilus fiber
with a force upwards of 100 pN and some T4P can form bundles and cooperate during
retraction to generate forces in the 1 nN range (19, 64, 65). Pa shows a more modest
average retractive force of ~30 pN per pilus (66). A single T4P however can attain a
maximal adhesive force of up to 750pN as measured by AFM and surfaces covered
with the Pel exopolysaccharide have been shown to enhance T4P surface attachment
(66, 67).

Twitching motility by Pa PA14 normally occurs through constant slow
movement (~0.3 um/s) punctuated with periods of rapid movement (1 um/s). This
increased speed occurs when multiple T4P engage the surface, and upon release of
one pilus results in a "slingshot" effect, propelling the cell forward faster than pilus
retraction allows (68). This increased speed is also due to the elastic, spring-like
nature of T4P filaments that are able to stretch 3x their original length when under
tension (69).

The retractive force of T4P in Pa is thought to originate from the primary and
accessory retraction motors PilT and PilU, respectively (15, 19, 25, 70-73). However,
it is worth noting that others have hypothesized that a large fraction of the retractive
force is stored in the pilus fiber itself as there have been examples of low force
retractions in the absence of any retraction motor (74, 75). PilT is able to interface
with the pilus machinery directly and it is thought that when under sufficient load,
PilU will bind PilT and the coordinated ATP hydrolysis of both motors are used to
depolymerize the bound pilus fiber leading to pilus retraction and T4P-mediated cell
movement across a surface (14, 15, 17, 70). Motor-mediated retraction of surface
bound pili serve as a surface signal in Pa as well as other bacteria containing T4P (76-

78).



Forces experienced by Pa cells upon surface contact: the cell body

In addition to the appendages described above, the cell body itself can bind to
the surface with marked adhesive force. Note that the cell body of Pa PA14 without
T4P and flagella can bind hydrophobic surfaces with adhesion forces up to 1000pN
(67). Adhesion of the cell body to a surface can be modified by a number of factors
including extracellular matrix components that are deposited on the surface or
localized to the OM of the cell body itself. Pa produces the large adhesive protein CdrA
as well as chaperone-usher pili that line the body of the cell and aids in cell-cell
adhesion as well as cell-surface binding (79, 80). In addition, the CdrA adhesin can
bind to the EPS Psl further enhancing surface attachment. Since many of these
adhesive systems are regulated by c-di-GMP their expression varies during biofilm
formation making it difficult to determine the exact level of adhesion of a given Pa cell
contacting a surface (79, 80). How these cell surface adhesins impact surface sensing

through the motility appendages is largely unexplored (66, 67, 81).

1.6 Cascade of second messenger signaling upon surface engagement

The forces experienced by the cell upon surface contact can serve as a signal
to initiate cellular changes necessary for the biofilm mode of growth. One of the first
cellular changes to occur is an increase in the nucleotide second messengers c-di-GMP
and cAMP (24). Both E. coli and Pa have been shown to increase c-di-GMP within
seconds of surface contact (82, 83).

How does surface contact by Pa PA14 result in an increase in second
messenger production? As outlined above, for Pa PA14, cAMP is thought to be the
first second messenger upregulated upon surface engagement, a process that
requires functional T4P, the Pil-Chp system, and the adenylate cyclases CyaA and
CyaB (Figure 2) (24, 35, 37, 84). This up-regulation of cAMP results in an increase of
T4P levels after surface engagement via the increased expression of the genes
required for pilus synthesis, generating a positive feedback loop for cAMP/T4P
production (24). Below we will discuss the regulation of cAMP production by Pa
PA14 and the possible mechanism whereby T4P surface engagement triggers cAMP
signaling. Vfr bound to cAMP transcribes the two component system FimS-AlgR,
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which directly regulates the T4P minor pilin operon (24). The minor pilins are
thought to serve as an initiation complex for pilus assembly and are required for T4P
function (85, 86). Among these minor pilins is PilY1, which we discuss in the next
paragraph.

The activity of the diguanylate cyclase SadC has been shown to be regulated
by both T4P (Figure 2) and flagella by Pa PA14 (12, 87). The data from our group
and others supports a model whereby conformational changes of the protein at the
tip of T4P, PilY1, due to the mechanical tension generated by pilus retraction and
surface adhesion, activates a signaling pathway along the alignment complex of T4P,
which modulates the activity of the diguanylate cyclase SadC (4, 12, 87, 88). The
alignment complex of T4P, composed of PiIIMNOP, connects PilY1, buried within the
PilQ porin with TsaP, to the inner membrane (IM)-localized SadC via PilN and PilO,
which are also found in the IM (87, 89). The interaction between SadC and PilO has
been shown to repress diguanylate cyclase activity, and furthermore, the binding
strength between PilO-SadC impacts the frequency and amplitude of c-di-GMP
oscillations in single Pa PA14 cells attaching to a surface (90).

Once released from its interaction with PilO, SadC is free to interact with other
membrane components and produce c-di-GMP. When c-di-GMP increases within the
cell, the protein FIgZ can bind this second messenger and the FlgZec-di-GMP complex
will remove MotCD stator units from the flagellar machinery (12). This process not
only shuts down flagellar rotation under high loads but also allows MotC to interact
with SadC. This MotC-SadC interaction has been shown to have a stimulatory effect
on diguanylate cyclase activity leading to a positive feedback loop of c-di-GMP
production and flagellar motility repression (12). Thus, protein-protein interactions
with a component of the T4P (PilO) and the flagellar machinery (MotC) can modulate
the activity of SadC (12, 87). Furthermore, another surface sensing system in Pa, the
Gac-Rsm system, has been shown to regulate SadC at the level of translation, leading
to more SadC produced when the system is activated (91). These data suggest that
SadC could serve as a “hub” to integrate information for the two motility machines

when they engage the surface.
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Figure 2. New proposed model for surface sensing by P. aeruginosa. (A) After
surface binding by extended T4P, retraction of pili begins with the retraction motor
PilT binding PilC. The accessory retraction motor PilU binds PilT and aids in
depolymerization of the pilus fiber via conformational changes in PilC. However, if
PilU is absent during retraction, we hypothesize that PilT alone is unable to exert
sufficient force to power retraction and the PilT motor will stall, potentially entering
a conformational state due to improper ATP binding and/or hydrolysis and/or ADP
release. We believe that PilT in this stalled conformation binds Pil] of the Pil-Chp
complex to transduce the surface signal from T4P to Pil-Chp (B). After Pil] activation
the signal is transmitted to the kinase ChpA which leads to the phosphorylation of
several response regulators including PilG. PilG along with FimV and FimL then
activate the adenylate cyclase CyaB leading to an increase in cAMP (c).
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1.7 cAMP regulation by Pa

For Pa PA14, compared to c-di-GMP, cAMP production and degradation uses
significantly fewer proteins. There are three adenylate cyclases (AC) encoded in the
Pa genome but only two of them, CyaA and CyaB, appear to contribute to intracellular
levels of cAMP. ExoY, the third AC, is a type 3 secretion system effector toxin and is
only active after being injected into another cell (92). A single phosphodiesterase,
CpdA, degrades cAMP (26, 37, 92).

CyaA is a cytoplasmic adenylate cyclase but its regulation remains unknown.
CyaB has been shown to contribute to the majority of cAMP under all tested
conditions in Pa (24, 36, 37, 93). This adenylate cyclase is a class IlIb AC which is
composed of a MASE2 regulatory domain fused to a catalytic domain. The MASE2
domain attaches CyaB to the membrane in PA14 and is thought to aid in localization
to the cell's poles. Like other Class I1Ib ACs, CyaB has been shown to be stimulated by
HCOs3-and has an optimum pH of 7.5 when tested in vitro (94). Other chemical stimuli
such as low calcium has been shown to stimulate cAMP in Pa by increasing the
expression of the cyaB gene (37).

Surface dependent cAMP is produced mainly by CyaB with some contribution
by CyaA (24). The cellular regulation of CyaB via its MASE2 domain has been shown
to be controlled by components of the Pil-Chp system, as detailed below (24, 36, 84,
93).

All known cellular changes due to cAMP are dependent on the cAMP-binding
protein Vfr that regulates genes responsible for virulence as well as surface
adaptation (35, 38). The cpdA promoter is positively regulated by Vfr under high
levels of cAMP to reduce the levels of this signal back to baseline after induction (26).
A second cAMP binding protein is also found in Pa, CbpA, and will localize to the
flagellated pole upon cAMP binding but its cellular function remains a mystery (95).

At the single cell level within Pa, there are out of phase oscillations between
levels of cAMP and T4P activity that is able to persist over multiple generations.
Surface adaptation through cAMP dependent T4P production leads to a memory of
surface contact that allows cells and their progeny to remain surface adapted for

several generations. This surface adaptation decreases the longer cells remain away
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from a surface. Single Pa cells that that remain on a surface display oscillations of
cAMP across several generations (23). How these oscillations of cAMP, with the
recently documented oscillations of c-di-GMP, relate to each other in controlling

single cell surface behavior remains an active area of study.

Regulation of CyaB activity by Pil-Chp

Several genetic screens have indicated that members of the Pil-Chp system are
involved in CyaB regulation and subsequent studies have uncovered the mechanisms
of signal transduction and activation. Three proteins, FimV, PilG, and FimL, must
form a complex to activate CyaB via its MASE2 domain (24, 84, 93). FimL is thought
to connect FimV to PilG to form the activation complex (Figure 2C) (36, 93).
Localization of PilG and FimL to the poles of the cell is dependent on the polar hub
protein FimV (36). The FimV protein contains a peptidoglycan (PG) binding LysM
motif as well as a large cytoplasmic domain with a conserved tetratricopeptide
repeats (TPR) motif that is used to bind FimL (96). The LysM motif preferentially
binds PG with less stem peptides, a form of PG that is only found at the poles of the
cells, thus providing an explanation for the polar localization of FimV (97-100).
Besides activating the AC CyaB, FimV has other roles including T4P assembly and
polar localization, stopping flagellar rotation, and polar localization of other proteins
like PilS (97, 101, 102). PilG, which is a response regulator (RR) of the kinase ChpA,
is also required for CyaB activation. Phosphorylation of PilG is required for AC
activation as well as twitching motility, but not binding to FimL or polar localization
(36).

PilG is part of the larger Pil-Chp complex that is genetically and functionally
similar to chemoreceptors described in other gram negative organisms (Figure 2B).
This Che-like system contains a membrane-bound, methyl-accepting chemotaxis
(MCP) protein Pil] with a periplasmic ligand binding domain (29, 103-105). The
periplasmic domain has been implicated in directional twitching towards
chemoattractants such as phosphatidylethanolamine, mucin, BSA, and recently
phenol soluble modulins produced by Staphylococcus aureus (105-107).

Interestingly, addition of these chemoattractants also stimulate cAMP production via
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CyaB (108). While the ligand binding domain is required for directional twitching it
is not required for surface-dependent cAMP production (109).

Pil] like other MCPs is predicted to be methylated and demethylated by two
proteins, PilK and ChpB, respectively, to tune sensitivity of the receptor (24). There
are two predicted adaptor proteins for this system, Pill and ChpC, which likely link
PilJ to ChpA (29, 103, 104). Pill is required for twitching motility but ChpC is only
required for directional twitching (108). The kinase ChpA has a second response
regulator in additional to PilG, PilH. Until recently the function of these two response
regulators (RR)s were unknown. It has now been demonstrated that the
phosphorylation state of these two proteins controls the directional twitching of Pa
by biasing the polar localization of the T4P extension motor PilB, thereby allowing Pa
to efficiently colonize a new surface and prevents aggregation of twitching cells (36,
110, 111). Surface-dependent activation of Pil-Chp and subsequently CyaB also
require functional T4P but the mechanism by which T4P sense a surface and transmit
this information to Pil-Chp is still an open question (24, 76, 84). Below we address
several models proposed to explain T4P-mediated surface sensing by Pa, and in light
of new genetic, structural and comparative genomics data, we present a new model

of surface sensing by Pa PA14.

T4P regulation of Pil-Chp

Many studies have established the requirement for functional T4P as well as
the Pil-Chp system for surface-dependent cAMP production, but the mechanism
whereby T4P mediate surface sensing via Pil-Chp is still an open question. As the
statistician George Box stated, “All models are wrong but some are useful”. This quote
nicely sums up the current state of surface sensing. Indeed, we would argue that how
the T4P senses and transduces surface engagement is one of the key knowledge gaps
in regard to surface sensing in Pa.

A previous study proposed a possible mechanism of surface sensing by T4P
via the pilin monomer itself. This study demonstrated that PilA as well as its motor
proteins were required for the surface-dependent cAMP response. Furthermore, a

novel interaction between PilA and Pil] was described using the Bacterial Adenylate
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Cyclase Two Hybrid (B2H) system. The authors speculated that the pilin monomer
enters a force induced conformational change when there is sufficient tension on the
pilus fiber that allows for binding with Pil], leading to cAMP production. To test
whether tension on pili alone could stimulate cAMP production, the Pa ApilTU mutant
was subjected to increased medium flow in a flow cell resulting in a shear force of
~10pN per cell. Despite the tension on pili due to the shear force, the extent of cAMP
production was identical to ApilTU strain under the no flow condition indicating that
the motor-mediated retraction is necessary for surface signaling and not just tension
on pili (76). Subsequent studies have demonstrated a correlation between the flux of
pilins in and out of the inner membrane (IM) on surfaces of different stiffnesses and
the extent of surface-dependent cAMP production. A biochemical model was
developed based on the flux of PilA in the IM that accurately predicted the cAMP
response of T4P motor mutants with altered extension and retraction dynamics
(112). While this T4P-based model of surface sensing by Pa explains much of the
observed data it fails to address key observations at odds with this proposed
mechanism.

First, a recent study revealed a lack of correlation between the strength of
binding between PilA and Pil] and levels of cAMP when grown on a surface (78). If
PilA interaction with Pil] mediates the surface signal, then we would predict that
stronger binding between PilA-Pil] would result in more cAMP production for
surface-grown cells, but this correlation is not observed for several PilA mutants.
Second, deletion of the accessory retraction motor, PilU, increases the cAMP response
and is the only component of T4P machine that increases intracellular cAMP upon
deletion (23, 24, 78, 113). As mentioned earlier, PilU can only interact with the T4P
machinery to promote retraction via the primary retraction motor PilT (70, 114). The
overproduction of cAMP in this background is dependent on the presence of PilT as
the double ApilTApilU mutant does not increase cAMP when grown on a surface (23,
78, 113). PilU has been shown to contribute to retraction of T4P by increasing the
maximum force of retraction (70). If conformationally stretched pili were key to
surface signaling we would expect a reduction in stretched pili when we eliminate

one of the two motors contributing to retractive forces, resulting in less cAMP, which
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again, is not what the data show. Third, expression of functionally inactive PilU, PilU-
K1364, in a ApilU background phenocopies the ApilU mutant strain in terms of T4P-
related phenotypes such as twitching and phage susceptibility but reduces surface-
dependent, cAMP production (113). In both the ApilU mutant and a ApilU mutant
over-expressing the PilU-K136A protein, T4P are only able to retract with enough
force to retract pili that are bound to phage, but are unable to generate enough force
to overcome the adhesion between the surface and cell body leading to twitching
motility. In these two backgrounds T4P tension is below its maximum due to the lack
of functional PilU, but these strains exhibit disparate cAMP responses when grown on
a surface that cannot be explained by the pilin signaling model. Finally, this model
necessitates interaction between a conformationally altered PilA buried in the T4P
machine with Pil] in the inner membrane, a model at odds with cryoEM structures of
the T4P machine (115). Alternatively, the force-induced conformational change in
PilA would need to be maintained long enough for the T4P to disassemble, and pilin
to diffuse into the membrane in its altered conformation to engage Pil]. Neither of
these scenarios seem likely.

Due to the lack of evidence supporting a PilA-Pil] signaling model (and
multiple lines of evidence arguing against this model), and growing data showing that
manipulating the accessory retraction motor can affect levels of cAMP, we
hypothesized that the primary retraction motor PilT may be required for sensing and

relaying a surface signal to the Pil-Chp system.

1.8 A proposed model of PilT-mediated of surface sensing signal transduction
The PilT retraction motor drives depolymerization of extended T4P using the
power generated by ATP hydrolysis (15, 17). Type [IVa pili (T4aP), of which the T4P
of Pa are a part of, require a homolog pilT to be present for the identification of a T4aP
system in the genome. The other retraction motor, pilU, is considered an accessory
gene and not all microbes with a T4aP have a pilU gene in their genome (116). In Pa,
the N-terminus of the PilT monomer contains a PAS-like domain that is connected to

the C-terminal NTPase domain by a flexible linker. There are several conserved
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motifs in the C-terminal NTPase domain including a Walker-A motif responsible for
ATP binding, a Walker-B motif responsible for ATP hydrolysis, and Asp and His boxes
that coordinate the terminal phosphate group of ATP (15). The last conserved motif
of PilT is the surface exposed, hydrophobic AIRNLIRE motif. Residues in the
AIRNLIRE motif are required for in vivo function of PilT and mutating these residues
result in cells that are unable to perform twitching motility are and are phage
resistant, indicating a complete lack of any T4P retraction. Despite the lack of
function, AIRNLIRE mutants are still able to oligomerize and retain ATPase activity,
indicating an unexplained role of this motif in motor function (117).

T4P motors function as hexamers within bacterial cells. Oligomerization
occurs by the NTD of one monomer binding to the CTD of adjacent monomers. The
ATP binding occurs between monomers in the core of the hexamer (17,19, 118, 119).
The ability to bind and hydrolyze ATP leads to different stable conformations within
the cytoplasm of cells. Three stable conformations have been observed for the PilT
hexamer of Pa. A fully ATP bound C6 conformation is thought to allow binding
between the PilC platform protein and the PilT hexamer. The C2 conformation of PilT
where only two ATP molecules are bound is thought to be the active conformation of
PilT while powering disassembly. The observed C3 conformation has no known
physiological role (17).

As part of developing a model for PilT-mediated surface sensing, it is relevant
to understand where PilT is localized. Localization of PilT to the poles has been
shown to be dependent on the presence of functional MreB (120). However, whether
PilT or PilU motors are unipolar or bipolar in their localization appears to vary with
strain, expression condition, and the pressence of other proteins like FimX (15, 111,
120,121). A mutation in the Walker-A motif of PilT (G135S) has been shown to affect
polar localization while mutations in Walker-B do not (15). While many factors
appear to affect T4P motor localization, one consistent observation is that all three
motors are not always present at the poles of Pa.

Recently our group published a study with data that supports a model
whereby the retraction motor PilT senses and relays the surface signal to the rest of

the cell. A bacterial adenylate cyclase two-hybrid screen identified a novel interaction
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between PilT and Pil] of the Pil-Chp system leading us to hypothesize that the surface
signal may be transmitted through this interaction instead of the previously proposed
PilA-Pil] interaction. By generating PilT mutants with differences in ATPase activity
and measuring the cAMP produced when grown on a surface, as well as strength of
interaction between PilT and Pil], a linear model was developed that indicated a
strong correlation between strength of interaction between Pil] and PilT-ATPase
mutants and the amount of cAMP produced when cells were grown on a surface. This
finding indicated to us that PilT may be "sensing" the surface through its ATPase
activity and that ability to interact with Pil] was important for cAMP production.
Furthermore, by manipulating levels of the accessory motor PilU, we were able to
demonstrate that the surface dependent cAMP response could be modulated by the
amount of PilU available to interact with PilT and that this effect of PilU on cAMP was
dependent on the presence of PilT (113).

Together, these data regarding PilT and PilJ led us to propose the following
model of motor-dependent surface sensing by Pa. In this model, PilT binds to PilC to
drive retraction of extended T4P. If T4P are unbound, then retraction does not
require maximal force and PilT is able to retract pili in the absence of PilU. Support
for PilT functioning in the absence of PilU comes from the pilU mutant remaining
sensitive to a phage that requires a retractile T4P for infection (73, 78). However, if
T4P are bound to the surface, then PilT is unable to power disassembly in the absence
of PilU, as this accessory retraction motor provides the high T4P retractive forces that
are not achieved in a ApilU mutant (14, 70). If there are not enough PilU motors to
aid in retraction or if the PilU motor is at the opposite pole, PilT-mediated retraction
will stall in the C2 conformation (described above) potentially leading to novel
hexameric conformations due to improper ATP binding or ADP diffusion out of the
hexamer (17). We believe this stalled conformation then allows PilT to interact with
Pil] to relay the surface signal to Pil-Chp. This model accounts for why a ApilU mutant
strain would have elevated levels of cAMP. That is, in the absence of PilU, every
attempt to retract surface-bound T4P would result in the “stalled conformation” of

the motor.
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However, one piece of data that did not fit this model was the ability of ATPase
deficient PilU protein, PilU-WA, to lower cAMP in a ApilU background when PilU-WA
was expressed from a plasmid. As previously mentioned, T4P in a ApilU mutant
background are functionally equivalent to T4P in a ApilU background expressing pilU-
K136A. Despite both strains being deficient in twitching motility and phage
susceptibility, the strain expressing pilU-WA has significantly less cAMP than WT
whereas the ApilU strain has elevated levels of cAMP. One possible explanation for
this discrepancy is that PilU and Pil] share a binding site on PilT such that expression
of a defective PilU lowers cAMP by blocking signaling to Pil] by PilT (113).
Unfortunately, at the time of the publication of the PilT-PilU interaction model, we
had no evidence to support this hypothesis because the residues on PilT that mediate

interaction with its binding partners PilU and PilC were unknown.

1.9 Using comparative genomics to develop a model of surface sensing
accounting for PilT, Pil] and the PilU accessory motor.

To predict residues that might mediate binding of PilT to its two partners we
used a combination analyzing sequence conservation with structural modelling. We
reasoned that conserved residues on the surface of PilT likely mediated the
interactions between its binding partners. To predict which surface residues of PilT
might mediate binding to Pil] versus PilU, we used the tool “alphafold multimer” (122-
127).

To determine candidate residues mediating PilU binding to PilT, we first
identified the residues on the surface of PilT that likely mediate interaction with PilC.
We performed this analysis first for several reasons. First, we knew that PilT is able
to interact with PilC in the absence of PilU given that Pa remains phage susceptible in
a pilU mutant background (73). Second, we reasoned that because PilC, PilT, and PilU
must all form a complex to power twitching motility, that the residues mediating PilT-
PilC interaction could not be the residues mediating PilT-PilU interaction (7, 19, 128).
Third, consistent with this supposition, cryoEM structures have shown that the PilT

hexamer likely interacts with the PilC platform protein through either its N- or C-
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terminal face (115). Therefore, whichever face of the PilT hexamer was mediating
interaction with PilC would be unavailable for PilU binding - thus we could likely
discern which face of PilT was interacting with PilC versus PilU.

Mutations that disrupt interaction between PilT and PilC would phenocopy a
ApilUT mutant strain in terms of T4P retraction but would likely not affect ATPase
activity or oligomerization as the residues that facilitate these functions are near the
NTPase core of PilT and not on the surface of the protein. Such phenotypes occur
when mutating the AIRNLIRE motif of PilT which is located on the C-terminus of the
protein (117). Another piece of data supporting this hypothesis is that of the 4 PilT
motors in Geobacter sulfurreducens, only PilT motors that contain the AIRNLIRE
motif are able to complement a ApilT PAK Pa strain and perform twitching motility
(129). This observation led us to predict that the C-terminal face of PilT mediates
interaction with PilC. In agreement with this prediction, the highest scored alphafold
multimer prediction for PilT and PilC showed interaction of PilC via PilT hexamer's C-
terminal face, which includes the AIRNLIRE motif (Figure 3A/B).

To assess the extent of conservation of residues on the C-terminal surface of
the PilT hexamer, we collected the homologs of the PilT protein for all pseudomonads
and then binned sequences by whether or not the genome also contained a pilU gene.
We observed that the C-terminal surface of the PilT hexamers are highly conserved
for all pseudomonads, whether or not they contain a PilU (Figure 3C). This
observation is in agreement with the structural predictions, as all PilTs of T4aP must
bind a PilC so this PilT-PilC interaction face should be well conserved regardless of

the presence or absence of PilU.
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Figure 3. Predicting the interface between the C-terminal face of the PilT
hexamer and the PilC hexamer. (A) An illustration of the T4P of P. aeruginosa. (B)
A linear representation of the PilT protein with known domains labeled, and the
beginning and ending aa of each domain indicated. (C) The alphafold multimer
program was used to predict the structure of PilT hexamer (blue) bound to the PilC
trimer (green) with the model giving the best score shown. The residues comprising
the PilT-Pil] interface are highlighted in green. (D) The C-terminal face of the PilT
hexamer with PilC removed. Each PilT monomer is in a different shade of blue and
the conserved AIRNLIRE motifis colored in yellow. A red box encircles the monomers
with conservation information mapped on the surface as shown in panel (E). (E) A
BLAST search was performed on taxid: 286 for the genus Pseudomonas using PA14
pilT as a search query (left). Homologs were identified and genomes were pooled by
whether a homolog of PilU could also be identified (center), or not (right). A multiple
sequence alignment was then generated using Clustal Omega and the resulting
multiple sequence alignment (MSA) was used with CONSURF to calculate and map
conservation scores for each residue on the center monomer of the trimer shown
here. PDB: 3]JVV chain B was then used to map the conservation information onto
each residue. The legend shows the extent of sequence identity for each residue for
the central monomer. In yellow are highlighted the AIRNLIRE motif in the left and
right monomers.
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Given that data from the literature, structural predictions, and conservation of
amino acids across PilT homologs all indicated that PilT binds PilC via the C-terminal
face of the PilT hexamer, we reasoned that the N-terminal face of the PilT hexamer
would be available for PilU binding. The highest scoring alphafold multimer
prediction also agreed with this hypothesis and showed the N-terminal face of the
PilT hexamer binding PilU (Figure 4A/B). When analyzing the three proteins
together, we obtain a composite of the two predictions which shows the PilT
hexamer's C-terminal face binding PilC and the N-terminal face of the PilT hexamer
binding PilU.

Upon revisiting the conserved surface residues of PilT, we noticed that the PilT
hexamer's N-terminal face (as opposed to the C-terminal face as outlined above)
showed few conserved amino acids. However, when we performed this analysis with
the PilT sequences from organisms which also encoded a PilU in the same genome,
we find that the N-terminal face of the PilT hexamer has patches of conserved amino
acids, which would make sense if these residues were under selection to maintain
binding with another protein for function (i.e., PilU; Figure 4C).

The N-terminal face of the PilT hexamer is also the location of residues that
mediate PilT-Pil] binding as determined in our previous study. In an attempt to
isolate mutants of PilT that retain twitching motility but no longer bind to Pil], a
genetic screen was performed that isolated alleles of pilT that produced motors
capable of powering twitching motility in Pa but are unable to bind to Pil] in the the
B2H system. When mapping these mutations onto the PilT structure, 28% of the
mutations mapped to a 4 residue patch on the N-terminal face of the PilT hexamer
indicating to us that this was the face of PilT that interacted with Pil]. Of the four
mutants making up this patch, only one of the alleles produced a stable protein when
expressed in Pa, but surprisingly, there was no difference in the amount of cAMP
observed for this H44L mutant when grown on a surface (113). However, when
examining the conservation score of this residue for PilT motors that also have a PilU
in the genome, this residue was the least conserved of the four residues identified in

our screen, indicating to us that this residue was the least important for interacting
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with Pil] and providing a possible explanation as to why a change in cAMP was not
observed.

Together these data support the hypothesis that PilU is able to modulate PilT
signaling to Pil] not only by providing force during retraction and preventing the
conformational change in PilT that allows for binding to Pil], but by also blocking the

binding site for Pil] even when PilU is not actively aiding in retraction.
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Figure 4. Predicting the interface between the N-terminal face of the PilT
hexamer and the PilU or Pil] hexamers. (A) Alphafold multimer was used to
predict the structure of PilT hexamer bound to the hexamer PilU with the model
giving the best score shown. (B) N-terminal face of the PilT hexamer with PilU
removed. Each PilT monomer is in a different shade of blue and the potential PilT-Pil]
binding interface is colored in green. A red box encircles the monomers with
conservation information mapped on the surface of the central monomer as shown in
panel (C). (C) A BLAST search was performed on taxid: 286 for the genus
Pseudomonas using PA14 pilT as a search query, homologs were identified (left), and
genomes pooled by whether a homolog of PilU could also be identified (center), or
not (right). A multiple sequence alignment was then generated using Clustal Omega
and the resulting MSA was used with CONSURF to calculate and map conservation
scores for each residue on the center monomer of the trimer shown here. PDB: 3]VV
chain B was then used to map the conservation information onto each residue. The
legend shows the extent of sequence identity for each residue. In green are the
residues that are predicted to mediate binding with Pil] on the left and right
monomers.
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Consistent with our model, signaling by T4P motors has been previously
reported for Myxococcus xanthus. In this organism, EPS production only occurs when
T4P are able to interact with a surface. Mutations in the extension motor PilB were
able to restore EPS production in a T4P deficient background of Myxococcus. A
Walker-A mutation in PilB was also able to stimulate EPS production without
restoring T4P motility. The PilB-WA hexamer resembles the WT PilB in the apo form,
leading to the conclusion that the unbound form of PilB was the signaling
conformation. Further work has demonstrated that the binding state of PilB to c-di-
GMP, ATP, and ADP influences the conformation of PilB and controls whether this
motor is actively polymerizing pili or performing EPS signaling (130-132). Thus, a
role for T4P motors in transmitting surface signals may be a conserved mechanism.
Furthermore, conformational changes in the retraction motor PilT have been
implicated in Neisseria gonorheae when tension is applied to pili fibers. It is thought
that these conformational changes may occur within the motor when the load is near
or over the motor stalling limit and may serve as a signal within cells (19, 133). These
data indicate that the T4P motors not only sense tension on pili but can serve as

signaling proteins in other organisms as well.

1.10 Conclusions

The opportunistic pathogen P. aeruginosa PA14 serves as an excellent model
organism to study bacterial surface sensing and adaptation, impinging on an
important aspect of this bacterium'’s lifestyle and its ability to be a pathogen. Current
data point to a model where Pa uses T4P to sense a surface and transmit that signal
to the cell likely through its primary retraction motor PilT. This mechanism of surface
sensing leads to the production of cAMP due to motor stalling.

Interestingly there are mutations in the flagellum that also stimulate the
production of cAMP. Mutating the regulator of flagellar number, FleN, creates a cell
with multiple polar flagella that bundle together and are unable to rotate.
Researchers hypothesize that this imparts a high load on the flagellar machinery

which likely also happens during initial surface attachment by the polar flagellum of
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Pa. This increase in load has been shown to increase the amount of intracellular cAMP
~3-fold and is dependent on the structural hub protein FimV (102). This finding
indicates to us that there are likely other mechanisms to regulate cAMP via the other
surface sensing appendage in Pa.

Just as T4P and the flagellum regulate levels of c-di-GMP by controlling the
binding partner and subsequent activity of SadC, these two appendages may be
regulating levels of cAMP by controlling CyaB activity. As previously mentioned,
these two second messengers oscillate at the single cell level over multiple
generations (23, 90). The generation of fluorescent reporters capable of showing
levels of both cAMP and c-di-GMP within the same cell will enable researchers to
investigate how these oscillations relate to each other during surface sensing in Pa.
Furthermore, these second messengers have been shown to affect different surface
behaviors including twitching motility and cellular spinning when attached to a
surface (23,102). How these surface behaviors are coordinated to efficiently colonize
a surface while also forming a biofilm is also an area of current research (82). As
demonstrated above, the interaction of cellular appendages with a surface is critical
to surface sensing and in an attempt to prevent biofilm formation, engineers have
begun designing surfaces that can prevent these mechanisms of surface sensing in
order to prevent the attachment and growth of microbial cells where they are not
wanted (134-136).

Not only have surface topology and chemistry been shown to affect
mechanisms of surface sensing in Pa but Pseudomonas phages have also been shown
to interfere with T4P function. Viral proteins are able to prevent T4P function which
can prevent viral superinfections but also affect surface sensing and biofilm
formation (137-139). Also, while Pa PA14 serves as an excellent model organism on
its own, this opportunistic pathogen rarely exists in nature as a monospecies biofilm.
Investigating how biofilm formation and surface sensing of Pa is altered when in a
polymicrobial community is also being investigated in the field. Other pathogens like
S. aureus are known to produce molecules that can affect T4P surface behavior and
how that change in surface behavior affects biofilm phenotypes is currently being

investigated (106, 107). Finally, the environments in which Pa colonizes during
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infection are extremely different from ideal laboratory conditions with differences in
oxygen concentrations, surface stiffness, viscosity, and carbon and nitrogen sources
that can affect Pa physiology as well as biofilm formation (140). As mentioned above,
Pa is known to directionally twitch towards many different biologically relevant
molecules such as mucin, BSA, and oligopeptides which also lead to an increase in
intracellular cAMP (108). How all of these environmentally relevant factors affect
surface sensing during infection and biofilm formation through the mechanisms
outlined above will be a major area of research in the coming years.

It is still left to see how the principles learned in Pa surface sensing can be

applied to other microbes including those that lack motility appendages altogether.
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2.1 Abstract

Biofilm formation begins when bacteria contacting a surface induce cellular
changes to become better adapted for surface growth. One of the first changes to
occur for Pseudomonas aeruginosa after surface contact is an increase in the
nucleotide second messenger 3’,5’-cyclic adenosine monophosphate (cAMP). It has
been demonstrated that this increase in intracellular cAMP is dependent on
functional Type IV pili (T4P) relaying a signal to the Pil-Chp system, but the
mechanism by which this signal is transduced remains poorly understood. Here, we
investigate the role of the Type IV pili retraction motor PilT in sensing a surface and
relaying that signal to cAMP production. We show that mutations in PilT, and in
particular impacting the ATPase activity of this motor protein, reduce surface-
dependent cAMP production. We identify a novel interaction between PilT and Pil], a
member of the Pil-Chp system, and propose a new model whereby P. aeruginosa uses
its PilT retraction motor to sense a surface and to relay that signal via Pil] to increased
production of cAMP. We discuss these findings in light of current T4P-dependent

surface sensing models for P. aeruginosa.
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2.2 Importance

T4P are cellular appendages that allow P. aeruginosa to sense a surface leading
to the production of cAMP. This second messenger not only activates virulence
pathways but leads to further surface adaptation and irreversible attachment of cells.
Here, we demonstrate the importance of the retraction motor PilT in surface sensing.
We also present a new surface sensing model in P aeruginosa whereby the T4P
retraction motor PilT senses and transmits the surface signal, likely via its ATPase
domain and interaction with Pil], to mediate production of the second messenger

cAMP.
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2.3 Introduction

Biofilm formation is initiated when free swimming, planktonic cells contact a
surface. This contact serves as a signal that must be transmitted across the cell
envelope into the cytoplasm to initiate appropriate physiological changes to adapt to
the biofilm mode of growth (1). For many bacteria this initial surface contact is
mediated through motility appendages such as type IV pili (T4P) or flagella (61, 63,
76, 77, 87, 102, 141). Contact between these appendages and the surface creates
forces that are not normally present in planktonic environments and can serve as a
“surface signal” to the microbe (40).

Early work in Vibrio parahaemolyticus demonstrated that the signals
encountered during surface contact could be mimicked by increasing the load on the
flagellum either through changes in viscosity of the medium or by addition of
antibodies specific to the flagellum (142, 143). Recent work in Caulobacter crescentus
demonstrated that holdfast formation and DNA replication, which normally occurs
during surface contact, could be stimulated by increasing the load on Tad pili during
retraction. Furthermore, the baseline number of cells with a holdfast without prior
pili obstruction was higher in mutants that were unable to rotate their flagellum (77).
Others have demonstrated that the flagellar motor itself is able to sense surface
contact to trigger c-di-GMP production leading to holdfast synthesis (56). Together,
these data indicate that bacteria use their cellular appendages to help sense surface
engagement and indicate that impeding the motion (i.e., retraction and/or rotation)
of these appendages might serve as the proximal signal for surface engagement.

Pseudomonas aeruginosa also utilizes T4P as well as its polar flagellum to
sense and traverse surfaces (7, 13, 24, 82, 87). One of the first changes to occur for
many organisms upon surface contact is an increase in the second messenger cyclic-
di-GMP (cdG) (144). In P, aeruginosa PA14, this initial increase in cdG is produced by

the diguanylate cyclase SadC and recent work from our lab and others has shown that
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SadC activity is regulated by both components of the flagellum and the T4P (12, 87).
Prior to an increase in cdG level, P aeruginosa PA14 increases the level of another
second messenger, 3’,5’-cyclic adenosine monophosphate (cAMP) (24).

The surface-dependent increase of cAMP by P. aeruginosa PA14 depends on
functional T4P, the Pil-Chp chemotaxis-like system, and the adenylate cyclase CyaB,
and to a lesser extent, the adenylate cyclase CyaA. The methyl-accepting chemotaxis
protein (MCP) Pil] relays a signal to the kinase ChpA (84). Activation of the system
causes ChpA to phosphorylate the response regulator PilG; phosphorylation of PilG as
well as FimV and FimL are required to then activate the adenylate cyclases CyaAB to
produce cAMP from ATP (36, 93, 145). The transcription factor Vfr then binds cAMP
and activates genes necessary for further surface adaptation as well as for virulence
(35,37).

Recent work by Yarrington, Limoli and colleagues shows that the Pil] likely
detects phenyl soluble modulins via its periplasmic domain as a ligand to trigger
signaling, a finding that strongly suggests that Pil] can function like a classic MCP
(107). Others have recently uncovered the function of PilG and PilH in twitching
motility and surface adaptation (110, 111). In contrast, how surface engagement by
T4P triggers cAMP signaling in a Pil]-dependent manner is still an open question. A
previous study showed that the ligand binding domain (LBD) of Pil] is not required
for surface-dependent cAMP production, although the extent of cAMP induction is
significantly reduced relative to the WT (109). One model to explain T4P-mediated
surface signaling includes interactions between PilA-Pil] via a mechanosensitive
change in pilin conformation (76); we recently reported data at odds with this model
(78).

P. aeruginosa utilizes the T4P as a cellular grappling hook that pulls the cell
along a surface through rounds of pilus extension, surface binding and pilus retraction
(13). Functional pili are also required for sensitivity to infection by the phage DMS3
(146). Extension and retraction are powered by three hexameric ATPases: PilB, PilT,
and PilU (15, 17, 18). In a recent study from our group, we found that pili on the
outside of the cell actively engaging a surface are required for surface-dependent

phenotypes, consistent with previous studies (24, 28, 29, 37, 84). Furthermore, we
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showed that the ability to retract pili with only enough force to allow phage infection
was necessary for surface-dependent, cAMP production. That is, the force required
for twitching motility was not necessary for cAMP signaling (78).

While the PilT and PilU proteins both power retraction of T4P through ATP
hydrolysis, these ATPases individually have unique roles in T4P dynamics and surface
sensing. PilU is the accessory retraction motor for T4P in P aeruginosa, whose
function is dependent on the presence of PilT (70, 72). Both PilT and PilU hydrolyze
ATP to power retraction but only PilT can interact with the platform protein PilC to
coordinate PilA disassembly from extended T4P (17, 72). Others have shown that PilC
and PilU can interact via the Bacterial Adenylate Cyclase Two Hybrid (B2H) assay but
there is no known functional consequence of this interaction in terms of T4P motility
or surface dependent cAMP production (70, 114). While PilT alone is able to retract
pili bound to phage (as judged by phage sensitivity assays), PilU in addition to PilT is
required for T4P retraction that can pull the cell body along a surface to power
twitching motility (TM) (13, 78, 146). Interestingly, deletion of pilU increases the
amount of cAMP produced by P. aeruginosa when grown on a surface and is the only
T4P protein, that when mutated, results in increased level of this second messenger.
To investigate how PilU affects levels of cAMP during surface contact, we generated
strains lacking one or both retraction motors and measured cAMP level via a
transcriptional reporter. We found that like phage susceptibility, cAMP production
was dependent on the pressence of PilT and that overexpression of PilU decreased
cAMP levels when grown on a surface.

Since the effects of PilU on cAMP are dependent on PilT, we next explored the
role of PilT in surface signaling. We began by characterizing the effect of different PilT
mutations on surface-dependent cAMP production during biofilm formation. We
found that mutations in PilT affecting ATP binding and hydrolysis affected cAMP
production. A B2H screen revealed a novel interaction between PilT and Pil]. We
report here a strong relationship between the extent of PilT-Pil] interaction for PilT
mutants that are defective in ATPase activity and the magnitude of cAMP signaling.
For strains with all T4P proteins, we also find a strong relationship between twitching

motility zone size and the extent of cAMP production. We also identify a mutation in
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PilT that disrupts its interaction with Pil] in a B2H assay in E. coli that does not appear
to perturb signaling in P. aeruginosa, suggesting a possible unappreciated level of
complexity in PilT-Pil] signaling. Our data are consistent with a model in which PilT
senses a surface through tension on the pilus fiber and relays this signal, likely to Pil],

to modulate cAMP production.
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2.4 Results
PilU levels significantly affect cAMP levels during surface attachment

To quantify cAMP levels during surface adaptation, the previously reported
PaQa cAMP-responsive transcriptional reporter (76) was integrated onto the
chromosome of P aeruginosa PA14. This reporter is composed of two fluorescent
proteins, mKate2 and EYFP, under the control of two different promoters, Prpop and
Praqa, respectively. Praga has been shown to be regulated by Vfr in a cAMP dependent
manner and an increase in Praga-€yfp expression is correlated with an increase in
cAMP (76). Prpop-mKateZ2 is used to normalize the EYFP levels for microscopy and
used to gate on cells containing the reporter for flow cytometry (76). The PaQa
reporter was integrated onto the chromosome at a neutral site of the P. aeruginosa
PA14 chromosome using the mini-CTX1 system (76, 147). We validated this PaQa
reporter using a mutant that is defective in cAMP production (AcyaAB) and a mutant
lacking the phosphodiesterase that degrades cAMP (AcpdA), which leads to the
accumulation of cAMP (Figure S1A,B). After gating on single cells with Prpop-mKate2
signal, the mean EYFP intensity was recorded and normalized to the WT signal. After
five hours of surface growth on M8 agar, cells were scraped up and analyzed on a flow
cytometer and as expected, the AcyaAB mutant showed reduced levels of the cAMP
reporter compared to the WT, while the AcpdA mutant showed an increased signal

(Figure S1C).
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Figure S2.1 Analyzing cAMP levels to validate the reporter. A. A diagram
representing the enzymes that make and degrade cAMP in P. aeruginosa. B. Phage
susceptibility assay and twitching motility assay for the WT, AcpdA, and AcyaAB
mutant backgrounds. Images of phage susceptibility plates (top panel, “+” indicates
that strains are susceptible to phage infection) and twitching motility zones stained
by crystal violet (middle panel) are above the quantification of the twitch zone
diameter. Bars and errors bars represent the mean and standard deviation of 4
biological replicates when compared to the WT. Data were analyzed by one-way
ANOVA followed by Tukey’s post-test comparison. **** P<(0.00001. C. Normalized
fluorescence for WT as well as the AcpdA and AcyaAB mutant strains. Values were
normalized to the WT for each biological replicate. Bars and errors bars represent
the mean and standard deviation of 3 biological replicates compared to WT. Data
were analyzed by one-way ANOVA followed by Tukey’s post-test comparison. **,
P<0.001, **** P<0.00001.
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Figure 2.1. PilU levels affect surface-dependent cAMP production and T4P-
related phenotypes. A.Images of phage sensitivity plates (top panel) and images of
twitch zones stained with crystal violet (bottom panel). “+” indicates a phage
susceptible strain and “-“ indicates a phage resistant strain. Below is the
quantification of the twitch zone diameter for each strain. Data are from four
biological replicates. B. Quantification of PaQa reporter as measured by flow
cytometry after 5 hours of growth on agar. Data are from six biological replicates. C.
Quantification of the PaQa reporter as measured by flow cytometry after 5 hours of
growth for the WT and ApilU mutant expressing the pilU gene from a multicopy
plasmid or carrying the empty vector (EV) control. Growth was on M8 agar
supplemented with 1mM or no IPTG and the appropriate antibiotics. D.
Quantification of the normalized PilU protein levels of the cells in panel C. Values were
normalized to a cross-reacting band. Data are from three biological replicates. Bars
and error bars in all panels are the mean and standard deviation and statistical
significance was determined by one-way ANOVA followed by Tukey's post hoc test,
**P<0.001, ***P<0.0001, ****P<0.00001; ns, not significant.
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To better understand the respective contributions of PilT and PilU to surface-
mediated cAMP production, we used single and double mutants and a series of
phenotypic assays. The absence of PilT phenocopies a ApilTApilU double mutant in
terms of TM, phage susceptibility and cAMP response (Figures 1A,B; and as reported
previously by our group (78)). In contrast, a ApilU strain retains phage susceptibility
due to the presence of PilT but shows an increase in surface-dependent cAMP
response (Figure 1A,B; and as reported (15, 23, 24,70, 72, 78, 114)). Given that PilU
is the only T4P protein whose loss increases the level of surface-dependent cAMP and
that this motor can only exert effects through PilT, we reasoned that PilT may be
sensing the surface via forces occurring during retraction of surface bound pili and
relaying this signal to the Pil-Chp system, a model we probe in more detail below.

As mentioned above, PilT appears capable of retracting T4P under low loads
like that of a phage bound to the pilus, butis unable to power twitching motility, which
requires ATP hydrolysis from both PilT and PilU (37, 41). We believe this to mean that
the PilT hexamer is able to undergo conformational changes necessary for ATP
hydrolysis while bound to PilC which in turn causes conformational changes that
allow for the disassembly of PilA monomers into the IM for pili not bound to a surface.
When pili are bound to a surface we believe the tension on each pilus resists the
conformational changes in PilC that are necessary for disassembly and that the
coordinated hydrolysis of ATP by both retraction motors are necessary to force PilC
into the disassembly conformation that was achieved by just PilT for unbound pili. If
PilT attempts to retract a T4P filament bound to a surface without PilU present, we
hypothesize that the motor would stall and enter a force induced conformational
change, potentially due to improper ATP binding to, ATP hydrolysis of and/or ADP
release from the hexamer (32). This PilT signaling model makes several predictions.
First, a ApilU strain should show increased cAMP but only on a surface, a finding we
have reported previously (15, 29, 40) and shown here (Figure 1B). Also,
overexpression of PilU (a condition that is the opposite of deleting the pilU gene)
should suppress the cAMP response. We predict that by increasing levels of PilU we
will increase the frequency that this motor protein will assist in retraction events

during surface contact and in turn lead to less stalled PilT and thus less cAMP.
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To test this second prediction, we created the pilU expression plasmid,
pVLT31-Prac-pilU, and transformed this construct into the WT and ApilU mutant
backgrounds with the PaQa reporter on the chromosome. cAMP was measured via
flow cytometry with pilU expressed from a multi-copy plasmid for surface-grown
bacteria (Figure 1C). Western blots were performed confirming levels of PilU greater
than the wild type in all the analyzed strains (Figure 1D).

All strains harboring the pilU overexpression construct had cAMP levels
significantly lower than those with the vector control even in the absence of inducer.
In the WT background, excess PilU significantly reduced the amount of cAMP when
grown on a surface and the addition of inducer modestly further reduced the level of
cAMP. The trends observed in the WT background were also observed in the ApilU
mutant background. Interestingly, the level of cAMP production in the WT and ApilU
backgrounds with the PilU expression construct were both significantly reduced from
WT but not significantly different from each other. This observed decrease in surface-
dependent cAMP is consistent with a model of PilT acting as a signaling protein during
surface contact.

To determine whether the effects of PilU overexpression on cAMP levels are
dependent on the ability of this retraction motor to bind and hydrolyze ATP, a PilU-
K136A (this mutation is in the Walker A box, WA, of the ATPase domain) mutant was
generated using the pVLT31-pilU plasmid and transformed into the WT and ApilU
backgrounds. After 5 hours of surface growth, levels of cAMP were measured using
flow cytometry. Interestingly, expressing PilU-WA in the WT and ApilU backgrounds
significantly lowered cAMP to levels near that of the functional pilU allele (Figure
S2A). Western blots confirmed the pressence of stable PilU-WA protein within cells
with and without inducer (Figure S2B). To determine how pilU overexpression
affects T4P dynamics, TM assays were performed in strains expressing pilU and pilU-
WA. In the WT background, increased levels of PilU and PilU-WA significantly
decreased TM. Increased levels of PilU may bias T4P dynamics to a retracted state
and limit the ability of PilB to extend T4P as seen with excess PilT (59). While we
observe the same result with excess PilU-WA we interpret this to be due to the

reduction of meaningful retraction events since PilU must now compete with PilU-WA
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within the cell for retracting PilT. Expression of pilU in the ApilU background rescued
TM and the size of the twitch zone increased with the addition of inducer.
Complementing this background with pilU-WA did not rescue TM again
demonstrating the need for both retraction motors to have ATPase activity to power
twitching (Figure S2C). The fact that PilU-WA is able to affect cAMP during surface
contact without affecting T4P dynamics in the ApilU background indicates that
binding of PilT to PilU even in the absence of PilU ATPase activity can affect surface
signal transduction. One possible explanation is that PilU and Pil] share a binding
interface on PilT and PilU-WA overexpression blocks signaling to Pil] without aiding

in T4P retraction.
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Figure S2.2. Expressing PilU-WA in the WT and ApilU background decreases
twitching motility and cAMP. A. Quantification of the PaQa reporter as measured
by flow cytometry after 5 hours of growth for the WT and ApilU mutant expressing
the pilU gene, pilU-K136A(WA), or carrying an empty vector (EV). Growth was on M8
agar supplemented with 1mM or no IPTG and the appropriate antibiotics. B.
Quantification of the normalized PilU protein levels of the cells in panel A. Values
were normalized to a cross-reacting band. Data are from three biological replicates.
C. Quantification of twitch zone diameters for WT and ApilU mutant expressing the
pilU gene, pilU-K136A(WA), or carrying an empty vector (EV). Bars and errors bars
represent the mean and standard deviation of 3 biological replicates. Data were
analyzed by one-way ANOVA followed by Tukey’s post-test comparison. ****
P<0.0001. **** P<0.0001, ***, P<0.001, **, P<0.01, *, P<0.05.
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To determine whether the increase in cAMP production in the ApilU
background was due to improper PilT ATP hydrolysis during retraction, we expressed
PilT-K136A from a multicopy plasmid in the WT background. PilT-K136A is unable
to bind ATP and we hypothesized that the incorporation of this monomer into the
functional hexamer would lead to hexameric conformations similar to those that
occur for the WT PilT during pilus retraction in the absence of PilU. We observed a
modest and non-significant increase in cAMP in strains containing the PilT- K136A
expression vector relative to the empty vector control for the WT background (Figure
S3, first 3 bars). While this negative result is difficult to interpret because we do not
know if the mutant protein is indeed incorporated into the motor we believe it does
as others have demonstrated that the PilT-K136A allele can still interact with the WT
allele via B2H assay (70) and we observe a significant decrease in TM compared to
the WT when expressing PilT-K136A from a multicopy plasmid (Figure S3B).
Together, these data suggest that expression of the PilT-K136A (WA) mutation does

not lock the TFP motor in an altered signaling conformation.
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Figure S2.3. Co-expressing the Walker A (WA)/Walker B (WB) mutations does
not impact cAMP signaling. A. Quantification of cAMP in WT (left) or PilT-E204A
(right) strains carrying a plasmid expressing the PilT-K136A variant or the empty
vector (EV) control, supplemented with 0 or 0.2% arabinose. Values were normalized
to the WT for each corresponding biological replicate. Bars and errors bars represent
the mean and standard deviation of 4 biological replicates. Data were analyzed by
one-way ANOVA followed by Tukey’s post-test comparison. ns, not significant. B.
Quantification of twitch zone diameter of the WT carrying an empty vector (gray bar)
or pilT-K136A (green bar) under an arabinose inducible promoter. Data were
analyzed by student’s t-test. **** P<(0.0001.
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Mutations in PilT change the dynamics of surface-dependent cAMP induction

We previously showed that mutating critical residues in the Walker A and
Walker B motifs of PilT, which abolish ATP binding and hydrolysis, respectively, also
disrupt the surface-dependent cAMP response (16, 78). To investigate the role of PilT
in surface sensing, these mutations, as well as other previously published mutations
in the PilT protein of P aeruginosa that affect the protein’s hexameric structure or
retraction dynamics (15, 17, 59, 112), were inserted into the genome of P. aeruginosa
PA14 at the gene’s native locus with the PaQa cAMP reporter on the chromosome at
the neutral attB site. A list of mutations tested here with their characteristics, either
previously published or determined in this report, are summarized in Table 1 and
mapped onto the PilT protein structure (Figure 2A).

For these mutants, we assessed protein stability, twitching motility, phage
susceptibility and levels of cAMP when grown on a surface. The stability of each allele
was assessed via Western blot and quantified by densitometry (Figure 2B). As
previously reported, alleles E204A and D31K showed decreased stability (or perhaps
reduced antibody binding) (17). We also observed a significant decrease in the level
of the protein with the PilT-H229A variant. The other alleles result in PilT levels that
were reduced, but not significantly different relative to the level of the WT . The
discrepancy in protein stability for some alleles could be due to the fact that previous
reports used inducible promoters to express the pilT gene on multi-copy plasmids
and/or perhaps due to the fact the experiments were performed in the PAO1 strain
(15,17,59). Here we produce PilT from a single copy with the gene’s native promoter
to preserve endogenous regulation during surface sensing, and furthermore, to not
perturb levels of PilU as the pilU gene is located directly downstream of the pilT gene.

To characterize the effects of these mutations on pilus retraction we performed
twitching motility (TM) and phage susceptibility assays (Figure 2C). Twitching
motility requires a fully functional PilT and PilU, while phage susceptibility requires
only PilT (78, 128, 148). Despite the decrease in the level of the PilT proteins as
measured by Western blot, all of the indicated PilT variants phenocopied previously
published results in terms of twitching motility and phage susceptibility. Mutations

that prevent ATP binding or hydrolysis (K136A, E204A; indicated in green) are unable
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to power TM but remain phage susceptible due to the presence of a functional PilU
(70, 78). Mutating the first histidine in the His-box reduced TM while mutating the
second histidine completely abolished TM (H222A, H229A4; indicated in magenta and
blue, respectively), however both alleles maintained phage susceptibility (15, 17).
Mutations in the N-terminus of PilT and mutations that affect the overall hexameric
structure of the PilT protein (D31K, K58A, R123D, T216R; blue and magenta bars)
maintained phage susceptibility but the D31K and R123D mutations exhibited
reduced TM (17).
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Figure 2.2. Characterization of PilT motor mutants. A. A schematic showing the
domain architecture of PilT. Numbers represent the residue number of the beginning
and ending of each domain. Below is the 3D structure of the P aeruginosa PilT
monomer and hexamer (PDB: 3jVV). B. Quantification of PilT protein levels via
Western Blot analysis. The PilT band intensity from whole cells were normalized to a
cross reacting band. Bars and errors bars represent the mean and SEM of 3 biological
replicates. Data were analyzed by one-way ANOVA followed by Tukey’s post-test
comparison. * P<0.05,** P<0.01. Here and in panel C, strains that were able to twitch
>75% of the WT have purple bars, strains that twitch between 25-75% of WT have
blue bars, strains that twitch <25% WT have green bars. C. Assays for T4P function
of pilT mutant strains. Images of phage sensitivity plates (top panel) and images of
twitch zones stained with crystal violet (bottom panel). “+” denotes a phage
susceptible strain and “-" denotes a phage resistant strain. The graph shows the
quantification of twitch zone diameters for each strain. Bars and errors bars
represent the mean and standard deviation of 4 biological replicates. Data were
analyzed by one-way ANOVA followed by Tukey’s post-test comparison. ****
P<0.0001.
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Next, to capture the full dynamics of cAMP signaling during surface
attachment, the first 6 hours of biofilm formation on the bottom of a glass bottom well
was imaged using fluorescence microscopy. The average normalized fluorescent
intensity per cell was plotted over time for cells harboring the PaQa reporter on the
chromosome (77)(Figure 3A, Figure S4). All backgrounds initially start at the same
level of intracellular cAMP (i.e., the lower levels associated with planktonic cells) and
then begin to differ significantly for measured cAMP level within the first two hours.
Throughout the time course, the ApilT (Figure 3A) and Walker box mutants (WA, PilT-
K136A and WB, PilT-E204A; Figure 3A, Figure S4) maintained the lowest levels of
cAMP. A strain carrying the PilT-D31K mutation (Figure S4) exhibited the greatest
level of cAMP among all tested strains early and then decreased after three hours of
growth. The H229A allele maintained an intermediate level of cAMP relative to the
other mutants. The remaining PilT alleles converged with the WT allele around hour
3 and maintained this trajectory until the end of the experiment although their cAMP

levels differed from WT at most time points (Figure 3A, Figure S4).
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Figure 2.3. Measuring cAMP levels in strains carrying mutations in pilT. A.
Graph depicting the average PragaYFP/PrpopmKate per cell of selected strains during
the first 6 hours of surface attachment in glass well dishes, as described in the text
and Materials and Methods. Solid lines represent the mean YFP/mKate per cell and
the shaded region represents the 95% confidence interval. At least 3 biological
replicates were performed for each strain. A corresponding plot for all the pilT alleles
described in this manuscript can be found in Figure S4. B. Cells were grown on an
agar surface for 5 hours as described in the Materials and Methods and then analyzed
by flow cytometer to quantify the amount of intracellular cAMP via the PaQa reporter.
These values were then normalized by the WT value for that biological replicate. Bars
and errors bars represent the mean and standard deviation of 6 biological replicates.
Strains that were able to twitch >75% of the WT have purple bars, strains that twitch
between 25-75% of WT have blue bars, strains that twitch <25% WT have green bars.
Data were analyzed by one-way ANOVA followed by Tukey’s post-test comparison. **,
P<0.01, ***, P<0.001, **** P<0.0001.
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Figure S2.4. Time course measuring cAMP levels. Graph depicting the average
PragaYFP/PrpoomKate per cell of selected strains during the first 6 hours of surface
attachment in glass well dishes, as described in the text and Materials and Methods.
Solid lines represent the mean YFP/mKate per cell and the shaded region represents
the 95% confidence interval. At least 3 biological replicates were performed for each
strain.
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We noted that every genetic background that was unable to perform TM
showed reduced levels of cAMP relative to WT (Figure 3B), with the exception of the
ApilU mutant as shown above; this mutant background showed an increase in cAMP
(Figure 1B) and as previously reported (23, 24, 78). cAMP was lowest in
backgrounds that lacked the pilT gene followed by strains that expressed the Walker
A (WA, PilT-K136A) and Walker B (WB, PilT-E204A) alleles of PilT. The PilT-D31K
mutation resulted in a decrease in twitch zone and slight decrease in cAMP levels
compared to that of WT. In contrast, PilT-H229A and R213D showed a significant
decrease in twitching and cAMP levels. PilT-K58A, H222A, and T216R mutants
displayed TM and cAMP not significantly different from WT.

As a control we measured cAMP levels in liquid grown cultures in the absence
of a surface, and all strains carrying these pilT alleles were not significantly different
from the WT. As an additional control we grew the AcpdA mutant (24) planktonically
as well and it displayed high levels of cAMP (Figure S5A). We also showed that the
cAMP measured in selected PilT alleles was PilJ-dependent, supporting the known
role of Pil] in cAMP signaling (Figure S5B).

Together, these data show that mutations in various domains of the PilT motor
alter cAMP signaling of bacteria grown on a surface, and these pilT alleles also impact

pilus function by varying the extent of TM while retaining phage sensitivity.
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Figure S2.5. cAMP signaling is dependent on a surface and Pil]. A. Intracellular
cAMP levels as measured by the PaQa reporter for the indicated mutants grown in
planktonic culture. Bars and errors bars represent the mean and standard deviation
of 3 biological replicates when compared to the WT. Data were analyzed by one-way
ANOVA followed by Tukey’s post-test comparison. **** P<0.00001. B. Signaling via
selected PilT alleles is Pil] dependent. Quantification of cAMP as measured by the
PaQa reporter using flow cytometry. Data were analyzed by one-way ANOVA followed
by Tukey’s post-test comparison. * P<0.05, ns, not significant.
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Does PilT need to adopt both an ATP- (closed) and ADP- (open) bound state to
support surface-dependent signaling?

Our previous work demonstrated that only the retractive force necessary for
phage infection is necessary but not sufficient for surface-dependent cAMP induction
(78). This conclusion was reached based on the observation that a ApilU mutant is
phage susceptible, TM negative and has a cAMP level above that of the WT strain,
while strains expressing the PilT-K136A (Walker A, WA) and PilT-E204A (Walker B,
WB) mutations in a background with functional PilU are phage susceptible, TM
negative but do not induce the cAMP response when grown on a surface (78).

While this observation could be due to a nuanced difference in the force
threshold for cAMP induction versus phage infection, the lack of cAMP signaling in
these PilT variants could also be due to the fact that these mutations limit the
conformations that the PilT motor can adopt as a hexamer. That is, a fully functional
PilT hexamer exists as a mixture of ATP- and ADP-bound states, and we hypothesized
that a mixture of ATP- (closed) and ADP-bound (open) states of PilT might be
necessary for cAMP signaling.

Given that the Walker A mutation prevents ATP-binding and the Walker B
mutation prevents hydrolysis of ATP to ADP (16, 17), based on previous studies (17),
locking the hexamer in either a fully unbound or fully ATP bound state, respectively,
might interfere with surface signaling. Furthermore, given the ADP-bound state is
structurally similar to nucleotide free state we reasoned that we may be able to
observe the cAMP response if we expressed both Walker A and B mutants of PilT
within the same cell.

To perform this experiment, we transformed a multicopy plasmid expressing
the PilT-WA mutation (Psap-pilT-K136A) in a background expressing the PilT-WB
allele (PilT-E204A) integrated at its native locus with the PaQa reporter on the
chromosome to measure the cAMP response. As shown in Figure S3A (last 3 bars),
these mutations had no impact on cAMP levels, indicating that locking the PilT motor

in these particular mixed conformations does not alter cAMP signaling.

The retraction motor PilT binds to Pil] of the Pil-Chp system
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The data presented so far are consistent with a model wherein PilT is required
for the surface-dependent cAMP response. To determine how PilT might be
influencing cAMP production, we screened for interactions between PilT and
members of the Pil-Chp system using the Bacterial Adenylate Cyclase Two Hybrid
System (B2H) and found an interaction between PilT and the protein at the top the
Pil-Chp signaling system, Pil] (29) (Figure 4A,B). As a control we assessed binding
between Pil] and the other retraction motor PilU and the extension motor PilB, but
did not observe any such interaction (Figure 4A,B). We also assessed the interactions
between PilT and the other components of the Pil-Chp system as well as other
proteins that are known to influence surface attachment through T4P (Figure S6 and
Table 2). We only detected robust interaction between PilT and Pil], as well as the

previously reported interaction between PilU and PilT (114).
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Figure 2.4. PilT interacts with Pil]. A. Schematic depicting the components of the
TFP and cAMP-signaling pathway. B. Quantification of the B2H interaction between
T4P motor proteins and Pil] in Miller Units. Shown are images of B2H colonies plated
on X-gal plates (top of panel) and the interaction quantified (bottom of panel). Bars
and errors bars represent the mean and standard deviation of 3 biological replicates.
Data were analyzed by one-way ANOVA followed by Tukey’s post-test comparison. ns,
not significant, **** P<0.00001. C. Quantification of the level of interaction between
different PilT mutants and Pil] using the B2H system. Bars and errors bars represent
the mean and standard deviation of 3 biological replicates. Data were analyzed by
one-way ANOVA followed by Tukey’s post-test comparison. *, P<0.05,**, P<0.01, ****
P<0.00001.
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Figure S2.6. PilT does not interact with other members of the Pil-Chp system as
measured by B2ZH. Images of plates from the B2H assay assessing interactions with
PilT. As described in the Materials and Methods, BTH101 cells were co-transformed
with the pUT25-PilT plasmid and the pUT18C plasmid fused to different components
of the Pil-Chp system. Transformants were then serially diluted and plated on agar
containing X-Gal and the appropriate antibiotics. The only observed interaction was
between PilT and PilU. Positive (+) and negative (-) B2ZH controls are shown at the
top of the figure.
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To characterize this interaction with the pilT alleles described above, these
mutants were cloned into the B2H system and the level of interaction with Pil] was
measured via B-galactosidase activity. In general, PilT mutants that were able to
perform TM and induce a surface-dependent cAMP response had higher levels of
interaction with Pil] (Figure 4C). We explore the consequences of the changes in PilJ-

PilT interaction for the PilT variants below.

Associations between PilT-related phenotypes and cAMP signaling.

We next examined associations between cAMP signaling and other measured
phenotypes of the PilT variants. We first plotted the diameter of the twitch zone for
each PilT allele versus the level of cAMP for surface-grown cells as measured by flow
cytometry. Analyzing these data with a linear model we observed a highly significant,
positive correlation between the twitch zone diameter and level of cAMP for strains
with a functional PilU (Figure 5A). While this link between the production of cAMP
and twitching motility is well known, the direct relationship between the levels of
cAMP and the extent of TM, to our knowledge, has not been previously reported.

Importantly, using the data in Figures 3 and 4, we also observed a positive,
significant relationship between cAMP levels and level of interaction between Pil] and
PilT mutants that are completely or partially defective in ATPase activity (Figure
5B)(17).

As a control, we also quantified the strength of interaction between the PilT
mutants shown in Figure 5 and PilU using the B2H assay (Figure S7A). These values
were then used with cAMP data to build a linear model to evaluate the relationship
between PilT-PilU interaction strength and cAMP production (Figure S7B). We did
not find any significant relationship between PilT-PilU interaction strength and cAMP
levels when analyzing either all the PilT alleles or only those that impact ATPase
activity, indicating that the relationship between PilT-ATPase variants and interaction

strength with cAMP levels is specific to the PilT-Pil] interaction.
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Figure 2.5. cAMP levels are positively associated with TM and the extent of PilT-
PilJ interaction. A. A linear model depicting the relationship between twitching
motility and surface induced cAMP production. Model is built using data from Figures
2, 3 and 4 using all tested alleles of pilT (R?=0.8565, Adjusted R2=0.8386, p-
value=0.0001232). B. Alinear model depicting the relationship between level of PilT-
Pil] interaction as measured by the B2H system and surface induced cAMP
production. Model is built using data from strains PilT-K136A, PilT-204A, PilT-H222A,
PilT-H229A, and the WT strain (R2=0.9176, Adjusted R?=0.8902, p-value=0.01029).
C. Quantification of PilT level for the PilT-H44L mutant compared to the WT strain.
PilT bands were normalized by a cross reacting band. Bars and errors bars represent
the mean and standard deviation of 3 biological replicates compared to WT. Data are
from 3 biological replicates and were analyzed by one-way ANOVA followed by
Tukey’s post-test comparison. ns, not significant. D. Normalized fluorescence from
the PaQa reporter for WT and PilT-H44L strains. Values were normalized by the WT
for each biological replicate. Bars and errors bars represent the mean and standard
deviation of 7 biological replicates compared to WT. Data were analyzed by one-way
ANOVA followed by Tukey’s post-test comparison. ns, not significant.
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Figure S2.7. PilU and PilT interaction strength and cAMP level. A. Quantification of the
interaction between PilT mutants and PilU as measured by the B2H assay. Bars and errors
bars represent the mean and standard deviation of 3 biological replicates when
compared to the WT. B. A linear model depicting the relationship between level of
PilT-PilU interaction as measured by the B2H system and surface induced cAMP
production. The model was built using data from all mutants of PilT in R (R2: 0.1565,
Adjusted R2: 0.05104, p-value: 0.2578). When only considering the ATPase mutants,
a similar not significant result is obtained (R2: 0.5406, Adjusted R2: 0.3875, p-value:
0.1569).
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Together, these data indicate that the functional state of the ATPase domain of
PilT alters the interaction of this motor protein with the Pil]. Furthermore, this
association between interaction strength of these ATPase mutants with Pil] and cAMP
signaling suggests a mechanism whereby PilT ATPase activity could be linked to Pil]-

mediated cAMP signaling, a possibility we discuss further below.

Isolation of a mutation that disrupts Pil]-PilT interaction in E. coli using a B2H-
based screen.

To attempt to further understand the interaction between PilT and Pil], and to
assess the impact of this interaction on the influence of the cAMP response in P
aeruginosa, we screened for mutants of PilT that were able to perform twitching
motility but no longer able to interact with Pil] using a B2ZH-based assay. A schematic
describing the screening process can be found in Figure S8. Briefly, random
mutations were introduced into the pilT sequence using error-prone PCR and then
the mutant library cloned into the B2H backbone. This pool was then co-transformed
with the WT Pil] construct and we picked white colonies indicating a loss of
interaction with Pil]. The Pil] non-interacting alleles were then pooled and screened
for the ability to retract pili by cloning this population of mutant pilT alleles into an
expression vector and transforming this pool of mutants into the ApilT background of
P. aeruginosa. The transformants were then screened for twitching motility. The pilT
alleles that were able to twitch and did not interact with Pil] using a plate-based B2ZH

assay were sequenced.

72



T“"f‘,"_"f’ - N\ TwiehAssay
o oo
®o o0

Figure S2.8. Isolating a mutation that disrupts PilT-Pil] interaction. A schematic
depicting the screening process to isolate functional pilT alleles that no longer bind to
Pil] in the B2H assay. The screen is described in detail in the main text.

73



The extent of interaction of Pil] with candidate PilT alleles was then quantified
using the B2H assay (Figure S9A), the stability of the proteins assessed by Western
Blot (Figure S9B), and the mutations were mapped onto the PilT hexameric structure
(Figure S9C). The majority of these mutations mapped to a patch on the surface of
the N-terminal domain of the PilT protein.

As mentioned above, these mutant variants of PilT were checked for their
stability via Western blotting, and unfortunately, the only stable allele was PilT-H44L
(Figure 5C, Figure S9B). The P. aeruginosa strain carrying the H44L showed levels
of TM similar to the WT and the strain expressing this allele is phage susceptible
(Figure S9D). The H44 residue maps to the N-terminal domain of PilT and should not
impact ATPase activity. Although this allele does not interact with Pil] by B2H in E.
coli, it appears to have phenotypes identical to the WT P, aeruginosa for twitching and
phage susceptibility, and it produces cAMP levels that are not significantly different
from the WT (Figure 5D). These data suggest that the relationship between PilT and
Pil] interaction and cAMP signaling may be complex, or that for this allele, the lack of

interaction is E. coli-specific, points we discuss below.
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Figure $2.9. Analysis of mutants from the genetic screen. A. Quantification of the level
of interaction between different PilT mutants and Pil] using the B2H system.
Mutations in blue map to the blue patch on the N-terminal face of PilT shown in panel
C. Mutations in green localize to the C-terminal face as shown in panel C. Bars and
errors bars represent the mean and standard deviation of 3 biological replicates. The
red bar represents the PilT-H44L mutant. Data were analyzed by one-way ANOVA
followed by Tukey’s post-test comparison. **** P<0.0001. B. PilT levels expressed
from a multi-copy plasmid and quantified via Western blot. Bars and errors bars
represent the mean and standard deviation of 3 biological replicates. All PilT intensity
values were normalized by a cross-reacting band. Data were analyzed by one-way
ANOVA followed by Tukey’s post-test comparison. **** P<0.0001. C. Hexameric
structure of PilT (PDB: 3jVV) side view (top panel), N-terminal face (middle panel),
and C-terminal face (bottom panel) are shown. Each monomer is in a different color.
The mutations listed in blue in panels A and B cluster on the N-terminal face of the
hexamer and highlighted in blue with a blue arrow indicating where the mutations
map. The mutations listed in green form a patch on the C-terminal face of the hexamer
and colored green with a green arrow indicating where the mutations map. D. T4P
assays to assess PilT-H44L function in P. aeruginosa. Images of phage susceptibility
plates (top panel) and twitching motility zones stained by crystal violet (middle
panel) are above the quantification of the twitch zone diameter. Bars and errors bars
represent the mean and standard deviation of 3 biological replicates when compared
to the WT. Data were analyzed by one-way ANOVA followed by Tukey’s post-test
comparison. ns, not significant.
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2.5 Discussion

Here we examine the contribution of the T4P retraction motor PilT to surface
sensing and present a model whereby PilT transmits a surface signal to the Pil-Chp
system to activate cCAMP production upon surface contact. Data presented here and
from previous studies indicate that PilT is involved in sensing a surface, promoting at
least minimal T4P retraction activity (as judged by phage susceptibility), and that
PilT’s role may extend beyond its function in TFP retraction. We show that mutations
in PilT that affect its structure and/or T4P-related phenotypes also impact the
surface-dependent cAMP response as measured through kinetic and endpoint assays.
We also describe a novel interaction between PilT and Pil] of the Pil-Chp system. We
then quantified the level of interaction between these PilT variants and Pil] using a
B2H assay. A linear model showed a positive, significant correlation between cAMP
level and twitching motility, and importantly, cAMP level and the strength or PilJ-PilT
interaction for variants of PilT with known deficiencies in ATPase activity. We
interpret this latter finding to mean that ATP binding and hydrolysis is critical, not
only for retraction activity, but for PilT to bind and transmit a signal to Pil].
Alternatively, Pil] could be transmitting a signal to PilT that affects twitching motility,
or alternatively, this interaction could also facilitate localization of PilT to the poles of
the cell. However, we believe that the simplest interpretation of our data is that the
flow of information is from PilT to Pil] since the interaction strength between the PilT
ATPase mutants and Pil] MCP is positively correlated with cAMP level. We did not
observe this correlation when examining mutant variants of PilT with full ATPase
activity or for the interaction between PilT and PilU. Together, these data support a
model whereby the retraction motor PilT participates in sensing the surface during
T4P retraction and relays this signal to Pil] in a mechanism that incorporates the PilT
ATPase activity.

Any model involving T4P retraction must incorporate both retraction motors,
PilT and PilU. We and others have shown that loss of PilU results in an increase in
surface-dependent cAMP levels while retaining phage sensitivity (23, 24, 78). These
data indicate that PilT can facilitate some level of T4P retraction even in the absence

of PilU. We believe these data mean that in the absence of PilU, the PilT hexamer is
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able to undergo conformational changes necessary for ATP hydrolysis while bound to
PilC, for unbound pili (or a pilus bound to phage), which in turn results in
conformational changes in PilT and/or PilC that allow for the disassembly of PilA
monomers into the IM and retraction of the pilus. Consistent with this idea, previous
studies have shown that in the absence of PilU, PilT is still able to bind PilC and begin
retraction in a manner similar to that of the wild type (14). Furthermore, the two
retraction motors do not always localize to the same pole, indicating that PilT and PilU
are not necessarily always bound to each other when engaging PilC (15, 121). Thus,
even for the WT, there may be instances when PilT is attempting to retract a pilus in
the absence of PilU.

In contrast to planktonic cells, when P, aeruginosa is bound to a surface, we propose
that the tension on a pilus might prevent the typical conformational changes in PilC and/or
the PilT motor that are necessary for disassembly of the pilus. For the WT with a bound
T4P, this model proposes that the coordinated hydrolysis of ATP by both retraction motors
PilT/PilU is necessary for PilC to attain the needed conformation for T4P disassembly.
Indeed, the measured binding force of this pilus to a surface is at or above retraction force of
the T4P pilus of P aeruginosa (66, 67), indicating that the retraction motors operate at the
cusp of their ability to unbind a pilus from the surface. That is, it is difficult for P aeruginosa
to pull a pilus off the surface to which it is attached. Finally, we propose that during retraction,
PilT may undergo a force-induced conformational change, perhaps through stalling of
the motor (i.e.,, an incomplete cycle of ATP binding, ATP hydrolysis and/or ADP
release) while attempting to retract a bound pilus, in turn transmitting a signal of
surface engagement to the Pil-Chp system via the PilT-Pil] interaction. This
conformational change may occur even when PilU is present for a surface-engaged
cell with bound pili, but the observation that loss of PilU results in an increase in cAMP
levels suggests that PilT is more likely to attain (or less likely to leave) a signaling
conformation in the absence of its accessory motor, whether PilU is absent via
mutation or for instances when PilU is not complexed with PilT in the WT. The fact
that PilU-WA, which is unable to bind ATP and restore TM, in a ApilU background still
reduces cAMP to levels similar to the functional PilU suggests that PilU and Pil] may

share a binding interface on the N-terminal of PilT.
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Our model makes several predictions that have been confirmed in previous
publications (23, 24, 78) and this study. First, we demonstrated that cAMP levels
when grown on a surface are dependent on the presence of PilT and Pil]. Second, the
absence of PilU leads to elevated cAMP levels, a finding made by others and confirmed
here (23, 24, 78). Lastly, our data show that excess PilU, has the opposite effect,
reducing the surface-dependent cAMP response.

We also observed a strong, positive correlation between twitching ability as
measured through twitch zone diameter and cAMP production for multiple mutants
when analyzed with a linear model. This finding is consistent with previous studies
that demonstrated that twitching motility requires cAMP production, and that at the
single cell level, oscillations of T4P activity and cAMP level are highly correlated (23).
While cAMP production is dependent on T4P activity, this second messenger activates
a positive feedback loop whereby Vfr and cAMP positively regulate FimS-AlgR, which
in turn leads to increased expression of minor pilins and the number of active T4P
complexes per cell. This positive regulatory loop is part of the rapid surface
adaptation response of P. aeruginosa, and we now know that part of this signaling
cascade is initiated by the retraction motor PilT. Thus, PilT appears to play integrated
roles in surface sensing and the control of TM in response to surface inputs.

To complement our candidate mutant approach for studying the PilT-Pil] interaction,
we performed a genetic screen to identify PilT variants that could promote TM despite a
defect in interaction with Pil]. This screen yielded two interesting findings. First, most of the
mutations mapped to a surface exposed region on the N-terminus of PilT. The N-terminus of
PilT binds to the C-terminus of the adjacent monomer to form the hexamer. This interface
also undergoes the major conformational change during ATP binding and also makes contacts
that facilitate open and closed motor conformations. Unfortunately, most of these PilT
variants were unstable thus we could not unwind whether the lack of signaling was due to

reduced levels of the PilT protein, or the inability of these mutant proteins to interact with

PilJ.

We did isolate one allele of pilT that was able to perform TM but did not interact with
Pil] in E. coli using a B2H assay; for this allele (H44L) we still observed WT surface-dependent

cAMP production in P, aeruginosa. This mutation was near the N-terminal region of PilT and
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not in proximity to any parts of the protein thought to contribute to its ATPase activity.
Consistent with this idea, this allele was able to perform TM at a level similar to that of WT,
indicating that this mutant variant does not have a defect in its ATPase activity. A similar
phenotype was observed for the PilT-D31K allele, which retains ATPase activity (17). This
PilT-D31K allele, which also maps to the N-terminus of PilT, was able to perform TM at WT
levels and induce cAMP production when on a surface, but had very low levels of interaction
with Pil] when measured through the B2H assay in E. coli. Thus, it is possible that mutations
at the N-terminus of PilT can impact its ability to interact with PilJ in the B2H, but perhaps
not impact PilT-Pil] interaction when this allele is expressed in P. aeruginosa in the presence
of the rest of the T4P machinery or in the context of the hexamer. We believe it is important
to acknowledge that while our findings here allow us to posit a model connecting T4P to
surface sensing and cAMP signaling, we still lack key pieces of information to build a model

which explains all of the current data. We look forward to interrogating our model further.

We believe our findings are consistent with previous studies, as T4P motors as
signaling proteins is not unprecedented. For example, Mxyococcus xanthus requires
T4P for exopolysaccharide (EPS) production as well as a type of surface-based
motility known as S-motility. Researchers performed a suppressor screen for EPS
production in a T4P-deficient background. Mutations in the T4P assembly ATPase
PilB were isolated that led to the production of EPS without S-motility. A Walker-A
mutation in PilB phenocopied this mutation and was dominant over the WT allele
(130). Consistent with our studies of T4P/PilY1 regulating surface-dependent cdG
signaling (87), these data link a T4P and motor function to second messenger
signaling, and may represent a more general strategy whereby T4P (and perhaps
other pili families) serve double duty as adhesins and signal transduction machinery.

Others have suggested that the surface signal is transmitted from the T4P pilin,
PilA, to Pil] to activate cAMP production (76). Although we have previously shown no
correlation between PilA-Pil] binding strength and cAMP production (78) this does
not exclude a role for PilA signaling through a different mechanism. Regardless of the
extent of signaling through PilA, the pilin remains a critical part of our motor signaling
model, as the motor relies on the presence of a pilus fiber to extend and bind to the

surface to create tension during PilT-mediated retraction. Overall, we have presented
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evidence for a new model of surface signal sensing and transduction through the T4P
motor PilT and we will continue to investigate the mechanism by which this signaling

occurs.
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Table 2.1. Mutant alleles characterized in this report.

pilT allele Phenotypes Reference

D31K Decreased stability, increased twitching, (17)
Decreased Closed Conformation, partial phage sensitivity.
K58A Increase in the Open Conformation, increased twitching, (17)

increased OOCOOC2 hexamer conformation.

R123D Decreased stability of 000000 and CCCCCC hexamericP (17)
conformations

K136A(WA) Cannotbind ATP (70,78)

E204A (WB) Cannot hydrolyze ATP (70)

T216R Eliminates 000000 hexameric conformation (17)

H222A Decreased twitching, phage sensitive, decreased retraction (15,59)

velocity, increase in falling off T4P complex

H229A No twitching, phage sensitive, DEC ATPase in vitro (15,17)

a00CO0O0C indicates open, open, closed, open, open, closed for the conformation of the 6
hexamers of PilT.
000000 or CCCCCC indicates all open or all closed conformations, respectively, of the 6

hexamers of PilT.
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Table 2.2. Interaction status with PilT using B2H assay

pUT18cC- Interaction status with T25-PilT  Colony

FimS

FimL

PilK
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2.6 Materials and Methods

Strains and media. Pseudomonas aeruginosa UCBPP PA14 was used as the WT strain.
Mutations were made in this background using E. coli S17-1 Apir. E. coli BTH101 was
used for Bacterial Adenylate Cyclase Two Hybrid assays. Strains used in this study are
listed in Supplemental Table S1. Bacterial strains were routinely cultured in 5ml of
lysogeny broth (LB) medium or plated on 1.5% agar with antibiotics when necessary.
Tetracycline (tet) was used at 15ug/ml for E. coli and 120 ug/ml during P. aeruginosa
selection and maintained with 75ug/ml. Gentamicin (Gm) was used at 30 pg/ml for
P. aeruginosa and 10 ug/ml for E. coli. Carbenicillin (Cb) was used at 250 ug/ml for P
aeruginosa and 100 ug/ml for E. coli. Kanamycin (Kan) was used at 50 ug/ml for E.
coli. M8 minimal salts medium supplemented with MgS04 (1mM), glucose (0.2%)
and casamino acids (0.5%) was used for all assays (8). Plasmids were induced with
either 0.2% arabinose for Ppap promoter induction or 0.5 mM isopropyl-D-
thiogalactopyranoside (IPTG) was added to agar or liquid media for Ptac promoter
induction unless otherwise stated. [B-galactosidase activity from B2H assays was
visualized using plates supplemented with 5-bromo-4-chloro-3-indolyl-3-D-

galactopyranoside (X-Gal; 40 pg/ml).

Construction of mutant strains and plasmids. Plasmids used in this study are
listed in Supplemental Table S2 and primers are listed in Supplemental Table S3.
Plasmids were constructed using Gibson assembly of purified PCR products.
Chromosomal mutations were made using homologous recombination with the
pMQ30 vector. Insertions at neutral sites in the P aeruginosa genome were made
using the mini-Tn7 vector (149, 150) and the mini-CTX1 vector (147). Resistance
markers were removed using the pFLP2 plasmid followed by sucrose counter
selection (147). Point mutations were generated using QuikChange ® site-directed
mutagenesis followed by Gibson assembly. Expression vectors were generated using
Gibson assembly of purified PCR products into pMQ72 or pVLT31 and then

transformed into P. aeruginosa or E. coli using electroporation.
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Twitching motility. Twitching motility plates were made using M8 medium
supplemented with casamino acids, MgS04, glucose and 1% agar. Plates were
inoculated from liquid cultures using a sterile toothpick plunged through the agar to
the bottom of the plate. Plates were incubated for 24 hours at 37C and then 24 hours
at room temperature. The agar was then removed and the twitch zones were stained
with 0.1% crystal violet. Images were obtained and the twitch zone diameter was

measured twice using a ruler.

Phage plaque assay. Phage susceptibility assays were performed in (60 x 15 mm)
plates using M8 medium supplemented with casamino acids, MgS04, glucose, and 1%
agar. 1ml of 0.5% M8 molten agar was then inoculated with 50 ul from a P. aeruginosa
overnight culture. This mixture was poured over the solidified 1% M8 agar to form a
bacterial lawn. After solidifying, 2ul of phage DMS3yvir lysate was pipetted onto the

bacterial lawn and incubated for 24 hours at 37C.

Bacterial Adenylate Cyclase Two Hybrid assays. The B2H system from Euromedex
(151) was used to assess protein-protein interactions in E. coli BTH101. Alleles of pilT
and other T4P proteins were cloned into the pKT25 vector and Pil] along with other
Pil-Chp proteins were cloned into the pUT18 and pUT18C vectors. A pair of pKT25
and pUT18/UT18C vectors were then co-transformed into E. coli BTH101. To
visualize the interaction, transformants were plated on LB agar containing Cb, Kan, X-
Gal (5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside) (40 g/ml) and IPTG
(isopropyl-D-thiogalactopyranoside) (0.5 mM) and incubated at 30C until an
interaction was observed through the transformation of X-Gal to a blue pigment or
until the negative control began to produce a blue pigment. To quantify the level of
interaction between proteins, transformants were plated on LB agar with Cb, Kan and
IPTG. After incubation at 30C, cells were harvested and [3-galactosidase assays were

performed as previously described (151).

Protein detection and quantification. Strains were grown in M8 liquid medium

supplemented with arabinose or IPTG and grown at 37C for 6 hours. Whole cell
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lysates were prepared as previously described (152). Cultures were OD normalized
to 1 and an equal volume was resolved on either a 12% or 10% polyacrylamide gel.
Proteins were then transferred to a nitrocellulose membrane and probed with either
anti-PilT or anti-PilU antisera. Detection of proteins was performed using
fluorescence detection with IR-Dye®-labeled fluorescent secondary antibodies and
imaged using the Odyssey CLx Imager (LICOR Biosciences, Inc., Lincoln, NE).
Quantification of protein bands was performed using Image Studio Lite software
(LICOR Biosciences, Inc., Lincoln, NE). Protein levels were then normalized by a cross-

reacting band.

Flow cytometry measurements. Bacterial strains harboring the PaQa reporter on
the chromosome were subcultured into liquid M8 medium supplemented with
glucose, casamino acids, and MgS04 and incubated at 37C until an OD of 0.5 was
reached, ~3 hours. Gm, Tet, IPTG, or arabinose was added to the liquid medium when
indicated. 200ul of the culture was then spread onto M8 agar plates and allowed to
incubate for 5 hours at 37C. Cells were then harvested from these plates, washed,
diluted, and analyzed on a Beckman Coulter Cytoflex S. Flow]o software version
10.8.1 was used to gate on populations of single cells that had mKate fluorescence.
The EYFP fluorescence from the Praga promoter was then measured on the gated
population. A workflow of the gating strategy can be found in Figure S10. For plots
reporting the normalized fluorescent intensity, the average Praga-eyfp value for each
gated mutant subpopulation was normalized by the wild type value for that biological

replicate.

86



FSCH

c c
- -
Lrsca 8L .ecpa &l emrea

Singlets Single Cells mKate (+)

LFSC-A

All Cells

1o =

[

FEC.4c FEC-A PSCALIS0A FLB-A ECD-A

Figure S2.10. Gating strategy for flow cytometry assays. Single cells were first selected
by gating on the FSC-H to FSC-A scatter plot and then gating by size in the SSC-A by FSC-A
scatter plot. This population was then further gated to only include mKate positive cells by
gating cells with an ECD-A value of 1000 RFU or greater. The resulting population was then
used to calculate the geometric mean and standard deviation of the FITC-A population.
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Microscopy experiments using 8-well dishes. Bacterial strains were subcultured
in liquid M8 supplemented with glucose, MgS04, and casamino acids after being
cultured overnight in liquid LB at 37C. After reaching an OD600~0.5, cultures were
diluted 1:100 into fresh, liquid M8 and then 300ul was used to fill a glass bottom
chamber (Cellvis 8 chambered cover glass system). The chamber was then mounted
on a Nikon Ti Eclipse epifluorescence microscope in an environmental chamber set to
37C. Images of at least 3 FOV were taken every 5 minutes for the first 8 hours of
surface attachment. Images were then analyzed using a python script, which can be

found at https://github.com/GeiselBiofilm.

Statistical analysis. Data visualization and statistical analysis were performed in
GraphPad Prism 9 (version 9.2.0). Linear mixed models were built in R (v4.0.2) and
visualized using ggplot2 (v3.3.2). The script used to perform the analysis can be

found at https://github.com/GeiselBiofilm.

Data  Accessibility Statement. All code is available on Github at

https://github.com/GeiselBiofilm.
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2.8 Supplemental Tables

Supplementary Table S2.1. Strains used in this study.

Strain name Relevant genotype, description Source

E. coli strains

DH5a supE44 AlacU169(f80lacZAM15) hsdR17 thi-1 relAl Life
recAl Technologies
S17-1(Apir) thi pro hsdR- hsdM+ ArecA RP4-2::TcMu-Km::Tn7 (153)
BTH101 F-, cya-99, araD139, galE15, galK16, rpsL1 (Strr), (151)Euromedex
hsdR2, mcrAl, mcrB1
SM10 thi thr leu tonA lacY supE recA::RP4-2-Tc::Mu Km Apir (153)

P. aeruginosa

strains

(SMC#)

232 PA14 wild type (WT) (154)
7302 ApilT; unmarked in-frame deletion (23)
7304 ApilU; unmarked in-frame deletion (24)
8856 ApilTApilU; unmarked in-frame deletion (78)
9652 ApilTApil]; unmarked in-frame deletions This study
6707 AcyaAAcyaB; unmarked in-frame deletions (24)
6851 AcpdA; unmarked in-frame deletion (24)
9462 PA14 attTn7::P1-lacZ, attB::Ppqga-eyfp, Prrop-mKate2; This study

Tetracycline-resistance (Tcr) cassette
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9463

9464

9465

9466

9467

9653

9654

9655

9656

9665

9657

9658

9659

9660

ApilU attB::Ppaga-eyfp, Prpop-mKate2; Tcr
ApilT attB::Ppaga-eyfp, Prpop-mKate2; Tcr

ApilTApilU attB::Ppaga-eyfp, Proop-mKateZ2; Tcr

AcpdA attTn7::P1-lacZ, attB::Ppaga-€yfp, Prpop-mKate2;

Tcr

AcyaAAcyaB attTn7::P1-lacZ, attB::Ppaga-€Yfp, Prpon-
mKateZ; Tcr; Tcr

pilT-D31K attTn7::P1-lacZ, attB::Ppaga-eyfp, Prpop-
mKate2; Tcr

pilT-H44L attTn7::P1-lacZ, attB::Ppaga-eyYfp, Prpop-
mKateZ2; Tcr

pilT-K58A attTn7::P1-lacZ, attB::Ppaga-eyfp, Prpop-
mKate2; Tcr

pilT-R123D attTn7::P1-lacZ, attB::Ppaga-eyfp, Prpop-
mKate2; Tcr

pilT-K136A attTn7::P1-lacZ, attB::Ppaga-€Yfp, Prpon-
mKate2; Tcr

pilT-E204A attTn7::P1-lacZ, attB::Ppaga-€yfp, Prpon-
mKate2; Tcr

pilT-T216R attTn7::P1-lacZ, attB::Ppaga-eyYfp, Prpop-
mKateZ2; Tcr

pilT-H222A attTn7::P1-lacZ, attB::Ppaga-eyfp, Prpop-
mKateZ2; Tcr

pilT-H229A attTn7::P1-lacZ, attB::Ppaga-eyfp, Prpop-

mKateZ2; Tcr
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This study
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9661 PA14 attTn7::P1-lacZ, attB::Ppaga-€yfp, Prpop-mKate2 This study

9662 ApilU attB::Ppaga-eyfp, Prpop-mKate2 This study

9663 Apil TApil] attB::Ppaga-eyfp, Prpop-mKateZ2, Tcr This study

9664 Apil TApilU attB::Ppaga-eyfp, Prpop-mKate2 This study

Supplementary Table S2.2. Plasmids used in this study.

Plasmid name Description Source

pMQ72 Vector for cloning in yeast, E. coli, and P. aeruginosa  (155)
with arabinose-inducible gene expression system;
Gentamycin-resistance (Gmr) cassette

pMQ30 Shuttle vector for cloning in yeat and allelic (155)
exchange in Gram-negatives; Gmr

miniCTX1 Suicide vector for integration into the Pseudomonas  (147)
attB site on the chromosome; Tetracycline-
resistance (Tcr) cassette

pMQ56-mTn7 Suicide vector for insertion of the mini-Tn7 element (78)
from pUT18-mTn7-Gm into the attTn7 site on the
chromosome of P. aeruginosa

pFLP2 For removal of antibiotic resistance cassettes (156)
flanked by FRT sites with Flipase; sacB for plasmid
counterselection; Carbenicillin-resistance (Cbr)
cassette

pUT18C BACTH vector for fusions with the C-terminus of the Euromedex

T18 fragment of cyaA, Cbr
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pUT18

pKT25

pKNT25

pKT25-zip

pUT18C-zip

pVLT31

pMQ72-pilT

pMQ72-pil T-H44L

pMQ72-pilT-H222A

pVLT31-pilU

pVLT31-pilU-

K136A(WA)

pKT25-pilT

BACTH vector for fusions with the N-terminus of the
T18 fragment of cya4, Cbr

BACTH vector for fusions with the C-terminus of the
T25 fragment of cyad, Kanamycin resistance (Knr)
cassette

BACTH vector for fusions with the N-terminus of the
T25 fragment of cyaA, Kanamycin resistance (Knr)
cassette

BACTH positive control, leucine zipper of GCN4
fused to T25, Knr

BACTH positive control, leucine zipper of GCN4
fused to T18, Cbr

Vector for cloning in E. coli and P. aeruginosa with
IPTG-inducible gene expression system; Tcr

For arabinose-inducible expression of pilT in P.
aeruginosa; Gmr

For arabinose-inducible expression of pilT-H44L in
P. aeruginosa; Gmr

For arabinose-inducible expression of pil T-H222A in
P. aeruginosa; Gmr

For IPTG-inducible expression of pilU in P.
aeruginosa; Tcr

For IPTG-inducible expression of pilU in P.
aeruginosa; Tcr

pilT gene cloned into pKT25; Knr
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Euromedex

Euromedex

Euromedex
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This study

This study
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pKT25-pilT-D31K
pKT25-pilT-K58A
pKT25-pilT-K136A
pKT25-pilT-E204A
pKT25-pilT-H222A
pKT25-pilT-H229A
pKT25-pilT-H44L
pKT25-pilT-K45E
pKT25-pilT-H48R
pKT25-pilT-N87S
pKT25-pilT-N87D
pKT25-pilT-
D17G/E65K
pKT25-pilT-
M301T/R331H
pUT18-pil]
pUT18C-fimS
pUT18C-pilC
pUT18C-fimL
pUT18C-pilG
pUT18C-pilK
pUT18C-pill
pUT18C-fimW
pUT18C-pilH

pUT18C-pilU

pilT-D31K gene cloned into pKT25; Knr
pilT-K58A gene cloned into pKT25; Knr
pilT-K136A gene cloned into pKT25; Knr
pilT-E204A gene cloned into pKT25; Knr
pilT-H222A gene cloned into pKT25; Knr
pilT-H229A gene cloned into pKT25; Knr
pilT-H44L gene cloned into pKT25; Knr
pilT-K45E gene cloned into pKT25; Knr
pilT-H48R gene cloned into pKT25; Knr
pilT-N87S gene cloned into pKT25; Knr
pilT-N87D gene cloned into pKT25; Knr

pilT-D17G/E65K gene cloned into pKT25; Knr

pilT-M301T/R331H gene cloned into pKT25; Knr

pil] gene cloned into pUT18; Cbr
fimS gene cloned into pUT18C; Cbr
pilC gene cloned into pUT18C; Cbr
fimL gene cloned into pUT18C; Cbr
pilG gene cloned into pUT18C; Cbr
pilK gene cloned into pUT18C; Cbr
pill gene cloned into pUT18C; Cbr
fimW gene cloned into pUT18C; Cbr
pilH gene cloned into pUT18C; Cbr

pilU gene cloned into pUT18C; Cbr
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pUT18C-fimV
pUT18C-chpE
pUT18C-chpC
pUT18C-chpB

pMQ72-pilT-H44L

pMQ72-pilT-K45E

pMQ72-pilT-H48R

pMQ72-pilT-N87S

pMQ72-pilT-

M301T/R331H

miniCTX1-PaQa

pMQ56-mTn7-P1-

lacZ

pMQ30-pilT-D31K

fimV gene cloned into pUT18C; Cbr

chpE gene cloned into pUT18C; Cbr

chpC gene cloned into pUT18C; Cbr

chpB gene cloned into pUT18C; Cbr

For arabinose-inducible expression of pilT-H44L in
P. aeruginosa; Gmr

For arabinose-inducible expression of pilT-K45E in
P. aeruginosa; Gm*

For arabinose-inducible expression of pilT-H48R in
P. aeruginosa; Gmr

For arabinose-inducible expression of pilT-N87S in
P. aeruginosa; Gmr

For arabinose-inducible expression of pilT-
M301T/R331H in P. aeruginosa; Gmr

For integration of the PaQa reporter into the attB
site of the chromosome of P. aeruginosa. Ppaga-€yfp,
Prpop-mKateZ2

For integration of the cAMP transcriptional reporter
into the attTn7 site on the chromosome of P.
aeruginosa. P1-lacZ

For performing allelic exchange at the native locus
of the pilT gene in P. aeruginosa PA14 to introduce

the mutation pilT-D31K
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pMQ30-pilT-H44L

pMQ30-pilT-K58A

pMQ30-pilT-R123D

pMQ30-pilT-E204A

pMQ30-pilT-T216R

pMQ30-pilT-H222A

pMQ30-pilT-H2294A

pMQ30-pilT-K136A

For performing allelic exchange at the native locus
of the pilT gene in P. aeruginosa PA14 to introduce
the mutation pilT-H44L

For performing allelic exchange at the native locus
of the pilT gene in P. aeruginosa PA14 to introduce
the mutation pilT-K58A

For performing allelic exchange at the native locus
of the pilT gene in P. aeruginosa PA14 to introduce
the mutation pilT-R123D

For performing allelic exchange at the native locus
of the pilT gene in P. aeruginosa PA14 to introduce
the mutation pilT-E204A

For performing allelic exchange at the native locus
of the pilT gene in P. aeruginosa PA14 to introduce
the mutation pilT-T216R

For performing allelic exchange at the native locus
of the pilT gene in P. aeruginosa PA14 to introduce
the mutation pilT-H222A

For performing allelic exchange at the native locus
of the pilT gene in P. aeruginosa PA14 to introduce
the mutation pilT-H22A

For performing allelic exchange at the native locus
of the pilT gene in P. aeruginosa PA14 to introduce

the mutation pilT-K136A

This study

This study

This study

This study

This study

This study

This study

This study
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Supplementary Table $S2.3. Primers used in this study.

Primer name Primer sequence (5’->3’)
D17G_pilT_F CAAACAGGGCGCTTCGGGCCTGCACCTCTCCGCCGGC
D17G_pilT_R GCCGGCGGAGAGGTGCAGGCCCGAAGCGCCCTGTTTG
K45E _pilT_F CCACCGCTGGAACACGAGCAGGTGCATGCGC
K45E_pilT_R GCGCATGCACCTGCTCGTGTTCCAGCGGTGG
H48R _pilT_F GGAACACAAGCAGGTGCGTGCGCTGATCTACGACATC
H48R _pilT_R GATGTCGTAGATCAGCGCACGCACCTGCTTGTGTTCCAG
E65K pilT_F GCAGCGCAAGGACTTCGAGAAATTCCTCGAGACCGACTTCTCC
E65K pilT_R GGAGAAGTCGGTCTCGAGGAATTTCTCGAAGTCCTTGCGCTGC
N87S_pilT_F CGGGTCAACGCCTTCAGCCAGAACCGTGGCGC
N87S_pilT_R GCGCCACGGTTCTGGCTGAAGGCGTTGACCCG
N87D_pilT_F CGGGTCAACGCCTTCGACCAGAACCGTGGCGC
N87D_pilT_R GCGCCACGGTTCTGGTCGAAGGCGTTGACCCG
H222A_pilT_F CGCGGCGGAGACCGGCGCCCTGGTATTCGGCACCC
H222A _pilT_R GGGTGCCGAATACCAGGGCGCCGGTCTCCGCCGCG
M301T_pilT_F CGAGGACAAGGTCGCGCAGACGTATTCGGCGATCCAGACC
M301T_pilT_R GGTCTGGATCGCCGAATACGTCTGCGCGACCTTGTCCTCG
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R331H_pilT_F

R331H_pilT_R

YFP_K213E_F

YFP_K213E_R

LBB2H_pT_5'

LBB2H_pT_3'

LBB2H_pU_5'

LBB2H_pU_3'

LBB2H_pC_5'

LBB2H_pC_3'

LBB2H_pB_5'

LBB2H_pB_3'

K58A_pilT_F

K58A_pilT_R

H229A pilT_F

H229A pilT_R

GGGCCTGATCAGCCACGAGAATGCCCGCGAGAAGG

CCTTCTCGCGGGCATTCTCGTGGCTGATCAGGCCC

gcaaactgtctaaagacccgaacgaaaaacgtgaccacatgg

ccatgtggtcacgtttttcgttcgggtctttagacagtttge

GCGTCTAGAGATGGATATTACCGAGCTGCTCG

GCGGGTACCTCAGAAGTTTTCCGGGATCTTC

GCGTCTAGAGATGGAATTCGAAAAGCTGCTGC

GCGGGTACCGCTGGCCTACTGAAGACGGT

TATATAACTCTAGAGATGGCGGACAAAGCGTTAAAAACCAG

TATATATGGAATTCGTTATCCGACGACGTTGCCGA

TATATATATCTAGAGATGAACGACAGCATCCAACTG

TATATATAGAATTCGTTAATCCTTGGTCACGCGGTT

gatctaCGACATCATGAACGACgcGCAGCGCAAGGACTTCGAGGAA

TTCC

GGAATTCCTCGAAGTCCTTGCGCTGCgcGTCGTTCATGATGTCGT

AGATC

cctGGTATTCGGCACCCTGGCCACCACCTCGGCGGCGAAGACC

GGTCTTCGCCGCCGAGGTGGTggcCAGGGTGCCGAATACCAGG
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30pT_1 CGAATTCGAGCTCGGTACCCCCACGGCCTCGGCGTTGGAC

GTCGACTCTAGAGGATCCCCCGAACACAGCACCCTGCAACTGGA

30pT_6 AACC
30pT_7 GTCGACTCTAGAGGATCCCCCCAGACCAACTCGACCCGCC
30pT_2COR GAGCAGCTCGGTAATATCCAT
30pT_3COR ATGGATATTACCGAGCTGCTC
30pT_4COR GAAGTTTTCCGGGATCTTCGC
30pT_5COR GCGAAGATCCCGGAAAACTTC

CCGCCCATGATCCGGGTGAAGGGCGATGTACGCCGGATCAACCT

pilT_D31K_F_COR GCC

GGCAGGTTGATCCGGCGTACATCGCCCTTCACCCGGATCATGGGC

pilT_D31K_R_COR GG

72RBS_pilT5' gGTACCgaaggagatatacatATGGATATTACCGAGCTGCTCGC
72RBS_pilT3' ccaaaacagccaAGCTTTCAGAAGTTTTCCGGGATCTTCGCC
18C_pilC_Xbal_5' TATATAACTCTAGAGatggcggacaaagcgttaaagacc
18C_pilC_EcoRI_3' TATATATGGAATTCGTTAcacaacggaacccagttggaagatcg
72toVLT31_Gib1_5' CAGAATTCGAGCTCGGTACCctactgtttctccatacccgtttttttg
72toVLT31_Gib2_5' ACACAGGAAACAGAATTCGGctactgtttctccataccegtttttttg
PaQaRpoD_CTX1_A ctagaactagtggatccccctaataaccaggcatcaaataaaacgaaaggctc
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PaQaRpoD_CTX1_B2

72rbs_pT_5'

72rbs_pT_3'

T18C_fimL_5'

T18C_fimL_3'

T18C_pilK_5'

T18C_pilK_3'

T18C_chpB_5'

T18C_chpB_3'

T18C_fimW_5'

T18C_fimW_3'

VLT31rbs_pilU_5'

VLT31rbs_pilU_3'

T18C_pilG_5'

T18C_pilG_3'

T18C_pilH_5'

atatcgaattcctgcageccgeggecgcaaaaggaaaagatc

TcgagctcggtacccCAGGAGGAATTTTCCATGGATATTACCGAGCTG

CTCGC

CgactctagaggatcccctcaGAAGTTTTCCGGGATCTTCgc

CGACTCTAGAGGATCCCCGGatggtcacaggagccacgtc

AATTCGAGCTCGGTACCCTggcggccaccggeag

CGACTCTAGAGGATCCCCGGatgcaggcgaacggcgtc

AATTCGAGCTCGGTACCCTtgtgcctgagtaccccttacg

CGACTCTAGAGGATCCCCGGatgagtgagcgcgccac

AATTCGAGCTCGGTACCCTtgtttcgactcctgtcggeg

CGACTCTAGAGGATCCCCGGatggaaaaccagagcccccac

AATTCGAGCTCGGTACCCTcagagacttccagagcgagtcaaaatc

TTCGAGCTCGGTACCCCAGGAGGAATTTTCCatggaattcgaaaagct

getge

CGACTCTAGAGGATCCCCtcagcggaagcgecg

CGACTCTAGAGGATCCCCGGatggaacagcaatccgacggt

AATTCGAGCTCGGTACCCTggaaacggcgtccaccg

CGACTCTAGAGGATCCCCGGatggctcgtattttgattgttgatgact
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T18C_pilH_3'

T18C_pilC_L_5'

T18C_pilC_S_5'

T18C_pilC_3'

T18C_pilU_5'

T18C_pilU_3'

T18C_pill_5'

T18C_pill_3'

T18C_chpC_5'

T18C_chpC_3'

T18C_chpD_5'

T18C_chpD_3'

T18C_chpE_5'

T18C_chpE_3'

QC_pilT_R123D_5'

QC_pilT_R123D_3'

QC_PilU_K136A_fwd

QC_PilU_K136A _rev

AATTCGAGCTCGGTACCCTgcccgccageaccg

CGACTCTAGAGGATCCCCGGatggcggacaaagcgttaaagac

CGACTCTAGAGGATCCCCGGatgctggtgaaggctcaactg

AATTCGAGCTCGGTACCCTcacaacggaacccagttggaag

CGACTCTAGAGGATCCCCGGatggaattcgaaaagctgctgeg

AATTCGAGCTCGGTACCCTgcggaagcgeegg

CGACTCTAGAGGATCCCCGGatgtcggacgttcagaccc

AATTCGAGCTCGGTACCCTtacggcgacgtcgagga

CGACTCTAGAGGATCCCCGGatgaaccaggccgtgatcgag

AATTCGAGCTCGGTACCCTgatcaggccggegtcg

CGACTCTAGAGGATCCCCGGatggccggcctgcaac

AATTCGAGCTCGGTACCCTgccgcgcacageg

CGACTCTAGAGGATCCCCGGatgctcgccatcttecteg

AATTCGAGCTCGGTACCCTcagcccgegceage

CGTGTTTCAGACGTCCCGgaCGGGCTGGTACTGGTCACCG

CGGTGACCAGTACCAGCCCGtcCGGGACGTCTGAAACACG

GCGCCACCGGCACCGGCgcGTCCACCTCGCTGGCGGC

GCCGCCAGCGAGGTGGACEgcGCCGGTGCCGGTGGCGC
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QC_pilT_T216R_5' CGCCTGGCCCTGAgaGCGGCGGAGACCGGCC

QC_pilT_T216R_3' GGCCGGTCTCCGCCGCtcTCAGGGCCAGGCG
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3.1 Abstract. Type IV pili (TFP) use ATP-driven motors to extend and retract, thereby
contributing to the ability of microbes such as Pseudomonas aeruginosa to engage
with and move across surfaces. We reported previously that TFP of P aeruginosa
generates retractive forces of ~30 pN, and in this same publication, provided indirect
evidence that TFP-mediated surface attachment was enhanced in the presence of the
Pel polysaccharide. We first show that mutating the flagellum (DflgK mutant) results
in an increase in Pel polysaccharide production, but this increase in Pel does not result
in an increase in surface adhesive properties compared to those previously described
for the WT strain (158). By blocking the ability to produce Pel in the DflgK mutant
background, we show direct evidence using atomic force microscopy that Pel
mediates two distinct mechanisms of early surface attachment by P. aeruginosa. First,
Pel can mediate direct adhesive forces of up to ~1000 pN between the cell and an
abiotic substratum. Second, the presence of Pel results in TFP-mediated attachment
displaying a long-range (~1 um) median adhesive force of ~150 pN compared to ~75
pN in the absence of Pel. Thus, Pel increases TFP-substratum binding by ~2-fold.
Because the TFP retraction force is on the order of ~30 pN, a relatively low value
compared to TFP/Pel adhesive forces, our data suggest that the ability to retract the
TFP might depend on changing TFP properties under force, perhaps as a consequence
of the spring-like properties of the TFP we identify here. Alternatively, TFP
depolymerization may also contribute to loss of TFP-Pel adhesion. We propose that
given the role of TFP in bacterial surface sensing, the Pel-dependent increase in TFP-
mediated surface interaction could have a profound impact on the ability of P

aeruginosa to detect surface engagement.
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3.2 Importance. The Pel polysaccharide and the type IV pili (TFP) of P. aeruginosa
play critical roles in biofilm formation by this opportunistic pathogen. Here we
present the direct measurement of the bacteria-surface adhesive force mediated by
these two extracellular, biofilm-promoting factors. Furthermore, we show that TFP-
mediated adherence is enhanced by the presence of Pel. These force measurements,
together with the force retraction data reported for the TFP, provide critical values for
developing models whereby TFP, perhaps together with the Pel polysaccharide,

participate in surface sensing by P. aeruginosa.

108



3.3 Introduction

P. aeruginosa is an important opportunistic pathogen with the ability to form
biofilms in a variety of contexts, including on medical impacts and in the context of
chronic infections such as cystic fibrosis and diabetic wounds (159-163). A number
of factors have been identified that contribute to biofilm formation by this microbe,
including the production of type IV pili (TFP) and exopolysaccharides (EPS) such as
Pel and Psl (164-169). These factors have also been shown to contribute to

colonization of human airway cells, as well as pathogenesis (170).

Interestingly, despite the important role for TFP and EPS in biofilm formation,
the extent to which these extracellular factors contribute to the adhesion of bacteria
to a substratum has not been examined for this organism. One means of directly
measuring adhesive force is via atomic force microscopy (AFM). We have used AFM
previously to document that the cell surface-localized LapA protein is a bacterial
adhesin (171-173). Several other studies have examined biofilm-related factors by
AFM, including pili, adhesins and polysaccharides (172, 174-180). Using a laser trap,
Maier, O'Toole and colleagues demonstrated that the retraction force of TFP of P
aeruginosa could exert a force of ~30 pN (181). Finally, we examined the role of TFP
in adhesion of P aeruginosa to a surface; these studies indicated that a TFP could
mediate an adhesive force of up to 250 pN (158). In this previous report, using P
aeruginosa strain PA14, TFP-mediated adhesion was measured in the context of a

strain that was capable of producing the EPS known as Pel (158).
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Here, we use AFM to investigate the relative contribution of the Pel EPS, as well
as TFP-mediated adhesion in the presence and absence of Pel. Our data indicate that
Pel can enhance TFP-mediated adhesion, a finding consistent with our previous
report (181). The adhesive forces measured here are critical to generate an overall
model for how TFP engage the surface, particularly given the role for TFP in surface

sensing (182).
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3.4 Results

AFM analysis of TFP-mediated adhesion in the absence of Pel. In a previous report
from our team, we examined TFP adhesion parameters by the wild-type strain of P
aeruginosa PA14 using an abiotic, hydrophobic tip. In these studies, we observed
maximal adhesive events of ~ 250 pN and rupture length of >1500 pN for the WT P

aeruginosa PA14 when interacting with a hydrophobic surface.

Importantly, the WT P aeruginosa PA14 strain produces the Pel
polysaccharide, which has been previously reported as critical for biofilm formation
(168, 169, 183). Thus, it was possible that we observed combined adhesive forces of
the TFP with Pel. Furthermore, the flagellum has been implicated in early biofilm
formation and surface sensing for P aeruginosa (164, 184). To address the relative
contribution of all of these factors we examined mutants defective in flagellar

biosynthesis, Pel production or TFP production, alone or in combination.

The AflgK mutant shows a robust increase in Pel polysaccharide production as
assessed by the Congo red (CR) assay (Figure 1a). Furthermore, mutating the flgK
gene, which blocks synthesis of the flagellar hook and filament, as expected, results in
a strain that is defective for swimming and swarming motility, and biofilm formation
but shows near WT levels of TFP-mediated twitching motility (Figure 1b). Given this
increase in production of the Pel adhesion, we investigated the impact on adhesion of

this mutant to a hydrophobic surface using AFM.
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Figure 3.1. Phenotypes of mutants used in these studies. a. Binding to congo red
(CR) serves a surrogate for the production of the Pel exopolysaccharide. b-c. Shown
are the twitching (top), swimming (below), swarming (below), and biofilm formation
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(bottom) phenotypes of the mutants shown in this experiment. Data were analyzed
by one-way ANOVA followed by Tukey’s post-test comparison. ***, P<0.001; ****
P<0.0001.
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A representative cell of the AflgK mutant shows the TFP (Figure 2b,left, inset).The
maximum adhesion force (~250pN) and maximum rupture length (~1500 nm) of the
AflgK mutant (Figure 2b,c) is similar to that previously reported for the WT strain
(158). These data indicate that loss of this appendage does not markedly change the
strength and nature of the interaction between the bacterial cell and a hydrophobic

surface.
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Figure 3.2. Analysis of the AflgK mutant. Shown are two independent replicates
(a,b) of the adhesion force and rupture distance histograms for multiple cells of the
AflgK mutant on a hydrophobic surface. This strain lacks a functional flagellum. Inset:
representative image of the AflgK mutant.

115



We next addressed the impact of mutating Pel polysaccharide production. The
lack of motility with the AflgK provides an advantage in terms of reducing cell
movement and eliminating any contribution of the flagellum to cell-to-substratum
adhesion, so we examined the loss of Pel in the AflgK genetic background; this strain
is incapable of Pel production but still can produce TFP and shows near WT levels of

twitching motility (Figure 1b).

The AflgK ApelA double mutant results in a maximal adhesive force of ~200
with most cells showing an adhesive force of ~75 pN (Figure 3). The WT, in contrast,
shows a relatively even distribution of adhesive forces topping out at ~250 pN (158).
The rupture distance in this mutant is extended to ~2000 nM, which can be attributed

to the TFP; a value almost twice that reported for the WT (158).
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Figure 3.3. AFM analysis of TFP-mediated adhesion. Shown are two independent
replicates (a,b) of the adhesion force and rupture distance histograms for the
AflgKApelA double mutant on a hydrophobic surface. This strains lacks a functional
flagellum and the ability to produce the Pel polysaccharide.
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AFM analysis of Pel-mediated adhesion reveals strong, short-distance adhesive
forces. We next examined the impact of Pel mediated adhesion using a AflgK ApilA
double mutant. This strain is still capable of producing the Pel polysaccharide, but at
levels less than AflgK mutant (Figure 1a). This strain lacks the TFP as well as the

flagellum and thus cannot swim, swarm or twitch (Figure 1b).

AFM analysis of the AflgK ApilA double mutant revealed two key findings. First,
we observed a time-dependent increase in adhesive force, increasing from a median
force of ~500 pN at 1 sec to ~1000 pN at 3 sec (Figure 4a,b). The measured rupture
distance at 0 and 1 sec varied between 100-200 nm (Figure 4a,b). Interestingly, by 3
sec there was an increase in adhesion force with a maximum of ~1800 pN and

bimodal distribution of the rupture distance at ~200 and ~400 nm (Figure 4c).

Inspection of individual force curves (Figure 4c, inset) showed that bacteria
fell into two discreet groups with a rupture distance of ~200 and 400 nM, rather than
single bacteria displaying two, step-wise rupture events. These data indicate a
potential difference in the quantity, or perhaps quality, of the Pel polysaccharide
produced. No such bimodal distribution was observed for the rupture distance for
the WT; rather, a broad flat distribution of rupture lengths, varying from close to 0 to

>2000 nm were measured (158).
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Figure 3.4. AFM analysis of Pel-mediated adhesion. Shown are the adhesion force
and rupture distance histograms at 0, 1 and 3s post-adherence for the AflgKApilA
double mutant on a hydrophobic surface. This strains lacks a functional flagellum and
the ability to produce TFP. Inset: representative force curves at each time point.
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Loss of Pel and TFP effectively eliminate adhesion. It is formally possible that in
addition to the flagellum, TFP and Pel polysaccharide, there are other factors that
contribute to early attachment events by P. aeruginosa. As shown in Figure 5, the
AflgKApilAApelA triple mutant shows essentially no measurable adhesion events at 0
sec, with 98% of cells having an interaction with the hydrophobic tip of 0 pN. Few
such events (~30% of cells) are observed at 1 and 3 sec, and those measured events
were <250 pN. These data suggest that TFP and Pel polysaccharide make a substantial

contribution to early bacteria-substratum interaction events.
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Figure 3.5. Loss of Pel and TFP effectively eliminate adhesion. Shown are the
adhesion force and rupture distance histograms at 0, 1 and 3s post-adherence for the
AflgKApilAApelA triple mutant on a hydrophobic surface. This strains lacks a
functional flagellum and the ability to produce the Pel polysaccharide. This strains
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Inset: representative force curves at each time point.
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3.5 Discussion.

In this study, we examined the impact of mutating the flagellum, TFP and/or
Pel EPS on early surface interactions, allowing us to refine our model of factors driving
interaction of P. aeruginosa PA14 with a surface (Figure 6). Using the DflgK mutant
we showed that, despite the increase in Pel production in this strain, that the
measured interaction of this mutant with a hydrophobic substratum is very similar to
the WT, as we previously reported (158). These data suggest that: (i) the flagellum is
not a critical adhesive structure under these conditions and (ii) increasing Pel does
not increase the measured adhesion parameters, that is, the baseline Pel production
of the WT appears to maximize surface binding. Furthermore, analysis of the
DflgKDpilADpelA mutant results in almost a complete loss of binding to the
hydrophobic substratum, indicating that the TFP and Pel are the major adhesive
factors under these conditions. This observation has allowed us to focus on the roles

of Pel and TFP during initial surface engagement.
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TFP Retraction
~30 pN

Pel adhesive force

TFP adhesive
force ~150 pN

Figure 3.6. Model for Pel and TFP-mediated adhesion. Our current model of
factors contributing to initial attachment events of P. aeruginosa PA14 to a
hydrophobic surface, a common substratum used in biofilm studies. Work here and
in previous studies (158) indicate that type IV pili (TFP), in the context of Pel-
producing strains, can mediate up to 250 pN of adhesive force. In contrast, TFP
mediate ~125 pN of force in the absence of Pel, a reduction of ~2-fold. Adhesive force
in the absence of TFP, but in a strain capable of Pel production, can reach ~1000pN.
The retractile force generated by these pili is ~30pN (185).
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Interestingly, we observe that in the absence of TFP (the DflgkDpilA mutant), the
initial Pel-mediated attachment is more robust (~1000 pN), but with a much shorter
rupture length (~200 nm) compared to the strain expressing both TFP and Pel, which
displays a maximal adhesive force of ~250 pN and a rupture length maximum of
~1500 nm (158). These data suggest that TFP, or perhaps TFP-mediated movement,
may modulate Pel-mediated early attachment. That is, in the absence of TFP and/or
TFP-mediated movement, perhaps the strains become hyper-adhesive. Such a model
is consistent with a report showing a pel mutant strain of P. aeruginosa PA14 makes a
flat, uniform biofilm compared to the typical “mushroom-like” colony biofilm
morphology (183), where colonies of bacteria are separated by channels. Perhaps the
TFP help prevent immediate bacterial adhesion with the surface, and thus moderate

what would otherwise be robust, short-range, Pel-mediated initial adherence events.

Why would the cell develop a strategy to block Pel-mediated adherence early
on during surface engagement? P aeruginosa is well known to undergo initial
“reversible” attachment events, wherein the bacteria readily return to the motile,
planktonic phase (164, 182, 186). Our previous studies are consistent with such a
conclusion, in that TFP-mediate cAMP signaling requires extended, multi-
generational signaling to promote biofilm formation (187). Presumably, the ability to
transiently adhere to the surface via TFP-mediated process would allow the bacteria
to sample the surface, but not fully commit to a surface lifestyle immediately. That is,
Pel-mediated adherence may play a role in tightly securing the bacteria to a surface
once the decision to commit is fully embraced by the microbe. Presumably, this
“decision” occurs only after the appropriate surveying of the environment by the
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microbe is complete, and signals that promote biofilm formation are sensed and
integrated. Interestingly, for the PAO1 strain of P. aeruginosa, the Psl EPS does seem to
be a major driver of early attachment (188, 189) and the PAO1 strain typically shows
less robust twitching motility in standard assays (190-193). These different
mechanisms of initial attachment likely impact what are clearly distinct strategies for

biofilm formation used by these two strains (22, 188).

An important implication of our findings is the observed TFP-mediated
adherence in the absence of Pel compared to the recently measured retractile force
generated by these TFP at ~30 pN (185). The measured adherence of TFP in the
presence of Pel at 250 pN would make it difficult to envision how TFP could detach
from the surface. Thus, early surface engagement events, and the ability to continue
to move across the surface via TFP-mediated movement may necessarily require that
little/no Pel is deposited on the surface early on. These findings also have important
implications for understanding surface-sensing pathways in P. aeruginosa (24, 39, 76,
182, 194, 195). While the mechanistic basis of such surface-sensing systems are not
yet understood, the values determined here (TFP-mediated adherence with and
without Pel) and the TFP retractile force measurements (185) set critical constraints

on any models we develop in the future.
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3.6 Methods and Materials

Strains and media. The strains used in this report are AflgKk (SMC5845; (185)),
AflgKApelA  (SMC7297; (185)), AflgKApilA (SMC6595), and AflgKApelAApilA
(SMC7296), built previously as reported in the respective references or constructed
as reported (ref) for this study. Bacteria were routinely grown on M63 minimal
medium supplemented with glucose (0.2%), magnesium sulfate (1 mM) and

casamino acids (0.5%) at 37°C, as reported (164).

Phenotypic assays. Congo red (196), swarming motility (192), swimming motility
(197), twitching motility (198), biofilm (199), and phage resistance (200) assays were

performed as reported.

Atomic force microscopy. Atomic force microscopy experiments were performed

as previously described (158)
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Table 3.1. Strains used in this study.

Organism/ Strain Number Genotype/Description Reference
Pseudomonas aeruginosa PA14
SM(C6595 AflgK ApilA This study
SMC7296 AflgK ApilA ApelA (185)
SMC7297 AflgK ApelA (185)
SM(5845 Aflgk (37)
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Final Conclusions

Biofilms are not only the dominant mode of cellular life on planet earth, but
they also highlight the intricacy of sensing and signaling pathways that have evolved
in microbes over billions of years (1, 2). The biofilm mode of growth was first
described by Henrici and then later by Zobell and Allen in the 1930s but it wasn't until
the 1980's that the field as a whole gained insight into how these microorganisms
were actually able to sense a surface in order initiate the biofilm lifestyle (142, 143,
201, 202). By manipulating the viscosity of liquid medium researchers were able to
generate multi-flagellated Vibrio parahaemolyticus, a phenotype previously only
observed for cells grown on a surface (142, 143). Since then, the physical
manipulation of motility appendages has resulted in biofilm-associated phenotypes
indicating that the obstruction of these motility appendages were allowing cells to
sense the surface and initiate the biofilm mode of growth.

In this thesis I present mechanistic insight by which two motility appendages
encoded by Pseudomonas aeruginosa are able to sense a surface. The physical strain
on these molecular machines when these appendages interact with a surface is
transmitted to the proteins that power locomotion. We present data that support a
model whereby the proteins that power motility in these molecular machines are
required for surface sensing and directly sense and transmit a surface contact signal.
[ demonstrate that the type IV pili retraction motor of PilT senses and transmits a
surface signal culminating in cAMP production. [ also show that the accessory
retraction motor PilU modulates the surface signal by aiding in retraction as well as
modulating signal transduction from PilT to Pil]. We also show that Pel can
significantly enhance T4P retractive forces on abiotic surfaces. Below I discuss three

main conclusions and future directions:

e Demonstrate direct interaction of PilT and PilJ in P. aeruginosa for surface grown
cells. PilT and PilJ were shown to interact within a heterologous system in the

absence of the rest of T4P and Pil-Chp machinery. Future studies should confirm
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this interaction for surface grown P. aeruginosa. A pulldown assay should be
performed with His-tagged Pil] on a Cobalt-NTA column. After eluting the
solution should then be probed for the presence of PilT using our a-PilT antibody
from Chapter 2.

Determine the residues of PilT that facilitate interaction with PilU.
Comparative genomics examining the conserved surface residues of PilT as
well as structural predictions have indicated that PilT likely interacts with PilU
through the PilT-N-terminal face of the hexamer but experiments must be
performed to validate interaction through these residues. To identify residues
on PilT that facilitate interaction with PilU a genetic screen should be designed
to isolate mutants of PilT that are deficient in twitching motility but remain
phage susceptible. Twitching motility requires interaction with PilU as well as
the rest of the pilus machinery whereas phage susceptibility only requires that
PilT retains ATPase activity and binding with PilC. To perform this screen, I
would first perform error-prone PCR on the PilT sequence, clone the
mutagenized pilT sequences into a Pseudomonas-specific expression vector,
and then transform this pool of pilT mutants into the P. aeruginosa PA14
ApilTU background, and then perform phage susceptibility assays in a 96 well
format as previously described (82), which allows for higher throughput than
the traditional phage susceptibility plate assays. Cells with a variant of PilT
that remain phage susceptible in the absence of PilU will be stable, retain the
ability to interact with PilC, and perform ATPase activity to power pilus
retraction. I would then prep the plasmids from these strains, pool them, and
then transform them into the ApilT background and select for mutants that are
unable to perform twitching motility. This approach then select for mutants
that are functional but unable to bind PilU. I would then sequence these
mutants and map the mutations onto the surface of PilT as done in Chapter 2.
This strategy will allow us to verify the interaction predicted by alphafold

multimer and conservation information.
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Perform lineage studies on PilT mutants to identify how the frequency and
amplitude of cAMP oscillations vary with changes in PilT-Pil] interaction
strength. The frequency and amplitude of c-di-GMP oscillations within single
cells during biofilm formation has been shown to depend on the binding
strength between the alignment complex protein PilO and the diguanylate
cyclase SadC. P. aeruginosa PA14 also undergoes oscillations of cAMP at the
single cell level during biofilm formation. To determine if the frequency and
amplitude of these cAMP oscillations are controlled by the binding strength of
the PilT-PilJ interaction, lineage experiments of pilT mutants with varying
degrees of interaction with Pil] should be performed. To generate stable alleles
of PilT with varying degrees of Pil] interaction, NNK mutagenesis should be
performed on the PilT-Pil] interaction residues identified in Chapter 2 via the
B2H system: H44, K45, H48, N87 (113). Alleles will then be subjected to
Western assays as well as twitching motility to identify stable, functional

alleles when expressed at physiological levels before lineage testing.

Determine if expression of pilU increases independently of pilT during high
levels of cAMP as a mechanism to aid in lowering levels to baseline after
surface adaptation. We have previously shown that overexpressing pilU
decreases cAMP levels. Furthermore, previous studies have shown that
expression and protein levels of PilU increase with increasing cAMP levels (37,
96, 101). By mining microarray and RNAseq datasets we will be able to
determine if transcription of pilU is independent of pilT, which is located
directly upstream. Since all cellular changes in P. aeruginosa due to cAMP are
mediated through its binding protein Vfr, we can predict that any
transcriptional change due to cAMP is mediated through this protein (35, 95).
We can also swap the chromosomal promoter of pilU for an inducible promoter
that will not respond to Vfr, for example Ptac. We will then be able to express

pilU without the promoter being subject to Vfr regulation and determine
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whether cAMP dynamics are altered during surface adaptation. Furthermore,
we can perform an electrophoretic mobility shift assay to assess if the
promoter of the pilU gene is bound by purified Vfr in the presence of cAMP.
Finally, we can perform qRT-PCR experiments to verify the increase in pilU
expression for surface grown cells and see if the expression tracks with cAMP
levels using our fluorescent cAMP reporter described in Chapter 2. In this way
we will be able to determine if Pa elevates levels of PilU in order to bring cAMP

levels back down during biofilm formation.
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Outlook

It has been nearly 25 years since bacterial flagella were first demonstrated to
be capable of sensing a mechanical load on the flagellar filament (142). By
manipulating culture conditions either through the change in viscosity or the addition
of antibodies specific to the flagellum, phenotypes associated with surface growth
were able to be achieved in liquid conditions. Since then, the field of bacterial surface
sensing has grown tremendously (142, 143). Recently, several surface sensing studies
that use polar monotricious flagellates as their model organisms have uncovered
striking similarities in mechanisms and outputs among these bacteria - this has been
nicely summarized recently (203).

Studies investigating the mechanism of flagellar mediated surface sensing by
Caulobacter crescentus, Vibrio cholerae, and P. aeruginosa have displayed similarities
in their requirement for certain genetic elements as well as functional outputs during
surface contact (57, 204, 205). One similarity among these model organisms is that
mutations in the flagellum lead to biofilm related phenotypes, specifically the
production of EPS or a holdfast. In V. cholerae, deleting the flagellin gene flaA leads to
arugose colony morphology due to the increased expression of vps genes responsible
for regulating EPS production (57). In P, aeruginosa, deletion of the flagellin gene fIiC
leads to RSCV colony morphology due to the overproduction of pel and psl EPS when
grown on VBMM agar and we have demonstrated in Chapter 3 that mutating the hook
associated protein FlgK results in increased pel production as observed through
congo red binding (205). In C. crescentus, flagellar synthesis mutants have been
shown to be more adhesive than WT cells following transposon mutagenesis and
selection (206).

Another similarity among these three systems is that the increased EPS production
phenotype in these flagellar mutants are dependent on functional stator units. In
order for stators to function in flagellar torque generation they must first be able to
bind the ion whose gradient it uses to power flagellar rotation. It has been shown in

E. coli that the ability to bind and conduct protons is necessary for stators to be
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recruited to flagella when they are under high load (47). In P aeruginosa and C.
crescentus this means stators units must be able to bind and conduct protons and in
V. cholerae they must be able to conduct Na* (56, 57). Stators must also be able to
engage the peptidoglycan layer as well as the C-ring in order to convert the ion motive
force into flagellar torque. Disruption of either of these critical stator interactions also
eliminates the overproduction of EPS in these backgrounds. In V. cholerae , mutating
the flagellar components that aid in stator binding of the peptidoglycan, MotX,
eliminates the EPS overproduction of flagellar mutants and in P. aeruginosa we have
demonstrated that mutating the PG binding domain or the residues facilitating
interaction with FliG eliminate Pel EPS overproduction as judged by Congo Red
binding (Chapter 3) (57). In C. crescentus , mutating the residues results in non-
functional stators, MotB-D33N, results in cells that no longer attach to surfaces or
activate the DGC DgcB (56).

It has also been demonstrated that in all three of these model organisms, the
overproduction of EPS caused by flagellar mutations are due to increases in c-di-GMP,
usually through DGC activation. In C. crescentus , stator units have been shown to
physically interact with the DGC DgcB which leads to increased c-di-GMP when the
flagellum interacts with a surface (56). In V. cholerae , three different DGCs, CdgA,
CdgL, and CdgO, all contribute to the flagellum dependent increase in c-di-GMP (57).
P. aeruginosa has several DGCs shown to influence c-di-GMP levels in fliC mutants
(GcbA, PA3177, SiaD) but the one with a known mechanism and physical link to a
stator set itself is SadC (12, 205). We have previously shown that interaction of MotC
and SadC leads to stimulation of diguanylate cyclase activity (12). Even in non-model
organisms such as Bordetella pertussis, physically impeding flagellar rotation has been
shown to lead to stator diffusion out of the flagellum allowing for physical interaction
with DgcB that leads to stimulation of DGC activity and increased levels of c-di-GMP
(207). These data demonstrate that the stator-dependent increase in c-di-GMP upon
surface contact is a widespread mechanism of surface adaptation in the bacterial
world.

While these aspects of flagellar mediated surface sensing have been well

documented, a less appreciated facet of the flagellar mutations in these organisms are
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their effect on the function or regulation of the other surface sensing appendage
responsible for biofilm formation in these organisms: type four filaments. For V.
cholerae, mutating the flagellin results in decreased levels of MSHA pili (57). The
homologous mutation in P. aeruginosa has been shown to increase the number of
extended T4aP pili by ~4-5X (14). Furthermore, in screens identifying suppressor of
the flagellar mutant EPS overproduction phenotype in P. aeruginosa, T4P and Pil-Chp
components were shown to be necessary in both the P aeruginosa PAO1 and PA14
backgrounds (Chapter 3) (205). There are also several cases in P. aeruginosa where
a T4P mutation affected a flagellar-mediated motility like swarming (208). Finally in
C. crescentus, deleting either the flagellin or the flagellar hook protein results in
reduction in Tad (T4cP) pilus synthesis due to reduced transcription of tad pili genes
(209). Just like the similarities in flagellar-mediated signaling among these three
organisms, there also exists regulatory links between these two motility appendages
to coordinate surface behavior and biofilm formation. Below I will propose
experiments to elucidate the mechanisms by which T4P and the flagellum of P
aeruginosa coordinate their efforts during surface attachment in order to build a
robust biofilm.

One well studied mechanism by which T4P can be influenced by flagella is through
manipulating levels of the second messenger c-di-GMP. The flagella of V. cholerae, P.
aeruginosa, and C. crescentus have all been shown to stimulate c-di-GMP production
when on a surface and this c-di-GMP can affect type 4 filament extension and
retraction dynamics. In P. aeruginosa it has been shown that the protein FimX is able
to bind c-di-GMP and affect pilus extension by interacting with PilB (121). The c-di-
GMP binding protein immediately upstream of FimX, FimW, has also been shown to
affect pili dynamics in a c-di-GMP-dependent manner but the mechanism by which
FimW exerts its effects on pili remains unknown (82). In V. cholerae c-di-GMP directly
binds the extension motor MshE to affect pilus extension and retraction dynamics
with high levels of c-di-GMP being correlated with MSHA pili being in the retracted
state resulting in increased levels of surface detachment (210). For C. crescentus the
extension and retraction of T4cP are mediated by the same ATPase, CpaF (211). Low

to medium levels of cdG has been associated pili extension but elevated levels of cdG

142



is associated with Tad pili retraction, although the exact mechanism by which c-di-
GMP influence CpaF remains unknown (77, 212).

Clearly c-di-GMP from flagellar mediated-surface sensing can influence T4P
dynamics but so can cAMP in P, aeruginosa as shown in Chapter 2. Vfr bound to cAMP
activates the two-component system FimS-AlgR that is necessary for minor pilin
production (24). The minor pilins are thought to serve as an initiation complex for
T4P extension, thus increased cAMP leads to increased T4P activity as shown in
Chapter 2, with cpdA mutants exhibiting the highest levels of cAMP and twitching
motility (85, 113). Recent studies have also demonstrated that cAMP can affect
flagellar dynamics as well. Deleting both adenylate cyclases in P. aeruginosa decreases
swimming motility and the addition of extracellular cAMP increases the number of
reversals for surface attached bacteria and increased the counter clockwise rotational
speed of the flagellum in MotAB and FlhF dependent manner (102). Furthermore,
mutations in the flagellum have recently been shown to affect cAMP as well as c-di-
GMP as discussed above. These mutations are thought to lead to an increase in the
load on the flagellum and require the structural polar hub protein FimV as well as
FIhF. By deleting the regulator of flagellum number, FleN, the cell produces multiple
polar flagella that bundle together resulting in an increased load and increased cAMP
although the exact mechanisms by which this occurs remains unknown (102).

In order to determine how the flagella and/or pili regulate each other’s activity
through cAMP and c-di-GMP, a dual fluorescent reported has been developed by the
Parsek lab to report the normalized relative amounts of c-di-GMP and cAMP within
the same cell. This reporter can be used with previously employed microscopy
techniques to track P. aeruginosa motility and behavior during surface adaptation in
order to correlate a certain second messenger with a type of surface behavior. [ would
first establish that a AfleN overproduces cAMP as measured by our fluorescent
reporter and that this strain twitches above or near that of WT. These findings would
establish another mechanism by which a flagellar mutation influences T4P activity for

P aeruginosa.
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To identify the mechanisms by which the flagellum contributes to cAMP
production during surface contact I propose performing the following genetic screen.
Using the AfleN background, I would perform chemical mutagenesis with EMS to
screen for mutants that no longer have increased levels of cAMP. The reason behind
using chemical mutagenesis instead of transposon mutagenesis is the hope that
subtle missense mutations will sever key signal transduction pathways without
eliminating the entire protein. The pool of mutants will then be transformed with the
dual reporter plasmid and mutants that no longer have high levels of cAMP will be
sorted using the MACS Quant Tyto sorter. This approach allows us to sort 110,000
cells/hr which is much more high throughput than our current plating methods. Cells
with low cAMP will be collected in the waste container of the sorter. Whole genome
sequencing (WGS) can be performed to identify mutations that prevented the cAMP
production for cells with AfleN background. Before WGS, the fimV, flhF, cyaA, and cyaB
genes can be sequenced first to identify if mutations occurred in these likely targets
leading to disruption of cAMP signaling. Not only will we identify new proteins
involved in this pathway, but we will also likely select for stable point mutants that
prevent signal transduction that are not achieved using other methods of random
mutagenesis such as a transposon.

An alternative model to consider is that the complex formed by
FimV+FIhF(GDP)+flagellum performs a similar role to the FimV+FimL+PilG(P)
complex and that alone is enough to stimulate CyaB activity (36, 102). To test this
model, we could express fimV and fIhF with cyaB and look for an interaction in the
B2H system. If we observe an interaction we could co-express both fimV and fIhF in
the same cell with cyaB to assess if there is enhanced interaction with CyaB, indicating
that FIhF and FimV make a complex that is able to interact with CyaB. We can then
isolate mutants of FimV or FlhF that no longer interact with CyaB, put them into the
fleN mutant background and determine if this mutant no longer overproduces cAMP.

[ am currently working on generating control plasmids for the dual reporter to
generate a compensation matrix for flow cytometry and sorting experiments. I am

also in the process of generating the fleN mutation as well as other mutations known
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to affect surface mediated c-di-GMP or cAMP production such as tsaP, fimW, and flhF-
R251G. TsaP is a protein involved in T4P dependent c-di-GMP production that also
affects the extent of twitching motility (35). This protein could significantly affect the
pool of c-di-GMP during surface contact and that could in turn affect stator dynamics
through FlgZ. FimW is a protein whose unipolar localization occurs in a c-di-GMP
dependent manner within seconds of surface contact in P aeruginosa (7). The
presence of this protein has been shown to affect initial surface contact through a T4P
dependent mechanism although the exact mechanism is unknown. By deleting this
early effector of c-di-GMP signaling we may be able to identify new proteins involved
in the surface sensing pathway. The GTPase FlhF is involved in flagellar biosynthesis
and has recently been shown to associate with FliG of the flagellar C-ring and FimV
when bound to GDP. Binding of FliG and FimV leads to the cessation of flagellar
rotation for surface bound P. aeruginosa. The GDP bound state can be mimicked by
generating the FIhF-R251G mutation which leads to constitutive binding of FliG and
FimV and no flagellar rotation (33). I will introduce this mutation into PA14 and see
if there is an overproduction of cAMP like in the fleN background and then look for

suppressor mutations using the screening method outline above.
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Putting it all together

My thesis work has provided mechanistic insight into how P. aeruginosa uses
its motility appendages to sense a surface and form a biofilm. T4P and flagella have
been shown to coordinate surface behavior in several model organisms and P
aeruginosa is no different. The production of cAMP and c-di-GMP are dependent on
T4P and flagella but these second messengers also control appendage behavior. The
studies above demonstrate that critical protein-protein interactions mediate surface
sensing in P. aeruginosa and future work will identify how surface sensing system
influence each other to produce a biofilm over multiple generations and across an

entire population of cells (12, 23, 87,90, 102, 113).
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Appendix 1

Biofilm, cAMP, and c-di-GMP measurements for single
point mutants in type IV pili that restore twitching motility

in the mPAO1 ApilU background.
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In an attempt to better characterize the contribution of PilU to T4P function and
twitching motility, the Burrows Lab performed chemical mutagenesis with EMS on
the mPAO1 ApilU mutant background and selected for suppressor mutants with
restored twitching motility. Whole genome sequencing revealed that point mutants
in the T4P pilin pilA and the protein at the tip of the T4P fiber and involved in surface
sensing, pilY1, were able to restore twitching motility. To further characterize these
mutations in biofilm formation and surface sensing, I transformed the cAMP and c-di-
GMP fluorescent reporter plasmids discussed in chapters 2. I then looked at biofilm
levels, cAMP, and c-di-GMP levels during surface attachment in these strains. Biofilms
were performed in liquid M8 medium for 24 hours and then stained with crystal
violet, de-stained, and measured on a spectrophotometer at an absorbance of 0D550
(n=6). For cAMP and c-di-GMP measurements, strains were prepared as described in
Chapter 2. Briefly, after a 3 hour liquid subculture in M8 medium, cells were grown
on M8 agar for five hours before being harvested and measured on a flow cytometer
(n=3). A linear mixed effect model was developed to examine the relationship
between cAMP and c-di-GMP levels in these strains. We observed a significant
negative correlation between the amount of cAMP produced and the amount of c-di-
GMP produced during surface adaptation. We also see that strains that produced
more cAMP also were able to form thicker biofilms. The PilA mutants M13I and P48L
produced the most cAMP when grown on agar. Not only are the population means
altered in these strains but the overall bimodal distribution is also altered relative to

both the WT mPAO1 and ApilU backgrounds.
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Figure A1.1. Biofilm formation by WT and suppressor mutants for twitching motility
in the ApilU background. Biofilm assays were performed as previously described in Chapter
3.
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Figure A1.2. cAMP levels during surface growth for WT and suppressor mutants
for twitching motility in the ApilU background. cAMP was measured using plasmid
based PaQa fluorescent reporter transformed into each strain. Fluorescence was measured
using flow cytometry as previously described in Chapter 2.
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Figure A1.3. c-di-GMP levels during surface growth for WT and suppressor
mutants for twitching motility in the ApilU background. c-di-GMP was measured
using plasmid based PcdrA-gfp fluorescent reporter transformed into each strain.
Fluorescence was measured using flow cytometry as previously described in Chapter
2.
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Figure A1.4. c-di-GMP and cAMP levels during surface growth for WT and
suppressor mutants for twitching motility in the ApilU background.
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Figure A1.5. Linear mixed model describing the relationship between cAMP
and c-di-GMP during the first 6 hours of surface growth for WT and suppressor
mutants for twitching motility in the ApilU background. There is a significant

negative correlation between the amount of cAMP produced during surface growth
and the extent of c-di-GMP produced.
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Figure A1.6. The distribution of fluorescence intensities representing cAMP
levels for 50,000 cells of each strain as measured by flow cytometry. After 5
hours of surface growth, WT cells displayed a bimodal distribution of cAMP levels.
Other strains displayed deviations from this bimodal distribution at this timepoint.
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Appendix 2

cAMP Kkinetics during surface adaptation for PA14 and
mPAO1 WT and ApilU strains
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To determine the kinetics of cAMP during surface adaptation on agar surfaces, strains
were incubated on M8 agar for different lengths of time as described in Chapter 2 and
then cAMP was measured using the plasmid based PaQa reporter. This assay was
performed for the Pseudomonas aeruginosa PA14 and mPAO1 WT and ApilU
backgrounds. The average pPaQa-YFP intensity per cell was reported as well as the
distribution for ~50,000 surface grown cells on M8 agar. For PA14 backgrounds, we
observed a single peak at all measured timepoints. The maximum average YFP
intensity per cell occurred at 5 hours of incubation for the PA14 backgrounds. The
ApilU cells displayed more cAMP than WT cells after 3 hours of growth and this
difference increased until the last timepoint at 6 hours. The mPAO1 background
displayed similar trends to the PA14 background at the population level with an
average maximum cAMP level measured after 5 hours of growth on agar. Unlike the
PA14 background, the mPAO1 strains displayed a bimodal peak at all measured
timepoints, and as cells become adapted to the surface, the population of cells with
high levels of cAMP increases while the population with low cAMP decreases. We also
note that the signal in the mPAO1 background was much higher than the PA14
background at all time points. This is expected as the PPaQa promoter was isolated
from the PAO1 background and likely functions better with mPAO1-Vfr than the PA14-
Vir.
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Figure A2.1. cAMP levels for 50,000 cells of PA14-WT during the first six hours
of surface growth. Fluorescence intensities were measured by flow cytometry as
previously described in Chapter 2. On the left is the distribution of fluorescence
intensities at each time point. On the right is the average fluorescence intensity of the
population plotted for 2 to 6 hours of surface growth.
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Figure A2.2. cAMP levels for 50,000 cells of PA14-ApilU during the first six hours
of surface growth. Fluorescence intensities were measured by flow cytometry as
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previously described in Chapter 2. On the left is the distribution of fluorescence
intensities at each time point. On the right is the average fluorescence intensity of the
population plotted for 2 to 6 hours of surface growth.
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Figure A2.3. cAMP levels for 50,000 cells of mPAO1-WT during the first six

hours of surface growth.

Fluorescence intensities were measured by flow

cytometry as previously described in Chapter 2. On the left is the distribution of
fluorescence intensities at each time point. On the right is the average fluorescence
intensity of the population plotted for 2 to 6 hours of surface growth.

Count

mPAO1: ApilU, 2-6hrs

1.2K =

900 =

600 =

300 =

PPaQaYFP

|_ Sample Name Subset Name | Count |Geometric Mean : FL1-A |SD: FL1-A
B || 04-Well-A3.fcs | | mKatePos 46532 72355 87521
[1]] 04-Well-B7.fcs | | mKatePos s0081 108807 107531
[ 04-Well-B11.fcs | | mKatePos S4780 142690 115057
O] 04-Well-E3.fcs | | mKatePos 52446 165544 111812
| 04-Well-E7 fcs | | mKatePos 51178 104336 84102
_ 200000
° - PAC1
o
=2 ] ;
@ -
3 1500004 = PAO1-Apill
= -
<
]
2 o
c 100000
3
= ]
B
& 50000
o
@
>
© 0
¢ T T 1
0 2 4 6 8

162

time (hours)



Figure A2.4. cAMP levels for 50,000 cells of mPAO1-ApilU during the first six
hours of surface growth. Fluorescence intensities were measured by flow
cytometry as previously described in Chapter 2. On the left is the distribution of
fluorescence intensities at each time point. On the right is the average fluorescence
intensity of the population plotted for 2 to 6 hours of surface growth.
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Figure A2.5. cAMP levels for mPAO1-WT and ApilU as well as PA14-WT and ApilU
after 2 hours of surface growth. Fluorescence intensities were measured by flow
cytometry as previously described in Chapter 2. On the left is the distribution of
fluorescence intensities of each strain at 2 hours. On the right is the average
fluorescence intensity of the population plotted for 2 hours of surface growth.

163



3hr

Sample Name |Subset Name | Count | Geometric Mean : FL1-A |SD:FL1-A
[ 04-Well-BS.fcs | | mKatePos 47039 51630 31212
1.2k = ]| 04-Well-B6.fcs | | mKatePos 51991 96078 128920
3] 1 04-Well-B7.fcs | | mKatePos 50081 108807 107531
[ 04-Well-B8.fcs | | mKatePos 48701 55691 34022
900
€ _ 150000+
g > -+ PA14
Q
“ 500 3 = PA14-ApilU
b4
§ 100000 o - PAOT
7
@ .
s v v PAO1-ApilU
300 = = 4
'é 50000 /'
©
=
g
®
0= 0 T T T T T 1

time (hours)
3hrTC_PPaQaYFP

Figure A2.6. cAMP levels for mPAO1-WT and ApilU as well as PA14-WT and ApilU
after 3 hours of surface growth. Fluorescence intensities were measured by flow
cytometry as previously described in Chapter 2. On the left is the distribution of
fluorescence intensities of each strain at 3 hours. On the right is the average
fluorescence intensity of the population plotted for 3 hours of surface growth.
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Figure A2.7. cAMP levels for mPAO1-WT and ApilU as well as PA14-WT and ApilU
after 4 hours of surface growth. Fluorescence intensities were measured by flow
cytometry as previously described in Chapter 2. On the left is the distribution of
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fluorescence intensities of each strain at 4 hours. On the right is the average
fluorescence intensity of the population plotted for 4 hours of surface growth.
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Figure A2.8. cAMP levels for mPAO1-WT and ApilU as well as PA14-WT and ApilU
after 5 hours of surface growth. Fluorescence intensities were measured by flow
cytometry as previously described in Chapter 2. On the left is the distribution of
fluorescence intensities of each strain at 5 hours. On the right is the average
fluorescence intensity of the population plotted for 5 hours of surface growth.
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Figure A2.9. cAMP levels for mPAO1-WT and ApilU as well as PA14-WT and ApilU
after 6 hours of surface growth. Fluorescence intensities were measured by flow
cytometry as previously described in Chapter 2. On the left is the distribution of
fluorescence intensities of each strain at 6 hours. On the right is the average
fluorescence intensity of the population plotted for 6 hours of surface growth.
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Appendix 3

Swimming and swarming motility assays for PA14 PilT

motor mutants
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To determine how pilT mutations may affect flagellar mediated motility, swim and
swarm assays were performed to quantify the extent of flagellar mediated motility
in these backgrounds. These assays were performed as previously described in
chapter 3. Deletion of the primary retraction motor PilT eliminates swimming and
swarming motility. Deletion of the accessory retraction motor PilU eliminates
swimming motility but swarming motility is maintained. For PilT mutants that are
still able to perform twitching motility, swimming and swarming motility is near
that of WT. Deleting both adenylate cyclases increases flagellar mediated motility
while deleting the lone cAMP phosphodiesterase eliminates swimming and
swarming. These data indicate that mutations affecting T4P or cAMP can

significantly affect swimming and swarming motility.
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Figure A3.1. Swarming motility assay for PilT and cAMP mutants. Swarming
motility was measured as previously described in (213).
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Figure A3.2. Swimming motility assay for PilT and cAMP mutants. Swimming
motility was measured as previously described in (9).
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Appendix 4

cAMP for flagellar and stator mutants in PA14
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In order to determine how flagellar mutations affect levels of cAMP for surface grown
cells, cAMP was measured using flow cytometer and the genomic encoded PaQa
reporter as previously described in Chapter 2. Mutating FimV or FIhF resulted in
decreased cAMP for surface grown cells but mutating the hook associated protein,
FlgK, or the flagellar filament, FliC, or the stators, MotABCD, did not significantly affect

cAMP levels for surface grown cells.
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Figure A4. cAMP levels for surface grown flagellar mutants.

173



Appendix 5

Investigating the mechanism of flagellar-mediated surface

sensing by Pseudomonas aeruginosa PA14
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Introduction

Bacterial biofilms were first described in the 1930s and since then this
ubiquitous mode of sessile bacterial growth has been shown to be important in both
medical and industrial settings (201, 202, 214, 215). The first step in the transition
from free swimming planktonic cells to the biofilm mode of growth is the microbe
contacting the surface and relaying this input signal to the cell to initiate the biofilm
mode of growth, a process known as “surface sensing” (5, 34).

Many bacteria rely on motility appendages such as flagella and type IV pili to
sense and traverse surfaces (55). These molecular machines have been shown to be
necessary for proper biofilm formation and have been implicated in surface sensing,
but the mechanism(s) by which these appendages sense and transmit the surface
sensing signal are just beginning to emerge. Several early studies demonstrated that
the bacterial flagellum can respond to mechanical load, which in turn can serve as the
signal of surface engagement. For example, by manipulating the viscosity of the liquid
culture or by adding antibodies specific to the flagellum, surface-associated
phenotypes were achieved during liquid culture conditions (142, 143) indicating that
it is the interference in bacterial flagellum function that is the proximal means
whereby microbes detect surface engagement.

Bacterial flagella are used to propel the cell body in both liquid and across
surfaces (8-10). A flagellum is composed of hook-basal-body (HBB) structure that
spans the cellular envelope in bacteria. A hook and flagellar filament extend from the
cell body, and upon rotation, propels the cell body forward (216). This molecular

machine uses ion motive force, generated by a gradient of protons or sodium across
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the cytoplasmic membrane, to generate torque on the flagellar filament (217-219).
This conversion of chemical potential to flagellar torque is achieved by stator units
that can dynamically bind and dissociate from the flagellar machinery (44, 45, 47, 220,
221). Stators are composed of an inner membrane (IM) pentamer and a central dimer
unit that plugs the ion pore when stators are not incorporated in the flagellum. Upon
incorporation into the flagellum, the inner dimer binds the peptidoglycan (PG) layer,
unplugging the ion channel within the stator unit, which allows for ion flow down the
concentration gradient into the cytoplasm. This chemical energy is harnessed by the
stator units in the form of torque that is transferred to the C-ring of the flagellum via
electrostaticinteractions with FliG (222). It has been demonstrated that when flagella
experiences a mechanical load, it is able to remodel itself and recruit additional stator
units to aid in rotation. In E. coli a stalled stator unit does not conduct protons,
however, mutations that prevent proton flow also prevent recruitment of stator units
to the flagellum machinery, so it is unclear if the effects of such mutations is due to
lack of ion flow or stator recruitment (47).

Recently, studies using different polarly flagellated, monotrichous bacteria
have revealed striking similarities in the mechanism by which they use their flagellum
to sense surfaces (57, 203, 205, 206). Vibrio cholerae, Caulobacter crescentus and
Pseudomonas aeruginosa have all been used as model organisms to study flagellar-
mediated surface sensing and biofilm initiation. One similarity is that mutating the
genes required for flagellar biosynthesis results in surface-associated phenotypes
such as exopolysaccharide (EPS) over-production. For flagellar mutants that are able

to form a HBB, EPS production also requires functional stator units. Finally, EPS
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production was dependent on an increase in the second messenger c-di-GMP (cdG)
which was often caused by activation of a diguanylate cyclase (DGC) (57, 203-205).

P. aeruginosa uses its single polar flagellum to sense and traverse surfaces.
Unlike other microbes, the flagella of P aeruginosa contains two sets of stators, MotAB
and MotCD. These two sets of stators have different roles in surface motility as MotAB
have been shown to be necessary for maximum velocity during swimming motility
but MotCD has been shown to be absolutely required for swarming motility (8, 10, 11,
81,223,224). Furthermore, MotCD has been shown to be directly involved in surface
sensing by binding to the diguanylate cyclase (DGC) SadC and stimulating c-di-GMP
production upon surface contact. This interaction is mediated by FlgZ bound to c-di-
GMP, and the FlgZ-c-di-GMP complex has been shown to be required for the removal
of stator units from the flagellum, leading to shutdown of flagellar rotation while
stimulating c-di-GMP production (12). These data indicate that the flagella, stators,
and SadC are important for surface sensing but there remains missing links in how
these complexes coordinate during surface contact.

A recent study demonstrated that deleting the gene encoding the flagellar
filament f1iC, results in a rugose-small colony variant (RSCV) morphology when plated
on Vogel-Bonner Minimal Media (VBMM) agar. This colony morphology was shown
to be due to overproduction of both Pel and Psl EPS in a c-di-GMP-dependent manner.
A genetic screen for suppressor mutations in the fliC background revealed that the
RSCV phenotype required both stator units as well as type IV pili and 2 different DGCs:
SadC and SiaD (205). While proteins involved in flagella-mediated surface sensing in

P. aeruginosa have been identified, the mechanism by c-di-GMP is initially increased
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due to surface contact by the flagellum remains a mystery. Here we use a combination
of genetic screens and phenotypic assays to investigate how P. aeruginosa uses its

flagellum to sense a surface.

Results

A recent publication from our lab demonstrated that a flagellar mutation in the hook
associated protein, FIgK, in the PA14 P aeruginosa background has a similar
phenotype to the fliC mutation (208). When plated on Congo Red agar (CR), flgK
strains demonstrate enhanced congo red uptake due to an increase in Pel production
as well as a wrinkled colony morphology (Figure 1). To identify other cellular
components that were necessary for this phenotype, we made mutations in the flgK
background via random transposon mutagenesis or by targeted deletion and plated
them on CR agar. We identified two DGCs, SadC and RoeA, that were important for the
CR phenotype (Figure 1). As previously described in other bacteria, this phenotype
was also dependent on the pressence of functional stator units. Deletion of either set
of stators reduced the amount of CR dye uptake and extent of wrinkles of the colony.
Stators must also be able to interact with the flagellar motor via FliG as mutants that
abolish this interaction phenocopied deleting the full stator protein. Mutations that
prevent proton binding also suppress the CR phenotype in the flgK background. The
amount of c-di-GMP was shown to correlate with the CR phenotype as determined by
mass spectroscopy (Figure 1). These data indicate the enhanced CR uptake in the
flgK background was due to an increase in c-di-GMP by two DGCs, SadC and RoeA.

This phenotype also required functional stator units that are able to bind the flagellar
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motor and conduct protons. Interestingly, a mutation in FliG that is able to restore
interaction with a MotA-R89E mutation, FliG-D295A, shows enhanced CR binding and
c-di-GMP levels greater than that of the flgK background.

Of the cellular components shown to be important for increased c-di-GMP and
CR in the flgK background, only SadC and MotC have been shown to directly interact
to stimulate DGC activity. In order to identify other potential interactions between
these proteins, Bacterial Adenylate Cyclase Two Hybrid (B2H) assays were
performed. Through this we identified a novel interaction between the two DGCs
SadC and RoeA (Figure 2). It is unknown whether this interaction affects the
diguanylate cyclase activity of either of these DGCs.

In order to identify other cellular components that are necessary for this
phenotype in the flgK background, transposon mutagenesis was performed to
generate a pool of random mutants and then plated on CR to evaluate pel production
and colony morphology. A table to mutants that either suppressed or exacerbated the
CR phenotype in the flgK background can be found in Table 1. Many of the hits in this
screen mapped to genes in the Pel biosynthesis and secretion machinery as expected.
We also hit genes involved in c-di-GMP production or degradation including RoeA,
which was shown to be important for this phenotype. Lastly we hit genes involved in
type 1V pili function which indicate to us that this CR phenotype is likely mediated

through the coordinated efforts of these two surface sensing and motility appendages.

Materials and Methods
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Strains and media. P aeruginosa UCBPP PA14 was used as the WT strain and all
mutations were made in this background unless stated otherwise. Mutations were
made using E. coli S17-1 Apir. All strains used in this study are listed in Supplemental
Table S1. Bacterial strains were cultured in 5ml of lysogeny broth (LB) medium or
plated on 1.5% LB agar with antibiotics, when necessary. Tetracycline (tet) was used
at 15ug/ml for E. coli and 120 ug/ml for initial selections for P. aeruginosa, and P
aeruginosa was maintained with 75ug/ml. Gentamicin (Gm) was used at 30 pg/ml
for P aeruginosa and 10 pg/ml for E. coli. Carbenicillin (Cb) was used at 200 ug/ml
for P. aeruginosa and 100 ug/ml for E. coli. Kanamycin (Kan) was used at 50 ug/ml
for E. coli. M8 minimal salts medium supplemented with MgS0O4 (1mM), glucose
(0.2%) and casamino acids (0.5%) was used for all assays (8). Plasmids were induced
with either 0.2% arabinose for Psap promoter induction or 0.5 mM isopropyl-D-
thiogalactopyranoside (IPTG) was added to agar or liquid media for PTAC promoter

induction unless otherwise stated.

Construction of mutant strains and plasmids. Plasmids used in this study are
listed in Table S2 and primers used in this study are listed in Table S3. In-frame
deletions were generated using allelic exchange as previously described (155).
Plasmids were generated either by ligation or Gibson assembly (225). Insertions
were made at neutral sites in the P. aeruginosa genome using the mini-Tn7 vector and
the mini-CTX1 vector (147, 149, 150). Resistance markers were removed using the

pFLP2 plasmid and sucrose counterselection (156). Point mutants were generated
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using QuikChange site-directed mutagenesis and cloned into expression vectors

pMQ72 or pVLT31.

Transposon mutagenesis and identification of integration site. Transposon
mutants were generated with the Mariner transposon as previously described (226,
227). Briefly, E. coli S17 harboring the pBT20 plasmid harboring the Mariner
transposon was co-incubated with P. aeruginosa PA14 AflgK on LB agar for 1 hour for
conjugation to occur at 30°C. Cells were then scraped-up, diluted, and plated on LB
agar plates supplemented with 30 pg/ml Gm, 20 pg/ml Triclosan, 0.04 mg/ml Congo
Red, and 0.01 mg/ml Coomassie blue. Plates were then incubated at 37C for 24 hours
and then at room temperature for 48 hours. Colonies that displayed altered colony
morphology or Congo Red uptake relative to the AflgK strain were selected and
confirmed with a second round of plating on Congo Red agar with selection. After
confirmation of the phenotype, arbitrary primed PCR was then performed and
sequenced using Sanger sequencing to identify the location and direction of the

transposon as previously described (55, 226, 228, 229).

Bacterial adenylate cyclase two hybrid assays. The B2H system from Euromedex
was used to evaluate protein-protein interactions within the BTH101 E. coli
background (151). Genes were cloned into either the pKT25/pKNT25 or
pUT18/pUT18C vector backgrounds. Transformants were plated on LB agar
containing Cb (50ug/ml), Kn (50ug/ml), X-Gal (5-bromo-4-chloro-3-indolyl-{-d-

galactopyranoside) (40 g/mL) and IPTG (isopropyl-d-thiogalactopyranoside)
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(0.5mM) and incubated at 30°C until an interaction was observed through the
transformation of X-Gal to a blue pigment or until the negative control began to
produce a blue pigment. Quantification of the level of interaction between proteins

was performed as previously described (151).

Congo Red assay. Congo red stain uptake was adapted from previously published
protocols (230, 231). Briefly, LB agar plates supplemented with Congo Red 0.04
mg/ml, and 0.01 mg/ml Coomassie blue were spotted with 2.5 ul of an overnight
culture and incubated at 37°C for 24 hours and then at room temperature for 48
hours. Colony morphology and extent of Congo Red uptake was then noted and

photographs were taken.

Swimming motility assay. Swimming assays were performed as previously
described (9). M8 medium was supplemented with 0.3% agar. Swim plates were
inoculated with sterile tips dipped into an overnight culture and incubated at 37° C
for 16 to 18 hours. No more than two plates were stacked together. Swim zones were

then imaged and quantified using Image].

Protein detection and quantification. Proteins were transferred to a nitrocellulose
membrane and probed with antiserum. Proteins were detected using fluorescence
detection with IRDye-labeled fluorescent secondary antibodies and imaged using the
Odyssey CLx Imager (LICOR Biosciences, INC., Lincoln, NE). Image Studio Lite

software (LICOR Biosciences, Inc., Lincoln, NE) were used to quantify protein bands.
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Flow cytometry measurements. Bacterial strains harboring the PcdrA-gfp c-di-
GMP reporter plasmid were subcultured into M8 liquid medium supplemented with
glucose (.2%), casamino acids (.5%), and MgS0O4 (1mM) and incubated at 37°C until
an OD of 0.5 was reached (~3h). Gm, Tet, IPTG, or arabinose was added to the liquid
medium when indicated. 200 pl of the culture was then spread on M8 agar plates and
incubated at 37°C for. Cells were then harvested, washed, diluted, and analyzed on a
Biorad 27-color YETI flow cytometer. Flow]o software v.10.8.1 was used to measure

the GFP fluorescent intensity for at least 50,000 cells.
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Table 1. Hits from Congo red transposon screen in flgK background

Candidate Function

pelB forms part of the Pel secretion complex

pelD cdG binding protein; important for Pel secretion

pelA Component of the Pel secretion complex

pelE Component of the Pel secretion complex

pelC Component of the Pel secretion complex

pelF Component of the Pel secretion complex

pelG Component of the Pel secretion complex

PA14_11290 Putative Permease — membrane transport proteins

thdF Putative GTP binding protein - GTPase

PA14_16550

(PA3699) Putative transcriptional regulator
Polyphosphate kinase - responsible for the synthesis of inorganic

ppK polyphosphate from ATP

pvrS pvrS part of a two component system with pvrR (a PDE)

PA14_43670

(PA1611) Signal transduction histidine kinase, Part of a two component system

pilQ OM T4P secretin protein

pilW Minor pilin, forms the T4P assembly

pilY1 Important in pili assembly and mechanosensing
phosphoenolpyruvate protein phosphotransferase, downstream gene

ptsP (PA14_04420) has PAS/GGDEF domain, enhanced CR

hflX Role in lysogeny

pilV minor pilin

hepP heparanase

PA14_30470 periplasmic aliphatic sulfonate binding protein
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PA14_02890 nucleoside channel forming protein near pcaFTBDCK
pilX minor pilin
roeA our second fave DGC
regulator of EPS & T3SS, Part of Gac-Rsm pathway, (inhibits GacS
retS autophos and dephos gacS, inhibit dimerization)
PA14 72870 aminotransferase, biosyn of secondary metabolites,
PA14 08600 23S rRNA,
PA14 08570 16S rRNA
pelA glycohydrolase
(NAD dependent epimerase/dehydrase), glycosylation, group 4 glycosyl
orfN transferase
bifA-sodB Motility/attachment
PelE
aguR TF, negative regulation of hydrolase activity
PA14_08580 tRNA-Ile
pvrS phosphodiesterase (breaks down ci-d-gmp
PA14_44350 cbb3-type cytochrome c oxidase subunit II
speA arginine dearboxylase, putrescine from arg
Tsel, amidase activity, (Pa T6SS effector, hydrolase, PDB: 3VPI, complex
PA14_40660 with immune protein Tsil
PA14_32820 PA2462 from PAO1
PA14_70870 5s rRNA
PA14_30100 50S ribosomal protein L16 3-hydroxylase
sodM superoxide dismutase
cytochrome c reductase, iron-sulfur subun, ubiquinol-cytochrome-c
PA14 57570 reductase, Ubiquinol—cytochrome-c reductase catalyzes the chemical

reaction
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QH2 + 2 ferricytochrome c = \rightleftharpoons Q + 2 ferrocytochrome
c+2H+

PA14_66100 O-antigen ligase, Waal, critical for cell wall integrity and motility
purM phosphoribosylaminoimidazole

katA catalase

PA14 41280 beta-lactamase
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Figure 1. Congo red phenotype and c-di-GMP measurements for flagellar mutants.
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T25-SadC + T18C-RoeA

T25-RoeA + T18C-SadC

T25-PilO + T18C-RoeA

T25-RoeA + T18C-PilO

T25-RoeA + T18C-empty

Figure 2. Bacterial Adenylate Cyclase Two Hybrid Interactions between SadC, RoeA,
and PilO.
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Nonmotile Subpopulations of Pseudomonas aeruginosa

Repress Flagellar Motility in Motile Cells through a Type IV
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ABSTRACT The downregulation of Pseudomonas oeruginosa flagellar motility is a key
event in biofilm fomation, host colonization, and the formation of microbial commun-
ities, but the external factors that repress motility are not well understood, Here, we
report that on soft agar, swarming motlity can be repressed by cells that are nonmatile
due to the absence of a flagellum or flagellar rotation. Mutants that lack either flagellum
biosynthesis ar rotation, when present at as fitle as 5% of the total population, sup-
pressed swarming of wild-type cells. Non-swaming cells required functional type IV pil
and the ability to produce Pel exopolysaccharide to suppress swarming by the flagel
lated wild type. Flagellated cells required only type IV pili, but not Pel production, for
their swarming to be repressed by non-flagellated cells We hypothesize that interac-
fions between motile and nonmotile cells may enhance the fomnation of sessile com-
miunities, incleding those invalving muliple genotypes, phenotypically diverse cells, and
perhaps other spedies,

ImMPORTANCE Our study shows that, under the conditions tested, a small population of
non-swarming cells can impact the motility behavior of a larger population. The inter-
actions that lead to the suppression of swarming motlity require type IV pill and a
secreted polysaccharide, two factors with known roles in biofilm formation. These data
suggest that interactions between matile and nonmotile cells may enhance the transk-
tion to sessile growth in populations and promote interactions between cells with dif-
ferent genotypes.

KEYWORDS swarming, Pseudomonas aenzginosa, motility, type IV pili, Pel, microbe-
microbe interaction

[, /) icrobial localization through processes other than cell division are critical for the for-

1V ¥ mation of spatially structured populations and communities. Thus, motility and its Sl ol S b Sk St
regulation by diverse chemical and physical stimuli is a major driver of intraspecies and Copyright © 2173 finerican Soctety foe
interspecies microbial interactions (1, 2). Previously, we found that exogenous ethanol, a Wacrobiciogy, Al Rights Resenved.

commaon product secreted by many microbes, markedly reduced Pseudomonas aeruginosa Acdress comespondence 1o Debarah A Hogan,
swimming and swaming matilities at the population level, but only decreased the matile ot

fraction of cells in the population by 16% when individual cells were examined (3). i s AR TR LU RS
Prompted by this finding, we sought to determine the impact of a subpopulation of non- m:}mgm

matile cells on the motlity of the larger motile P. aeruginosa population, Published 4 Al 2122

During P. aeruginesa biofilm formation, motile cells are recruited to microcolonies
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Non-Motile P aerigingsa Represses. Flagel Lar Mo tility

of sessile cells via a combination of processes which may differ between strains with
distinct early biofilm-forming strategies (4, 5) or in response 1 different experimental
conditions. For P. geruginosa strain PA14, retractile type IV pili (T4P) participate in sur-
face sensing, which results in the upregulation of cAMP and the subsequent induction
of cyclic-di-GMP (6-8); flagellar maotility is then downregulated in order to facilitate sur-
face attachment (6, 7, 9, 10) followed by Pel exopolysaccharide matrix production (11,
which can connect cells to one another (10, 12). Both matrix production and T4P func-
tion have been shown to participate in motility repression (10, 12-14), suggesting that
matrix materials may mediate physical interactions between neighboring cells. T4P
also mediate cell-cell interactions in swarms (15).

Boyle et al. (16) previously showed that a Afigk mutant lacking a flagellum repressed
swarming (l.e, decreased the swarm radius) when present in excess (83%) compared to
the flagellated wild type (WT; 179%). In support of the observation that a non-motile sub-
population can suppress population-wide swaming, our previously published findings
(3) showed that while WT strain PA14 was able to swim in soft agar, an average of only
38% of flagellated cells were motile at any given time. Furthermaore, we showed that
ethanol reduced the motile fraction of the P. geruginesa population from 38% to 22%.
Ethanol also strongly repressed swarming, and this repression required some T4P com-
ponents (3). Thus, we proposed that a reduction in the motile fraction of cells was suffi-
cient to repress swarmming by the entire population, and sought to explore the interac-
tions between motile and non-motile cells in the context of swarms,

In this study, we show that non-motile cells lacking a flagellum, when added to a
population at 5% to 75% of the total inoculum, resulted in repression of swaming by
WT cells. To repress flagellar motility, non-maotile cells required the ability to produce
Pel polysaccharide and both motile and non-matile cells required functional T4P for
this interaction. These data have implications for factors which contribute to popula-
tion-level behaviors and intra- and interspecies interactions. Conditions that promote
cell-cell interactions may be relevant in situations whemre non-motile and maotile cells
can be found together, such as in cystic fibrosis (CF)-associated lung infections (17-19),
wounds (20), and ear infections (18).

RESULTS

The absence of flagellar motility in a subpepulation of cells is sufficient to
suppress wild-type P. aeruginosa swarming. To explore the effects of a subpopula-
tion of non-motile cells on swarming matility, mixtures containing different proportions
of flagellated P. geruginosa strain PA14 (WT) cells and non-flagellated Afigh mutant cells
lacking the flagellar hook protein were grown on 0.5% M8 agar, which supports swarm-
ing maotility by the WT strain. The percentage of Afigk mutant cells ranged from 5% to
75% in these mixtures, and single strains were included as controls. As expected, cultures
with 100% WT swamned readily, while cultures with 100% Afigk showed no swarming
(Fig. 14). We found that swarming motility was completely repressed by the addition of
5 to 75% Afigk cells under the conditions tested (Fig. 1A and C). The addition of 1 to 4%
Afigk was insufficient to repress population-wide swaming (Fig. 51 in the supplemental
material), though it is worth noting that a swaming phenctype was variable between
technical and biological replicates when the fraction of nonmotile cells was small. This
finding is consistent with the variability in swarming ability amang replicates that has
been previously reported even for single-strain cultures (21, 22), and thus all data for al
experiments are summarized in Fig. 51. The Aflgk mutant, when added at 5% of the pop-
ulation, regulary repressed WT swaming (Fig. S1). In contrast to our finding, work by
Boyle et al. (16) reported that Afigk repressed swaming only when it was present in
axcess of the WT. Spedifically, the authors reported repression, measured by a reduction
in swarm radius, when there was a 1:5 ratio of WT to the Afigh mutant; however, images
for 1:1 WT:AfigK mixes may also suggest a reduction of the swarm area even though
swarm radius was not yet affected,

To determine whether the lack of swarming in WT:AflgK co-cultures was due to
faster growth of the non-flagellated cells compared to the WT, we competed both the

May 2022 Volume 204 lsue 5

196

Jowrnal of Bacteriology

10.7128/jb.00528-21

2

Downloaded from bttps /joumals, asm. orgfjournaljb on 04 November 2023 by 2601 18¢:4280 2040:c 32698 ¢8d3. 3 18d .



Hon-Motlle P geruginess Represses Flagel lar Mo tlity

A 1000 95-5 90:10 B5:15 80:20 0:100
g
B WT-lacZWT 2% Wiilacziangk
100 100
3 £
& 75 g 75
g &
:% 50 & S0
25 251

7825 50:50 2575

o]
Initial ratio: 75:25 50:50 25:75

C 100:0 75:25 50:50 25:75 0:100
=
Q
5
e
=
3
g ’A’J

FiG 1 Maotility heterogensity represses swamming motility independent of competition. (A} Representative
images from swarm assay of wild-type (WT) P. sernginoso strain PA14 {flagellated) miked with Afigk {non-
fagellated) at the indicated ratios on M& agar. WT and derhatives are labsled in black, fagellar mutants
are labaled in red. Data ae representative of three indnidual experiments {B) Competition growth assay
betwean WT tagged with a JacZ reporter fgray) and either an untagged 'WT (black} or Aflgh mutant strain
fred). Data show the average of three indiidual experiments Error bars represent standard deviations
between the replicate values. Statistical analysis using one-way analysts of variance showed no difference
between input and output for each ratio analyzed. §C) Representathe images from swarm assay of WT
fagellated) mixed with Afgk {non-flagellated) AR {non-flagellated), or AmorABCD {paralyzed flagellum)
at the indicated ratios on M& agar. Data are representative of thres individual experiments Scale bar,
30 mam

WT and the Aflgk mutant against a WT strain tagged with a lacZ reporter at different
ratios atop a 0.22-pm filter placed on 0.5% MB agar. After 16 h, the colony was dis-
rupted and the CFU for each strain were enumerated on blue/white screening plates
contalning X-Gal. At all ratios tested, neither untagged WT nor the Afigh mutant could
outgrow the lacZ-expressing WT strain (Fig. 1B), indicating that the lack of swarming
observed in WT:Aflgk mixes was not due to increased growth of non-flagellated cells
and thus, to ovengrowth of the population. Rather, our data suggest that a subpopula-
tion of cells incapable of flagellar mofility inhibits the motility of the larger flagellated
WT population.

Using conditions in which the non-motile strain comprised 25%, 50%, ar 75% of the
population, we also found that, like the Afigk mutant, the AfliC mutant, another strain
incapable of flagellar motlity due to a lack of the flagellin protein used to make the
flagellar filament, inhibited WT swarming at all ratios tested (Fig. 1C). Similarly, the
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FiG 2 Flagslated P. aenuginga requines functional T4P to be repressed by the non-motile subpopulation.
Representative images from swarm asays of the nonflagellated AfgH mutant functional T mied
with either wild-type (WT) P geruginoss strain PAM fFunctional T4P), Apl4 mutant facking TaF), ApilT
martant {no T4P retraction] or Apill) mutant {reduced T4P retraction) at the indicated ratios on M2 agar.
Data are representative of three individual experiments Scale bar, 30 mm.

AmotABCD mutant, which produces a flagellum that is unable © rotate due to the ab-
sence of stators, repressed swarming of the WT; however, compared to Aflgk and AfiC,
the AmotABCD mutant was slightly less effective at repressing WT swaming (Fig. 1Ch
Together, these data suggest that the absence of flagellar motility in a subpopulation
of cells is sufficient to suppress WT swarming in co-culture,

Functional T4P in flagellated cells are required for non-flagellated cells to
repress swarming in co-culture. Several studies have shown that P. geruginosa strains
which are deficient in T4P tend to have a hyper-swaming phenotype (23-25), while
hyperpiliated strains (those that overproduce elongated pili due to a defect in retraction)
have inhibited swarming (15, 26). Additionally, P. aeruginosa cells have been shown to
interact via their T4P to form close cell associations that faciitate directional swarming
(15). Therefore, we determined whether flagellated cells require T4P in order o fadlitate
the ability of Aflgk to inhibit population-wide swaming mofility. To do this, we analyzed
the ability of Afight ® repress swarming when co-cultured with the following mutants:
ApilA, which lacks T4P; ApiMNOF, which lacks the alignment complex required for T4P
function (27} and cyclic-di-GMP signaling (28); and both ApilT and Apill, hyperpiliated
mutants which lack either of the ATPases that mediate T4P retraction (29). Strains lacking
pilA, pilMNOP, piT, and pilll were all defective for twitching motility (Fig. 52 and 53). The
swarming maotility of strains lacking pilA or pitMNOP was no longer inhibited by the Afigk
mutant in co-culture {Fig. 2 and Fig. 54). Interestingly, despite its reported hyperpiliation
and in contrast to previous reports (15), Apil was capable of swarming, but had an
altered morphology compared to the WT (Fig. 2). Swarming by Apill/ was inhibited by
the Afigk mutant in co-culture, similar to the WT (Fig. 2 and Fig. S5). However, the hyper-
piliated ApilT mutant was incapable of swarming (Fig. 2), in agreement with previous
models (15) Complementation of the ApilU and ApiT mutants restored twitching in
both strains as well as swarming in ApilT (Fig. 56).

PilT is the main retractile ATPase, and the ApilT mutant completely lacks pilus re-
raction (26, 30), while the ApilU mutant has reduced retraction but still retains some
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function (26). This accessory role is supported by previous observations that the Apill/
miutant retained sensitivity to infection by phage PO4, while the ApiT mutant became
resistant o infection (26). We confirned that the WT and the Apill/ mutant were sensi-
tive to phage DMS3 infection and that the ApilA and ApiT mutants were resistant to
infection under our experimental conditions (Fig. S2B). Additionally, while the Apill
mutant can form dense biofilms under static conditions (30), its ability to form a biofilm
under flow conditions varies by strain (30, 31), possibly due to differences in Apill T4P
strength compared to WT and ApilT T4P. Cifferences in T4P strength may allow Apill
T4P to readily detach from the cell surface (26, 30). Overall, the data show that ApilU
displays an intermediate phenotype in that it is hyperpiliated due to reduced T4P re-
traction, which still results in inhibition of T4P-mediated twitching motility, but not
swaming motility. Together, these data indicate that motile cells require T4P, and
likely functional T4P, for the non-flagellated subpopulation to inhibit the swarming
motility of the WT strain when they are grown in co-culture,

P. aeruginosa T4P participate in a cAMP-dependent signaling pathway (see Fig. 5TA
for pathway) which involves Fims, Pil), CyaAB adenylate cyclases, and the cAMP-bind-
ing transcription factor Wr (6). We found that this pathway was not required for the
repression of WT swarming motility by the Afigh mutant (Fig. 578), using published
mutants lacking components of the cAMP signaling pathway (Apil), Afim5, AcyaAB,
and Avfr) which retained expression of partially functional T4P, as evidenced by their
sensitivity to phage DMS3 (Fig. 57C). Taken together, these data show that flagellated
WT cells require functional T4P, but not the cAMP-dependent surface-sensing pathway,
for non-flagellated cells to be able to repress swarming in co-culture.

Nen-flagellated cells require functional T4P to repress swarming metility of
flagellated cells in ce-culture. Consistent with published results (4, 32, 33), the Afigk
mutant has functional T4P, as evidenced by the formation of a large twitching motility
zone using an agar-plastic interface assay (Fig. 52A and Fig. 53). While both the WT and
Afigk formed twitch zones that were significantly larger than those formed by the T4p-
null ApilA mutant, the Afigk twitch zone was ~25% smaller than that formed by the
WT (P < 0.05; Fig. 53A). Using Afigk and AfigkApilA strains, we found that pild, which
encodes the major pilin component of T4P, was reguired for the Afigk mutant to sup-
press WT swarming on 0.5% M8 agar (Fig. 3A). To assess whether Aflgk cells needed
functional pili to repress the WT, Afigk lacking either pilll (reduced T4P retraction) or
pilT (no T4P retraction) were mixed with the WT. At all mtics tested, AfigKApill and
Aflgk ApilT were no longer able to repress WT swarming, like AflgkipilA, indicating that
the Afigk mutant required fully functional pili to repress population-wide swarming
(Fig. 3A and Fig. 58). Complementation of pillJ and pilT in AfigkApil! and AfgKApilT,
respectively, was confirmed to restore twitching motility (Fig. 59); the effect of comple-
mentation on swaming motility was not assessed given that Aflgk does not swarm. In
a similar assay using 0.3% M63 agar, which supports both flagellum-mediated swim-
ming and swarming, we found that inoculated spots of Afigk cells (Fig. 38, red dots)
decreased local expansion of the motile WT population, while spots of the AflgkApila
mutant (Fig. 3B, purple dots) did not. In contrast to the effects of Afigk cells on flagellar
motility, the Afigh mutant did not alter T4P-dependent twitching motility of the WT in
a 50:50 ratic compared to the that of the WT alone (Fig. 53B). Therefore, the data show
that functional T4P are required for non-flagellated cells to inhibit flagellar motility
(swimming and swarming) of WT cells in co-culture.

Non-flagellated P. aeruginosa requires Pel matrix production to repress
swarming motility in the flagellated population. We next explored whether Pel ma-
trix production played a role in swarming repression by using a Apeld mutant, which is
capable of robust swaming but lacks PelA-mediated deacetylase and hydrolase activities
and, subsequently, secretion of properly modified Pel polysaccharide (34). We found that
swarming by the Apeld mutant was repressed by Afigh in co-culture, similar to the WT
(Fig. 4A). In contrast, AfigkApelA did not repress WT swaming (Fig. 4A). Flagellar mutants,
such as AfC, have been reported to overexpress Pel and Psl polysaccharides (35). Both
Afigit and AMC, which repress WT swarming (Fig. 1), had increased Congo red-binding,
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WT:
AfaKApdT  AfigKApiU

WT:

FIG 3 Mon-flagellated P. sermuginoss requires functional TaP to repress flageflume-mediated motility of
maotlle strains on soft agar, (A) Representative images of swarm assays for wild-type (WT) P seruginosa
strain PAT4 Ewamner, TaP+) mived with AfgK (non-swarmer, TaP+), Afighaold fnon-swarmer, TaP-]
AfigKApiIU {non-swarmer, reduced TaP retraction), or AfgKApIT fnon-swarmer, no TP retraction) on M8
agar at the indicated ratios. WT is labeled in black AfgK and derhwatives are labeled in red. (B}
Representative image showing the interaction between WT (black dot), AfigK fred dots) and AfghApilA
fpurple dots} for flagelum-mediated swimming motility in soft agar (03% M63 agan after 42 h
inoubation. Colored dots indicate points of inoculation fior the respective strains. Data are representative
of three individual experiments, Scale bar, 30 mm.

which is consistent with increased Pel exopolysaccharide production (Fig. 48 and Fig.
510). Additionally, while Aflghpild (no T4P), AfigkApil (reduced T4P retraction), and
AflgkKApdT (no T4P retraction) no longer repressed population-wide swaming maotility
(Fig. 2}, this did not appear to be due to a change in Pel production, as all Aflgh mutants
displayed an increase in Congo red-binding (Pel production) (Fig. 48 and Fig. 510).
Together, these data show that the non-flagellated strain needs to produce Pel matrix to
repress swarming matility, but the flagellated strain does not.

DISCUSSION
Based on the data presented heme, we propose a model (Fig. 5) whereby a subpopu-
lation of cells defective in flagellar motility limits the swarming motility of the entire

A : £ ; i Apeld

Aflgh gk Aftgh Afigk
Apild Apeld  ApilAbpelA

Apald:
Afigh

WT:
AfighApeld

FIG & Pel matrix & required by the nonflagellated P geruginosa subpopulation alone to repress overall swarming
mtility. (&) Representative images from swamm assays of Aflgh inon-flagefiated, Pel+) miked with wild-type (WT)
P geruginosa strain PAT4 (Aagdilated, Pel+) or Apeld flagellaed, P}, and of WT mixed with AfgiApeld {non-
flagellated, Pel-} at the indicted mtios on M8 agar. Scale bar, 30 mm. {B) Representative images of WT fageliated,
Pel+, T4P+) ApilA fagellated, Pel+, TAP-L Apeld fageflated, Pel, T4P+) AfgK inon-flagdliated, Pd+, TaP+)
ARGKADIA (non-flagellated, Pel+, TAP-), Afigdpeld (nonflagellated, Pel-, TaP+), and AfgKARIAApeld (nom-
fagelfiated, Pel-, T4P-) grown on Congo red plates to assess Pel production. 'WT and dervatives are labeled in
black, Afigk and desivatives are labeled in red. Scale bar, 10 mm.
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AmotABAmMaiCD

l

‘ AgK AfC ‘

PilA \ Required gens / PilA
PilMNOP products PilU
PilT? PilT
PelA

Repression of
Flageilar Motility

FiG 5 Summary mode! describing genes and gene products nesded for repression of flagellum-
mediated motility by non-flagellated cells in P. seruginosa strain PAT4. We show that a subpopulation
of P. geruginesa cells defective in flagellar motility (red) in co-culture with flagellated cells (black)
impedes fagdium-mediated swarming motility in a retractable TaP-dependent manner PIMNOP,
FilA, PIL, PIT). We also show that Pel matrix {PelA), but only that from the nonflagellated strain, is
required. PiL, Pi, FimS, CyaAB, and Wir were not required for repression of swarming motility.

population. Like Boyle et al. (16), we found that non-maotile mutants (e.g., Aflgk, AfiC)
can repress WT swarming and, in our assays, only 5% of the population needed to lack
flagellar motility to repress swarming by maotile cells. Thus, our published findings (3)
that ethanol repression of P. aeruginosa flagellar motility may be the result of a combi-
nation of direct motility reduction in some cells and interactions between motile and
non-motile cells. The number of non-flagellated cells needed to repress WT maotility
may vary due to experimental conditions, such as medium type and compaosition. Our
analyses revealed that non-flagellated cells required retractile T4P and Pel polysaccharide
o inhibit the larger swarming population, and that flagellated cells required retractile T4P,
but not the ViricAMP signaling system, to respond to the non-flagellated population. The
imsohvement of T4P and Pel in the recruitment of cells parallels previous studies on micro-
colony formation during bicfilm development and aggregate formation, which has been
reported in numerous contexts (e.g, O'Toole and Kolter [4)). While cAMP was net required
for the repression of swarming, our previous findings showed that ethanol decreased
swaming motility by increasing cyclic-di-GMP (3). Future studies will investigate the role of
cyclic-di-GMP levels in the Afigk-mediated repression of WT swarming. Furthemnare, given
that Afigk requires retractile T4P and Pel to repress WT swarming, and overproduces Pel
compared to the WT, additional studies will test how varying the amount of Pel and TFP in
WT and mutant populations contributes to repression of populaton-wide swarming,

The involvement of T4P in swarming cells was previously reported by Anyan et al.
{15}, who reported that T4P impact cell-cell interactions in swarms in ways which limit
the movement of cells away from the population front. T4P-null mutants have been
shown to have increased swarming motility (23-25), while hyperpiliated mutants have
been shown to have decreased swarming motility, compared to the WT (15, 26), sug-
gesting that the intercellular T4P interactions we reported between flagellated and
non-flagellated genotypes may also be occurring in single-strain swarms in which all
cells have the potential for flagellar motility. Not only may intercellular T4P interactions
be occurring in single-strain swarms, but also appropriate flagellum-mediated shear
forces during swarming maotility (36). This could account for the ability of Apilt, a
hyperpiliated mutant with fragile and readily sheared T4P, to swarm; unlike ApilT, a
hyperpiliated mutant with more robust T4P (26, 30). Future studies will determine
whether TAP play direct roles in cell-cell interactions or indirect roles in structuring the
community,

The WT and Apeld mutant responded similarly to non-flagellated cells, while
AfigkApefA was no longer able to repress swarming, suggesting that not all cells need
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to produce exopolysaccharide to repress swarming. Our findings that Pel production is
only necessary in the non-flagellated subpopulation is supported by published data
showing that ethanol not only decreases P. aeruginosa flagellar motility (3), but
increases Pel production (37). Pel has been suggested to repress motility via the steric
hinderance of flagella (3, 38), but further studies are needed to test this hypothesis.
The involvement of Pel in the interaction between flagellated and non-flagellated cells
is particularly interesting in light of recent work by Whitfield et al. (39), which found
that the Pel biosynthetic locus is widespread across Gram-positive and Gram-negative
bacteria. Future studies will determine whether Pel is specifically detected by a T4P-de-
pendent mechanism.

In the swdies here, we seeded a low percentage of non-swarming cells into a
swaming population, reminiscent of genetically heterogeneous populations in the CF
airway or other chronic infections (19, 40, 41), as well as during normal environmental
growth (41, 42). Additionally, clinical P. aeruginosa isolates from the CF lung have
diverse motility phenotypes (19). This diversity in motility is even observed within sin-
gle patients (19). We hypothesize that such a mechanism promotes inter- and intraspe-
cies interactions. The strong implication of these findings is that in a mixed population
with a subpopulation of cells deficient in flagellar motility, the entire population can
be brought to a halt. Similarly, in a population in which a significant number of cells
have stopped swimming or swarming, the further addition of even a few flagellar-mu-
@nt cells can suppress the motility of the entire population (e.g., the ethanal studies
mentioned above). As P. geruginosa populations inherently have some number of non-
motile or inactive cells (3), future studies are required to determine how strain back-
ground or mutant genotype affects phenatypic heterogeneity among isogenic cells.

MATERIALS AND METHODS

Strains and media. Strains used in this study are listed inTable 1. P saruginosa strain PA14 and deriva-
thves were routinely cultured on lysogeny broth (LE; 1% tryptone vtivoll 0.5% yeast extract [wiAvoll and
05% Madl fwtfvoll) solidified with 1.5% agar or in LB broth at 37°C with shaking. For . semginesa pheno-
typlc assays, either M&3 [22 mM KH,PO,, 40 mM KHPO, and 15 mM [NH 50, or M8 @2 mM Na PO,
22 mM KHPO, and 85 mM Nadl) minimal salts medium supplemenied with Mg50, (I mM), ghucose
0.2%), and Casamino acids (CAA; 0.5%) were used as indicated. Complemented strains containing genes
regulated by an arabincse-inducible promoter (Pg,o) were grown in the presence of 0.25% arabinose.

Construction and complementation of mutant strains. Plasmids used in this study are listed in
Tabile 1. Plasmid constructs for making inframe deletions and arabincsednducible complementation strains
were constructed using either a Saccharomyces cemvisize recombination techinique, described previously
431, or Gibson assembly. All plasmids were sequenced at the Molecular Biology Core at the Gelsel School of
Medicine at Dartmouth. Plasmids were introduced into P. seruginosa by conjugation via 517/ambda pir
E coll. Merodiploids were selected by drug resistance, and double recombinants wese obtained using su-
orose counter-selection and gen otype screening by POR.

Swarming motility assays. Swarm assays were performed as previously desoribed (4] Briefty, 9 ml of
Mg mediun with 15% agar (swamn agar) was poured into 60 = 15 mm plates and allowed to dry at room
temperature (~257) for 3 h prior to inoculation. The indicated strains were grown for 16 b, then each was
washed in 1x phosphate-buffered saline (PBS and then normalized to an Oy, (optical density at 600 nm) of
1. Indicated isolates wese then miked at the indicated mtios to a final volume of 100 L. Each plate was inoou-
lated with 05 wl of the liquid culture mixture, and the plates were incubated faceup at 37°C forupto 22 h,in
stacks of no more than four plates Each mikture was inooulated in three to four replicates and asessed on at
least three s=parate days. Images were captured using a Canon ECS Rebel Téi camera and images assessed for
SWarm repession .

Swimming motility assays. Swim assays were performed as previously described f4). Briefly, M&3 me-
dium solidified with 0.3% agar (soft agar) was poured into 100 = 15 mm petr plates and allowed to dry at
room temperature (~25C) fior 3 h prior to inooulation. The indicated strains were grown for 16 h, then each
was washed in 13 PBS and then normalized to an 00, of 1. indicated isolates were then mised at the indi-
cated ratics toa final volume of 100 gL Stedle toothpicks or P20 pipette tips were used to inoculste bacterial
mixes into the center of the agar without touching the bottom of the plate. Mo more than four bacterial mib-
tures wene assayed per plaie. Plates were incubated upright at 37 in stacks of no maore than four plates per
stack for 18 1020 h.

Twitching motility assays. T-broth [1% tryptone [wtfval], 0.5% NaCl fwtfval]) medium solidified with
15% agar was poured into petriplates and allowed to dry at room temperature {~25°C) for 3 h. Overnight
(16 h) cultures were washed once in 13 PBS and then normalized to an 0D g, of 1. Plates were inooulated
by dipping a sterile toothpick or P20 pipette tip into the washed and normalized cuttures and then insert-
ing the toothpick into the agar until it touched the bottom of the plate. Plates were then incubated at
37 Cfor 46 h after which time the agar was removed and the plate inoubated in 0.1% (wtAol) crystal violet
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TABLE 1 Strains and plasmids used inthis study®
Strain or plasmid Lab strain Description Sovrce or reference
P. aeruginosa
PAT4 DH1Z3 WT 45
PAL4 attdacZ DH22 WT with constitutive expression of lacZ 45
Aflgk DH1075 flgk=Tn5B30[Tc); nonmotile 4
AfC DH3543 Unmarked deletion of fiC This study
AmotABD SMCT230 Unmarked deletion of motABCD This study
ApilMNOP DH2705 Unmarked deletion of pilMNOP [
Apila DH2635 Unmarked deletion of pild 24
ApelA DH97 or SMC2803 Unmarked deletion of peld 47
AflgKApeld DH3541 Unmarked deletion of flgk and pefd 1
AflgKApilA DH3539 Unmarked deletion of flgk and pild 1
AflgkApilAApeld DH3542 Unmarked deletion of figk, pil4, and peld 1
Apil DH3591 or SMCT302 Unmarked deletion of pilT n
Apily DH3592 orSMC7304  Unmarked deletion of pilll 1l
Apilt DH2637 orSMC2992  Unmarked deletion of pild 48
Afim§ SMCE967 Unmarked deletion of fims [
AcyaAB DH2648 or SMCE707 Unmarked deletion of cyad8 &
Awfr DH2701 or SMC67 22 Unmarked deletion of &
Apill) attP goprara SMC7826 Unmarked Apill) (359 2/SMCT 304) with arabinase-inducible This study
promoterat the arfTn7 site, control, Gm™
ApilU att-P gaspilld SMCTaz7 Unmarked Apiil (DH3592/SMCT 304) complemented with arabinose- This study
inducible pil) at the atfTn7 site, Gm™
ApilT att=Py.-ara SMCBRED Unmarked ApilT (DH3591 /SMC7302) with arabinoseinducible This study
promoterat the atfTn7 site, control, Gm®
ApilT att=Py,pill SmCaea3 Unmarked ApilT (DH3591/SMC7302) complemented with arabinose- This study
inducible piT at the atfTn7 site, G
AflgKApiu DH3950 Unmarked deletion of figh and pil/ This study
AflgKApiT DH3951 Unmarked deletion of figk and pilT This study
AflgKApilll ateP, -ara DH3952 Unmarked deletion of figk and pilll with arabinose-inducible This study
promoterat the atfTn7 site, control, Gm®
AflgKApIU att:Pyyrpilll DH3953 Unmarked deletion of figk and pilll complemented with arabinose- This study
inducible pilll at the atfTn7 site, contral, Gm™
AflgKAPIT att=P gp-ata DH3954 Unmarked deletion of flgk and pilT with arabinose-inducible This study
promoterat the atfTn7 site, contral, Gm®
AflgKAPIT att=P gur-pilT DH3955 Unmarked deletion of figk and pilT complemented with arabinose- This study
inducible pilT at the atfTn7 site, control, Gm"
E coli
517 Apir DH71 Used as a conjugation partner forintroducing pMQ30- and GHI 21-
based plasmids
Plasmids
pUX-BF13 SMC1852 Helper plasmid that provides the transposition functions for Tn7 in 49
trans, Ap®
pMQ5E SMCI242 PMOS6-miniTn7 for insertion at the atfTr7 site, Ap® 43
pBAD-ara SMCT453 PMO5&-mini Tn7 plasmid containing arabinose-indudible Py, and This study
araC for insertion at the attTn7 site, Ap®, Gr®
pPill-His SMCTTTT PMQ5 &-miniTn7 plasmid containing 6x Histagged pill regulated by This study
arabinose-inducible P gy, and araC for insertion at the arfTn7 site,
ARt Gm"
pRilT-His SMCBa73 PMO56-mini Tn7 plasmid containing 6x His-tagged pilT requlated by This study
arabinose-inducible Py, and araC for insertion at the atfTn7 site,
Ap® Gm®*
pMQ30 DH2620 Suicide vector for allelic replacement; Gm* 43
PMO30-delpill SMCT238 Construct for in-frame deletion of piT n
PMO30-delpill SMCT295 Construct for in-frame deletion of pill/ 31
AN, wild type._
for 10 min. Plates were then washed three times in water and dried at room temperature. Images of the
dried, stained twitch area were taken and twitch diameter was measured.
Competition experiments. Competition assays were performed to determine relative growth of selected
P aemnginosa strains Strains were grown for 16 h and then 1 miL of culture was pelleted at 1568 = g for
2 min, washed oncein 1 ml 1x PBES and then resuspended in 1 mL 1x PBS The 0Dy, of each culture was
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normalized to 1. The strains to be competed were mixed at the indicated mtios to a final volume of 100 gl
and then 0.5 ul of the combined suspension was spotted onto a 022-um polycarbonate filter (Millipare)
placed on the surface of aswarm plate, in triplicate. Plates were incubated at 37°C_ Filters were then transferred
to a 1.5ml microcentrifuge wbe and filterasodated cels were resuspended by adding 1 ml 1x
PBS + 0.05% Triton X-100 detergent and agiating the tubes at high speed for 2 min using a Disruptor Genie
{Zymo). This suspension as well as the starting inooulu m were diluted, spread on LB plates supplemented with
150 pg'ml 5bromo-4-chiore-3-indohd- 8 -o-galactopyranoside [-Gal) using glass beads, and incubated at 30°C
unitil blue colonies were visible {(—24 h). The numbers of blue and whits colonies per plate were counted and
roorded todetermine the relative abundance of each strain.

Phage susceptibility assays. Phage susceptibility was analyzed by the cross-streak method or by
spotting phage directly onto a lawn of P. semuginosa. For the crossstreak method, P. geruginosa strains
were grown for 16 b in LB, diluted 1:100 in LB, and then grown to an 0D, of 0.5 to 0.7. Then, 4 ul of
phage DMS3 vir strain was spotted on the side of an LB agar plate and dragged across the agar surface
in a straight line before being allowed to absorb into the agar. Once absorbed, 4 pl of each P. gerugi-
nosa strain was spotted at the top of the agar and dragged downward in a straight line through the
phage line. Plates were incubated at 37°C for 16 h.

Altermatively, 1% M8 agar plates (80 x 15 mm) containing 0.2% glucose frolival) 0.5% Casamino
Adids [vol fval), and 1 mM Mg50, were prepared and cooled to room temperature. A 50l volume of P
aeruginosa 16 h cultures was added to 1 mL of 0.5% wamm top agar (M8 medium and supplements). The
miture was gently miked and quickly poured onto M8 agar plates. Plates were swirled to ensure even
spreading of top agar. Once cooled, 2 wl of phage DMS3 vir strain was spotted onto the center of the
plate and allowed to dry before incubating plates at 37°Cior 16 h.

Congo red-binding assay. Cultures were grown in 5 mL LB for 16 h at 37°C with rolling. Cubure ali-
quots were washed once and resuspended in sterile delonized water. Washed cells were spotted (3 pl)
onto Congo red plates (1% tryptone [wtfvoll, 1.5% agar, 40 wo/ml Congo red, 20 po/fml Coomassie
biue). Plates were grown fiar 16 h at 37°C and then moved to room temperature for 3 days to allow for
color development.

Statistical analysis. A one-way analysis of variance with multiple comparisons was performed pair-
wise between all solates and mixtures using GraphPad Prism & software {GraphPad, La Jolla, CAL

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
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Fig. S1. Establishing the lower limit of AfigK cells that is sufficient to repress
motility A. Representative images from swarm assays of wild-type P. aeruginosa
strain PA14 (WT) mixed with AflgK (non-swarmer) at 95:5, 50:50, and all Afigk
mutant. Images show three technical replicates from a single experiment. Consistent
with published observations, there can be heterogeneity in swarm phenotypes
despite best efforts for uniform assay conditions. Scale bar: 30 mm. B. Heatmap
showing the number of plates (technical replicates) that swarmed at each ratio in
three individual experiments (1-3). C. Heatmap showing the average number of
plates (technical replicates) that swarmed at each ratio using data in B. nd, not
determined.
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Fig. $2. A. Representative images from twitch assays of wild-type (WT) P
aeruginosa strain PA14, Afigk, ApilA, ApilT, and Apilll on T-broth agar after 46 h
incubation at 37°C. B. Cross-streak assay set up. On an LB plate, the phage lysate is
first streaked horizontally (orange arrow) followed by vertical streaks of each bacterial
strain. "S" denotes strains that are sensitive to phage uptake and lysis (lighter cell
density, light purple) and “I" denotes strains that are insensitive to phage uptake and
lysis (heavier cell density, dark purple). Representative images of the cross-streak
assay of WT, ApifA, ApilT, and ApilU showing sensitivity and insensitivity to phage
DMS3. Dashed line indicates phage line. WT and derivatives are labeled in black
while AflgK is labeled in red. Data are representative of three individual experiments
showing similar results. Scale bar: 5 mm
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Fig. 83. Motility heterogeneity does not impact T4P-mediated twitching motility.
A. Quantified results of the twitch assay of individual and mixed samples of the
following strains: wild-type (WT) . aeruginosa strain PA14, AfigK, ApilA, and
ApilMNOF. Mixed samples were done at a 50:50 ratio. Same letters indicate samples
that are not significantly different, while different letters indicate significant differences
(p<0.05), as determined by One-way ANOVA with multiple comparisons. B.
Representative images from twitch assays of WT (flagellated and T4P+), ApilA
(flagellated and T4P-), and ApilMNOP (flagellated and T4P-) mixed with AfigK (non-
flagellated and T4P+) at the indicated ratios on T-broth agar. WT and dernivatives are
labeled in black while AflgK is labeled in red. Data are A. the average or B.
representative of three individual expenments. Scale bar: 5 mm
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Fig. S4. Flagellated P. aeruginosa requires both pilA and pilMNOP for non-
flagellated AflgK to repress swarming. Representative images from swarm assays
of wild-type (WT) P. aeruginosa strain PA14 (flagellated and T4P+), ApilA (flagellated
and T4P-), or ApilMNOF (flagellated and T4P-) mixed with AfigK (non-flagellated and
T4P+) at ratios indicated. WT and derivatives are labeled in black while AfigK is
labeled in red. Data are representative of three individual experiments showing
similar results. Scale bar: 30 mm
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Fig. $5. The hyperpiliated ApilU mutant with reduced T4P retraction swarms
and is repressed by AfigK, but the hyperpiliated ApilT mutant with no T4P
retraction is unable to swarm. A. Heatmap showing the number of plates (technical
replicates) that swarmed at each ratio for three individual experiments represented by
three different rows. B. Heatmap showing the average number of plates (technical
replicates) that swarmed at each ratio using data in A. WT and its derivatives are
labeled in black while AflgK is labeled in red.
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Fig. S6. Complementation of ApillU and ApilT. Representative images from A.
twitch assays and B. swarm assays of wild-type (WT) P aeruginosa strain PA14,
ApilA, ApilU, ApilU Pgaq-pill (complemented), ApiT, and Apil T Pgao-pil T on T-broth
agar containing 0.25% arabinose after 46 h incubation at 37°C. Data are
representative of three individual experiments. A. Scale bar: 5 mm B. Scale bar: 30
mm
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Fig. 7. Surface-sensing and cAMP signaling is not involved in mixed motility
repression. A. Schematic of genes involved in surface sensing in P. aeruginosa. This
pathway is dependent on the perception of a surface followed by ¢AMP induction and
transcriptional activation of the Vir regulon. Schematic was adapted from Luo ef al,,
2015. B. Representative images from swarm assays of wild-type (WT) P. aeruginosa
strain PA14, AflgK, Apild, AMimS, AcyaAB, and Avir mixed at the indicated
combinations and ratios on M8 agar. C. Representative images from plague assays of
WT, Apild, AcyaAB, Avir, and ApilA (negative control) showing sensitivity (T4P+) and
insensitivity (T4P-) to phage DMS3 lysis. Data are representative of three individual
experiments. WT and derivatives are labeled in black while AfigK is labeled in red.
Scale bar: 30 mm
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Fig. 8. Non-flagellated P. aeruginosa requires functional T4P to repress
swarming by flagellated strains on soft agar. Representative images from swarm
assays of wild-type (WT) P aeruginosa strain PA14 (flagellated and T4P+) mixed with
AflgK (non-flagellated and T4P+), AflgKApilA (non-flagellated and T4P-), AflgKApil T
(non-flagellated with no T4P retraction), or AflgKkApilU (non-flagellated with reduced
T4P retraction) at ratios indicated. Images show three technical replicates from a
single experiment. Images are representative of three individual experiments. WT and
derivatives are labeled in black while AfigK is labeled in red. Scale bar: 30 mm
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Fig. 89. Complementation of AflgKpilU and AflgKpilT. Representative images
from twitch assays of wild-type (WT) P. aeruginosa strain PA14, ApilA, AflgKpill),
AflgKpitU Pgap-pill (complemented), AflgKpil T, and AflgKpilT Pgag-pilT
(complemented) on T-broth agar containing 0.25% arabinose after 46 h incubation at
37°C. Data are representative of three individual experiments. Scale bar: 5 mm
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Fig. $10. Non-flagellated mutants have increased Congo Red binding indicative
of increased Pel production. Representative images of A. wild-type (WT) P.
aeruginosa strain PA14 (flagellated and T4P+), AflgK (non-flagellated and T4P+),
AflC (non-flagellated and T4P+), ApilU (flagellated with reduced T4P retraction), ApiT
(flagellated with no T4P retraction) and B. WT, AfigK, AflgkApillJ (non-flagellated with
reduced T4P retraction), and AflgKApilT (non-flagellated with no T4P retraction) from
two separate experiments grown on Congo Red plates to assess Pel production. WT
and derivatives are labeled in black while AflgK and derivatives are labeled in red.
Scale bar: 5 mm
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The accumulation and growth of Pseudomonas aeruginosa on
surfaces is modulated by surface mechanics via cyclic-di-GMP
signaling

Liyun Wang'"?, Yu-Chern Wong'*'?, Joshua M. Correira®, Megan Wancura (7, Chris J. Geiger®, Shanice 5. Webster®, Ahmed Touham?®,

Benjamin J. Butler®, George A. O'Toole®, Richard M. Langford®, Katherine A. Brown®™, Berkin Dortdivanlioglu® Lauren Webb 7,
Elizabeth Cosgriff-Hernandez” and Viernita D. Gordon (0¥

OPEN

Attachment of bacteria onto a surface, consequent signaling, and accumulation and growth of the surface-bound bacterial
population ane key initial steps in the formation of pathogenic biofilms. While recent reports have hinted that surface mechanics
may affect the accumulation of bacteria on that surface, the processes that undedie bacterial perception of surface mechanics and
meodulation of accumulation in response to surface mechanics remain largely unknown, We use thin and thick hydrogels coated on
glass to create composite materials with different mechanics (higher elasticity for thin compesites; lower elasticity for thick
composites) but with the same surface adhesivity and chemistry. The mechanical cue stemming from surface mechanics is
elucidated using experiments with the opportunistic human pathogen Pseudomonas aeruginosa combined with finite-element
medeling. Adhesion to thin compesites results in greater changes in mechanical stress and strain in the bacterial envelope than
does adhesion to thick composites with identical surface chemistry. Using quantitative microscopy, we find that adhesion to thin
compaosites also results in higher cyclic-di-GMP levels, which in turn result in lower motility and less detachment, and thus greater
accumulation of bacteria on the surface than does adhesion to thick compaosites. Mechanics-dependent c-di-GMP production s
mediated by the cell-surface-exposed protein PilY1. The biofilm lag phase, which & longer for bacterial populations on thin
compaosites than on thick composites, is also mediated by PilY1, This study shows clear evidence that bacteria actively regulate

differential accumulation on surfaces of different stiffnesses via percelving varied mechanical stress and strain upon surface

engagement.

npj Biofilms and Microbipmes (2023)9:78; https://dolorg/10.1038/541522-023-00436-%

INTRODUCTION

Mechanosensing, including but not imited to responding to
surface mechanics, is well-established t© be an important cellular
function in eukaryotes'?. Much less is known about mechanosen-
sing by prokaryotes™s, Some recent studies have shown that
during early biofilm formation, bacteria can sense and respond to
mechanical cues, such as those arsing from contacting a
surface™? and varying fluid flow over surface-bound bacterla™'%,
For the biofilm-forming pathogen Pseudomonas aeruginosa,
previous research has shown two categories of sensing pathways.
One Is through cell envelope-associated proteins, the membrane-
bound protein WspA, which might sense cell envelope stress upon
surface attachment™, and the cellsurface-exposed protein PilY1,
which has been proposed as a possible mechanasensor of surface
adhesion'®™ and fluid shear'”. PilY1 s localized at the outer
membrane®™? and found at the tip of type-N pill (TFP)'" The
second is through the extension and retraction of TFP, which
power the twitching motility of P. aeruginosa on surfaces and are
mnmgme to bacterial mechanosensing of surfaces®'" and fluid
shear '~

In vivo, bacteria can experience a wide range of surface
mechanics, from ultrasoft (dermal fillers have elastic modull
0.02-3kPa and Iiving tssues 0.2-30kPa) 1o hard (orthopedic
implants have elastic moduli 5-300 GPa)'". In such diverse
settings, biofilm formation commonly causes chronic infection,
resulting in prolonged iliness and high medical costs'®2% Recent
research has indicated connections between bacterdal behavior
and the physical properties of the substrates to which they are
attached, as follows: Other researchers have shown that the
extension and retraction of TFP of P. aeruginesa actively regulates
virulence-related genes in a stiffness-dependent manner indicat-
ing by a PaQa reporter™ . A second research group has shown that
increasing gel substrate stiffness above ~30kPa correlates with
increases in the speed of TFP-driven twitching in P. aeruginosa®.
However, using the same PaQa reporter, intraceliular signaling
was mot found to comelate with changes in substate gel
compositions {Le. changed stiffnessf™, These findings imply that
surface mechanics seem to affect bactera behaviors in a
complicated way, and we therefore need a better understanding
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of how bacteria percelve and respond to the mechanics of
surfaces where they artach.

The initial accumulation of bacteria on surfaces generally lead
to biofilm formation. Passive adhesion of bactera (and other
colloids) will be strongly impacted by the surface energy and how
this is reduced by adhesion, to reduce the system’s free energy.
The hydrophobicity and hydrophilicity of surfaces can be major
contributors to surface energy and thereby impact bacterial
adhesion®* . The trend of adhesion on hydrophobic and
hydrophilic surfaces is different™. Electrostatics of the surface
and the liquid medium, as well as van der Waals forces between
bacteria and the surface, can also impact bacterial adhe-
slon®®¥2%31 | iving bacteria are not, of course, pasive colloids,
and may have the biclogical ability to respond actively to surface
properties other than surface energy.

Some research has shown that the accumulation of bacteria
varled on surfaces with different mechanics™ *. These earier
studies changed surface elasticity by varying characteristics such
as cross-inking density or polymer concentration. Sometimes, an
inappropriate fabrication may introduce unintended changes to
other surface properties, resulting in unintended changes in
surface energy, porosity, or the density of adhesion sites, and
thereby impact adhesivity (see Supplementary discussion), which
could actas a confounding factor to obscure the impact of surface
elasticity. Perhaps as a result, the literature on the effect of surface
mechanics on bacterial accumulation on surfaces does not show
consistent trends™-335, Furthermore, many questions remain
about the precesses underying how bactera medulate their
accumulation in response to surface mechanics. These questions
are of critical importance because they prevent the design of
strategies for controlling eady bicfilm development by manipulat-
ing surface mechanics.

To address these questions, in the present study, we used thin
and thick hydrogels coated on glass coverslips to create
compaosite materials with the same gel type, adhesivity and
surface chemistry, but with different effective stiffnesses, and
monitored P aeruginosa through the early stages of biofilm
formation on these surfaces. First, surfaces were exposed 1o a
suspension of bacteria for one hour before quantitative micro-
scopy was used to measure bacterial accumulation. For the
immediately-following stages ef bicfilm formation, characterized
by bacteria reproducing on a surface rather than accumulating en
the surface from a suspended (planktonic) population, we
measured the duration and growth rate of the biofilm lag phase
and exponential growth phase, respectively.

For both the accumulation and reproduction stages of biofilm
development, we show that bacterla actively recognize and
respond to surface mechanics. When bacteria initially attach to a
surface, both finite element modeling and experimental measure-
ments of the activity of mechanosensitive ion channels show that
attachment to thin composites causes greater changes in the
mechanical stress and strain state of the bacterial cell envelopes
than does attachment to thick composite. We also find that
attachment to thin ites results in higher levels of
intracellular c-di-GMP, which leads 1o greater reduction in motility,
a reduced likelihood of detachment, and, as a result, greater
accumulation on thin composites. Once the inital accumulation
stage has passed, higher levels of cyclic-di-GMP are associated
with a longer biofilm lag phase on thin composites. Modulation of
c-di-GMP levels in response to surface mechanics is mediated by
the cell-surface-exposed protein PilY1, a proposed mechanosen-
sor. In short, this work uses a combination of several imaging
modalities, quantitative image analysis, and physical modelling to
advance our understanding of the mechanismi(s) of mechanical
signaling for an important human pathogen.
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RESULTS

Adhesion to thin composites leads to greater changes in
mechanical stress and strain in the bacterial cell envelope
than does adhesion to thick compesites

To eliminate effects arising from physicochemical properties of
surfaces other than elasticity, such as adhesivity and surface
chemistry, we used the same gel composition to fabricate thin and
thick hydrogels atop glass coverslips (Fig. 1a and Supplementary
Fig. 1a). Thickness measurements, done in triplicate for each
hydrogel and thickness combination, found that thin gels were
~5 pm in height and thick gels were ~150 pm in height. We chose
this geometry-based approach o modifying substrate mechanics
o avoid inadvertently altering material adhesivity/chemistry along
with mechanics, which has been observed before (Supplementary
discussion) - for instance, polyldimethylsiloxane) (POMS) can have
different surface adhesivities associated with different stiffnesses,
shown by polymer beads found to accumulate mare on soft POMS
than on stiff PDMS™, Using Fourier-Transform Infrared Spectro-
scopy, we confirmed that the surface chemistry of thick and thin
composites was the same (Fig. 1b and Supplementary Fig. 1k). To
confirm that the composite materials had the same surface
adhesivity regardless of gel thickness, we incubated both thin and
thick hydrogel composites with a suspension of fluorescent
polystyrene polymer beads for one hour, and imaged the number
of beads atached using confocal microscopy. We verified that the
numbers of polystyrene beads that attached did not significanty
differ with hydrogel thickness (Fig. 1¢ and Supplementary Fig. 1¢).
Thus, we conclude that hydrogel thickness does not impact
passive physicochemical adhesion to surfaces.

However, the thickness of the hydrogel coated onto rigid glass
coverslips does impact the mechanics of the resulting composite
material. Linear elasticity theory was used to derive a closed-form
expression for the effective elastic modulus (Execvel of hydrogel-
coverslip compaosites (Supplementary Discussion and Supplemen-
tary Equation 7). For a hydrogel thickness (t;.) comparable to the
1 micron size of a bacterium, the Esgome increases shamply with
decreasing ty, (Fig. 1d). According to this model, the compesites
with thin (~5pm) hydrogels are approximately 16 times stiffer
than those with thick (~ 150 pm) - effective composite moduli are
calculated at ~1MPa for thin composites and ~50 kPa for thick
compasites (Fig. 1d and Supplementary Table 1 footnote). We also
used a nancindenter to experimentally impose loads on both
types of compesites that achieved indentation depth that was
1pm (comparable to bacterial size) or greater (Fig. 1e). The
indentation for a given force and tip geometry was consistently
less for the thin gel than for the thick gel, with the maximum
indentation depth to maximum load ratio being ~125 nm/uN for
thick composites and ~7Snm/uN for thin composites. This
experimentally validates that the composite made with thin gel
is stiffer than the compaosite made with thick gel (Supplementary
discussion and Fig. 1e).

Cryo-electron microscopy showed no discemible difference
between the surface topographies of thick and thin gels
(supplementary Fig. 1d, el Howewver, atomic force microscopy
(AFM) shows slight differences in the topographies, with
measured average roughness of 1.25nm for thin agarose gels
and 262nm for thick agarose gels (Fig. 1f, g). This ~1nm
difference in roughness is 3 orders of magnitude smaller than
1pm bacteria, and this size discrepancy makes it unlikely that
differences in surface topography could be sensed by bacteria.
Mareover, others have found that the virulence response of P.
aerugingsa upon adhesion is dependent on the stiffness of the
surface but not related to the sizes of surface pores ranging from
less than 10 to more than 1000 nms?'. AFM measures an average
roughness of 62nm for thin alginate gels and 9.5nm for thick
alginate gels (Supplementary Fig. 1f, g). This ~3 nm difference in
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Fig. 1 Fabrication of thin gel and thick gel-coverslip composites with different surface mechanics. a Schemnatic illustration of composites
with different thicknesses of hydrogel, b on top of glass coverslips with constant thickness tg,.. b FTIR spectra of agarose gel composites
with two thicknesses. The dash-dot lines indicate the location of characteristic peaks. N=3.¢ number of beads attached on agarose gel
composites after incubation with bead suspension for 1h. NS, not significant (P= 0.15. ANOVA test. NS indicates that the attachment of
beads on thin and on thick gels are not significantly different for agarose gel composites. Data are means + S0, N = 2 d The affective Y,

modulus of the hydrogel-coverslip composite (Euocl, Where Epu ga i modulus of bulk hydrogel. The Young's modulus of bulk agarose
{3%) gel reported in Kolewe et al. work™ was 448 kPa. The calculated effective composite moduli of thin and thick agarose gel and glass
composites are 1388.8 and 89.6 kPa, respectively. The Young's modulus of bulk alginate (2% 50 mM CaCly) gel reported in Nunamaker et al.
work®® was 32.0 kPa, The calculated effective composite moduli of thin and thick alginate gel and glass are 992.0 and 64.0 kPa, respectively,
e Nancindentation results of agarose gel samples, The relation between maximum load and maximum indentation of indentation curves of
gels subjected to large indentation. Individual measumements are shown with solid drcdes; the means for all measurements per gel type are
shown with hollow squares, Error bars are standard deviations. f, g AFM images showing the surface topography of thin and thick agarose

hydrogels. Scale bar in (f): 800 nrm, Scale bar in (g 1 pm. Greyscale map of height is indicated to the right of each panel.

roughness ks similady far too small for any impact on bacteria to
be expected.

Mext, we sought to evaluate the degree to which the mechanics
of composite substrates impacts bacteria. Upon surface attach-
ment, bacteria are subjected to a mechanical tension in their inner
membranes arsing from nanoscopic cell envelope deformation
due to the adhesion force exerted by the surface™-37, If
topography had any effect on bacterla, we would expect that
the rougher thick composite would exent a greater net adhesion
force, due to the increase in surface area consequent to greater
roughness, To west whether we could cbserve a difference in the
membrane tension between bactera adhering to the thin and to
the thick composites, we compared the membrane tension in
bacteria attached 1o both composites by measuring the activity of
mechanosensitive lon channels. Other researchers have already
established much about the mechanical activation of these ion
channels - here, our focus is net 1o understand the ion channeks
themselves but mther to use their response as a readout 1o assess
whether bacteria experience different degrees of mechanical
change when they atiach to thin composites than when they
attach to thick composites,

These channels are located on the inner, cytoplasmic mem-
brane®® and act as transducers of membrane tension - closed
when the membrane is at low tension and open when the
membrane is at high tension, allowing lons to pass through®®*'.
The twe major mechanosensitive ion channels are large-con-
ductance- and smal-conductance- (MscL- and MscS-, respectively)
type channels. When open under increased membrane tension,
these channels provide non-selective pores of large and small
diameter, respectively, through which sodium lons, Nat, can pass
in very similar ways*'. We pre-loaded bacteria with a fluorescent
indicator for Na* and then allowed them to sit for one hour
attached to thin and thick agarose gels, in the presence of excess
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external Na*, before measuring the indicator brightness distribu-
tien as a proxy for internal Na™ levels.

The brightness distribution for bacterla on the thin compasites
had a peak at 100-200 arbitrary units (aw), whereas the
brightness distribution for bacteria on thick composites had a
peak, representing more than 60% of cells, at ¢ to 100 a. (Fig. 2a).
Both the median (Fig 2a inset) and the mean fluonrescence
intensity of bacteria on thin compaosites were significantly greater
than that of cells on thick ones - cells on thin gels had a mean
fluorescence intensity of 2840.70 a.w. [2217.75 au, 346365 aul
(%% confidence interval) and cells on thick gels had a mean
fluorescence intensity of 677.97 a.w [478.28 a.u, 877.67 a.u] (95%
confidence intervall. These results show that bacteria on thin
composites are more permeable to Ma™ than are bacteria on thick
compaosites. Since mechanesensitive ion channels increase peme-
ability upon increased membrane tension, we interpret this
finding as indicating that bacteria have higher membrane tension
when attached to thin gel surfaces than to the thick. This is the
opposite of what we should expect if the measured differences in
surface topography were impacting bacteria, However, it is entirely
congruent with what we should expect if differences in composite
mechanics were impacting bacteria, as follows:

Adhesive forces will tend o increase the area of the bacterium
in contact with the surface, by deforming the bacterium and the
surface. The energy costs for deforming the bacterdum and the
surface will depend on the elasticity of each. Mechanical
equilibrium will be found by minimizing the sum of elastic energy
costs (from cell and substrate deformation) and the adhesive
energy benefit (from contacting area). Therefore, for constant
adhesive area and bacterial elasticity, we expect that the
deformation of the bacteral cell erwelope wil depend on
the elasticity of the substrate (Le, surface mechanics). To validate
the trends shown by our experiment results and to elucidate
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Fig. 2 Adhesion to a thin gel surface leads to greater changes in mechanical stress/strain in the bacterial envelope and increased
permeation of the bacterial cell membrane by sodium. a The histogram shows the average intracellular flusrescence intensity per cell of
attached WT on thin and thick agarose gel composites after incubating with surfaces for one hour. Inset Dot plot of the histogram, shown
with median values. "“P<0.001; Mann-Whitney u test This indicates a statistically-significant difference between fluorescence intensity
distributions and between median fluorescent intensities for cells on thin and thick gel composites. N = 3. The number of cells anal for
each replicate are 73, 104, and 90 cells in the experiments on thin gels, and 62, 31, and 68 cells in the experiments on thick gels. b finite
element model and schematic illustration. Displacement along =X coordinate is applied on curve abc to bring the cell into contact with the
surface. The heat map denotes the circumferential stress on OM (outer membrane). Inset: The representative elements analyzed in this study.
¢ Contact area with different degree of indentation {displacement along =X coordinate). Contact area is nomalized to the cellular surface area
in the undeformed configuration. The dash line denotes when the cell first contacts the surface. d—f OM stresses become less tensile whereas
IM {inner membrare) strain increases at element #1 upon surface adhesion. The degree of changes is greater on thin gels. Contact prassure is
greater on thin gels. Subscript ¢ denotes the circumferential direction and subscript a denotes the axial direction. Stresses are normalized to
m respective values during the free-floating state and strains are the net change with respect to their respective values during the free-
ng state.

further the relationship between surface mechanics and mechan-  mechanics for bacteria interacting with thin and thick gel surfaces
ical stresses in adhering bacteria, we developed finite element  for a range of contactincreasing displacements. For any given
meodels (Fig. 2b and Supplementary Fig. 3) to simulate bacterial  displacement, the total contact area is greater for bacteria on the
attachment to gel-coverslip compaosites. At the molecular level,  thick gel than on the thin one (Fig. 2c), reflecting the fact that the
bacterial surface properties and how they impact attachment to energy cost for deforming a soft material is lower than the cost for
substrates are complex and not wellknown®, Therefore, we  defoming a stiff one by the same amount. The initial, free-floating
appraximated the adhesion process by displacing bacteria into  cells were subjected only to a turger pressure {biologically, this
contact with surfaces (Supplementary Discussion, Supplementary  arises from the osmolarity difference between the cytoplasm and
Fig. 3¢, d). Using our models, we compared the bacterial envelope  the exterlor), so that bacteria were in a pre-stressed state. Contact
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Fig. 3 More bacteria accumulate on thin gel composites during one hour's incubation for initial attachment. a The accumulation of WT,
ApilA, Jpill and ApilY1 on thin and thick agarose hydrogel composites was determined after incubating with surfaces for one hour. b The

accumulation of bacteria on thin and thick alginate hyd
agarose; P=1029 for alginate); analysis of variance

composites, Data are means4 S0, ~ P <0.007; NS, not significant (P =0.28 for
wtcﬂnraﬁodammmdmmdammnmummmﬂchydogel

composites, These measurements were done using phase contrast microscopy for N = 4 replicates in all cases. Each replicate was imaged with

at least 12 randomly-chosen fields of view.

with a surface leads to a decrease in membrane stresses on the
outer membrane, an increase in circumferential strain on the inner
membrane, and the development of contact pressure (Fig. 2d and
Supplementary Fig. 4a-1). These changes are all more pronounced
when bacteria attached to thin gel surfaces.

Thus, our modeling results, showing greater strin in the
bacterial inner membrane when attached to thin composites than
to thick, are consistent with experimental measurements of the
activity of mechanosensitive ion channels being greater on thin
composites than on thick. This confirms that adhesien to thin gel
and glass composites causes greater changes in the mechanical
state of the bacterial envelope than does adhesion to thick gel
and glass composites, indicating that this effect arises from
different compesite mechanics. Therefore, the most reasonable
expectation is that any difference in bacterial response to the two
types of composites should be linked te the difference in effective
elasticity of the thick and thin composites.

Early steps in biofilm initiation

The formation of a biofilm on a surface begins when bacteria
initially encounter and attach to a surface. Bacteria can elther then
remain on the surface or detach back into the free-swimming,
planktonic phase. The total accumulation of bacterla on a surface
will depend on both the rate of attachment and the rate of
detachment. Subsequent 1o this initial accumulation (and assum-
ing that the reservoir of planktonic bacteria is removed), the
population of bacteria on the surface will experience a phase of
little change. This is known as the biofilm lag phase, and results
from a combination of bacteria replication and detachment from
surfaces, such that the population of surface-bound bacteria doe:
notincrease®™*, The lag phase ends with the onset of exp

surface, and not on any free-swimming, planktonic bacteria in the
fluid phase above. This is appropriate to our goal of better
characterizing the role of bacterial mechanosensing in early
biofilm development. Since the hydrogel thickness does not
notably impinge on surface adhesivity or other surface properties
(Fig. 1b, ¢, f, g and Supplementary Fig. 1b-g), the mechanosensing
investigated here is that arksing from substrate elasticity. Different
adhesion forces® and differences in the stiffness of bacterial cell
walls*™ could also give rise to different mechanical changes in
bacterial envelopes upon adhesion, but these two parameters are
not varied in the present study.

PilY1 allows P. aeruginosa to differentially accumulate on
thick and thin compaosites
As mentioned above, two categories of sensing pathways may be
involved in the mechanosensing by P. aeruginosa. Therefore, to
assess the impact of suface mechanics on the accumulation of
bacteria on surfaces, we incubated the bacterial suspension of
wild-type cells (WT), mutants without TFP (ApilA), mutants without
the PIlT retraction metor (ApilT) and mutants without PilY1 (ApifY1)
for ane hour with hydmogel-coverslip compaosites and measured
the bacterial accumulation on these surfaces by visualizing the
number of bacteria using phase contrast microscopy. Consistent
with some previous reports™ > but not with others™, WT
accumulated significantly more on thin composites than on thick
compasites (Fig. 3a, b, as did the Apild and ApilT mutants (Fig. 3a,
b). These findings were true across two types of hydrogels,
agarose and alginate, supporting the idea that the difference in
accumulation is likely to arise from the ~16x contrast in composite
elasticity rather than details of surface chemistry.

Accumulation on the thin composites was greater by a factor of

growth of the papdatlcn of surface-bound bacteria. I-Ia\.rhg
established in the preceding subsection that adhesion to
substrates with different composite elasticities results in different
mechanical changes in the bacterial cell envelope, the remainder

~3.3 for all three strins (Fig. 3c). Thus, while functional TFP can
increase the “baseline” accumulation, they have no measurable
impact on the greater likelihood of accumulating on thin
compasites. Similar effects were found for the more starkly-

of our study here focuses primarily on the accumulation of
bacterla on surfaces with different composite elasticities, and
secondarily on the |lag phase and exponential growth of bacteria
on surfaces with different composite elasticities.

The pore sizes of the agarose and alginate hydrogels used are
far too small to allow the bacterial body to enter the hydrogel; this
is confirmed by microscopy observation that all sessile bacteria are
attached to the top hydrogel surface, at the gefluid interface.
This study focuses solely on bacteria attached to the hydrogel

Published in partnership with Nanyang Technological University

cor g case of glass versus agarose gel surfaces (Supplemen-
tary Discussion and Supplementary Fig. 2a)

In contrast, ApilYl accumulated equally on thin and thick
composites (Fig. 3a, b); this also is true for both agarose and
alginate gels. This indicates that P. aeruginosa requires the cell-
surface-exposed protein PilY1 for distinguishing between, and
responding to, different surface mechanics. Again, similar effects
were found for the more starkly-contrasting case of glass versus
agarose gel surfaces, implying a much more muted response to
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Fig. 4 Adhered bacteria spin during the first hour of accumulation. a-d Phase contrastimages of WT and the ApilY 1 mutant adhered to thin
and thick agarose gel composites. Insets: Tracked trajectories of bacterial centers-of-mass over 62.6s. Scale bar 10pm. e, f Histograms
showing speed distributions of WT and the Apil¥? mutant on thin and thick gel compaosites, Insets: Dot plots of the comesponding histogram.

The median value is written to the

right of each plot. " P« 0.001; Mann-Whitney utest. **indicates a statistically-signficant difference in the

distributions of WT speeds on thin and on thick gel composites and that the median speed of WT adhered to thick gel compaosites was higher,
with statistical significance, than that of WT to thin gel composites. In contrast, NS (not significant) indicates that there is no statistically-
significant difference in the distibutions of speeds or in the median speeds of the ApilY] mutant on the two composite types (P= 066
Mann-Whitney u test). Biological replicates N = 3 in all cases, with each biological replicate represented by 15 video sequences at randomly-

chosen fields of view,

stiffress difference by Apif¥7 (Supplementary Discussion and
Supplementary Fig. 2a). Adheslon-induced changes can only
happen following, not preceding, bacterial contact with surfaces.
Since gel thickness does net impact physiochemical surface
adhesivity (Fig. 1c and Supplementary Fig. 1c), we expect bacteria
to have equal likelihood of encountering and initially sticking to
thin and thick composites. Therefore, this finding shows that
greater accumulation on thin composites must arise as the result
of something that happens after initlal surface engagement - Le,
there is an active bacterial se to surface mechanics.

Thus, we hypothesize that WT initially adhered to thick
compoesites will be more likely to detach than cells initially
adhered to thin compaosites and that this difference should require
PilY1. We test this hypethesis below.

PilY1 mediates flagellar spinning and detachment rate in
response to surface mechanics

Shortly after encountering a surface, many P. aeruginosa cells are
reversibly tethered by their flagella, which drive spinning about
the surface-attached portion of the flagellum (to optical micro-
scopy, the axis of rotation usually appears to go through one end
of the cell). Spinning faciitates deachment from surfaces?S¥, A
deficlency in spinning is also associated with decreased prob-
ability of detachment™. Bacteria can also use TFP to move laterally
on surfaces, but, during the fist hour after bacterla were
introduced to hydrogels (e, what we have termed the
accumulation stage), we found that the vast majority of surface
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matlity was in the form of spinning (Supplementary Fig. 5a, b).
Therefore, we tracked the center-of-mass speed of surface-
adhered bacteria (Fig. 4a-d) as a measure of spinning motility.
We expect that a population with faster-spinning bacteria will
have a higher rawe of detachment™,

For WT, the distribution of spinning speeds on thick compasites
was much broader than thin composites (Fig. 4e). Both the median
(Fig- 42 inset) and the mean speeds on thick compaosites were
significantly higher than on thin composites - mean speed of
20,06 pmy/min  [1843 pm/min, 2168 pm/min] (95% confidence
interval) on thick composites and mean speed of 11.46 pm/min
[10.95 pm/min, 11.97 um/min] (95% confidence interval) on thin
composites. In summary, WT are more likely to spin mpidly on
thick compasites than on thin composites. Upen tracking cells, we
indeed found that WT were significanty more likely to detach
from thick gels (30 detachment events among 673 tracked cells)
than from thin gels (10 detachment events among 1609 tracked
cells) (P<0.001, x° test) (Supplementary Fig. 5c). This Is an active
bacterial response to surface mechanics.

For the ApilYl mutant, the peak spinning speed was
unchanged from that of WT (Fig. 4e, f}, suggesting that loss of
PilY1 does not intrinsically disrupt spinning motility, However, for
the ApilY! mutant, neither the distributions of spinning speeds
nor the median spinning speeds were significantly different on
thin and thick composites (Fig. 4f). The mean speed was
1508 pm/min [14.16 pm/min, 16.01 pm/min] (95% confidence
interval) on thin composites and 14.86 pm/min [13.92 pm/min,
1581 pm/min] (95% confidence interval) on thick composites.
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Furthermaore, the ApilY'T mutant was equally likely to detach from
thin and thick composites (P=0.78, ¥* test) (Supplementary Fig.
5¢). These results are strikingly unlike those for WT and imply
that P. aeruginosa lacking PilY1 do not adjust their spinning
motility, and therefore their likelihood of detachment in
response to surface mechanics. PilY1 &s linked to regulating
flagellar activity either up or down - increasing spinning speed
on thick composites and decreasing spinning speed on thin
composites (Supplementary Fig. 5d.e). Notably, we find a linear
correlation between spinning speed and the probability of
detachment (Supplementary Fig. 5d.e)

These findings raise the question of what provides the causative
linkage between PilY1 and changes in flagellar activity. A key
regulator of flagellar motility in P. geruginosa and many other
microbes is the intracellular second messenger cyclic diguanylate
{c-diFGMPY®*°, We have shown that compared with thick
compasites, thin composites could lead to higher membrane
tension in the adhering bacterium. In addition, ethers have shown
that the unfolding and misfelding of innermembrane and
periplasmic proteins associated with surface atchment results
in an elevated level of c-di-GMP for P. geruginosa™,

Therefore, we hypothesized that different surface mechanics
arising from thin and thick composites would cause different
levels of c-di-GMP production upon surface attachment, and that
PilY1 is involved in the c-di-GMP response. We test this hypothesis
below.

Composite mechanics impact ¢-di-GMP signaling in a PilY1-
dependent manner during bacterial accumulation

To see whether PilY1 modulates c-di-GMP dynamics in response to
compasite mechanics, we used a validated reporter plasmid,
Poaazglp, that produces green fluorescent protein (GFP) in
response 1o increases in c-diFGMPY'. We previously used this
plasmid study c-di-GMP signaling in bacterial mechanosensing of
shear'*, We measure average per-cell GFP intensity, accounting for
attenuation by the substrates, as we did in earlier studies'352,

For bacteria containing PilY1, we found a sharp rise in c-di-GMP
lewvels during the initial hour of accumulation (—1 to 0 h in Fig. 5a),
which is consistent with previous findings that c-di-GMP levels in
P. aeruginosa increase upon surface attachment®'3%, At the end
of the *accumulation” hour (L.e, the beginning of the incubation
time), WT on thin compaosites had significantly higher c-di-GMP
levels than did WT on thick composites. This meshes with our
finding that WT on thin composites had lower spinning motility
than those on thick compasites (Fig. 4e), as high levels of c-di-GMP
inhiblt bacterial motility™. These data also suggest that the
causative linkage between PilY1 and changes in flagellar activity
(which, in turn, modulate the likelihood of detaching from the
surface), is likely via PilY1-controlled c-di-GMP signaling.

On both thin and thick composites, the 4pil¥'T mutanthad much
lower c-di-GMP levels than did WT (Fig. 5a, b); this finding s
consistent with the role of PilY1 in regulating c-di-GMP produc-
tion?. For WT, the mean level of c-di-GMP at the end of the
“accumulation” hour was ~2.9 times higher on thin composites
than on thick compaosites, but itwas only ~1.4 times higher for the
Apily1 mutant (Fig. 5a, b). This observation is consistent with a loss
of the ability to discriminate surface mechanics. This finding is akse
consistent with the causative connection that PilY1 is required for
bacterial mechanoresponse linking surface mechanics o c-di-GMP
signaling levels during the initial “accumulation” phase.

This finding also raises the question of how PilY1, and
consequent changes in c-di-GMP signaling Impact the growth
of the bacterial population on the surface.

Published in partnership with Nanyang Technological University
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PilY1 impacts biofilm growth in the lag phase, in response to
compaosite mechanics, by modulating ¢-di-GMP signaling
When planktonic bacteria are introduced into new liguid medium,
they experience a temporary period of non-replication, termed the
“lag phase™=* After attachment to a glass surface, P. aeruginosa
also undergoes a lag phase before exhibiting exponental
growth®**, However, unlike the planktonic lag phase, the lag
phase of biofilm growth involves a combination of bacteria
replication and detachment from surfaces, such that the popula-
tion of surface-bound bacteria does not increase™**,

After allowing bacteria to accumulate on the surfaces of
compasites for one hour, we replaced the bacterial suspension
with fresh, sterle culture medium, so that no more bacteria can
atiach to the surface from the liquid phase. We designate this
timepaoint the beginning of the incubation time (0 hin Fig. 5. The
duration of the lag phase, from the beginning of the incubation
time o the onset of exponential growth, is given by the lag time,
Tiag, Indicated by hatched color bars in Fig. 5. WT populations had
a Tizy of 4h on thin composites and 1 h on thick compaosites, but
ApilY1 populations had the same T, of 1h on both composite
types (Fig. 5d, e). Similar results were found for bacterial growth
on bulk gels (soft) and glass slides (stiff) (Supplementary Fig. 2b, c).
These results show that composite mechanics can markedly
impact the growth of the sessile bacterial population, and that
PilY1 is key for this process as well as for the accumulation
preceding incubation. When PilY1 was complemented back on an
arabinose-inducible plasmid, the ApilY7 mutant populations again
had different Ty on thin and thick compasites (Supplementary
Discussion and Supplementary Fig. 6¢), confirming PilY1’s role in
surface mechanics sensing. Interestingly, although the early c-di-
GMP response of ApilT was indistinguishable from that of WT,
during the subsequent incubation phase the c-di-GMP levels of
ApilT dr much more quickly than they did for WT (Fig. 5c.

On both thin and thick gels, ¢-di-GMP levels in WT fell during
the lag phase and subsequently oscillated once populations
entered the exponential growth phase (Fig. 5a). The high level of
c-di-GMP induced by the initial mechanical stimulus of surface
contact (0 h in Fig. 5a) allows bacteria to sense the surface and
initiate a sessile lifestyle. However, it would be a metabolic burden
for cells to maintain such high c-di-GMP levels in the following
biofilm development. We speculate that bacteria may have to
decrease the c-di-GMP level to allow the beginning of expenential
biofilm growth on surfaces; this speculation is consistent with the
work of others™ 7%, If so, the longer Tig for WT on thin compasites
than on thick compasites likely arlses‘?mm the much higher initial
c-di-GMP levels on thin compasites and the consequent need for
more time to gradually decrease c-d-GMP levels. For ApilYT, low
initial levels of c-di-GMP are assoclated with a short 1., on both
thin and thick compaosites (Fig. 5b, €. Interestingly, he.i'ag phase
of ApilT on thin gels was slightly shorter than that of WT, and the
ApilT population’s rate of exponential growth ks indistinguishable
on the two composite types (Fig. 5c, fl - this is unlike the cases for
WT and for ApilY1 populations, which have higher expenental
growth rates on thick composites (Fig. 54, e).

We conclude that PilY1 is a required element for controlling P.
aeruginosa’s initial c-di-GMP response to surface mechanics and
consequent lag time in early biofilm growth.

DISCUSSION

Our expermental results show that PilY1 may act as a signal
amplifier that mediates c-di-GMP levels and flagellar motility in
response to surface mechanics. It is also possible that PilY1 acts as
a mechanosensor that transduces mechanical changes upen
surface engagement into c-di-GMP signaling. PiY1 is a surface-
exposed protein found associated with the TFP tip®, so PilY1 may
be responding to the compressive loading incurred due to surface
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adhesion, a stress state identified in the modeling. A recent study
suggested that the conformational changes of PIlY1 lead to
stimulation of bacterial c-di-GMP production and biofilm forma-
tien®”, The compressive loading may hence engender the required
conformational changes on PiIY1 for biofilm Inidaton, while our
meodeling shows that bacteria adhered to thin compaosites surfaces
will have a greater decrease in the tension in their outer
membrane than will bacteria adhered to thick composites.

The differential response of mechanosensitive ion channels to
surface mechanics (Fig. 2a) opens the possibility that
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mechanosensitive jon channels may play a role in the initial
development in bicfilms on surfaces, although we have not
investigated that specifically. At the exponential-growth phase of
bicfilm formation, our data suggests that the pilus retraction
motor PilT may also be involved in responding to surface
stiffness in a way that modulates c-di-GMP level and growth rate
{Fig. 5c, fF% see Supplementary discussion.

The mechanical equilibrivm of a system consisting of a
bacterium adhering to a surface will be found when the net
mechanical energy is minimized. Adhesion energy, which Is
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Fig. 5 On agarose surfaces with different mechanics, PilY1 acts to mediate the duration of the lag phase in biofilm growth and the levels
of the intracellular signal c-di-GMP, and PilT is required to mediate the growth rate of the exponential phase of biofilm growth. a-c The

ge per-cell normalized intensity for fluorescent reporters for changes in intracellular c-di-GMP in WT and the ApilY1 and ApiT mutants
during accumulation, lag phase, and exponential phase. The same vertical scale is used for each plot so that differences between strains are
clear. The initial hour of accumulation on a surface is designated by —1 to 0 h, shown by hollow color bars. For each sample, exponential
phase was observed for two hours, shown by solid color bars. Squares represent mean levels of c-di-GMP at each time point, linked by lines as
a guide to the eye. Shaded regions c d to 95% confidence intervals. The inset in (b) shows c-di-GMP reporter intensity in the ApilY?
mutant with a smaller y-axis range. N = 3 for all experiments using the reporter plasmid; N = 2 for all experiments using the control plasmid.
d-f Growth dynamics of attached WT, and the ApilY] and ApilT mutants on thin and thick agarose gel composites. Data are means +50. The
data at 0 time point corresponds to the end of one hour of bacterial accumulation on surfaces, The accumulation phase was always one
holir long, and was sat by the time that a suspension of planktonic bacteria was i ted with the suface. Hatched color bars show the
length of the lag phase. The duration of the lag phase was expermentally determined in each case, by measuring the bacterial population on
the surface. While that population was roughly constant in time, the system was considered to be in lag phase. The onset of exponential
growth phase was determined experimentally in each case, by measuring the bacteral population on the surface. Once the population
started to increase as an exponential function of time, the system was considered to be in exponential phase. The doubling time, T, is
calculated by the equation T= In2/a, where ais the growth rate of bacteria on surfaces (equations of exponential regression, f{f) = Ae™, where
tis the incubation time). For each bacterial strain, we use Ty, to designate the doubling time on the thick gel composite, and Ty, to
designate the doubling time on the thin gel compesite. "P< 0.01, P < 0.05; NS, not significant; analysis of covariance (ANCOVA) test. * and *
indicate that the growth rate iy, is significantly different from s for WT and for the ApilY1 mutant, while NS means the difference in
growth rates on thin and thick gel composites are not significant for ApdT (P> 0.1). Each time point was done for two replicate samples, and at
least 12 fields of view were randomly chosen for each replicate. Samples used for measurement at one time point were not used for further
incubation or later measurerments, (2, the measurement at each time point was done independently. Thus, for each strain and thickness
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combination, 14 replicas were measured.

energetically favorable and negative in sign, will increase in
magnitude as the adhering area increases. Increasing the adhering
area incurs elastic enengy costs for deforming the bacterium and
the surface; elastic enengy costs are energetically disfavorable and
paositive in sign. More of the elastic energy cost will be borne by
the bacterium when the surface is stiff than when it is soft.
Therefore, for surfaces that have the same adhesive properties,
bacterla adhering to thick composites will deform less than will
bacteria adhering to thin composites; this has been confirmed by
finite element modeling (Supplementary Fig. 3a b) and by
experiments measuring the activity of mechanosensitive ion
channels (Fig. 2a).

For a given adhesion energy, stiffer bacteria would deform less
and softer bacteria would deform more. This could alter the
mechanosensing response to surface attachment. P geruginosa
maintain tight genomic control of their stiffness™?. This clearly has
benefis for protecting the bacteria against mechanical stress,
such as osmotic pressure. This may also benefit bacteria by
safequarding the surface-sensing response, which ks essental to
this biofilm-former.

The effective modulus of our composites with thin gel was
roughly 1 MPa and the effective modulus of composites with thick
gel was less than 100 kPa (Supplementary Table 1). These values
bracket the stiffnesses reported for P. aeruginasa and other Gram-
negative bacteria® ™, Gram-positive bacterial cells are stiffer?
than Gram-negative bacterial cells®-*", Bacteria themselves are a
composite material, comprising the softer cytoplasmic interior and
the stiffer envelope. The Young's modulus for the envelope
material per se of Gram-negative bacteria is roughly several tens
of MPa, and the envelope materlal of Gram-positive bacteria
probably has a similar modulus®52, Our finite element modeling
identifies bending as the major envelope deformation modality in
the contact zone as bacteria attach to surface. According o the
Kirchhoff-Love plate theory™, the flexural rigidity of a thin plate
(effectively the modulus that measures the energy cost for
bending a plate) ks characterized by E5/12(1—7) a ©°, where E ks
the Young's modulus of the plate, v is the Poisson's ratio, and t is
the plate thickness. Gram-negative bacteria have a much thinner
peptidoglycan cell wall than do Gram-positive bacteria (the cell
wall of P. geruginosa (Gram-negative) is ~3 nm thick”® and that of
B. subtilis (Gram-positive) Is ~30nm thick”). This observation
suggests that Gram-positive bacterla will deform less than will
Grm-negative bacteria upon adhesion to the same surface,
because the energetic cost for deforming Gram-positive bacteria
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will be higher. Therefore, we suggest that Gram-positive bacteria
may be less well-adapted 1o using envelope stress and strin to
sense and respond to surface stiffness. This inference is in
agreement with previous reports that Gram-positive bacteria do
not respond to surface stifiness in the same way as Gram-negative
bacteria™-",

In summary, in this study, we fabricated surfaces with different
mechanics using thin and thick hydrogel and coverslip compe-
sites. Compasite thickness does not change gel composition,
surface chemistry (measured by FTIR), or surface adhesivity
(measured by passive accumulation of beads). Therefore, these
oo ites are well-suited to elucidating effect of surface
m nics on bacterial accumulation and growth, without many
confounding factors arising from other passive physicochemical
properties of surfaces™®, We show that bacterial accumulation on
surfaces strongly depends on substrate mechanics: Accumulation
of bacteria on a surface is the first step leading toward biofilm
development. Consistent with previous findings that misfolding
and misregulation of envelope proteins causes elevated level of c-
di-GMP for P. geruginosa'?, bacteria adhered to thin compaosites
underwent a greater change in the mechanical strain and stress in
the envelope than did bacteria adhered to thick composites.
Adhesion to thin composites was also assoclated with higher c-di-
GMP levels than was adhesion to thick composites. Higher c-di-
GMP levels were the causative link that led to lower spinning
mtility, less deachment, and thus greater accumulation than did
adhesion to thick composites. Figure 6 graphically summarizes
these findings. The cell-surface-associated-protein PilY1 is required
for this link between substrate mechanics and bacterial accumula-
tion. Later biofilm Emwlh also shows an impact of surface
mechanics, PilY1, and PilT,

METHODS

Strains and plasmids

We used F. aeruginosa PAO1 WT and ApilA, ApilT, ApilY1 mutants™.
Studies of bacterial accumulation, motility, gro and c-di-GMP
production were done with bacteria that contained the plasmid
Peanaiigfp. This plasmid is a verified reporter for c-di-GMP; it is a
transcriptional fusion between the cydlic di-GMP-responsive cdrd
promaoter and a gene encoding green fluorescent protein (GFPP'.
Strains containing a promotorless control plasmid pMH487 were
used to measure background GFP expression independent of c-di-
GMP levels™. Confocal laser-scanning microscopy was used for
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Fig.6 Schematic of the proposed links between surface mechanics and bacterial accumulation. Adbesion to a surface results in changes in
mechanical stresses and defermations in the bacteral cell envelope. These changes are ter when the surface is stiff than when it is soft

{Fig. 3). Adhesion to a stiff surface results in a greater increase in intracellular levels of
E{Hg.damsoftmtﬂmsmda
(Supplementary Fig. 5). As a result, more bactera accumulate on stiff sufaces than on s

Higher levels of c-di-GMP result in faster bacterial spinni

measurements of GFP, with calibration for light attenuation by
different gel composites™, and phase contrast microscopy (which
imposes a lower light dose on bacteria and therefore reduces
potential phototodcity) was used w0 measure acocumulation,
motility, and growth. Strains with the Peawsgfp and pMH487
plasmids were grown with 60 pg/mL Gentamycin (Sigma-Aldrich,
G1914) for plasmid selection. Flucrescence measurements using
the sodium ion indicator were performed using WT that did not
contain any plasmid.

Fabrication of thick and thin agarose hydrogel composites
3% (w/w) agarose solution was prepared by dissolving agarose
powder (Sigma-Aldrich, AS414) in Milipore water and then
autocaving at 121 °C for 15 min.

To form compasites of thick agarose gel on glass coverslips,
20pL of agarose solution was spread (while still liquid) inside an
imaging spacer  (Grace Bio-Labs, 551X13, 13 mm
diameter x0.12 mm depth) adhered to a coverslip. This was
cooled at 4°C for 2min in a humid chamber, resulting in gelation,

To form compasites of thin agarose gel on glass coverslips, 3 pL
of agarose solution (while still liquid) was pipetted onto a glass
slide (prior to this, the glass slide had been scnicated in 70%
ethanol (Pharmco, 111000200) for 15 min and then dred with
nitrogen) and a coverslip was placed on top of the fluid drop. Twe
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-GMP than does adhesion to a soft surface (Fig. 5).
i ;ikd!l'md of detaching from soft surfaces

binder clips were used to clamp together the slide and coverslip,
spreading the solution between them. After cooling at 4 °C for
2min, the binder clips were removed and the coverslip was
detached from the glass slide using a razor blade This left thin
agarose gel coated on the coverslip. The thick and thin agarose
gels were then immediately immersed into buffer solutions or
bacterial suspension for the following experiments.

Fabrication of thick and thin alginate hydrogel composites
2% (wiw) sodium alginate (SA} solution was prepared by
dissolving sedium alginate powder (Sigma-Aldrich, 180947) in
Millipore water. After being stirred for 2 h, the SA solution was
filter sterilized.

To make thick alginate gel, 20 pL of SA solution was spread into
an imaging spacer (Grace Bio-labs, SS1X13, 13mm
diameter= 012mm depth) adhered to a coversiip that was
pretreated with 500 pL of 0.1 mg/mL Poly-L-ysine (Sigma-Aldrich,
P9155) for 2h to facilitate adhesion of the alginate gel to the
coverslip surface. The thick alginate gel was formed after the
coverslip was immersed in 50mM Calelum chioride (CaCl,, Sigma-
Aldrich, C3306) solution for 2 h,

To make thin alginate gel, 1 pl of SA solution was pipetted onto
a glass slide (the glass slide was sonicated in 70% ethanol for
15 min and then dried with nitrogen before use), and a coverslip

Published in partnership with Naryang Technological University



that was pretreated with 500 pL of 0.1 mg/mlL Poly-L-lysine for 2 h
to facllitate adhesion of the alginate gel to the coversiip was
placed on top of the SA solution. Following the spread of SA
solution between the glass slide and the coverslip, Cadl; solution
was gently added along the sides of the coverslip and allowed to
diffuse in for 2 h. The coverslip was removed from the glass slide
using a razor blade, leaving the thin alginate gel coated on the
coverslip,

Then both the thin and the thick alginate gel surfaces were
immediately washed by Millipore water to remove extra CaCl;
before bacteria or beads were introduced.

Measurement of thicknesses of hydregels on coverslips

The thicknesses of hydrogels on coverslips were measured using
an Olympus 171 inverted phase contrast microscope with a 60x
olldimmersion objective. Hydrogel composites were incubated
with bacterial suspension (incubation details can be found in the
following section)l. The micrescope stage controller [Applied
Scientific Instrumentation MS5-2000) displayed the Z-positions of
the stage when two locatiens were in focus (Supplementary
Fig. 1a). These locations were a gelfree area at which bacteria
were attached directly to the coverslip (Z,) and the top of the gel
to which bacteria were attached (Zj. Taking the difference
between Z, and Z, gave a measurement of the thickness of the
gel on coverslips. Each experiment was repeated three times
ind ;
The 60x il objective we used for these measurements has a
numerical aperure of NA =125 We have a filter in the
microscope so that the illuminating light is green, with
wavelength roughly [ = 550 nm. The immersion oil used with this
objective has a refractive index of about n=15. Using the
following approximation for depth of field™

gV - (ay m

(NaZ)

we obin a depth of field of 291 nm. This is nearly an order of
magnitude smaller than a 1-micron bacterial thickness, and more
than an order of magnitude smaller than the 5-micron thickness
we measure for the thin gel. Therefore, any uncerminties in the
measured gel height arsing from the depth of field of this
microscope objective are negligible.

Characterization of surface mechanical properties of hydrogel
compaosites using nanoindentation

An Optics11 Life Piuma nancindenter was used to perform surface
mechanical measurements on agarose hydrogel composites.
Measurements were performed on thick and thin composites
(fabricated as described above) glued to the bottom of a petri dish
and submerged in DI water at room temperature. A probe with
cantilever stiffness of 0.25MN/m and a tip radius of 9.5 pm was used
to determine the gel’s intrinsic Young's modulus. A probe with
cantilever stiffness of 0.23 N/m and a tip radius of 24 pm was used
for assessing mechanical differences resulting from the compaosite
structure (Supplementary Discussion). The probe loaded and
unloaded samples at a constant piezo-motor displacement rate of
2 pmy's. All specimens were measured at 9 different locations near
the center of the gel surface with two replicates for each gel
thickness. Indentation profiles where the probe failed to make
contact with the surface were excluded, resulting in at least 9
measurements per condition.

To determine the intrinsic Young's modulus of a gel, a loading
curve was fit with the Hertzian model™:

_4 E 15
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where Fis the load, E is the Young’s modulus, R is the tip radius, &
is the indentation depth, and v is the Poisson’s ratio, which we
assumed to be 0.5. Data were fitup to an indentation depth equal
to 10% of the tip radius. The maximum load and maximum
indentation of an indentation curve were recorded and used to
examine the compaosite effect.

Electron microscopy measurement of surface topography

For the purposes of Cryo Electron Microscopy, hydrogel samples
were adhered to Electron Microscopy stubs using carbon tape. As
suggested by the literature™ the samples were subsequently
plunged into siush nitregen for ten seconds to vitrify. The samples
were immediately, whilst continuously held under vacuum,
inserted into a FEl FEG X130 microscope. For the purpases of
the sublimation step, the sample temperature was raised from
—170°C to —90°C befere being lowered back down to —170°C.

AFM imaging and reughness measurements

AFM measurements wene performed on a Bioscope Catalyst AFM
(Bruker). AFM tapping mode was selected for these measurements
to minimize the damage to the sample topography. Silicon tips
with a resonance frequency around 300 kHz, 10 nm in radius, and
a spring constant of 40N were used Measurements were
performed under room temperature in agueous conditions (Mili-
Q water). For each AFM experiment a minimurm of three different
samples were investigated, and a representative height image of
the surface morphology is reported in this article. The NanoScope
software (Bruker) was used to analyze AFM images and 1o evaluate
the film surface roughness of a 4 x4 pm area from each sample.
The mean roughness (R,) parameter used for these measure-
ments, is the arithmetic average of the deviations from the center
plane of the AFM image which is dependents on the sampling
size.

Characterization of surface chamistry of hydrogel compositas
using Fourier transform infrared spectroscopy (FTIR)
Composites of thin and thick agarose or alginate hydrogels on
glass were prepared as described, except that this time thick
hydrogels were coated on a glass slide instead of a coverslip; thin
gels were stil made on coverslips, as described above. Before
mounting a hydrogel sample on the spectrometer, the imaging
spacer that thick hydrogels were spread into was peeled off from a
glass slide for firm contact between hydrogels and the ATR crystal
of the spectrometer.

Infrared spectra were collected on a Bruker Vertex 70 Fourler
transform infrared (FTIR) spectrometer equipped with a liquid
nitrogen cooled HgCdTe (MCT) detector and a single reflection
atwenuated total reflectance (ATR) accessory consisting of a Ge ATR
crystal with a 65° angle of incidence. Data were collected over the
400-4000 cm =" range and manually cut to the 700-1500 cm~" or
700-1900cm ™" range for analysis. After hydrogel samples were
mounted on the Ge ATR crystal 500 scans at a resolution of
4 em~! and 20 kHz scan speed were accumulated to generate the
single channel spectra for each sample. A blank spectrum of a
clean Ge crystal was subtracted from the sample spectrum to
generte the sample absorbance spectrum. A blank spectrum of a
glass coverslip (for thin hydrogels) or glass slide (for thick
hydrogels) was also subtracted. Finally, baseline tilt in the sample
spectrum was corrected using the rubber band correction baseline
function in the OPUS Spectroscopic software (OPUS, 6.5.92, Bruker
Optik, GmbH, Ertingen, Germany). Each combination of gel type
and gel thickness were characterized in three replicate
experiments,
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Measurement of bead attachment on surfaces
To compare the passive adhesivity of surfaces, we measured the
passive attachment of polymer beads to the surface. For this,
fluorescent polystyrene polymer beads (Bangs Laboratories, Inc,
Dragon Green, FSDGO04, diameter 1 pm) were diluted 1000 times
in Nadl buffer (10 mM potassium phosphate composed of 5.4 mM
potassium phosphate dibasic (KHPO,, Sigma-Aldrich, 60353) and
4.6mM potassium phosphate monobasic (KH;PO,, Sigma-aldrich,
60218), 135 mM NaCl, pH 7.0).

16uL of this bead suspension was added into one imaging
spacer (Grace Bio-labs, 551X13, 13mm diameter = 0.12mm
depth) adhered 0 a coverslip, which was then sealed by a
hydrogel-coversip composite (either thick or thin). After 1h,
beads attached on gels were imaged using an Olympus Fluo-
view1000 confocal microscope with a 60x oll-immersion objective.
Fluorescent beads were illuminated with a 488nm laser using
standard GFP filter sets and confocal z-stacks were captured by
Fluoview 10-ASW version 4.2 software. The confocal z-stacks were
processed using the partice analysis function in the Fiji
distribution of Images™ to quantitatively determine the numbers
of beads attached on composites (Le, areal density of beads
(number of beads/mm?)). Each combination of gel type and gel
thickness was tested in two replicate experiments and at least 5
fields of view were randomily chosen for each replicate.

Microscopy measurement of bacterial accumulation an
surfaces

Bacterla were streaked from frozen stock onto LB-Miller agar
plates (Fisher Scientific, BP 1425) and incubated ovemight at 37 °C.
Single colonies were inoculated into Luria broth (LB, 59 of yeast
extract (Fisher Scentfic, BP1422), 109 of tryptone (Fisher
Scientific, BP1421), and 10g of sodium chloride (NaCl, Sigma-
Aldrich, S9888) per L of Millipore water) and grown overnight at
37°C with shaking at 242 rpm using an orbital shaker (Labnet
Orbit 1000). Then, B0pL of ovemight culture was transferred into
20mL of fresh LB and vortexed, The resulting bacterial suspension
was incubated at 37°C with shaking at 242 ppm for at least 2h
until hydrogel composites were freshly made and ready. Then the
bacterial suspension was incubated with hydrogel composites at
37°C for 1h.

Surface samples with accumulated bacteria were then gently
washed with phosphate buffered saline (PBS, Sigma-Aldrich,
P4417) twice, and then visualized using an Olympus X71 inverted
phase contrast microscope with a 60x ciFimmersion objective.
Images were taken by a Qlmaging EXi Blue CCD camera controlled
by QCapture Pro-6 software and processed using the particlke
analysis function in Fiji to quantitatively determine the numbers of
bacteria on surfaces (le, areal density of bacteria (number of
bacteria'mm?)). For each combination of bacterial strain and
hydrogel type (alginate or agarose), two technical replicates of
each type of composite (thin and thick} were tested on each day
(for a wial of four samples per day). At least 12 fields of view were
randomly chosen for each replicate. Each experiment was
repeated twice independently on different days (for a total of 4
replicates for each combinaton of bacterial strain  and
composite type).

Finite element modeling of the cell-surface interaction

Finite element models (ABAQUS/Standard 2021, Dassault Systems,
Providence, RI, USA) were developed to simulate the structural
interaction between bacterla and hydrogel substrates upon
surface adhesion. A 30 model with geometric nonlinearity was
created, and the quarter symmetry was utilized (P. aeruginosa are
rod-shaped and substrates are cubold, Fig. 2b). The simulations
were performed on the Frontera Linux cluster of the Texas
Advanced Computing Center’®,
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As a strain of Gram-negative bacteria, P. aerugimsa feature a
thin layer of the bacterial cell envelope (~ 10" nm’®, compared 1o
the whole cell ~10° nm) that encloses the cytoplasm, chromo-
somes, and other intracellular materals. The bacterial cell
envelope is a complicated multilayered structure composed of a
rigid layer of cell wall sandwiched between two membranes made
of lipid bilayers™. The membrane exterior to the cell wall is called
the outer membrane (OM) and the membrane interior to the cell
wall is the inner (or cytoplasmic) membrane (IM). Both OM and IM
harbor a myriad of membrane proteins. The outer membrane is
anchored to the cell wall via lipoproteins, and the outer
membrane and cell wall together bear most of mechanical
loading™# 852, The high osmolarty difference between the
internal bacterial cytoplasm and the extemal environment causes
the bacterial cell envelope to be swollen by turgor pressure.

Recognizing these, bacteria were characterized as a thin-walled
pressure vessel that consists of a hollow cylindrical trunk with
hollow hemispherical caps on both ends with literature-reported
properties (Supplementary Table 1). The envelopes were modeled
as a two-ayered composite material, the outer layer of which is
the outer membrane and the inner layer of which is the cell wall.
Hydrogel-coverslip composite substrates were assumed to be an
isotropic and homogeneous material, with its properties com-
puted from the composite theory (Fig. 1d) and the reported values
(Supplementary Table 1).

Due to the thinness of bacterial cell envelopes, we used shell
elements (24257 S4R elements with enhanced hourglass control,
Supplementary Fig. 3a) to discretize them. The composite shell
scheme was used to section cell envelopes into two layers of
different materials, with three section points on each layer (at
which secondary variables, e.g,, stress and strain, were computed).
Substrates were discretized by eight-node linear brick elements
(436428 (308 elements, Supplementary Fig. 3a). Since changes in
mechanics, such as stress and strain, primarily occur at locations
where the bacterial surface is in contact with the substrate surface,
“contact surfaces” were defined by partiioning the lower half of
the bacterial surface and the comesponding part of the surface of
the substrate into “contact surfaces” (surfaces abede and fgh,
respectively, in Supplementary Fig. 3c); the cellular contact surface
is half the entire lower cellular surface and the substrate contact
surface is the projection of the cellular contact surface on the
substrate. “Contact surfaces” were specifically assigned finer mesh
{5 nm mesh size instead of 15 nm in the rest of the model) to allow
better resolution of mechanical changes. The contact was
formulated as frictionless and ‘hard contact’ along the normal
direction.

A typical simulation comprised two steps. In the first step, an
“inflating” turgor pressure was applied to the inner surface of an
undeformed and free-floating cell envelope. During “inflation,” the
cellular mid-plane {curve abc in Supplementary Fig. 2b) was not
allowed o move vertically. In the second step, the established
trger pressure was maintained, and the mid-plane was displaced
downward by 150nm to achleve contact between the cell
envelope and the substrate. Incremental displacement was
applied in ABAQUS and, at every increment at which the
bacterium and substrate were in contact the simulation was
analyzed to determine the stresses and strains on bacterial
envelopes. Two simulations were performed: one with a stff
substrate and one with a soft substrate (Supplementary Table 1).

We investigated the stress and strain state of four representa-
tive shell elements (in the bacterium) that are within the contact
surface (inset of Fig. 2b) Stresses were normalized to the
respective values at the end of the first step; strains were
computed as the net logarithmic strain change between the first
and second step. We interpreted the strain state on the innermost
section point of a shell element (e, on the interior of cell wall) as
that experienced by the inner membrane, based on the
assumption that the inner membrane is constantly pressed
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against the cell wall by turgor pressure. The CAREA output variable
in ABAQUS was requested at every increment to keep track of the
total area in contact as displacement grew. The cell volume
enclosed by cell envelopes was calculated using the BOUNDARY
syntax in MATLAB (MATLAB 2020 (R2020b), The MathWorks Inc.,
Natick, MA, USA).

To analyze convergence, the mesh size within the contact
surfaces was varied from 30, 25, 20, 15, 10, 7.5, 5 to 25nm
(Supplementary Fig. 4). The crcumferential stress on the outer
membrane at element #1 (inset of Fig. 2b) was compared at
different mesh sizes, and it was found that the mesh size we
adopted in our modeling is within the convergence range.

To model surface adhesion by assigning boundary conditions in
the form of forces (Le, the adhesion force scheme), the first step
was simply applying turgor pressure to a stress-free cell envelope,
the same as the first, “inflation”, step in the displacement scheme
described above. In the second step, the mid-plane of the cell
envelope was displaced toward the substrate by 90 nm to achieve
initial contact and hence easler convergence in the following step.
In the last step, vertical, attractive surface tactions with a
magnitude of 110kPa were applied over the contact surfaces of
cell envelopes and substrates, resulting in further contact between
the two (Supplementary Fig. 3c).

Levels of intracellular sodium ions in surface-adhered bacteria

In the presence of excess extemal Na*, sodium enters cells
through mechanosensitive fon channels that are activawed by
mechanical tension in the membrane. The assay measuring the
intracellular sodium level was done using precedures reported
previously™ with some modifications. Bacteria were cultured in
Tryptene broth (T-broth, 1% tryptone and 0.5% Nadl) at 37 °C with
shaking. Two mL of day culture were centrifuged using an
Eppendorf Centrifuge 5810R at 2000xg for 2min, and the
supernatant was discarded. Pelleted bacteria were resuspended in
2mL potassium chloride (KC1) buffer (10 mM potassium phosphate
composed of 54mM K HPO, and 46mM KH PO, 135mM KO
(Sigma-Aldrich, P9333), pH 7.0) and mixed using a Fisherbrand
analog vortex mixer (02215365). The suspension of bacteria in the
KCI buffer was then centrifuged (2000xg for 2min) to pellet
bacteria; then, pelleted bacteria were resuspended and miced in
fresh KO buffer again, as described above This washing
procedure was repeated three times in total. Bacteria were then
resuspended and mixed by vortex in 2mL ethylenediaminete-
traacetic acid (EDTA) buffer (the KCI buffer plus 10mM EDTA
(Sigma-Aldrich, EDS)) and left for 10 min at room temperature. The
suspension of bacteria in the ETDA buffer was centrifuged at
2000xg for 6min, and the supernatant was discarded. The
resulting pellet of bacterla was resuspended in 2mL KO buffer
and mixed by vortexing. The resulting bacteria suspension in KCl
buffer was centrifuged (2000 g for 5 min), and pelleted bacteria
were resuspended and mixed in fresh KCI buffer again. This
washing procedure was repeated three times in total. Then,
bacteria were resuspended in 750 pL of leading buffer, consisting
of 40pM Sodium Green (sodium fon fluorescence indicater,
ThermoFisher Scientific, 56901) in KO buffer, and left for 30 min
in the dark at room temperature. The stock solution of Sodium
Green (1 mM) was freshly prepared at each experiment by
dissolving Sodium Green in dimethyl sulfoxide (DMSO, Sigma-
Aldrich, W387520). The suspension of bacteria in the loading
buffer was centrifuged at 2000 g for 5min, and the supernatant
was discarded. The resulting pellet of bacteria was resuspended in
750uL MaCl buffer (10 mM potassium phosphate composed of
54 mM K;HPO, and 46mM KH.PO,, 135 mM Nad, pH 7.0) and
mixed by vortexing. The resulting bacterial suspension in NaCl
buffer was centrifuged (2000 g for 5 min), and pelleted bacteria
were resuspended and mixed in fresh Nadl buffer again. This
washing procedure was repeated three times in total. Bacteria
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loaded with Sodium Green were resuspended in 400uL NaCl
buffer, and16 pL of this bacterial suspension was added into one
imaging  spacer (Grace  Bio-Labs,  551X13, 13 mm
diameter x0.12 mm depth) adhered to a coverslip, which was
then sealed by an agarose-coverslip compaosite (either thick or
thin). Bacteria were allowed 1o attach to the gel compaosite for 1 h,

Then, bacteria attached on thin or thick agarose composites
were imaged using an Olympus FV1000 confocal microscope with
a 60x oil-immersion objective. The Sodium Green fluorescence
indicator was illuminated with a 488 nm laser using standard GFP
filter sets and confocal z-stacks were captured by FV10-ASW
version 4.2 software. At least 15 stacks were taken at different
fields of view for each sample. Each experiment was repeated
three times independently. The fluorescence intensity of each
bacterium was measured using Fiji. Spinning bacterila were
excluded from the analysis. The section below describes the
calibration done t account for different attenuations of light by
gels of different thicknesses.

Calibrating for light attenuation by gels of different
thicknesses for intracellular sodium ion measurements
Fluorescent polystyrene polymer beads (Bangs Laboratories, Inc,
Dragon Green, FSDGO004, diameter 1 pm) were used to assess the
effect of artenuation of exciting and emitted light passing through
gels of different thicknesses, Beads were diluted 1000 times in
NaCl buffer (10mM potassium phosphate co ed of 5.4mM
K HPO, and 46 mM KH POy, 135 mM Nadl, pH 7.0). 16 L of this
bead suspension was added into one imaging spacer (Grace Bio-
Labs, 551X13, 13mm diameterx0.12mm depth) adhered 1o a
coverslip, which was then sealed by an agarose-coverslip
composite (either thick or thin). Beads attached on agarose gel
compaosites were imaged using an Olympus FY1000 confocal
microscope with a 60x oll-immersion objective. Fluorescent beads
were lluminated with a 488 nm laser using standard GFP filter sets
and confocal z-stacks were captured by FV10-ASW wversion
4.2 software. Supplementary Fig. 6a shows the average fluores-
cence intensity of beads attached on thick and thin agarose gel
compaosites. Each data polnt was measured using one photo-
multiplier tube (PMT) voltage, and by changing the PMT voltage,
we obtained an exponential fitted curve to the dataset. Each
voltage has 5 different fields of view for one gel sample, and each
field of view has about 60-70 beads.

To calibrate the measured intensity of bacterial flucrescence for
attenuation by hydrogels, the exponential fitted curve (Supple-
mentary Fig. 6a) was used to convert the fluorescence intensity of
each bacterium attached on the thin gel into the equivalent
intensity on the thick gel To do this, the flucrescence intensity of
a bacterium was substituted in for the variable x in the fitted
equation (Supplementary Fig. 6a), and the y-value, corresponding
to intensity on the thick gel, calculated. The resulting converted
{or calibrated) fluorescence intensities of bacteria on thin gels
were compared with the measured intensities of bacteria on the
thick gel

Speeds of surface-adhered bacteria during bacterial
accumulation

An adhesive imaging chamber (Grace Bio-Labs, PCHA-2.5 20 mm
diameterx 26 mm depth) was filled with 650 pL of bacteral
suspension in LB medium and then sealed by a coverslip coated
with an agarose gel (either thick or thin). For the next hour,
surface-attached bacteria on gel surfaces was observed using an
Olympus IX71 inverted phase contrast microscope with a 60x oil-
immersion objective. The microscope stage was enclosed within
an incubator chamber heated to 37°C

Fifteen time-lapse sequences taken at different fields of view for
each sample were captured by a Hamamatsu digital camera
C11440  controlled by MetaMomph Advanced version
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7.7.6.0 software, The acquisition rate was one frame per 042 s, and
each sequence had 150 frames (total recording time for each
sequence was 626 5). Each experiment was repeated three times
independently.

Trajectories of bacterial centers-of-mass were tracked and the
bacteria speed during each interval (0.42s) was measured using
the TrackMate plugin in Fij**®, The average speed of each
tracked bacterium over the tracking period was collected for data
analysis. Near-surface swimming bacteria, which displayed a much
higher instantaneous speed and a much shorter tracking period
(less than 5 s) than surface-attached bacteria, were also tracked by
the software. We excluded these swimming bacteria from data
analysis.

Measurement of fractions of surface motility during bacterial
accumulation

Among the total tracked surface-attached bacteria, some bacteria
remained s@ationary on surfaces, and the others were motile
showing spinning or twitching surface motility. The time-apse
sequences taken to track bacterial trajectories were projected into
single-frame images using the ZProjection function {with mini-
mum intensity projections) in Fiji. Projections of stationary bacteria
showed the same bacterial cell size as seen in a single time slice-
slice. Projections of spinning bacteria reflected motion in a dircle,
with bacteria appearing as the petals of a “daisy”. Projections of
twitching bacterla showed an irregular shape. Using these
projections, the number of stationary, spinning and twitching
bacterla was counted and recorded. The number of motile
bacteria was the sum of the number of spinning bacteria and
that of twitching bacteria.

Measurement of detachment events during bacterial
accumulation

The wacks of some surface-attached bacteria had shorter
durations than the total recording time (62.65). The positions of
such short racks were given by the TrackMate plugin of FijL We
manually observed bacteria at these locations to dewermine
whether the abbreviated length of the track arose from a
bac terlum detaching from the surface or from a bacterium newly
attaching during the recording period. The number of detachment
events was recorded.

Microscopy measurement of growth of bacteria on surfaces
Bacterial growth curves on surfaces were measured on agarose gel
compasites. After allowing bacteria suspended in LB medium to
accumulate on a gel surface at 37°C for an hour, surfaces were
gently rinsed twice with fresh LB medium and incubated with
fresh LB medium at 37 °C. Rinsing and incubation with fresh LB
medium was repeated houry.

After 1, 2, 3 4, 5, and 6 h of incubation, sample surfaces were
gently washed with PBS twice, and then visualized an Olympus
%71 inverted phase contrast microscope with a 60x olHimmersion
objective. Images were taken by a Qimaging EXi Blue CCD camera
controlled by QCapture Pro-6 software and processed using the
particle analysis function (for counting single bacteria) and the
multi-point function (for counting bacteria in micro-colonies and
in clusters) in Fiji to quantitatively determine the numbers of
bacteria on surfaces (i.e, areal density of bacteria (number of
bacteria'mm?)). Each time peint was done for two replicate
samples, and at least 12 fields of view were randomly chosen for
each replicate. Samples used for measurement at one time point
were not used for further incubation or later measurements, i.e,
the measurement at each time point was done independently.
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Construction of complemented mutant strains and plasmids
Strains and plasmids used to construct complemented mutant
strains and primers used for plasmid construction are listed in
Supplementary Table 2. Multicopy plasmids pMQ72 and pMQ70™
were used for expression of PIT and PilY1, respectively. Plasmids
were designed by homologous recombination using the yeast
machi ® or by Gibson assembly™ using NEBullder HiFi DNA
Assembly” (NEB, Boston, MA), as previously described. All inserts
were sequenced to confirm the integration of the correct
sequence. Plasmids were then isolated from E colf S517-A-pir
overnight-grown strains and then electroporated into P. gergi-
nosa PAOT and grown on the appropriate antibiotic selection
plates, as reported previously™.

Microscopy measurement of growth of complementad strains
on surfaces

For plasmid maintenance in complemented strains, LB agar and
LB liquid medium were supplemented with 60 pg/mL gentamycin
for ApilT pBAD:zpiT and with 150 pg/mL carbenicillin for ApilY7
pBAD:pilY'1. Bacterial growth curves on surfaces were measured
on thick and thin agarose gel composites. The LB medium used for
finsing and incubating gel compaosites with accumulated bacteria
was supplemented with 0.025% arabinose for plasmid induction.
The overnight culture was first diluted by 1:100 in the LB medium
supplemented with arabinose and then grown at 37°C with
shaking until the diluted suspension reached an optical density
{ODgg) of 0.7 for proper plasmid induction before growth curves
were measured, With this exception, growth was measured
experimentally as also done for the microscopy growth assays
described above for P. geruginesa PAO1 WT and the ApilT and
Apil¥1 mutants. Each time point was done for one replicate
sample, and at least 15 fields of view were randomly chosen for
each replicate. Samples used for measurement at one time point
were not used for further incubation or later measurements,

Statistical analysis of exponential growth rate

The exponential regression (fit)= Ae™) for exponential phase
datasets was ransformed into the linear equation In(fit)) =In(a) +
at, using Microsoft Excel. Statistical significance of slopes of the
linear equation, ie, bacterial growth rate a on gels was
determined by ANCOVA testing using the R programming
language.

Measurement of ¢-di-GMP signaling during bacterial
accumulatien and growth on surfaces

A suspension of bacterium in LB medium was prepared as
described in  the section abowe on assaying bacterial
accurmulation.

Both the liner cover of the adhesive side and the polycarbonate
cover of the non-adhesive side of an imaging chamber (Grace Bio-
Labs, PO-A-25, 20 mm diameter x 2.6 mm depth) were peeled off
by a tweezer. The adhesive side of the chamber was adhered 1o a
coverslip coated with an agarose gel (either thick or thin). The
chamiber was then filled with 650 pL of bacterial suspension in LB
medium and a coverslip was placed on top of the chamber.

As bacterla accumulated on the gel surface for the next hour,
bacteria containing either the reporter plasmid pCdri:zgfp or the
control plasmid pMH487 were imaged using an Olympus FY1000
confiocal microscope with a 60 oll-immersion objective. Bacteria
were illuminated with a 488 nm laser using standard GFP filter sets
and confocal z-stacks were captured by FVI0-ASW version
42 software. The microscope stage was enclosed within an
incubator chamber heated to 37°C.

After one hour of bacterial accumulation, the coverslip on top of
the imaging chamber was removed, the bacterial suspension in
the imaging chamber was gently removed and replaced by 650 L
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of fresh LB medium using a pipette, and a new coverslip was
placed on top of the imaging chamber. The fresh LB medium was
stored at 37 °C before each use. For the following hour of bacterial
growth on gel surfaces, bacteria were imaged using confocal
microscope as described abowe. At hourly intervals, the LB
medium in the imaging chamber was removed and replaced by
fresh LB medium. The experiment was carried on until the end of
two hours after the onset of exponential growth indicated in
Fig. 5d-f Each experiment of bacteria containing the reporter
plasmid pCdrAzgfp was repeated three times independently. Each
experiment of bacteria containing the control plasmid pMH487
was repeated twice independently.

The sets of images collected within each 15min time interval
were analyzed separately. Images taken during the first 15 min
interval after each replacement of medium were excluded from
analysis to avoid including any effects of temperature fluctuation
on c-dFGMP signaling. For the second, third, and fourth 15 min
interval in each hour, the flucrescent intensity of each bacterium
was measured using Fiji, and calibrated using the following bead
calibration for light attenuation by gels of different thicknesses.
Then the intensity of each bacterum containing the reporter
plasmid pCdrAzgfp was normalized by subtracting the average
per-cell intensity of an ensemble of cells carrying a contrel
plasmid for producing GFP that lacks the cdd promoter
(pMHB74) =

Calibrating for light attenuation by gels of different
thicknesses for ¢-di-GMP measurements

We used an approach very similar to the one we developed
previously®, Fluorescent polystyrene polymer beads (Bangs
Laboratories, Inc, Dragon Green, FSDG004, diameter 1 pm) were
diluted 1000 times in LB medium. Both the liner cover of the
adhesive side and the polycarbonate cover of the non-adhesive
side of an imaging chamber (Grace Biolabs PCl-A-25, 20mm
diameter x 26 mm depth) were peeled off by a tweezer The
adhesive side of the chamber was adhered 1o a coverslip coated
with an agarose gel (either thick or thin). The chamber was then
filled with 650 pL of the bead suspension in LB medium and a
coverslip was placed on top of the chamber.

Beads attached on agarose gel composites were imaged using
confocal micrescopy, as described in the bead calibration for
measurements of intracellular sodium ions. The microscope stage
was enclosed within an incubator chamber heated to 37 °C.
Supplementary Fig. 6b shows the average fluorescence intensity
of beads attached on thick and thin agarose gel compasites. Each
data point was measured under one PMT woltage, and by
changing the PMT voltage, we obtained an exponential fitted
curve to the dataset. Each voltage has 5 different fields of view for
one gel sample.

To calibrate the measured fluorescence intensity of GFP for
attenuation by hydrogels, the exponential fitted curve (Supple-
mentary Fig. 6b) was used to convert the fluorescence intensity of
GFP in each bacterium on the thin gel into the equivalent intensity
on the thick gel To do this, the flucrescence intensity of GFP in a
bacterium was substituted in for the variable x in the fitted
equation (Supplementary Fig. 6b), and the y-value, corresponding
to intensity on the thick gel calculated. The resuting converted
{or calibrated) fluorescence intensities of GFP in bacteria on thin
gels were compared with the measured intensities of GFP in
bacteria on the thick gel

Bacterial accumulation and growth on glass and bulk agarose
gel surfaces

Bacterial accumulation and growth on glass and bulk agarose gel
surfaces were done with WT and mutants that did not contain any
plasmid. A suspension of bacteria in LB medium was prepared as
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described in Method in the manuscript on assaying bacterial
accumulation on thin and thick gel composites.

Glass slides were sonicated in 70% ethanal for 15 min and then
dried with nitrogen before use. Both the liner cover of the
adhesive side and the polycarbonate cover of the non-adhesive
side of an imaging chamber (Grace Bio-Labs, PO-A-2.5, 20 mm
diameter x 26 mm depth) were peeled off using tweezers. The
adhesive side of the chamber was adhered 1o a glass slide. The
chamber was then filled with 750 pL of bacterial suspension.

3% (w/w) agarose solution was autclaved, and 500pL of
agarose solution was pipetted into each well of a 24-well plate
(15.6 mm diameter of well.. The plate was cooled at 4 °C for 2 min,
resulting in gelation. Each well was filled with 456 pL of bacterial
suspension on top of the bulk gel surface. The height of the
bacterial suspension above the glass slide and the bulk gel surface
was the same,

To measure the initial accumulation of bacteria after one hour
at 37°C, the bacterlal suspension was removed and the glass and
bulk gel surfaces were then gently washed with PBS three times.
The imaging chamber on the glass surface was removed and the
bulk gel was y removed from the well. Each sample surface
was sonicated in 15 mL PBS for 20min to detach accumulated
bacteria. The bacterial concentrations in the 15mL PBS were
measured using a conventional seral dilution method, with the
dilutions spread onto the surfaces of agar plates®®, The agar plates
were cultivated at 37 °C for 18 h; the numbers of colonies cultured
from the serial dilutions were then counted and the measured
counts converted to colony-forming unit (CFU) per mL after
multiplication with the dilution factor. Sample surface area was
~314mm? for glass and ~191 mm? for bulk gel. This was used to
d:;rmhe areal density of bacteria (CFU/mm? on the sample
surface.

To measure bacterial growth after the initial one-hour
accumulation, the bacterial s jon was removed from the
sample surface and replaced by fresh LB medium, which was
stored at 37 °C before each use, At hourly intervals thereafter, the
numbers of bacteria on surfaces were determined using the plate-
counting method described above. Also, at hourly intervals, the LB
medium was removed and replaced by fresh LB medium. Each
sample has two replicates and each experiment was repeated
twice independently.

Reporting summary

Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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