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Abstract 

Bio ilms are surfaced attached communities of cells encased in an extracellular 

matrix.  The transition from free-swimming planktonic cells to a surface attached 

bio ilm 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 lagellum 

to sense and traverse surfaces.  The irst 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 lagellar 

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 lagellar 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 bio ilm formation.   
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A sense of touch : T4P retraction motor as a means of surface sensing by 
Pseudomonas aeruginosa PA14  
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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.  
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“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 bio ilm (1).  Of 

the estimated 1.2 x 1030 microbial cells on planet Earth, up to 80% of them may be in 

a bio ilm (2).  The irst step in transitioning from the planktonic lifestyle to the bio ilm 

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 bio ilm infections in persons 

suffering from burn wounds, cystic ibrosis, and acute leukemia(6).  Like many other 

bacteria, Pa uses its two motility appendages, lagella and type IV pili (T4P), to sense 

and traverse surfaces (Figure 1)(3, 7).  Pa possesses a single polar lagellum that 

rotates and propels the cell forward in both a liquid environment (swimming) and 

across surfaces (swarming)(8, 9).  Stator proteins incorporated into the lagellum 

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 iber 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 bio ilm 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 bio ilm 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 bio ilm formation.    

After surface contact by Pa, one of the irst 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 bio ilm (5).  The bio ilm can be maintained, 

which is an active process; or alternatively, if conditions become unfavorable, cells can 

disperse from the bio ilm and return to the planktonic state (5, 30-34).  When we say 

“surface sensing”, we are focusing on the irst few steps of bio ilm 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 bio ilm cycle of Pseudomonas aeruginosa PA14.  Bio ilm 
formation by Pseudomonas aeruginosa PA14 (green) begins with free-swimming 
planktonic cells (1) making initial surface attachment through its single, polar 
lagellum (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 bio ilm 
lifestyle and become irreversibly attached (4).  As bio ilm 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 bio ilm (5).  When 
conditions become unfavorable for the bio ilm, cells can either passively or actively 
disperse into the planktonic population (6).   
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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 lagellar 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 lagellum 

Planktonic Pa cells experience force due to lagellar 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 lagellar rotation the cell 

body counter rotates and experiences a resistive torque ~1600 pN (39).  The Pa 

lagellum motor in particular has a torque output of 2 pN*um (42).  When the load on 

the lagellum increases either due to changes in viscosity or engagement of the cell 
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body or lagellum with a surface, the lagellum machinery is able to undergo 

remodeling to recruit more stator units (43-47).  Stators only conduct protons upon 

incorporation into the lagellar motor.  The ability to conduct protons is crucial to 

mechanosensitive stator recruitment, as stator mutants that no longer allow the low 

of protons are not recruited to lagella (47).   

Based on work in E. coli, under low loads, the lagellum can contain 4-6 stator 

units, but this number can increase to 11-16 units under high load (48-51).  When the 

lagellum is experiencing a high load, each stator unit can contribute ~10 pN of force 

towards lagellar rotation (47).  Stator units bind the peptidoglycan (PG) layer as well 

as FliG of the C ring of the lagellar base to convert the energy supplied by PMF into 

lagellar torque.  It is thought that under high loads the stators undergo a catch-bond 

regime which enhances binding between stators and the lagellar machinery (52).  

That is, binding of the stator to the motor increases with increasing load on the 

lagellum. 

Pa contains two sets of stators that power lagellar 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 lagellar 

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 lagella composed of MotCD stators are 10x more likely to be active (53).   

For Pa, initial surface contact is mediated by the lagellum and is accompanied 

by a sharp increase in the lagellar load from ~5pN nm*s/revolution to >150 pN*nm 

s/revolution (39, 42, 55).  The change in forces due to lagellar-mediated surface 

contact is not unique to Pa and many different organisms rely on their lagella 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 signi icantly 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 iber 

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 m/s) punctuated with periods of rapid movement (1 m/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 ilaments 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 iber 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 suf icient load, 

PilU will bind PilT and the coordinated ATP hydrolysis of both motors are used to 

depolymerize the bound pilus iber 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).  
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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 lagella can bind hydrophobic surfaces with adhesion forces up to 1000pN 

(67).  Adhesion of the cell body to a surface can be modi ied 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 bio ilm 

formation making it dif icult 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 PilMNOP, 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 FlgZ can bind this second messenger and the FlgZ•c-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 iber via conformational changes in PilC.  However, if 
PilU is absent during retraction, we hypothesize that PilT alone is unable to exert 
suf icient 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 PilJ of the Pil-Chp 
complex to transduce the surface signal from T4P to Pil-Chp (B).  After PilJ 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 

signi icantly 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 IIIb 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 IIIb ACs, CyaB has been shown to be stimulated by 

HCO3- 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 

lagellated 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 PilJ 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).   

PilJ 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, PilI and ChpC, which likely link 

PilJ to ChpA (29, 103, 104).  PilI 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 PilJ 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 PilJ, leading to cAMP production.  To test 

whether tension on pili alone could stimulate cAMP production, the Pa ∆pilTU 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 ∆pilTU 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 PilJ and levels of cAMP when grown on a surface (78).  If 

PilA interaction with PilJ mediates the surface signal, then we would predict that 

stronger binding between PilA-PilJ 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 ∆pilT∆pilU 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-

K136A, in a ∆pilU background phenocopies the ∆pilU mutant strain in terms of T4P-

related phenotypes such as twitching and phage susceptibility but reduces surface-

dependent, cAMP production (113).  In both the ∆pilU mutant and a ∆pilU 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 PilJ 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 PilJ. Neither of 

these scenarios seem likely.   

Due to the lack of evidence supporting a PilA-PilJ 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 PilJ 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-PilJ 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 PilJ, a linear model was developed that indicated a 

strong correlation between strength of interaction between PilJ 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 PilJ 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 ∆pilU 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 

PilJ to relay the surface signal to Pil-Chp.  This model accounts for why a ∆pilU 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 ∆pilU background when PilU-WA 

was expressed from a plasmid.  As previously mentioned, T4P in a ∆pilU mutant 

background are functionally equivalent to T4P in a ∆pilU 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 ∆pilU strain has elevated levels of cAMP.  One possible explanation for 

this discrepancy is that PilU and PilJ share a binding site on PilT such that expression 

of a defective PilU lowers cAMP by blocking signaling to PilJ 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, PilJ 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 PilJ 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 

∆pilUT 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 ∆pilT 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-PilJ 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 motif is 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 identi ied and genomes were pooled by 
whether a homolog of PilU could also be identi ied (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: 3JVV 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-PilJ binding as determined in our previous study.  In an attempt to 

isolate mutants of PilT that retain twitching motility but no longer bind to PilJ, 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 PilJ 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 PilJ.  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 PilJ 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 PilJ not only by providing force during retraction and preventing the 

conformational change in PilT that allows for binding to PilJ, but by also blocking the 

binding site for PilJ 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 PilJ 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-PilJ 
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 identi ied (left), and 
genomes pooled by whether a homolog of PilU could also be identi ied (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: 3JVV 
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 PilJ 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  

Bio ilm formation begins when bacteria contacting a surface induce cellular 

changes to become better adapted for surface growth.  One of the irst 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 PilJ, 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 PilJ to increased 

production of cAMP.  We discuss these indings 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 PilJ, to mediate production of the second messenger 

cAMP.   
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2.3 Introduction 

Bio ilm 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 bio ilm mode of growth (1).  For many bacteria this initial surface contact is 

mediated through motility appendages such as type IV pili (T4P) or lagella (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 

lagellum either through changes in viscosity of the medium or by addition of 

antibodies speci ic to the lagellum (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 lagellum (77).  

Others have demonstrated that the lagellar 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 lagellum to 

sense and traverse surfaces (7, 13, 24, 82, 87).  One of the irst 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 lagellum 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) PilJ 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 PilJ likely 

detects phenyl soluble modulins via its periplasmic domain as a ligand to trigger 

signaling, a inding that strongly suggests that PilJ 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 PilJ-dependent manner is still an open question.  A 

previous study showed that the ligand binding domain (LBD) of PilJ is not required 

for surface-dependent cAMP production, although the extent of cAMP induction is 

signi icantly reduced relative to the WT (109).  One model to explain T4P-mediated 

surface signaling includes interactions between PilA-PilJ 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 bio ilm 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 PilJ.  We 

report here a strong relationship between the extent of PilT-PilJ interaction for PilT 

mutants that are defective in ATPase activity and the magnitude of cAMP signaling.  

For strains with all T4P proteins, we also ind 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 PilJ 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-PilJ signaling. Our data are consistent with a model in which PilT 

senses a surface through tension on the pilus iber and relays this signal, likely to PilJ, 

to modulate cAMP production.   
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2.4 Results 

PilU levels signi icantly 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 luorescent 

proteins, mKate2 and EYFP, under the control of two different promoters, PrpoD and 

PPaQa, respectively.  PPaQa has been shown to be regulated by Vfr in a cAMP dependent 

manner and an increase in PPaQa-eyfp expression is correlated with an increase in 

cAMP (76).  PrpoD-mKate2 is used to normalize the EYFP levels for microscopy and 

used to gate on cells containing the reporter for low 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 (∆cyaAB) and a mutant 

lacking the phosphodiesterase that degrades cAMP (∆cpdA), which leads to the 

accumulation of cAMP (Figure S1A,B).  After gating on single cells with PrpoD-mKate2 

signal, the mean EYFP intensity was recorded and normalized to the WT signal.  After 

ive hours of surface growth on M8 agar, cells were scraped up and analyzed on a low 

cytometer and as expected, the ∆cyaAB mutant showed reduced levels of the cAMP 

reporter compared to the WT, while the ∆cpdA 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, ∆cpdA, and ∆cyaAB 
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 quanti ication 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 
luorescence for WT as well as the ∆cpdA and ∆cyaAB 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 
quanti ication of the twitch zone diameter for each strain.  Data are from four 
biological replicates.  B.  Quanti ication of PaQa reporter as measured by low 
cytometry after 5 hours of growth on agar.  Data are from six biological replicates.  C.  
Quanti ication of the PaQa reporter as measured by low cytometry after 5 hours of 
growth for the WT and ∆pilU 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.  
Quanti ication 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 
signi icance was determined by one-way ANOVA followed by Tukey's post hoc test, 
**P≤0.001, ***P≤0.0001, ****P≤0.00001; ns, not signi icant.  
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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 ∆pilT∆pilU 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 ∆pilU 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, but is 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 ilament 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 ∆pilU strain should show increased cAMP but only on a surface, a inding 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-PTAC-pilU, and transformed this construct into the WT and ∆pilU mutant 

backgrounds with the PaQa reporter on the chromosome.  cAMP was measured via 

low cytometry with pilU expressed from a multi-copy plasmid for surface-grown 

bacteria (Figure 1C).  Western blots were performed con irming 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 

signi icantly lower than those with the vector control even in the absence of inducer.  

In the WT background, excess PilU signi icantly 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 ∆pilU 

mutant background.  Interestingly, the level of cAMP production in the WT and ∆pilU 

backgrounds with the PilU expression construct were both signi icantly reduced from 

WT but not signi icantly 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 ∆pilU 

backgrounds.  After 5 hours of surface growth, levels of cAMP were measured using 

low cytometry. Interestingly, expressing PilU-WA in the WT and  ∆pilU backgrounds 

signi icantly lowered cAMP to levels near that of the functional pilU allele (Figure 

S2A).  Western blots con irmed 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 signi icantly 

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 ∆pilU 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 ∆pilU 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 PilJ share a binding 

interface on PilT and PilU-WA overexpression blocks signaling to PilJ without aiding 

in T4P retraction.   
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Figure S2.2.  Expressing PilU-WA in the WT and ∆pilU background decreases 
twitching motility and cAMP.  A.  Quanti ication of the PaQa reporter as measured 
by low cytometry after 5 hours of growth for the WT and ∆pilU 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.   
Quanti ication 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.    Quanti ication of twitch zone diameters for WT and ∆pilU 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 ∆pilU 

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-signi icant increase in cAMP in strains containing the PilT- K136A 

expression vector relative to the empty vector control for the WT background (Figure 

S3, irst 3 bars).  While this negative result is dif icult 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 signi icant 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. Quanti ication 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 signi icant. B.  
Quanti ication 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 quanti ied by densitometry (Figure 2B).  As 

previously reported, alleles E204A and D31K showed decreased stability (or perhaps 

reduced antibody binding) (17).  We also observed a signi icant decrease in the level 

of the protein with the PilT-H229A variant.  The other alleles result in PilT levels that 

were reduced, but not signi icantly 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 irst histidine in the His-box reduced TM while mutating the 

second histidine completely abolished TM (H222A, H229A; 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.  Quanti ication 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 
quanti ication 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 irst 6 hours of bio ilm formation on the bottom of a glass bottom well 

was imaged using luorescence microscopy.  The average normalized luorescent 

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 signi icantly for measured cAMP level within the irst two hours.  

Throughout the time course, the ∆pilT (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).      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



61 
 

 

 

Figure 2.3.  Measuring cAMP levels in strains carrying mutations in pilT.  A.  
Graph depicting the average PPaQaYFP/PrpoDmKate per cell of selected strains during 
the irst 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% con idence 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 low 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 
PPaQaYFP/PrpoDmKate per cell of selected strains during the irst 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% con idence 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 

∆pilU 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 signi icant 

decrease in twitching and cAMP levels.  PilT-K58A, H222A, and T216R mutants 

displayed TM and cAMP not signi icantly 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 signi icantly different 

from the WT.  As an additional control we grew the ∆cpdA 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 PilJ 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 PilJ.  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 PilJ dependent.  Quanti ication of cAMP as measured by the 
PaQa reporter using low cytometry.  Data were analyzed by one-way ANOVA followed 
by Tukey’s post-test comparison.  *, P≤0.05, ns, not signi icant.  
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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 suf icient for surface-dependent cAMP induction 

(78).  This conclusion was reached based on the observation that a ∆pilU 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 (PBAD-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 PilJ 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 

in luencing 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, PilJ (29) (Figure 4A,B).  As a control we assessed binding 

between PilJ 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 in luence surface attachment through T4P (Figure S6 and 

Table 2).   We only detected robust interaction between PilT and PilJ, as well as the 

previously reported interaction between PilU and PilT (114).   
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Figure 2.4.  PilT interacts with PilJ.  A. Schematic depicting the components of the 
TFP and cAMP-signaling pathway.  B.  Quanti ication of the B2H interaction between 
T4P motor proteins and PilJ in Miller Units.  Shown are images of B2H colonies plated 
on X-gal plates (top of panel) and the interaction quanti ied (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 signi icant, ****, P<0.00001.  C.  Quanti ication of the level of interaction between 
different PilT mutants and PilJ 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 B2H.  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 (-) B2H controls are shown at the 
top of the igure. 
 



69 
 

To characterize this interaction with the pilT alleles described above, these 

mutants were cloned into the B2H system and the level of interaction with PilJ was 

measured via β-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 PilJ (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 irst plotted the diameter of the twitch zone for 

each PilT allele versus the level of cAMP for surface-grown cells as measured by low 

cytometry.  Analyzing these data with a linear model we observed a highly signi icant, 

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, 

signi icant relationship between cAMP levels and level of interaction between PilJ and 

PilT mutants that are completely or partially defective in ATPase activity (Figure 

5B)(17).   

As a control, we also quanti ied 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 ind any signi icant 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 speci ic to the PilT-PilJ 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 (R2=0.8565, Adjusted R2=0.8386, p-
value=0.0001232).  B.  A linear model depicting the relationship between level of PilT-
PilJ 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 R2=0.8902, p-value=0.01029).  
C.  Quanti ication 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 signi icant. D. Normalized luorescence 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 signi icant.   
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Figure S2.7.  PilU and PilT interaction strength and cAMP level.  A.  Quanti ication 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 signi icant 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 PilJ.  Furthermore, this 

association between interaction strength of these ATPase mutants with PilJ and cAMP 

signaling suggests a mechanism whereby PilT ATPase activity could be linked to PilJ-

mediated cAMP signaling, a possibility we discuss further below. 

 

Isolation of a mutation that disrupts PilJ-PilT interaction in E. coli using a B2H-

based screen.  

To attempt to further understand the interaction between PilT and PilJ, and to 

assess the impact of this interaction on the in luence 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 PilJ using a B2H-based assay.  A schematic 

describing the screening process can be found in Figure S8.  Brie ly, 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 PilJ construct and we picked white colonies indicating a loss of 

interaction with PilJ.  The PilJ 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 ∆pilT 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 PilJ using a plate-based B2H 

assay were sequenced.   
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Figure S2.8.  Isolating a mutation that disrupts PilT-PilJ interaction.  A schematic 
depicting the screening process to isolate functional pilT alleles that no longer bind to 
PilJ in the B2H assay.  The screen is described in detail in the main text. 
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The extent of interaction of PilJ with candidate PilT alleles was then quanti ied 

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 PilJ 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 signi icantly different 

from the WT (Figure 5D).  These data suggest that the relationship between PilT and 

PilJ interaction and cAMP signaling may be complex, or that for this allele, the lack of 

interaction is E. coli-speci ic, points we discuss below.   
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Figure S2.9.  Analysis of mutants from the genetic screen.  A. Quanti ication of the level 
of interaction between different PilT mutants and PilJ 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 quanti ied 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 quanti ication 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 signi icant.   
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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 cAMP 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 PilJ of the Pil-Chp system.  We 

then quanti ied the level of interaction between these PilT variants and PilJ using a 

B2H assay. A linear model showed a positive, signi icant correlation between cAMP 

level and twitching motility, and importantly, cAMP level and the strength or PilJ-PilT 

interaction for variants of PilT with known de iciencies in ATPase activity.  We 

interpret this latter inding to mean that ATP binding and hydrolysis is critical, not 

only for retraction activity, but for PilT to bind and transmit a signal to PilJ.  

Alternatively, PilJ 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 

low of information is from PilT to PilJ since the interaction strength between the PilT 

ATPase mutants and PilJ 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 PilJ 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 dif icult 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-PilJ 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 ∆pilU background still 

reduces cAMP to levels similar to the functional PilU suggests that PilU and PilJ may 

share a binding interface on the N-terminal of PilT.   
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Our model makes several predictions that have been con irmed 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 PilJ.  Second, the 

absence of PilU leads to elevated cAMP levels, a inding made by others and con irmed 

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 inding 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-PilJ interaction, 

we performed a genetic screen to identify PilT variants that could promote TM despite a 

defect in interaction with PilJ. This screen yielded two interesting indings.  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 

PilJ 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 PilJ 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-PilJ 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 indings 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 indings 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-de icient 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 PilJ to activate cAMP production (76).  Although we have previously shown no 

correlation between PilA-PilJ 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 iber 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, 

Decreased Closed Conformation, partial phage sensitivity.  

(17) 

K58A Increase in the Open Conformation, increased twitching, 

increased OOCOOCa hexamer conformation.  

(17) 

R123D Decreased stability of OOOOOO and CCCCCC hexamericb 

conformations 

(17) 

K136A(WA) Cannot bind ATP (70, 78) 

E204A (WB) Cannot hydrolyze ATP   (70) 

T216R Eliminates OOOOOO hexameric conformation (17) 

H222A Decreased twitching, phage sensitive, decreased retraction 

velocity, increase in falling off T4P complex  

(15, 59) 

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

 

aOOCOOC indicates open, open, closed, open, open, closed for the conformation of the 6 

hexamers of PilT. 

bOOOOOO 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 

pUT18C-  Interaction status with T25-PilT  Colony 

FimS - 
 

PilC - 

 

FimL - 

 

PilG - 

 

PilK - 

 

PilI - 

 

FimW - 

 

PilH - 

 

PilU + 
 

FimV - 

 

ChpE - 

 

ChpC - 
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ChpB - 
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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 λpir.  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 µg/ml for 

P. aeruginosa and 10 µg/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 MgSO4 (1mM), glucose (0.2%) 

and casamino acids (0.5%) was used for all assays (8).  Plasmids were induced with 

either 0.2% arabinose for PBAD promoter induction or 0.5 mM isopropyl-D-

thiogalactopyranoside (IPTG) was added to agar or liquid media for PTAC promoter 

induction unless otherwise stated.  -galactosidase activity from B2H assays was 

visualized using plates supplemented with 5-bromo-4-chloro-3-indolyl-β-D-

galactopyranoside (X-Gal; 40 μg/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 puri ied 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 puri ied 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, MgSO4, 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, MgSO4, 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 solidi ied 1% M8 agar to form a 

bacterial lawn.  After solidifying, 2ul of phage DMS3vir 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 PilJ 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-β-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 β-galactosidase assays were 

performed as previously described (151).   

 

Protein detection and quanti ication.  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 

luorescence detection with IR-Dye®-labeled luorescent secondary antibodies and 

imaged using the Odyssey CLx Imager (LICOR Biosciences, Inc., Lincoln, NE).  

Quanti ication 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 MgSO4 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 Cyto lex S.  FlowJo software version 

10.8.1 was used to gate on populations of single cells that had mKate luorescence.  

The EYFP luorescence from the PPaQa promoter was then measured on the gated 

population.  A work low of the gating strategy can be found in Figure S10.  For plots 

reporting the normalized luorescent intensity, the average PPaQa-eyfp value for each 

gated mutant subpopulation was normalized by the wild type value for that biological 

replicate.   
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Figure S2.10.  Gating strategy for low cytometry assays.  Single cells were irst 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, MgSO4, 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 ill a glass bottom 

chamber (Cellvis 8 chambered cover glass system).  The chamber was then mounted 

on a Nikon Ti Eclipse epi luorescence microscope in an environmental chamber set to 

37C.  Images of at least 3 FOV were taken every 5 minutes for the irst 8 hours of 

surface attachment.  Images were then analyzed using a python script, which can be 

found at https://github.com/GeiselBio ilm.   

 

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/GeiselBio ilm.   

 

Data Accessibility Statement. All code is available on Github at 

https://github.com/GeiselBio ilm. 
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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 
 

 

DH5α supE44 ∆lacU169(f80lacZ∆M15) hsdR17 thi-1 relA1 

recA1 

Life 

Technologies 

S17-1(λpir) thi pro hsdR- hsdM+ ∆recA RP4-2::TcMu-Km::Tn7 (153) 

BTH101 F-, cya-99, araD139, galE15, galK16, rpsL1 (Str r), 

hsdR2, mcrA1, mcrB1 

(151)Euromedex 

SM10 thi thr leu tonA lacY supE recA::RP4-2-Tc::Mu Km λpir (153) 

P. aeruginosa 

strains 

(SMC#) 

  

232 PA14 wild type (WT) (154) 

7302 ∆pilT; unmarked in-frame deletion (23) 

7304 ∆pilU; unmarked in-frame deletion (24) 

8856 ∆pilT∆pilU; unmarked in-frame deletion (78) 

9652 ∆pilT∆pilJ; unmarked in-frame deletions This study 

6707 ∆cyaA∆cyaB; unmarked in-frame deletions (24) 

6851 ∆cpdA; unmarked in-frame deletion (24) 

9462 PA14 attTn7::P1-lacZ, attB::PPaQa-eyfp, PrpoD-mKate2; 

Tetracycline-resistance (Tcr) cassette 

This study 
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9463 ∆pilU attB::PPaQa-eyfp, PrpoD-mKate2; Tcr This study 

9464 ∆pilT attB::PPaQa-eyfp, PrpoD-mKate2; Tcr This study 

9465 ∆pilT∆pilU attB::PPaQa-eyfp, PrpoD-mKate2; Tcr This study 

9466 ∆cpdA attTn7::P1-lacZ, attB::PPaQa-eyfp, PrpoD-mKate2; 

Tcr 

This study 

9467 ∆cyaA∆cyaB attTn7::P1-lacZ, attB::PPaQa-eyfp, PrpoD-

mKate2; Tcr; Tcr 

This study 

9653 pilT-D31K attTn7::P1-lacZ, attB::PPaQa-eyfp, PrpoD-

mKate2; Tcr 

This study 

9654 pilT-H44L attTn7::P1-lacZ, attB::PPaQa-eyfp, PrpoD-

mKate2; Tcr 

This study 

9655 pilT-K58A attTn7::P1-lacZ, attB::PPaQa-eyfp, PrpoD-

mKate2; Tcr 

This study 

9656 pilT-R123D attTn7::P1-lacZ, attB::PPaQa-eyfp, PrpoD-

mKate2; Tcr 

This study 

9665 pilT-K136A attTn7::P1-lacZ, attB::PPaQa-eyfp, PrpoD-

mKate2; Tcr 

This study 

9657 pilT-E204A attTn7::P1-lacZ, attB::PPaQa-eyfp, PrpoD-

mKate2; Tcr 

This study 

9658 pilT-T216R attTn7::P1-lacZ, attB::PPaQa-eyfp, PrpoD-

mKate2; Tcr 

This study 

9659 pilT-H222A attTn7::P1-lacZ, attB::PPaQa-eyfp, PrpoD-

mKate2; Tcr 

This study 

9660 pilT-H229A attTn7::P1-lacZ, attB::PPaQa-eyfp, PrpoD-

mKate2; Tcr 

This study 
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9661 PA14 attTn7::P1-lacZ, attB::PPaQa-eyfp, PrpoD-mKate2 This study 

9662 ∆pilU attB::PPaQa-eyfp, PrpoD-mKate2 This study 

9663 ∆pilT∆pilJ attB::PPaQa-eyfp, PrpoD-mKate2, Tcr This study 

9664 ∆pilT∆pilU attB::PPaQa-eyfp, PrpoD-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 

with arabinose-inducible gene expression system; 

Gentamycin-resistance (Gmr) cassette  

(155) 

pMQ30 Shuttle vector for cloning in yeat and allelic 

exchange in Gram-negatives; Gmr 

(155) 

miniCTX1 Suicide vector for integration into the Pseudomonas 

attB site on the chromosome; Tetracycline-

resistance (Tcr) cassette 

(147) 

pMQ56-mTn7 Suicide vector for insertion of the mini-Tn7 element 

from pUT18-mTn7-Gm into the attTn7 site on the 

chromosome of P. aeruginosa 

(78) 

pFLP2 For removal of antibiotic resistance cassettes 

flanked by FRT sites with Flipase; sacB for plasmid 

counterselection; Carbenicillin-resistance (Cbr) 

cassette 

(156) 

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

T18 fragment of cyaA, Cbr 

Euromedex  
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pUT18 BACTH vector for fusions with the N-terminus of the 

T18 fragment of cyaA, Cbr 

Euromedex 

pKT25 BACTH vector for fusions with the C-terminus of the 

T25 fragment of cyaA, Kanamycin resistance (Knr) 

cassette 

Euromedex 

pKNT25 BACTH vector for fusions with the N-terminus of the 

T25 fragment of cyaA, Kanamycin resistance (Knr) 

cassette 

Euromedex 

pKT25-zip BACTH positive control, leucine zipper of GCN4 

fused to T25, Knr  

Euromedex 

pUT18C-zip BACTH positive control, leucine zipper of GCN4 

fused to T18, Cbr 

Euromedex 

pVLT31 Vector for cloning in E. coli and P. aeruginosa with 

IPTG-inducible gene expression system; Tcr 

(157) 

pMQ72-pilT For arabinose-inducible expression of pilT in P. 

aeruginosa; Gmr 

This study 

pMQ72-pilT-H44L For arabinose-inducible expression of pilT-H44L in 

P. aeruginosa; Gmr 

This study 

pMQ72-pilT-H222A For arabinose-inducible expression of pilT-H222A in 

P. aeruginosa; Gmr 

This study 

pVLT31-pilU For IPTG-inducible expression of pilU in P. 

aeruginosa; Tcr 

This study 

pVLT31-pilU-

K136A(WA) 

For IPTG-inducible expression of pilU in P. 

aeruginosa; Tcr 

This study 

pKT25-pilT pilT gene cloned into pKT25; Knr This study 
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pKT25-pilT-D31K pilT-D31K gene cloned into pKT25; Knr This study 

pKT25-pilT-K58A pilT-K58A gene cloned into pKT25; Knr This study 

pKT25-pilT-K136A pilT-K136A gene cloned into pKT25; Knr This study 

pKT25-pilT-E204A pilT-E204A gene cloned into pKT25; Knr This study 

pKT25-pilT-H222A pilT-H222A gene cloned into pKT25; Knr This study 

pKT25-pilT-H229A pilT-H229A gene cloned into pKT25; Knr This study 

pKT25-pilT-H44L pilT-H44L gene cloned into pKT25; Knr This study 

pKT25-pilT-K45E pilT-K45E gene cloned into pKT25; Knr This study 

pKT25-pilT-H48R pilT-H48R gene cloned into pKT25; Knr This study 

pKT25-pilT-N87S pilT-N87S gene cloned into pKT25; Knr This study 

pKT25-pilT-N87D pilT-N87D gene cloned into pKT25; Knr This study 

pKT25-pilT-

D17G/E65K 

pilT-D17G/E65K gene cloned into pKT25; Knr This study 

pKT25-pilT-

M301T/R331H 

pilT-M301T/R331H gene cloned into pKT25; Knr This study 

pUT18-pilJ pilJ gene cloned into pUT18; Cbr  

pUT18C-fimS fimS gene cloned into pUT18C; Cbr This study 

pUT18C-pilC pilC gene cloned into pUT18C; Cbr This study 

pUT18C-fimL fimL gene cloned into pUT18C; Cbr This study 

pUT18C-pilG pilG gene cloned into pUT18C; Cbr This study 

pUT18C-pilK pilK gene cloned into pUT18C; Cbr This study 

pUT18C-pilI pilI gene cloned into pUT18C; Cbr This study 

pUT18C-fimW fimW gene cloned into pUT18C; Cbr This study 

pUT18C-pilH pilH gene cloned into pUT18C; Cbr This study 

pUT18C-pilU pilU gene cloned into pUT18C; Cbr This study 
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pUT18C-fimV fimV gene cloned into pUT18C; Cbr This study 

pUT18C-chpE chpE gene cloned into pUT18C; Cbr This study 

pUT18C-chpC chpC gene cloned into pUT18C; Cbr This study 

pUT18C-chpB chpB gene cloned into pUT18C; Cbr This study 

pMQ72-pilT-H44L For arabinose-inducible expression of pilT-H44L in 

P. aeruginosa; Gmr 

This study 

pMQ72-pilT-K45E For arabinose-inducible expression of pilT-K45E in 

P. aeruginosa; Gmr 

This study 

pMQ72-pilT-H48R For arabinose-inducible expression of pilT-H48R in 

P. aeruginosa; Gmr 

This study 

pMQ72-pilT-N87S For arabinose-inducible expression of pilT-N87S in 

P. aeruginosa; Gmr 

This study 

pMQ72-pilT- 

M301T/R331H 

For arabinose-inducible expression of pilT-

M301T/R331H in P. aeruginosa; Gmr 

This study 

miniCTX1-PaQa For integration of the PaQa reporter into the attB 

site of the chromosome of P. aeruginosa. PPaQa-eyfp, 

PrpoD-mKate2 

This study 

pMQ56-mTn7-P1-

lacZ 

For integration of the cAMP transcriptional reporter 

into the attTn7 site on the chromosome of P. 

aeruginosa.  P1-lacZ 

(78) 

pMQ30-pilT-D31K For performing allelic exchange at the native locus 

of the pilT gene in P. aeruginosa PA14 to introduce 

the mutation pilT-D31K 

This study 
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pMQ30-pilT-H44L For performing allelic exchange at the native locus 

of the pilT gene in P. aeruginosa PA14 to introduce 

the mutation pilT-H44L 

This study 

pMQ30-pilT-K58A For performing allelic exchange at the native locus 

of the pilT gene in P. aeruginosa PA14 to introduce 

the mutation pilT-K58A 

This study 

pMQ30-pilT-R123D For performing allelic exchange at the native locus 

of the pilT gene in P. aeruginosa PA14 to introduce 

the mutation pilT-R123D 

This study 

pMQ30-pilT-E204A For performing allelic exchange at the native locus 

of the pilT gene in P. aeruginosa PA14 to introduce 

the mutation pilT-E204A 

This study 

pMQ30-pilT-T216R For performing allelic exchange at the native locus 

of the pilT gene in P. aeruginosa PA14 to introduce 

the mutation pilT-T216R 

This study 

pMQ30-pilT-H222A For performing allelic exchange at the native locus 

of the pilT gene in P. aeruginosa PA14 to introduce 

the mutation pilT-H222A 

This study 

pMQ30-pilT-H229A For performing allelic exchange at the native locus 

of the pilT gene in P. aeruginosa PA14 to introduce 

the mutation pilT-H22A 

This study 

pMQ30-pilT-K136A For performing allelic exchange at the native locus 

of the pilT gene in P. aeruginosa PA14 to introduce 

the mutation pilT-K136A 

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 GGGCCTGATCAGCCACGAGAATGCCCGCGAGAAGG 

R331H_pilT_R CCTTCTCGCGGGCATTCTCGTGGCTGATCAGGCCC 

YFP_K213E_F gcaaactgtctaaagacccgaacgaaaaacgtgaccacatgg 

YFP_K213E_R ccatgtggtcacgtttttcgttcgggtctttagacagtttgc 

LBB2H_pT_5' GCGTCTAGAGATGGATATTACCGAGCTGCTCG 

LBB2H_pT_3' GCGGGTACCTCAGAAGTTTTCCGGGATCTTC 

LBB2H_pU_5' GCGTCTAGAGATGGAATTCGAAAAGCTGCTGC 

LBB2H_pU_3' GCGGGTACCGCTGGCCTACTGAAGACGGT 

LBB2H_pC_5' TATATAACTCTAGAGATGGCGGACAAAGCGTTAAAAACCAG 

LBB2H_pC_3' TATATATGGAATTCGTTATCCGACGACGTTGCCGA 

LBB2H_pB_5' TATATATATCTAGAGATGAACGACAGCATCCAACTG 

LBB2H_pB_3' TATATATAGAATTCGTTAATCCTTGGTCACGCGGTT 

K58A_pilT_F 

gatctaCGACATCATGAACGACgcGCAGCGCAAGGACTTCGAGGAA

TTCC 

K58A_pilT_R 

GGAATTCCTCGAAGTCCTTGCGCTGCgcGTCGTTCATGATGTCGT

AGATC 

H229A_pilT_F cctGGTATTCGGCACCCTGGCCACCACCTCGGCGGCGAAGACC 

H229A_pilT_R GGTCTTCGCCGCCGAGGTGGTggcCAGGGTGCCGAATACCAGG 
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30pT_1 CGAATTCGAGCTCGGTACCCCCACGGCCTCGGCGTTGGAC 

30pT_6 

GTCGACTCTAGAGGATCCCCCGAACACAGCACCCTGCAACTGGA

AACC 

30pT_7 GTCGACTCTAGAGGATCCCCCCAGACCAACTCGACCCGCC 

30pT_2COR GAGCAGCTCGGTAATATCCAT 

30pT_3COR ATGGATATTACCGAGCTGCTC 

30pT_4COR GAAGTTTTCCGGGATCTTCGC 

30pT_5COR GCGAAGATCCCGGAAAACTTC 

pilT_D31K_F_COR 

CCGCCCATGATCCGGGTGAAGGGCGATGTACGCCGGATCAACCT

GCC 

pilT_D31K_R_COR 

GGCAGGTTGATCCGGCGTACATCGCCCTTCACCCGGATCATGGGC

GG 

72RBS_pilT5' gGTACCgaaggagatatacatATGGATATTACCGAGCTGCTCGC 

72RBS_pilT3' ccaaaacagccaAGCTTTCAGAAGTTTTCCGGGATCTTCGCC 

18C_pilC_XbaI_5' TATATAACTCTAGAGatggcggacaaagcgttaaagacc 

18C_pilC_EcoRI_3' TATATATGGAATTCGTTAcacaacggaacccagttggaagatcg 

72toVLT31_Gib1_5' CAGAATTCGAGCTCGGTACCctactgtttctccatacccgtttttttg 

72toVLT31_Gib2_5' ACACAGGAAACAGAATTCGGctactgtttctccatacccgtttttttg 

PaQaRpoD_CTX1_A ctagaactagtggatccccctaataaccaggcatcaaataaaacgaaaggctc 
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PaQaRpoD_CTX1_B2 atatcgaattcctgcagccgcggccgcaaaaggaaaagatc 

72rbs_pT_5' 

TcgagctcggtacccCAGGAGGAATTTTCCATGGATATTACCGAGCTG

CTCGC 

72rbs_pT_3' CgactctagaggatcccctcaGAAGTTTTCCGGGATCTTCgc 

T18C_ imL_5' CGACTCTAGAGGATCCCCGGatggtcacaggagccacgtc 

T18C_ imL_3' AATTCGAGCTCGGTACCCTggcggccaccggcag 

T18C_pilK_5' CGACTCTAGAGGATCCCCGGatgcaggcgaacggcgtc 

T18C_pilK_3' AATTCGAGCTCGGTACCCTtgtgcctgagtaccccttacg 

T18C_chpB_5' CGACTCTAGAGGATCCCCGGatgagtgagcgcgccac 

T18C_chpB_3' AATTCGAGCTCGGTACCCTtgtttcgactcctgtcggcg 

T18C_ imW_5' CGACTCTAGAGGATCCCCGGatggaaaaccagagcccccac 

T18C_ imW_3' AATTCGAGCTCGGTACCCTcagagacttccagagcgagtcaaaatc 

VLT31rbs_pilU_5' 

TTCGAGCTCGGTACCCCAGGAGGAATTTTCCatggaattcgaaaagct

gctgc 

VLT31rbs_pilU_3' CGACTCTAGAGGATCCCCtcagcggaagcgccg 

T18C_pilG_5' CGACTCTAGAGGATCCCCGGatggaacagcaatccgacggt 

T18C_pilG_3' AATTCGAGCTCGGTACCCTggaaacggcgtccaccg 

T18C_pilH_5' CGACTCTAGAGGATCCCCGGatggctcgtattttgattgttgatgact 
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T18C_pilH_3' AATTCGAGCTCGGTACCCTgcccgccagcaccg 

T18C_pilC_L_5' CGACTCTAGAGGATCCCCGGatggcggacaaagcgttaaagac 

T18C_pilC_S_5' CGACTCTAGAGGATCCCCGGatgctggtgaaggctcaactg 

T18C_pilC_3' AATTCGAGCTCGGTACCCTcacaacggaacccagttggaag 

T18C_pilU_5' CGACTCTAGAGGATCCCCGGatggaattcgaaaagctgctgcg 

T18C_pilU_3' AATTCGAGCTCGGTACCCTgcggaagcgccgg 

T18C_pilI_5' CGACTCTAGAGGATCCCCGGatgtcggacgttcagaccc 

T18C_pilI_3' AATTCGAGCTCGGTACCCTtacggcgacgtcgagga 

T18C_chpC_5' CGACTCTAGAGGATCCCCGGatgaaccaggccgtgatcgag 

T18C_chpC_3' AATTCGAGCTCGGTACCCTgatcaggccggcgtcg 

T18C_chpD_5' CGACTCTAGAGGATCCCCGGatggccggcctgcaac 

T18C_chpD_3' AATTCGAGCTCGGTACCCTgccgcgcacagcg 

T18C_chpE_5' CGACTCTAGAGGATCCCCGGatgctcgccatcttcctcg 

T18C_chpE_3' AATTCGAGCTCGGTACCCTcagcccgcgcagc 

QC_pilT_R123D_5' CGTGTTTCAGACGTCCCGgaCGGGCTGGTACTGGTCACCG 

QC_pilT_R123D_3' CGGTGACCAGTACCAGCCCGtcCGGGACGTCTGAAACACG 

QC_PilU_K136A_fwd  GCGCCACCGGCACCGGCgcGTCCACCTCGCTGGCGGC 

QC_PilU_K136A_rev GCCGCCAGCGAGGTGGACgcGCCGGTGCCGGTGGCGC 
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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 irst show that mutating the lagellum (D lgK 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 D lgK 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 bio ilm formation by this opportunistic pathogen.  Here we 

present the direct measurement of the bacteria-surface adhesive force mediated by 

these two extracellular, bio ilm-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. 
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3.3 Introduction 

P. aeruginosa is an important opportunistic pathogen with the ability to form 

bio ilms in a variety of contexts, including on medical impacts and in the context of 

chronic infections such as cystic ibrosis and diabetic wounds (159-163).  A number 

of factors have been identi ied that contribute to bio ilm 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 bio ilm 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 bio ilm-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 inding 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 bio ilm formation 

(168, 169, 183).  Thus, it was possible that we observed combined adhesive forces of 

the TFP with Pel.  Furthermore, the lagellum has been implicated in early bio ilm 

formation and surface sensing for P. aeruginosa (164, 184).  To address the relative 

contribution of all of these factors we examined mutants defective in lagellar 

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

The ∆ lgK mutant shows a robust increase in Pel polysaccharide production as 

assessed by the Congo red (CR) assay (Figure 1a).  Furthermore, mutating the lgK 

gene, which blocks synthesis of the lagellar hook and ilament, as expected, results in 

a strain that is defective for swimming and swarming motility, and bio ilm 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 bio ilm formation 



113 
 

(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 ∆ lgK mutant shows the TFP (Figure 2b,left, inset).The 

maximum adhesion force (~250pN) and maximum rupture length (~1500 nm) of the 

∆ lgK 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 Δ lgK mutant. Shown are two independent replicates 
(a,b) of the adhesion force and rupture distance histograms for multiple cells of the 
Δ lgK mutant on a hydrophobic surface. This strain lacks a functional lagellum.   Inset: 
representative image of the Δ lgK mutant.    
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We next addressed the impact of mutating Pel polysaccharide production.  The 

lack of motility with the Δ lgK provides an advantage in terms of reducing cell 

movement and eliminating any contribution of the lagellum to cell-to-substratum 

adhesion, so we examined the loss of Pel in the Δ lgK 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 Δ lgK ΔpelA 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 
Δ lgKΔpelA double mutant on a hydrophobic surface. This strains lacks a functional 
lagellum 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 Δ lgK ΔpilA 

double mutant.  This strain is still capable of producing the Pel polysaccharide, but at 

levels less than Δ lgK mutant (Figure 1a).  This strain lacks the TFP as well as the 

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

AFM analysis of the Δ lgK ΔpilA double mutant revealed two key indings.  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 lat 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 Δ lgKΔpilA 
double mutant on a hydrophobic surface.  This strains lacks a functional lagellum 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 lagellum, TFP and Pel polysaccharide, there are other factors that 

contribute to early attachment events by P. aeruginosa.  As shown in Figure 5, the 

Δ lgKΔpilAΔpelA 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 
Δ lgKΔpilAΔpelA triple mutant on a hydrophobic surface. This strains lacks a 
functional lagellum and the ability to produce the Pel polysaccharide.  This strains 
lacks a functional lagellum, and the ability to produce theTFP and Pel polysaccharide.  
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 lagellum, TFP and/or 

Pel EPS on early surface interactions, allowing us to re ine our model of factors driving 

interaction of P. aeruginosa PA14 with a surface (Figure 6).  Using the D lgK 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 lagellum 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 

D lgKDpilADpelA 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. 

 

 

 

 

 

 

 



123 
 

 

 

 

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 bio ilm 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 D lgKDpilA 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 

lat, uniform bio ilm compared to the typical “mushroom-like” colony bio ilm 

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 bio ilm 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 bio ilm 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 

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

An important implication of our indings 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 dif icult 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 indings 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 Δ lgK (SMC5845; (185)), 

Δ lgKΔpelA (SMC7297; (185)), Δ lgKΔpilA (SMC6595), and Δ lgKΔpelAΔpilA 

(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), bio ilm (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   

SMC6595 Δ lgK ΔpilA This study 

SMC7296 Δ lgK ΔpilA ΔpelA (185) 

SMC7297 Δ lgK ΔpelA  (185) 

SMC5845 Δ lgK (37) 
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Chapter 4  

 

 

Final Conclusions and Outlook 
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Final Conclusions 

Bio ilms 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 bio ilm mode of growth was irst 

described by Henrici and then later by Zobell and Allen in the 1930s but it wasn't until 

the 1980's that the ield as a whole gained insight into how these microorganisms 

were actually able to sense a surface in order initiate the bio ilm lifestyle (142, 143, 

201, 202).  By manipulating the viscosity of liquid medium researchers were able to 

generate multi- lagellated 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 bio ilm-associated phenotypes 

indicating that the obstruction of these motility appendages were allowing cells to 

sense the surface and initiate the bio ilm 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.  

I demonstrate that the type IV pili retraction motor of PilT senses and transmits a 

surface signal culminating in cAMP production.  I 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 PilJ.  We also show that Pel can 

signi icantly enhance T4P retractive forces on abiotic surfaces. Below I discuss three 

main conclusions and future directions: 

 

 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 PilJ on a Cobalt-NTA column.  After eluting the 

solution should then be probed for the presence of PilT using our α-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 de icient 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 irst perform error-prone PCR on the PilT sequence, clone the 

mutagenized pilT sequences into a Pseudomonas-speci ic expression vector, 

and then transform this pool of pilT mutants into the P. aeruginosa PA14 

∆pilTU 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 ∆pilT 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-PilJ interaction 

strength.  The frequency and amplitude of c-di-GMP oscillations within single 

cells during bio ilm 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 bio ilm 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 PilJ should be performed.  To generate stable alleles 

of PilT with varying degrees of PilJ interaction, NNK mutagenesis should be 

performed on the PilT-PilJ interaction residues identi ied 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 puri ied 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 luorescent 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 bio ilm formation.   
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Outlook  

It has been nearly 25 years since bacterial lagella were irst demonstrated to 

be capable of sensing a mechanical load on the lagellar ilament (142).  By 

manipulating culture conditions either through the change in viscosity or the addition 

of antibodies speci ic to the lagellum, phenotypes associated with surface growth 

were able to be achieved in liquid conditions.  Since then, the ield of bacterial surface 

sensing has grown tremendously (142, 143).  Recently, several surface sensing studies 

that use polar monotricious lagellates 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 lagellar 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 lagellum lead to bio ilm related phenotypes, speci ically the 

production of EPS or a holdfast.  In V. cholerae, deleting the lagellin gene laA leads to 

a rugose colony morphology due to the increased expression of vps genes responsible 

for regulating EPS production (57).  In P. aeruginosa, deletion of the lagellin gene liC 

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, lagellar 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 lagellar mutants are dependent on functional stator units.  In 

order for stators to function in lagellar torque generation they must irst be able to 

bind the ion whose gradient it uses to power lagellar 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 lagella 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 lagellar torque.  Disruption of either of these critical stator interactions also 

eliminates the overproduction of EPS in these backgrounds.  In V. cholerae , mutating 

the lagellar components that aid in stator binding of the peptidoglycan, MotX, 

eliminates the EPS overproduction of lagellar 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 lagellar 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 

lagellum interacts with a surface (56).  In V. cholerae , three different DGCs, CdgA, 

CdgL, and CdgO, all contribute to the lagellum dependent increase in c-di-GMP (57).  

P. aeruginosa has several DGCs shown to in luence c-di-GMP levels in liC 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 lagellar rotation has been 

shown to lead to stator diffusion out of the lagellum 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 lagellar mediated surface sensing have been well 

documented, a less appreciated facet of the lagellar mutations in these organisms are 
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their effect on the function or regulation of the other surface sensing appendage 

responsible for bio ilm formation in these organisms: type four ilaments.  For V. 

cholerae, mutating the lagellin 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 lagellar 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 lagellar-mediated motility like swarming (208).  Finally in 

C. crescentus, deleting either the lagellin or the lagellar hook protein results in 

reduction in Tad (T4cP) pilus synthesis due to reduced transcription of tad pili genes 

(209).  Just like the similarities in lagellar-mediated signaling among these three 

organisms, there also exists regulatory links between these two motility appendages 

to coordinate surface behavior and bio ilm formation.  Below I will propose 

experiments to elucidate the mechanisms by which T4P and the lagellum of P. 

aeruginosa coordinate their efforts during surface attachment in order to build a 

robust bio ilm.  

      One well studied mechanism by which T4P can be in luenced by lagella is through 

manipulating levels of the second messenger c-di-GMP.  The lagella 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 ilament 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 
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is associated with Tad pili retraction, although the exact mechanism by which c-di-

GMP in luence CpaF remains unknown (77, 212).   

Clearly c-di-GMP from lagellar mediated-surface sensing can in luence 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 

lagellar 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 lagellum in MotAB and FlhF dependent manner (102).  Furthermore, 

mutations in the lagellum 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 lagellum and require the structural polar hub protein FimV as well as 

FlhF.  By deleting the regulator of lagellum number, FleN, the cell produces multiple 

polar lagella 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 lagella and/or pili regulate each other’s activity 

through cAMP and c-di-GMP, a dual luorescent 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.  I would 

irst establish that a ∆ leN overproduces cAMP as measured by our luorescent 

reporter and that this strain twitches above or near that of WT.  These indings would 

establish another mechanism by which a lagellar mutation in luences T4P activity for 

P. aeruginosa.  
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      To identify the mechanisms by which the lagellum contributes to cAMP 

production during surface contact I propose performing the following genetic screen.  

Using the ∆ leN 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 ∆ leN background.  Before WGS, the imV, lhF, cyaA, and cyaB 

genes can be sequenced irst 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+FlhF(GDP)+ lagellum 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 imV and lhF with cyaB and look for an interaction in the 

B2H system.  If we observe an interaction we could co-express both imV and lhF in 

the same cell with cyaB to assess if there is enhanced interaction with CyaB, indicating 

that FlhF 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 

leN mutant background and determine if this mutant no longer overproduces cAMP.   

I am currently working on generating control plasmids for the dual reporter to 

generate a compensation matrix for low cytometry and sorting experiments.  I am 

also in the process of generating the leN mutation as well as other mutations known 



145 
 

to affect surface mediated c-di-GMP or cAMP production such as tsaP, imW, and lhF-

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 signi icantly 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 lagellar biosynthesis 

and has recently been shown to associate with FliG of the lagellar C-ring and FimV 

when bound to GDP.  Binding of FliG and FimV leads to the cessation of lagellar 

rotation for surface bound P. aeruginosa.  The GDP bound state can be mimicked by 

generating the FlhF-R251G mutation which leads to constitutive binding of FliG and 

FimV and no lagellar rotation (33).  I will introduce this mutation into PA14 and see 

if there is an overproduction of cAMP like in the leN 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 bio ilm.    T4P and lagella 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 lagella 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 

in luence each other to produce a bio ilm over multiple generations and across an 

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

 

 

Bio ilm, cAMP, and c-di-GMP measurements for single 

point mutants in type IV pili that restore twitching motility 

in the mPAO1 ∆pilU 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 ∆pilU 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 iber and involved in surface 

sensing, pilY1, were able to restore twitching motility.  To further characterize these 

mutations in bio ilm formation and surface sensing, I transformed the cAMP and c-di-

GMP luorescent reporter plasmids discussed in chapters 2.  I then looked at bio ilm 

levels, cAMP, and c-di-GMP levels during surface attachment in these strains.  Bio ilms 

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 OD550 

(n=6).  For cAMP and c-di-GMP measurements, strains were prepared as described in 

Chapter 2.  Brie ly, after a 3 hour liquid subculture in M8 medium, cells were grown 

on M8 agar for ive hours before being harvested and measured on a low 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 signi icant 

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 bio ilms.  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 ∆pilU backgrounds. 
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Figure A1.1.  Bio ilm formation by WT and suppressor mutants for twitching motility 
in the ∆pilU background. Bio ilm 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 ∆pilU background.  cAMP was measured using plasmid 
based PaQa luorescent reporter transformed into each strain.  Fluorescence was measured 
using low 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 ∆pilU background.  c-di-GMP was measured 
using plasmid based PcdrA-gfp luorescent reporter transformed into each strain.  
Fluorescence was measured using low 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 ∆pilU background.   
 

 

 

Figure A1.5.  Linear mixed model describing the relationship between cAMP 
and c-di-GMP during the irst 6 hours of surface growth for WT and suppressor 
mutants for twitching motility in the ∆pilU background.  There is a signi icant 
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 luorescence intensities representing cAMP 
levels for 50,000 cells of each strain as measured by low 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 kinetics during surface adaptation for PA14 and 

mPAO1 WT and ∆pilU 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 ∆pilU 

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 

∆pilU 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-

Vfr.   
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Figure A2.1.  cAMP levels for 50,000 cells of PA14-WT during the irst six hours 
of surface growth.  Fluorescence intensities were measured by low cytometry as 
previously described in Chapter 2. On the left is the distribution of luorescence 
intensities at each time point.  On the right is the average luorescence intensity of the 
population plotted for 2 to 6 hours of surface growth.   
 

 

Figure A2.2.  cAMP levels for 50,000 cells of PA14-∆pilU during the irst six hours 
of surface growth.  Fluorescence intensities were measured by low cytometry as 
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previously described in Chapter 2. On the left is the distribution of luorescence 
intensities at each time point.  On the right is the average luorescence intensity of the 
population plotted for 2 to 6 hours of surface growth.   
 

 

Figure A2.3.  cAMP levels for 50,000 cells of mPAO1-WT during the irst six 
hours of surface growth.  Fluorescence intensities were measured by low 
cytometry as previously described in Chapter 2. On the left is the distribution of 
luorescence intensities at each time point.  On the right is the average luorescence 

intensity of the population plotted for 2 to 6 hours of surface growth.   
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Figure A2.4.  cAMP levels for 50,000 cells of mPAO1-∆pilU during the irst six 
hours of surface growth.  Fluorescence intensities were measured by low 
cytometry as previously described in Chapter 2. On the left is the distribution of 
luorescence intensities at each time point.  On the right is the average luorescence 

intensity of the population plotted for 2 to 6 hours of surface growth.   
 

 

Figure A2.5.  cAMP levels for mPAO1-WT and ∆pilU as well as PA14-WT and ∆pilU 
after 2 hours of surface growth.  Fluorescence intensities were measured by low 
cytometry as previously described in Chapter 2. On the left is the distribution of 
luorescence intensities of each strain at 2 hours.  On the right is the average 
luorescence intensity of the population plotted for 2 hours of surface growth.   
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Figure A2.6.  cAMP levels for mPAO1-WT and ∆pilU as well as PA14-WT and ∆pilU 
after 3 hours of surface growth.  Fluorescence intensities were measured by low 
cytometry as previously described in Chapter 2. On the left is the distribution of 
luorescence intensities of each strain at 3 hours.  On the right is the average 
luorescence intensity of the population plotted for 3 hours of surface growth.   

 

 

Figure A2.7.  cAMP levels for mPAO1-WT and ∆pilU as well as PA14-WT and ∆pilU 
after 4 hours of surface growth.  Fluorescence intensities were measured by low 
cytometry as previously described in Chapter 2. On the left is the distribution of 
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luorescence intensities of each strain at 4 hours.  On the right is the average 
luorescence intensity of the population plotted for 4 hours of surface growth.   

 

 

Figure A2.8.  cAMP levels for mPAO1-WT and ∆pilU as well as PA14-WT and ∆pilU 
after 5 hours of surface growth.  Fluorescence intensities were measured by low 
cytometry as previously described in Chapter 2. On the left is the distribution of 
luorescence intensities of each strain at 5 hours.  On the right is the average 
luorescence intensity of the population plotted for 5 hours of surface growth.   
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Figure A2.9.  cAMP levels for mPAO1-WT and ∆pilU as well as PA14-WT and ∆pilU 
after 6 hours of surface growth.  Fluorescence intensities were measured by low 
cytometry as previously described in Chapter 2. On the left is the distribution of 
luorescence intensities of each strain at 6 hours.  On the right is the average 
luorescence 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 lagellar mediated motility, swim and 

swarm assays were performed to quantify the extent of lagellar 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 lagellar mediated motility 

while deleting the lone cAMP phosphodiesterase eliminates swimming and 

swarming.  These data indicate that mutations affecting T4P or cAMP can 

signi icantly 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).   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



171 
 

Appendix 4  

 

cAMP for lagellar and stator mutants in PA14  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



172 
 

 

In order to determine how lagellar mutations affect levels of cAMP for surface grown 

cells, cAMP was measured using low cytometer and the genomic encoded PaQa 

reporter as previously described in Chapter 2.  Mutating FimV or FlhF resulted in 

decreased cAMP for surface grown cells but mutating the hook associated protein, 

FlgK, or the lagellar ilament, FliC, or the stators, MotABCD, did not signi icantly affect 

cAMP levels for surface grown cells.   
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Figure A4. cAMP levels for surface grown lagellar mutants.   
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Appendix 5  

 

Investigating the mechanism of lagellar-mediated surface 

sensing by Pseudomonas aeruginosa PA14 
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Introduction 

Bacterial bio ilms were irst 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 irst step in the transition 

from free swimming planktonic cells to the bio ilm mode of growth is the microbe 

contacting the surface and relaying this input signal to the cell to initiate the bio ilm 

mode of growth, a process known as “surface sensing” (5, 34).   

Many bacteria rely on motility appendages such as lagella and type IV pili to 

sense and traverse surfaces (55).  These molecular machines have been shown to be 

necessary for proper bio ilm 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 lagellum 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 speci ic to the lagellum, surface-associated 

phenotypes were achieved during liquid culture conditions (142, 143) indicating that 

it is the interference in bacterial lagellum function that is the proximal means 

whereby microbes detect surface engagement.  

Bacterial lagella are used to propel the cell body in both liquid and across 

surfaces (8-10).    A lagellum is composed of hook-basal-body (HBB) structure that 

spans the cellular envelope in bacteria.  A hook and lagellar ilament 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 lagellar ilament (217-219).  

This conversion of chemical potential to lagellar torque is achieved by stator units 

that can dynamically bind and dissociate from the lagellar 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 lagellum.  Upon 

incorporation into the lagellum, the inner dimer binds the peptidoglycan (PG) layer, 

unplugging the ion channel within the stator unit, which allows for ion low 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 lagellum via 

electrostatic interactions with FliG (222).  It has been demonstrated that when lagella 

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 low also prevent recruitment of stator units 

to the lagellum machinery, so it is unclear if the effects of such mutations is due to 

lack of ion low or stator recruitment (47).   

Recently, studies using different polarly lagellated, monotrichous bacteria 

have revealed striking similarities in the mechanism by which they use their lagellum 

to sense surfaces (57, 203, 205, 206).  Vibrio cholerae, Caulobacter crescentus and 

Pseudomonas aeruginosa have all been used as model organisms to study lagellar-

mediated surface sensing and bio ilm initiation.  One similarity is that mutating the 

genes required for lagellar biosynthesis results in surface-associated phenotypes 

such as exopolysaccharide (EPS) over-production.  For lagellar 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 lagellum to sense and traverse surfaces.  

Unlike other microbes, the lagella 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 lagellum, leading to shutdown of lagellar rotation while 

stimulating c-di-GMP production (12).  These data indicate that the lagella, 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 lagellar 

ilament liC, 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 liC 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 lagella-mediated surface sensing in 

P. aeruginosa have been identi ied, the mechanism by c-di-GMP is initially increased 
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due to surface contact by the lagellum remains a mystery.  Here we use a combination 

of genetic screens and phenotypic assays to investigate how P. aeruginosa uses its 

lagellum to sense a surface.    

 

Results  

A recent publication from our lab demonstrated that a lagellar mutation in the hook 

associated protein, FlgK, in the PA14 P. aeruginosa background has a similar 

phenotype to the liC mutation (208).  When plated on Congo Red agar (CR), lgK 

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 lgK 

background via random transposon mutagenesis or by targeted deletion and plated 

them on CR agar.  We identi ied 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 lagellar 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 lgK 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 

lgK 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 lagellar 
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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 lgK background.   

Of the cellular components shown to be important for increased c-di-GMP and 

CR in the lgK 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 identi ied 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 lgK 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 lgK 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 IV 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 λpir.  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 µg/ml 

for P. aeruginosa and 10 µg/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 MgSO4 (1mM), glucose 

(0.2%) and casamino acids (0.5%) was used for all assays (8).   Plasmids were induced 

with either 0.2% arabinose for PBAD 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 



181 
 

using QuikChange site-directed mutagenesis and cloned into expression vectors 

pMQ72 or pVLT31.  

 

Transposon mutagenesis and identi ication of integration site.  Transposon 

mutants were generated with the Mariner transposon as previously described (226, 

227).  Brie ly, E. coli S17 harboring the pBT20 plasmid harboring the Mariner 

transposon was co-incubated with P. aeruginosa PA14 ∆ lgK on LB agar for 1 hour for 

conjugation to occur at 30oC.  Cells were then scraped-up, diluted, and plated on LB 

agar plates supplemented with 30 µg/ml Gm, 20 µg/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 ∆ lgK strain were selected and 

con irmed with a second round of plating on Congo Red agar with selection.  After 

con irmation 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-β-d-

galactopyranoside) (40 g/mL) and IPTG (isopropyl-d-thiogalactopyranoside) 
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(0.5 mM) and incubated at 30oC 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.  Quanti ication 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).  Brie ly, 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 37oC 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 37o C 

for 16 to 18 hours.  No more than two plates were stacked together.  Swim zones were 

then imaged and quanti ied using ImageJ.    

 

Protein detection and quanti ication.  Proteins were transferred to a nitrocellulose 

membrane and probed with antiserum.  Proteins were detected using luorescence 

detection with IRDye-labeled luorescent 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 MgSO4 (1mM) and incubated at 37oC until 

an OD of 0.5 was reached (~3h).  Gm, Tet, IPTG, or arabinose was added to the liquid 

medium when indicated.  200 µl of the culture was then spread on M8 agar plates and 

incubated at 37oC for.  Cells were then harvested, washed, diluted, and analyzed on a 

Biorad 27-color YETI low cytometer.  FlowJo software v.10.8.1 was used to measure 

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

ppK 
Polyphosphate kinase – responsible for the synthesis of inorganic 
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 

ptsP 
phosphoenolpyruvate protein phosphotransferase, downstream gene 
(PA14_04420) has PAS/GGDEF domain, enhanced CR 

h lX 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 

retS 
regulator of EPS & T3SS, Part of Gac-Rsm pathway, (inhibits GacS 
autophos and dephos gacS, inhibit dimerization)  

PA14 72870 aminotransferase, biosyn of secondary metabolites,  

PA14 08600 23S rRNA,  

PA14 08570 16S rRNA 

pelA glycohydrolase 

orfN 
(NAD dependent epimerase/dehydrase), glycosylation, group 4 glycosyl 
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  

PA14_40660 
Tse1, amidase activity, (Pa T6SS effector, hydrolase, PDB: 3VPI, complex 
with immune protein Tsi1 

PA14_32820 PA2462 from PAO1 

PA14_70870 5s rRNA 

PA14_30100 50S ribosomal protein L16 3-hydroxylase 

sodM superoxide dismutase  

PA14_57570 

cytochrome c reductase, iron-sulfur subun, ubiquinol-cytochrome-c 
reductase, Ubiquinol—cytochrome-c reductase catalyzes the chemical 
reaction 
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QH2 + 2 ferricytochrome c ⇌ \rightleftharpoons Q + 2 ferrocytochrome 
c + 2 H+ 

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 lagellar mutants.  
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Figure 2.  Bacterial Adenylate Cyclase Two Hybrid Interactions between SadC, RoeA, 
and PilO.  
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Appendix 6 

 

Nonmotile Subpopulations of Pseudomonas aeruginosa 

Repress Flagellar Motility in Motile Cells through a Type IV 

Pilus- and Pel-Dependent Mechanism 
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Appendix 7 

 

The accumulation and growth of Pseudomonas aeruginosa 

on surfaces is modulated by surface mechanics via cyclic-

di-GMP signaling 
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