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Abstract 27 

 Surface sensing is a key aspect of the early stage of biofilm formation.  For P. 28 

aeruginosa, the type IV pili (TFP), the TFP alignment complex and PilY1 were shown to play a 29 

key role in c-di-GMP signaling upon surface contact.  The role of the flagellar machinery in 30 

surface sensing is less well understood in P. aeruginosa.  Here we show, consistent with 31 

findings from other groups, that a mutation in the gene encoding the flagellar hook protein 32 

(ΔflgK) or flagellin (ΔfliC) results in a strain that overproduces the Pel exopolysaccharide (EPS) 33 

with a concomitant increase in c-di-GMP levels.  We use a candidate gene approach and 34 

genetic screens, combined with phenotypic assays, to identify key roles for the MotAB and 35 

MotCD stators and the FliG protein, a component of the flagellar switch complex, in stimulating 36 

the surface-dependent, increased c-di-GMP level noted for these flagellar mutants.  These 37 

findings are consistent with previous studies showing a role for the stators in surface sensing.  38 

We also show that mutations in the genes coding for the diguanylate cyclases SadC and RoeA 39 

as well as SadB, a protein involved in early surface colonization, abrogate the increased c-d-40 

GMP-related phenotypes of the ΔflgK mutant.  Together, these data indicate that bacteria 41 

monitor the status of flagellar synthesis and/or function during surface sensing as a means to 42 

trigger the biofilm program. 43 

 44 

Importance 45 

 Understanding how the flagellum contributes to surface sensing by P. aeruginosa is key 46 

to elucidating the mechanisms of biofilm initiation by this important opportunistic pathogen.  47 

Here we take advantage of the observation that mutations in the flagellar hook protein or 48 

flagellin enhance surface sensing.  We exploit this phenotype to identify key players in this 49 

signaling pathway, a critical first step in understanding the mechanistic basis of flagellar-50 
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mediated surface sensing. Our findings establish a framework for the future study of flagellar-51 

based surface sensing.  52 

 53 

Introduction 54 

Bacterial biofilms were first formally described in the 1930s (1) and since then this 55 

ubiquitous mode of sessile bacterial growth has been shown to be important in both medical 56 

and industrial settings (2, 3).  The first step in the transition from free swimming planktonic cells 57 

to biofilm formation is the microbe contacting the surface and relaying this input signal to the cell 58 

to initiate the biofilm mode of growth, a process known as “surface sensing” (4–6).   59 

Many bacteria rely on motility appendages, including flagella and type IV pili, to sense 60 

and traverse surfaces.  These molecular machines have been shown to be necessary for proper 61 

biofilm formation and have been implicated in surface sensing (4–9), but the mechanism(s) by 62 

which these appendages sense and transmit the surface sensing signal are just beginning to 63 

emerge.  Several early studies demonstrated that the bacterial flagellum responds to 64 

mechanical load, which in turn can serve as a signal of surface engagement.  For example, by 65 

manipulating the viscosity of the liquid culture or by adding antibodies specific to the flagellum, 66 

surface-associated phenotypes were achieved during liquid culture conditions (10–12) indicating 67 

that it is the interference in bacterial flagellum function that is the proximal means whereby 68 

microbes detect surface engagement.  69 

Bacterial flagella are used to propel the cell body in both liquid and across surfaces (13).  70 

A flagellum is composed of a basal-body structure that spans the cellular envelope in bacteria.  71 

A hook and flagellar filament extend from the cell body, and upon rotation, propels the cell body 72 

(14).  This molecular machine uses ion motive force, generated by a gradient of protons or 73 

sodium ions across the cytoplasmic membrane, to rotate the flagellar filament (15–17).  This 74 

conversion of chemical potential to flagellar rotation is achieved by stator units that can 75 

dynamically bind and dissociate from the flagellar motor (18, 19).  Stators are composed of an 76 
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inner membrane (IM) pentamer and a central dimer unit that plugs the ion pore when stators are 77 

not incorporated in the flagellum.  Upon incorporation into the flagellum, the inner dimer binds 78 

the peptidoglycan (PG) layer, unplugging the ion channel within the stator unit, which allows for 79 

ion flow down the concentration gradient.  This chemical energy is harnessed by the stator units 80 

in the form of torque that is transferred to the C-ring of the flagellum via electrostatic interactions 81 

with FliG (20, 21).  It has been demonstrated that when the flagellar motor experiences a 82 

mechanical load, it is able to remodel and recruit additional stator units to aid in rotation (19, 22–83 

24), indicating that changes in external load are sensed by the flagellum and stator occupancy 84 

is a readout for this signal.   85 

 Recently, studies using different polarly flagellated, monotrichous bacteria have revealed 86 

striking similarities in the mechanism by which they use their flagellum to sense surfaces.  Vibrio 87 

cholerae, Caulobacter crescentus and Pseudomonas aeruginosa have all been used as model 88 

organisms to study flagellar-mediated surface sensing and biofilm initiation.  One similarity 89 

among these model systems is that mutating genes required for flagellar biosynthesis results in 90 

surface-associated phenotypes such as exopolysaccharide (EPS) over-production (25–31).  91 

Furthermore, enhanced EPS production was dependent on an increase in the second 92 

messenger c-di-GMP which was often the result of increased level/activity of one or more 93 

diguanylate cyclases (DGCs) (25, 28, 29).  Finally, the EPS over-producer phenotype exhibited 94 

by different flagellar mutants are not universally dependent on stator function (28, 29), best 95 

shown by an exceptionally thorough analysis of flagellar mutant-associated EPS phenotypes 96 

and their stator requirements in V. cholerae (28).  In general, flagellar mutants defective in early 97 

stages of flagellar biosynthesis, that is, steps that disrupt assembly of the basal body and motor 98 

structures, lack a stator requirement for EPS over-production.  In contrast, mutants defective in 99 

late stages of flagellar assembly, such as those steps predicted to assemble a basal body and 100 

motor but lack a flagellar filament, did require stators for these phenotypes. These observations 101 
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link the stators to flagellar-mediated surface sensing, particularly when the flagellar machine is 102 

almost completely assembled. 103 

 While there are similarities in flagellar-mediated surface sensing between V. cholerae, C. 104 

crescentus, and P. aeruginosa as described above, the flagellar motor of P. aeruginosa is 105 

notably distinct among these microbes in that it can accommodate two different sets of stators, 106 

MotAB and MotCD.    Moreover, these two stator sets have distinct roles in surface motility: 107 

MotAB has been shown to be necessary for maximum velocity during swimming motility, 108 

whereas MotCD has been shown to be absolutely required for swarming motility (32–35).  109 

Additionally, the MotCD stator has been shown to be directly involved in surface sensing by 110 

binding to the DGC SadC and stimulating c-di-GMP production upon surface contact (36).  This 111 

interaction is mediated by the c-di-GMP-binding protein FlgZ when bound to c-di-GMP. The 112 

FlgZ·c-di-GMP complex is required for the removal of MotCD stator units from the flagellar 113 

motor, leading to shutdown of flagellar rotation while stimulating c-di-GMP production (37).  114 

These data indicate that the flagellum, stators, and SadC are important for surface sensing, but 115 

there remain missing links in how these complexes are coordinated upon surface contact.  The 116 

dual-stator system of P. aeruginosa may offer unique insights into how bacteria optimize motility 117 

and signaling in response to surface engagement. 118 

While proteins involved in flagellum-mediated surface sensing by P. aeruginosa have 119 

been identified, the mechanism whereby c-di-GMP is increased after initial surface contact by 120 

the cell remains a mystery.  Here we use a combination of genetic screens and candidate gene 121 

studies, combined with phenotypic assays, to begin to investigate how P. aeruginosa uses its 122 

flagellum to sense a surface.     123 
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Results  124 

 125 

Mutations in the flgK and fliC genes result in a Pel-dependent increase in Congo red 126 

binding and wrinkly colony morphology.  A recent publication that included members of our 127 

team demonstrated that mutating the gene encoding the hook-associated protein FlgK or the 128 

gene encoding the flagellin FliC of P. aeruginosa PA14 led to an increase in the production of 129 

the Pel EPS by those mutant strains (31).  A similar observation was previously made by Parsek 130 

and colleagues in P. aeruginosa PAO1 when characterizing rugose small colony variants 131 

(RSCVs) isolated from biofilm-grown populations and Cystic Fibrosis (CF) sputum (30). When 132 

plated on Congo Red (CR) agar, the ΔflgK and ΔfliC mutants showed enhanced binding of the 133 

dye Congo red and a wrinkly colony morphology; these phenotypes were dependent on 134 

production of the Pel polysaccharide (38–40) (Figure 1A, top row).   135 

 136 

Identification of factors required for the Congo red phenotypes of the ΔflgK mutant using 137 

a genetic screen.  To gain insight into why the ΔflgK mutant exhibited enhanced Pel 138 

production, we performed transposon mutagenesis of the ΔflgK mutant, then plated the mutants 139 

on Congo red medium to evaluate Pel production and colony morphology.  We screened 140 

approximately 10,000 mutants and identified insertions in 44 genes.  Table 1 shows the mutants 141 

that either suppressed or exacerbated the Congo red phenotype of the ΔflgK mutant.  Many of 142 

the transposon insertions mapped to genes required for Pel biosynthesis and secretion 143 

machinery, as expected, which served to validate the screen.  We also identified mutations 144 

mapping to genes required for c-di-GMP production, including the DGC-encoding roeA gene, 145 

again validating the screen.  Finally, the screen identified mutations in genes involved in type IV 146 

pili function, with known roles in second messenger signaling (41–45) – we address the 147 

implications of these latter findings in the Discussion.  148 
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 149 

The increase in c-di-GMP levels for the ΔflgK mutant requires surface growth.  The 150 

increased Congo red binding and wrinkly colony morphology has been associated with 151 

increased c-di-GMP levels for P. aeruginosa strains and in other organisms with mutations in 152 

their flagellar machinery.  To assess whether the ΔflgK mutant accumulated increased c-di-GMP 153 

when grown specifically on a surface, we quantified c-di-GMP levels of surface-grown cells 154 

using mass spectrometry and observed that the ΔflgK mutant showed a significant increase in c-155 

di-GMP levels relative to the WT (Figure 1B, right).  In contrast, the liquid-grown ΔflgK mutant 156 

showed a non-significant reduction in c-di-GMP levels relative to the WT (Figure 1B, left).  The 157 

ΔbifA mutant serves as a positive control for a strain that produces high levels of c-di-GMP 158 

under all conditions. When mutated, the bifA gene, which codes for a c-di-GMP 159 

phosphodiesterase, results in a strain with increased c-di-GMP levels regardless of the 160 

presence of a surface.  These data suggest that the increased levels of c-di-GMP in the ΔflgK 161 

mutant requires surface growth. 162 

  163 

The stators are required for the Pel-dependent increase in Congo red binding and wrinkly 164 

colony morphology of the ΔflgK mutant.  Previous studies from our group have shown that 165 

the stators play a key role in surface sensing and modulating c-d-GMP levels (32, 35, 36, 46).  166 

As previously described in other bacteria, a wrinkly colony/EPS over-producer phenotype of 167 

mutants defective in later stages of flagellar synthesis was dependent on the presence of 168 

functional stator units (28–30). Given that the flagellar hook-associated protein FlgK is required 169 

for later stages of flagellar biosynthesis and ΔflgK mutants are expected to assemble a basal 170 

body structure, we predicted that enhanced signaling in this mutant would require functional 171 

stators.  To test this hypothesis, we mutated one or both stator sets in the ΔflgK mutant 172 

background.  Deletion of either set of stators reduced the amount of CR binding and the 173 
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wrinkled colony phenotype to a similar degree relative to the ΔflgK mutant (Figure 1A, bottom 174 

row).   175 

We next asked if the loss of Congo red binding and wrinkly colony morphology for the 176 

ΔflgK mutant carrying the stator mutants was associated with reduced c-di-GMP levels.  As 177 

shown in Figure 1C, the ΔflgK ΔmotCD mutant exhibited a ~3-fold reduction in c-di-GMP levels 178 

relative to the ΔflgK parent, whereas the ΔflgK ΔmotAB mutant showed a modest but non-179 

significant reduction in c-di-GMP levels.  Deletion of both stator sets in the ΔflgK mutant strain 180 

(ΔflgK ΔmotAB ΔmotCD) showed a significant reduction in c-di-GMP levels comparable to the 181 

ΔflgK ΔmotCD strain.  Taken together, these data indicate that the stators are required for the 182 

enhanced EPS production by the ΔflgK mutant and that the MotCD stator set may play a more 183 

pronounced role in influencing c-di-GMP levels than the MotAB stator set in the context of the 184 

ΔflgK mutant, an observation that is consistent with our previous findings (36).   185 

 186 

Mutations in the switch complex impact Congo red binding and wrinkly colony 187 

morphology of the ΔflgK mutant.  The interaction of the cytoplasmic portion of MotA with the 188 

FliG protein, a member of the rotor (aka, the switch complex, named for its role in switching the 189 

direction of rotation of the motor) is thought to be important for stator incorporation into the 190 

flagellar motor.  Studies in E. coli and Salmonella have identified key residues in MotA and FliG 191 

that are involved in electrostatic interactions between these proteins, which are thought to be 192 

critical sites of contact enabling stator incorporation (20, 21, 47).  For example, an R90E charge 193 

reversal mutation in MotA of E. coli led to loss of motility similar to a motA deletion, and 194 

furthermore, this motility defect was partially rescued by amino acid substitutions that reversed 195 

or neutralized the charge of the FliG-D289 residue (21). 196 

   Based on the findings in E. coli, we introduced the analogous motA mutation (R89E) 197 

onto the chromosome of P. aeruginosa in the native motA locus of the WT and the ΔflgK strains 198 
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to ask whether MotA-FliG interactions are required for enhanced Pel production in the ΔflgK 199 

mutant.  We found that the MotA-R89E mutant protein markedly reduced CR binding and colony 200 

wrinkling of the ΔflgK mutant (Figure 1D, top row), with no obvious impact on these phenotypes 201 

in the WT background (Figure 1D, bottom row).  The R89E mutation also led to a decrease in 202 

c-di-GMP levels in the ΔflgK strain but this effect was not significantly different when controlling 203 

for multiple comparisons (Figure 1E).   Notably, the R89E mutation has no detectable impact on 204 

MotA protein levels, as previously shown (35), discounting the possibility that reduced protein 205 

stability impacts these phenotypes. 206 

 Next, we introduced a mutation in fliG (FliG-D295A) into the WT and ΔflgK mutant 207 

strains.  The D295A mutation is analogous to the D289A substitution of E. coli, which rescued 208 

the motility defect of the strain expressing the MotA(R90E) mutant protein.  We selected the 209 

D295A negative charge to neutral substitution to reduce the likelihood that this mutation would 210 

also impact electrostatic interactions between FliG and the MotCD stator, which could 211 

complicate the analysis.  Interestingly, the strain with FliG-D295A mutant protein led to 212 

increased CR binding and wrinkling compared to the ΔflgK background alone, with no impact on 213 

these phenotypes in the WT strain (Figure 1D-E).  The fliG deletion strain (Figure 1D, bottom 214 

row, right) which exhibits hyper CR binding (a phenotype we revisit below) is included as a 215 

control, confirming that the fliG(D295A) mutation is distinct from a null mutant.  As expected, 216 

given the CR phenotype, the ΔflgK fliG(D295A) strain exhibited higher c-di-GMP levels relative 217 

to the ΔflgK mutant alone, but the increase was not statistically significant after controlling for 218 

multiple comparisons.   219 

We then generated the fliG(D295A) motA(R89E) ΔflgK triple mutant strain and observed 220 

an intermediate phenotype compared to the double mutant strains, which essentially restored 221 

the ΔflgK single mutant CR binding and wrinkly colony appearance.  This mutant also had c-di-222 

GMP levels similar to the ΔflgK mutant.  As with the single motA (R89E) and fliG (D295A) 223 
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mutants, the double motA (R98E) fliG (D289A) mutant did not exhibit changes in CR binding or 224 

colony morphology in the WT background, indicating that the changes in these phenotypes are 225 

specific to the ΔflgK background (Figure 1D-E).  Overall, interactions between the stator and 226 

switch complex appear to have a modest impact on c-di-GMP levels, in contrast to the 227 

magnitude of change observed for deletion of the stators.  228 

 229 

Mutations that prevent proton binding suppress the Congo red binding, wrinkly colony 230 

phenotype and increased c-di-GMP levels in the ΔflgK background.  Stators generate 231 

torque via ion flux through the inner membrane channel formed by the MotAB stator complex 232 

when bound to the motor.  In E. coli, the MotB-D32 residue is considered critical for proton 233 

binding and flux through the stator channel (48).  As such, a D32A mutation renders MotB 234 

unable to bind protons (48), which results in loss of motor occupancy (19).  Studies in 235 

Salmonella showed that MotB-D33N mutant stators were able to associate with the motor but 236 

exhibited an increased rate of dissociation relative to wild type MotAB stators (20, 49).  237 

Together, these studies indicate that proton binding and/or transport is important for stator 238 

incorporation and/or stability in the motor, and thus stator function.   239 

To test whether proton binding ability impacts ΔflgK signaling, we constructed the 240 

analogous mutation to E. coli MotB-D32A in the P. aeruginosa motB and motD genes (resulting 241 

in the amino acid changes D30A and D23A, respectively) and introduced these mutations onto 242 

the chromosome at their native loci.  We first confirmed that these mutations did not negatively 243 

impact protein levels by performing Western blots to detect the His6 epitope-tagged MotB or 244 

MotD WT and mutant variants (Figure 2A-B, middle panels). In fact, the MotB-D30A and MotD-245 

D23A proteins are detected at relatively higher level compared to their WT counterparts.  We 246 

also observed that the MotB-D30A variant protein migrated more slowly than the WT protein in 247 

the SDS-polyacrylamide gel (Figure 2A).  This difference in migration is not due to a mutation in 248 
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the coding sequence as confirmed by PCR and sequencing of genomic DNA from the motB 249 

locus in the WT and MotB-D30A strains (see Materials and Methods for details).  Notably, 250 

altered mobility of MotB-D32 variants in SDS-polyacrylamide gels has also been previously 251 

reported in E. coli (48).   252 

The results showed that both MotB and MotD point mutations required for ion flux 253 

phenocopied the deletion mutants of the respective stator sets for both CR binding, wrinkly 254 

colony morphology and for c-di-GMP levels (Figure 2A-C), indicating that the proton-binding, 255 

likely via stator occupancy of MotB and MotD, is important for their role in increased signaling by 256 

the ΔflgK mutant.  Taken together with the switch complex data above, these data are 257 

consistent with the previous findings that stator occupancy in the motor is required for signaling. 258 

 259 

The DGCs SadC and RoeA are required for the enhanced c-di-GMP levels in the ΔflgK 260 

mutant.  Previous studies from our team have implicated the SadC and RoeA DGCs as key for 261 

early biofilm formation and surface sensing (36, 42, 45, 50–52).  Also, as noted above, a 262 

transposon mutation in the roeA gene was isolated in the ΔflgK CR screen as a suppressor of 263 

the enhanced CR binding phenotype. Therefore, we asked whether null mutations in the sadC 264 

or roeA genes could impact the Congo Red, wrinkly morphology or c-di-GMP levels of the ΔflgK 265 

mutant.  Mutating the sadC or roeA genes individually reduced the Congo Red and wrinkly 266 

morphology phenotypes of the ΔflgK mutant (Figure 3A) with the roeA mutation having a 267 

stronger impact on both phenotypes.  Both mutations led to significant reductions in c-di-GMP 268 

levels relative to the ΔflgK mutant (Figure 3B).  The triple ΔflgK ΔsadC ΔroeA mutant showed a 269 

further reduction in CR binding and wrinkly colony phenotypes compared to each of the double 270 

mutants, although the change is modest compared to the ΔflgK ΔroeA mutant (Figure 3A-B).  271 

Together, these data indicate that the c-di-GMP produced in the ΔflgK mutant is largely 272 

contributed by RoeA and SadC.   273 
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 274 

Testing candidate genes for their impact on phenotypes of the ΔflgK mutant.  In addition 275 

to the screens described above, we took a candidate gene approach to identify additional 276 

genetic factors that may contribute to the ΔflgK mutant phenotypes (Figure 4). We assessed a 277 

number of accessory flagellar factors with known roles in flagellar assembly and function such 278 

as FlhF, required for positioning of the flagellum at the cell pole (53–55) and FliL, an accessory 279 

protein with a myriad of supporting roles depending on the microbe (16, 18, 56, 57).  Mutations 280 

in these genes did not alter the ΔflgK mutant phenotypes (Figure 4A, top row), indicating they 281 

are not required for enhanced CR binding and wrinkly colony morphology, nor did single 282 

mutations in flhF or fliL genes exert differences in CR binding or colony phenotypes with respect 283 

to the WT, indicating these flagellum-related mutations do not impact Pel production (Figure 284 

4A, bottom row).  285 

In contrast, mutating the fliF gene which encodes the protein comprising the MS 286 

(membrane-supra-membrane) ring of the flagellar basal body (56) led to an increase in CR 287 

binding and colony wrinkling in the WT background, but the increase is less robust relative to 288 

the ΔflgK mutant (Figure 4B).  Mutation of fliF is expected to disrupt the basal body structure 289 

and preclude motor assembly and stator incorporation.  Thus, the ΔfliF mutant falls into a class 290 

of flagellar mutants that impact early stages of flagellar biosynthesis and have been shown to 291 

enhance EPS production in a stator-independent manner in other microbes (28, 29).  Based on 292 

those findings, we assessed whether the stators were required and found that the ΔfliF mutant 293 

phenotypes are indeed stator-independent, as mutations in motAB or motCD did not alter the 294 

ΔfliF enhanced CR binding and colony wrinkling phenotypes (Figure 4B).    295 

We next assessed the impact of deleting the fliG and fliMN genes in the WT strain 296 

background.  Mutating the gene coding for FliG, the rotor component that interacts with the 297 

stator complex, or FliMN proteins which, together with FliG, make up the switch complex to 298 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 5, 2024. ; https://doi.org/10.1101/2024.12.05.627040doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.05.627040
http://creativecommons.org/licenses/by-nc/4.0/


control the direction of flagellar rotation (58), results in phenotypes similar to the ΔflgK mutant 299 

(Figure 4C).  The enhanced CR binding and wrinkled colony phenotypes we observe for the fliG 300 

and fliMN mutant phenotypes are consistent with those previously reported for these mutants in 301 

other microbes, and like mutation of the fliF gene, these mutations were shown to trigger stator-302 

independent signaling (28, 29).   303 

The CR genetic screen described above (Table 1) identified factors required for ΔflgK 304 

mutant hyper-signaling phenotype that are related to TFP production/function and previously 305 

shown to be involved in surface sensing, such as PilY1 (41, 44), PilW and PilX (59).  To further 306 

assess the roles of additional TFP-related genes with reported roles in c-di-GMP-related 307 

signaling, we tested mutations in the fimV gene encoding a TFP-associated peptidoglycan 308 

binding protein shown to interact with and influence activity of the DgcP diguanylate cyclase 309 

(60–63) and the fimW gene encoding a c-di-GMP receptor shown to be involved in early cell-310 

surface commitment (64).  Our results show that neither mutation of fimV nor fimW impacted the 311 

ΔflgK phenotypes (Figure 4D), indicating these factors are not required for enhanced signaling 312 

in the ΔflgK mutant.  313 

Finally, we assessed whether SadB, a protein required for the transition of cells from 314 

reversible to irreversible attachment during early stages of surface association, is necessary for 315 

the ΔflgK mutant phenotypes.  Loss of SadB results in enhanced motility, loss of biofilm 316 

formation and suppression of the hyper-biofilm and Pel-mediated wrinkly morphology phenotype 317 

associated with loss of the BifA phosphodiesterase (65–67).  Here we found that the ΔflgK 318 

ΔsadB double mutant reversed the CR-binding and wrinkly phenotypes of the ΔflgK mutant 319 

(Figure 4D), indicating that sadB is required for enhanced signaling by the ΔflgK mutant.  These 320 

data agree with previous findings showing that sadB mutations suppress the RSCV phenotypes 321 

of fliC mutants (30).  While the precise function of SadB is not yet known, the data here showing 322 
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that SadB contributes to the flagellum-mediated surface signaling pathway are consistent with 323 

its role as an important player in the inverse regulation of motility and biofilm formation (67).   324 
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Discussion 325 

 In this study we explored the observation that a mutation in the flgK gene results in an 326 

increase in c-di-GMP levels as well as an increase in Congo red staining and a wrinkly colony 327 

morphology. The observation that the increase in c-di-GMP levels in the ΔflgK mutant only 328 

occurs on a surface suggested a link to a surface-sensing pathway. To explore the link to 329 

surface sensing by leveraging the ΔflgK mutant, we performed a genetic screen that identified 330 

multiple loci that reduced the Congo red staining and wrinkly colony morphology of this strain.   331 

From the screen, we identified expected pathways (e.g., Pel EPS synthesis) as well as 332 

loci that have been linked previously to surface sensing.  That is, in a previous study, we 333 

performed a genetic screen starting in the P. aeruginosa PA14 ΔbifA mutant background - the 334 

bifA gene encodes a c-di-GMP phosphodiesterase (PDE) and the ΔbifA mutant produces levels 335 

of c-di-GMP ~10-fold higher than the WT and cannot swarm (51, 65).  We mutagenized the 336 

ΔbifA mutant with the mariner transposon and screened ~5500 mutants to identify those with 337 

restored swarming motility.  The list of candidates identified in that previous screen overlapped 338 

the candidate mutants identified here, either in the ΔflgK transposon screen or the candidate 339 

mutants we analyzed, including mutations in genes coding for the stators (motA), TFP-related 340 

functions linked to cAMP signaling and surface sensing (pilY1, fimU), c-di-GMP-related 341 

functions (PvrRS, a PDE/DGC pair with alleles frequently isolated as suppressors due to 342 

Mariner-based over-expression of  PvrR as we previously reported), sadB and Pel biosynthesis 343 

(pelA, pelB, pelF).  This finding is perhaps not surprising given that both the ΔbifA and ΔflgK 344 

mutants have increased c-di-GMP levels.  These data are consistent with the findings here that 345 

mutations in the same genes which reduce the Congo red staining and wrinkly colony 346 

morphology of the ΔflgK mutant also restored swarming motility to the ΔbifA mutant, and 347 

previous observations showing the reciprocal regulation of biofilm- versus motility-related 348 

functions (50, 67). 349 
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We and others have shown previously that T4P are key players in surface sensing (41–350 

45, 68, 69).  We note that multiple mutations impacting the T4P were identified as suppressors 351 

of                           the enhanced CR binding and wrinkly colony c-di-GMP-mediated phenotypes of 352 

the ΔflgK mutant in the CR screen described above.  We take this finding to mean that inputs 353 

from both flagella and T4P are needed to fully engage the surface sensing pathway.  This 354 

conclusion is also consistent with our observation that the ΔflgK mutant requires surface 355 

engagement for increased levels of c-di-GMP.  Interestingly, certain mutations that impact T4P, 356 

namely fimV and fimW examined above, do not suppress the ΔflgK hyper signaling phenotypes, 357 

hinting at the complexity by which the flagellar- and T4P-mediated signals may be integrated to 358 

coordinate surface sensing which remains an open question. 359 

 We also showed that the DGCs RoeA and SadC contribute to elevated c-di-GMP levels 360 

and enhanced signaling phenotypes of the ΔflgK mutant.  RoeA and SadC have both been 361 

shown previously to contribute to biofilm formation, and SadC is a key component of the surface 362 

sensing pathway in P. aeruginosa PA14 (36, 42, 45, 51, 52).   Here, we observed that mutation 363 

of the roeA gene exerted a stronger impact on Pel-mediated phenotypes of the ΔflgK mutant 364 

versus ΔsadC mutation, although they both showed significant reductions in c-di-GMP levels.  365 

This difference in strength of suppression may be one reason we isolated an allele of roeA but 366 

not sadC in the ΔflgK CR suppressor screen.  Additionally, the absence of sadC suppressor 367 

alleles (as well as other expected alleles such as those of sadB) may be due to the screen not 368 

reaching full saturation. Such limitations served as the rationale for targeting candidate genes 369 

as a companion approach.  These results also agree well with data from a previous report from 370 

our group pertaining to suppression of the ΔbifA mutant phenotypes, with RoeA playing a 371 

stronger role in impacting increased EPS production whereas SadC had a more robust impact 372 

on motility repression by the ΔbifA PDE mutant (51).  Furthermore, those observations dovetail 373 

with our findings that SadC interacts with the stator MotC (36); this interaction serves to 374 
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stimulate SadC’s production of c-di-GMP and thus likely contributes to flagellar signaling.  There 375 

are now numerous reports of DGCs and PDEs that directly interact with signaling 376 

effectors/partners to achieve localized impacts on signaling outcomes (60, 70–72), highlighting 377 

a common theme emerging for c-di-GMP signaling pathways.    378 

 Our findings also support a role for the stators and switch complex in the phenotypes 379 

associated with the ΔflgK mutant.  Loss of the stators and mutations that render the stators 380 

unable to conduct protons result in loss of Congo red binding and the wrinkly colony phenotype 381 

of the ΔflgK mutant.  Similarly, mutations that impact stator interactions with the switch complex 382 

also impact CR binding and wrinkly colony appearance of the ΔflgK mutant.  Here we tested the 383 

stator-switch complex interaction using specific allelic combinations of motA and fliG designed 384 

to first disrupt and then restore key electrostatic interactions between these proteins. The design 385 

of these mutations was based on studies in E. coli.  Our results are largely consistent with the 386 

notion that disruption of MotA-FliG interaction by motA point mutation leads to abrogation of the 387 

ΔflgK mutant phenotypes, and restoration of the interaction by fliG point mutation restores the 388 

ΔflgK mutant phenotypes.  Unexpectedly, we observed that the fliG-D295A allele used in these 389 

studies enhanced the hyper signaling phenotype in the ΔflgK (motA+) background, rather than 390 

the expected result of having little or no impact on the ΔflgK phenotypes in this strain.  We 391 

interpret these observations to indicate that the FliG-D295A protein enhances interactions with 392 

the WT MotA protein leading to increased signaling, however, further work is needed to 393 

understand the impact of this fliG mutation on the signaling pathway.   394 

Collectively, this work, together with studies from diverse bacterial model systems, 395 

clearly show there are conserved signaling pathways connecting the flagellum and flagellum 396 

biosynthesis to biofilm-relevant signaling.   Additionally, another important conclusion from these 397 

studies is the notion that bacteria monitor the status of flagellar synthesis as well as flagellar 398 

function, such that disruptions in flagellar biosynthesis trigger biofilm-related signaling.  In 399 
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general, late disruptions in flagellar synthesis (after basal body assembly, as in the case for the 400 

fliC and flgK mutants presented here and elsewhere), result in enhanced stator-dependent c-di-401 

GMP signaling and we believe such effects functionally mimic the surface sensing process with 402 

cells interpreting lack of the flagellar filament as an increased load on the motor upon surface 403 

engagement.  In contrast, early disruption in flagellum biosynthesis that precludes basal body 404 

production generally leads to enhanced c-di-GMP signaling in a stator-independent manner (as 405 

in the case of fliF mutation), indicating that bacteria utilize c-di-GMP-mediated signaling to 406 

respond to aberrant or aborted flagellar synthesis and thereby promote biofilm formation under 407 

such circumstances.  Together, these studies highlight the importance of understanding the role 408 

of the flagellum in surface sensing and biofilm formation and call for additional studies aimed at 409 

further exploration of this salient topic.  Key questions remain regarding various aspects of the 410 

surface sensing process, including: how does stator function influence c-di-GMP production at 411 

the molecular level?  What are the mechanistic features that distinguish the MotAB and MotCD 412 

stator sets and their roles in transducing the flagellar surface sensing signal?  What additional 413 

regulatory proteins or pathways might modulate stator-mediated signaling?  These and related 414 

questions are the focus of current and future work from our group.   415 

  416 
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Materials and Methods  417 

 418 

Strains and media.  P. aeruginosa UCBPP PA14 was used as the WT strain and all mutations 419 

were made in this background unless stated otherwise.  Mutations were made using E. coli S17-420 

1 λpir.  All strains used in this study are listed in Table S1.  Bacterial strains were cultured in 5 421 

ml of lysogeny broth (LB) medium or plated on 1.5% LB agar with antibiotics, when necessary.  422 

Gentamicin (Gm) was used at 25 or 30 µg/ml for P. aeruginosa and 10 µg/ml for E. coli.  423 

Carbenicillin (Cb) was used at 100 ug/ml for E. coli and Triclosan was used at 20 ug/ml for 424 

counter-selection against E. coli after conjugation with P. aeruginosa.  M8 minimal salts medium 425 

supplemented with MgSO4 (1mM), glucose (0.2%) and casamino acids (0.5%) was used for all 426 

assay conditions (73).    427 

 428 

Construction of mutant strains and plasmids.  Plasmids used in this study are listed in Table 429 

S2 and primers used in this study are listed in Table S3.  Plasmids to generate gene deletions 430 

and point mutations were generated by PCR and Gibson assembly (74) and cloned into the 431 

pMQ30 vector (75).  In-frame deletions and point mutants were generated using allelic 432 

exchange as previously described (75, 76).   433 

 434 

Transposon mutagenesis and identification of integration site.  Transposon mutants were 435 

generated with the Mariner transposon as previously described (77).  Briefly, E. coli S17 436 

harboring the pBT20 plasmid harboring the Mariner transposon was co-incubated with P. 437 

aeruginosa PA14 ∆flgK on LB agar for 1 hour at 30oC for conjugation to occur.  Cells were then 438 

scraped-up, diluted, and plated on LB agar plates supplemented with 30 µg/ml Gm, 20 µg/ml 439 

Triclosan, 0.04 mg/ml Congo Red, and 0.01 mg/ml Coomassie blue.  Plates were then 440 
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incubated at 37C for 24 hours and then at room temperature for 48 hours.  Colonies that 441 

displayed altered colony morphology or Congo Red uptake relative to the ∆flgK strain were 442 

selected and confirmed with a second round of plating on Congo Red agar with selection.  After 443 

confirmation of the phenotype, arbitrary primed PCR was then performed and sequenced using 444 

the Sanger method to identify the location and direction of the transposon as previously 445 

described (7).  446 

 447 

Congo Red assay.   Congo red dye uptake was adapted from previously published protocols 448 

(38).  Briefly, M8 agar (1 %) plates supplemented with Congo Red solution (final concentration 449 

CR at 0.04 mg/ml with 0.01 mg/ml Coomassie blue) were spotted with 2 ul of an overnight 450 

culture and incubated at 37oC for 16 hours and then at room temperature for 72 to 96 hours.     451 

 452 

Swarming motility assay.  Swarming assays were performed as previously described (78).  453 

M8 medium was supplemented with 0.5 % agar.  Swarm plates were inoculated with 2 ul of an 454 

overnight culture and incubated at 37o C for 16 hours.  455 

 456 

Protein detection and quantification.  Cells were harvested from swarm plates grown for 16h 457 

at 37oC, normalized by OD600 and lysed by boiling in SDS gel loading buffer (50 mM Tris-HCl pH 458 

6.8, 2% SDS, 10% glycerol, 0.1 % bromophenol blue, and supplemented with freshly added 459 

DTT at a final concentration of 100 mM).  Equal volumes of sample lysates were then resolved 460 

using 10 % SDS-PAGE TGX gels (Bio-Rad, Hercules, CA).  Proteins were transferred to a 461 

nitrocellulose membrane using a Trans-Blot Turbo system (Bio-Rad, Hercules, CA) and probed 462 

with anti-His antiserum (Qiagen, Germantown, MD) at 1:2000 dilution prepared in 1X TBS, 3 % 463 

BSA.  Proteins were detected using fluorescence detection with IRDye-labeled fluorescent 464 

secondary antibodies and imaged using the Odyssey CLx Imager (LICOR Biosciences, INC., 465 
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Lincoln, NE).  Image Studio Lite software (LICOR Biosciences, Inc., Lincoln, NE) was used to 466 

quantify protein levels using a non-specific band present in all lanes as a normalization control.  467 

During Western blotting of the MotB WT and D30A variant, we noticed a change in mobility of 468 

the D30A variant protein relative to the WT protein. This mobility shift was observed in both the 469 

flgK mutant (shown in Figure 2A) and in the WT background (data not shown).  One possible 470 

explanation for a size shift is a change in the MotB DNA coding sequence, such as a DNA 471 

insertion or a mutation of the stop codon leading to read-through into downstream sequence.  472 

We investigated these possibilities by sequencing a PCR product amplified from the genomic 473 

region encompassing the motB gene as well as upstream and downstream sequences in both 474 

the WT and variant motB genes in the WT and ΔflgK strains, however, we did not find any 475 

mutations consistent with this explanation.  An alternative possibility that has yet to be explored 476 

is that the MotB-D30A protein undergoes post-translational modification that alters its gel 477 

migration. 478 

 479 

Cyclic-di-GMP quantification.  c-di-GMP levels were quantified via liquid chromatography-480 

mass spectrometry (LC-MS) at the Michigan State University Mass Spectrometry and 481 

Metabolomics Core.  For surface-grown c-di-GMP measurements, cells were harvested from 482 

either swarm plates after ~16 hrs of growth or after 5h growth on 1% agar M8 plates (where 483 

noted here) as previously reported (44, 59).  For liquid-grown c-di-GMP measurements, cells 484 

were sub-cultured (1:100) from an LB-grown overnight culture in M8 liquid media and harvested 485 

after 8 hrs at 37oC.  Measurements were normalized to dry weight of cell pellets after nucleotide 486 

extraction.  All experiments were performed in triplicate with three technical replicates per strain.   487 

 488 

Statistical methods.  Data were analyzed by ordinary one-way ANOVA with a post hoc test for 489 

multiple comparisons (the specific test used for each case is identified in the figure legend) 490 

using Graphpad Prism software (La Jolla, CA). 491 
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Figure Legends. 712 

 713 

Figure 1.  Mutations that eliminate stator production or impact stator occupancy 714 

suppress the ΔflgK mutant hyper-signaling phenotype.  A and D. Representative CR 715 

images of the indicated strains cultured on M8 medium solidified with 1% agar for 16 h at 37o C 716 

followed by 72 hrs at room temperature. B.  Quantification of c-di-GMP levels in the indicated 717 

strains grown either in M8 liquid or on M8 1% agar plates for extraction of nucleotides and 718 

measurement of c-di-GMP levels via mass spectrometry. C and E. Quantification of c-di-GMP 719 

levels in the indicated strains grown on M8 agar swarm plates for 16 h prior to harvest for 720 

extraction of nucleotides and measurement of c-di-GMP levels via mass spectrometry.  721 

Experiments (B, C and E) were performed in triplicate with three technical replicates per strain 722 

and analyzed by ANOVA with Dunnett’s multiple comparisons test.  Significant differences are 723 

shown for comparisons to the ΔflgK strain.  ns, non-significant difference; * P < 0.05 and ** P < 724 

0.01. 725 

 726 

Figure 2.  Mutations that impact proton binding suppress hyper-signaling.  A. Top panel 727 

shows representative CR images of the indicated strains.  The proton-binding aspartate residue 728 

MotB-D30, analogous to the E. coli MotB-D32, allele is mutated to alanine in the ΔflgK deletion 729 

strain.  Middle panel shows the Western blot for the MotB-His6 WT and D30A variant epitope-730 

tagged proteins detected in lysate samples from surface-grown strains using an anti-His 731 

antibody (α-His).  MotB-His6 protein levels were quantified and normalized to a cross-reacting 732 

band (bottom panel, ctrl) detected in all samples and used as a loading control.  Numbers below 733 

the middle panel show the mean and standard deviation (SD), in parentheses, from three 734 

independent experiments, normalized to the WT, which is set to 1.0.  Statistical analysis was 735 

performed using ANOVA with Dunnett’s test for multiple comparisons.  Significant differences 736 

are shown for comparisons to the ΔflgK motB+-His6 strain, with * P < 0.05 and **** P < 0.0001.   737 
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B. Top panel shows representative CR images of the indicated strains.  The proton-binding 738 

aspartate residue of MotD-D23 is mutated to alanine in the ΔflgK deletion strain.  Middle panel 739 

shows the MotD WT and D23A His6-epitope tagged proteins detected and quantified as 740 

described in panel A.  Significant differences are shown for comparisons to the ΔflgK motD+-His6 741 

strain. *, P < 0.05; *** P < 0.0005.  C.  Quantification of c-di-GMP for the indicated strains grown 742 

on M8 swarm plates for 16 h.  Experiments were performed in triplicate with three technical 743 

replicates per strain and analyzed by ANOVA with Tukey’s post-test comparison.  Significant 744 

differences are shown for comparisons either to the ΔflgK motB+::His strain or to the ΔflgK 745 

motD+::His strain as indicated.  ns, non-significant difference; significant differences noted as 746 

follows:  ***, P < 0.001; ****, P < 0.0001. 747 

 748 

Figure 3.  The DGCs SadC and RoeA are required for hyper signaling in the flgK mutant.  749 

A. Representative CR images of the indicated strains.  B. Quantification of c-di-GMP extracted 750 

from swarm-grown strains.  Experiments were performed in triplicate with three technical 751 

replicates per strain and analyzed by ANOVA with Dunnett’s post-test comparison.  Significant 752 

differences are shown for comparisons to the ΔflgK mutant; *P < 0.05, **P < 0.005.   753 

 754 

Figure 4.  Testing candidate genes for their impact on the ΔflgK mutant hyper-signaling 755 

phenotype. A. Representative CR plate images of the ΔfliL and ΔflhF mutations in the WT and 756 

the ΔflgK mutant background. B. Impact of mutations in the stators on the ΔfliF mutant 757 

phenotypes.   C.  Representative CR plate images of mutations the fliG and fliMN genes.  D. 758 

Impact of mutations in the fimV, fimW, and sadB genes in the WT and ΔflgK mutant 759 

backgrounds on the CR plate phenotype. All CR assays were performed on M8 medium 760 

solidified with 1% agar for 16 h at 37o C followed by 72 hrs at room temperature. 761 

  762 
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Table 1. Mutations identified from Congo red transposon screen in ΔflgK mutant 763 

background. 764 

 765 

Candidate Predicted or known function 
Congo red 

phenotype* 

Number of 

alleles 

isolated 

Pel biosynthetic operon 

pelB forms part of the Pel secretion complex Reduced 1 

pelD 
c-di-GMP binding protein; important for 

Pel secretion 
Reduced 

1 

pelA Component of the Pel secretion complex Reduced 2 

pelE Component of the Pel secretion complex Reduced 2 

pelC Component of the Pel secretion complex Reduced 1 

pelF Component of the Pel secretion complex Reduced 1 

pelG Component of the Pel secretion complex Reduced 3 

TFP-related functions 

pilQ T4P secretin protein Reduced 1 

pilW Minor pilin, forms the T4P assembly Reduced 1 

pilY1 
Important in pili assembly and 

mechanosensing 
Reduced 

7 

pilV minor pilin Reduced 2 

pilX minor pilin Reduced 1 

c-di-GMP-related functions 

roeA a diguanylate cyclase (DGC) Reduced 1 

retS Regulator of c-di-GMP level, EPS, T3SS  Enhanced 1 

bifA-sodB 

Intergenic transposon insertion between 

bifA [phosphodiesterase (PDE)] and sodB 

(superoxide dismutase) 

Enhanced 

1 

pvrS 
PvrS part of a two-component system with 

PvrR (a PDE) 
Reduced 

9# 
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Redox-related functions 

speA arginine decarboxylase  Reduced 1 

sodM superoxide dismutase  Enhanced 1 

katA catalase Enhanced 1 

PA14_44350 cbb3-type cytochrome c oxidase subunit II Enhanced 1 

PA14_57570 cytochrome c reductase Enhanced 3 

Regulators 

PA14_16550  Putative transcriptional regulator Reduced 1 

PA14_43670  
Histidine kinase, part of a two-component 

system 
Reduced 

1 

hflX Role in lysogeny Reduced 1 

aguR 
Transcription factor, negative regulation of 

hydrolase activity  
Enhanced 

1 

Other functions 

PA14_11290 
Putative permease – membrane transport 

proteins 
Reduced 

1 

thdF Putative GTP binding protein - GTPase Reduced 1 

ppK 

Polyphosphate kinase – responsible for 

the synthesis of inorganic polyphosphate 

from ATP 

Reduced 

1 

ptsP 

phosphoenolpyruvate protein 

phosphotransferase, downstream gene 

(PA14_04420) has PAS/GGDEF domain, 

enhanced CR 

Enhanced 

1 

hepP heparanase Reduced 1 

PA14_30470 
periplasmic aliphatic sulfonate binding 

protein 
Reduced 

1 

PA14_02890 nucleoside channel forming protein  Reduced 1 

PA14_72870 
aminotransferase, biosynthesis of 

secondary metabolites  
Enhanced 

1 

PA14_08600 23S rRNA Enhanced 1 
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PA14_08570 16S rRNA Enhanced 1 

orfN 

NAD-dependent epimerase/dehydrase, 

glycosylation, group 4 glycosyl 

transferase 

Reduced 

1 

PA14_08580 tRNA-Ile Enhanced 1 

PA14_40660 T6SS effector Tse1, amidase activity 
Yellow, 

smooth 

1 

PA14_32820 PA2462 homolog of PAO1 Enhanced 1 

PA14_70870 5s rRNA Enhanced 1 

PA14_30100 50S ribosomal protein L16 3-hydroxylase Enhanced 1 

PA14_66100 
O-antigen ligase, WaaL, critical for cell 

wall integrity and motility  
Enhanced 

1 

purM phosphoribosylaminoimidazole Enhanced 1 

PA14_41280 beta-lactamase  Enhanced 1 

* Note – Reduced CR phenotype indicates reduction in both red color binding and wrinkled 766 
colony morphology, unless otherwise indicated.  767 
#Alleles of pvrS were frequently isolated as suppressors of enhanced CR due to elevated c-di-768 
GMP in a previously published screen; these alleles were shown to result in the overexpression 769 
of the adjacent pvrR gene encoding a PDE.   770 

 771 

 772 
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