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Abstract 1 

Biofilm formation is a universal bacterial strategy for long-term survival in nature and 2 

during infections. Biofilms are dense microbial communities enmeshed within a 3 

polymeric extracellular matrix that protects bacteria from antibiotic exposure and the 4 

immune system and thus contribute to chronic infections. Pseudomonas aeruginosa is 5 

an archetypal biofilm-forming organism that utilizes a biofilm growth strategy to cause 6 

chronic lung infections in Cystic Fibrosis (CF) patients. The extracellular matrix of P. 7 

aeruginosa biofilms is comprised mainly of exopolysaccharides (EPS) and DNA. Both 8 

mucoid and non-mucoid isolates of P. aeruginosa produces the Pel and Psl EPS, each 9 

of which have important roles in antibiotic resistance, biofilm formation and immune 10 

evasion. Given the central importance of the Pel and Psl EPS in biofilm structure, they 11 

are attractive targets for novel anti-infective compounds. In this study we used a high 12 

throughput gene expression screen to identify compounds that repress expression of 13 

pel and psl genes as measured by transcriptional lux fusions. Testing of the pel/psl 14 

repressors demonstrated an antibiofilm activity against microplate and flow chamber 15 

biofilms formed by wild type and hyperbiofilm forming strains. To determine the potential 16 

role of EPS in virulence, mutants in pel/psl were shown to have reduced virulence in the 17 

feeding behavior and slow killing virulence assays in Caenorhabditis elegans. The 18 

antibiofilm molecules also reduced P. aeruginosa PAO1 virulence in the nematode slow 19 

killing model. Importantly, the combination of antibiotics and antibiofilm compounds 20 

were synergistic in killing P. aeruginosa biofilms. These small molecules represent a 21 

novel anti-infective strategy for the possible treatment of chronic P. aeruginosa 22 

infections.  23 
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Author summary 24 

Bacteria use the strategy of growing as a biofilm to promote long-term survival and 25 

therefore to cause chronic infections. One of the best examples is Pseudomonas 26 

aeruginosa and the chronic lung infections in individuals with Cystic Fibrosis (CF). 27 

Biofilms are generally a dense community of bacteria enmeshed in an extracellular 28 

matrix that protects bacteria from numerous environmental stresses, including 29 

antibiotics and the immune system. In this study we developed an approach to identify 30 

P. aeruginosa biofilm inhibitors by repressing the production of the matrix 31 

exopolysaccharide (EPS) polymers. Bacteria treated with compounds and then fed to 32 

the nematode also had showed reduced virulence by promoting nematode survival. To 33 

tackle the problem of biofilm tolerance of antibiotics, the compounds identified here also 34 

had the beneficial property of increasing the biofilm sensitivity to different classes of 35 

antibiotics. The compounds disarm bacteria but they do not kill or limit growth like 36 

antibiotics. We provide further support that disarming P. aeruginosa may be a critical 37 

anti-infective strategy that limits the development of antibiotic resistance, and provides a 38 

new way for treating chronic infections. 39 

 40 

Introduction  41 

Biofilm formation is a universal virulence strategy adopted by bacteria to survive 42 

in hostile environments [1, 2]. The Gram-negative opportunistic pathogen Pseudomonas 43 

aeruginosa is a remarkable biofilm-forming species that commonly establishes chronic 44 

infections in the lungs of patients with the genetic disease Cystic Fibrosis (CF) [2, 3]. 45 

Growth as a biofilm promotes multidrug resistance to antibiotic interventions and 46 
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evasion of immune clearance  [1, 4, 5]. Biofilm formation is a conserved process of 47 

attachment, maturation and dispersion, where sessile, bacterial aggregates are held 48 

together by a protective polymeric extracellular matrix comprised mainly of 49 

exopolysaccharides (EPS) and extracellular DNA [1, 4, 6-8]. P. aeruginosa strains 50 

produce three different EPS molecules; alginate, Pel and Psl [9]. Pel and Psl are the 51 

major EPS produced in the early CF colonizing, non-mucoid isolates  [10, 11], and also 52 

contribute to biofilm formation in mucoid CF isolates, which overproduce alginate and 53 

emerge as the infection progresses [8, 12]. 54 

Both Pel and Psl have diverse roles in biofilm formation, antibiotic resistance, 55 

immune evasion, and whose overproduction leads to hyperaggregative small colony 56 

variants (SCVs) [1, 13]. Pel is a positively charged EPS, formed by partially acetylated 57 

galactosamine and glucosamine residues, with both cell-associated and secreted forms 58 

[5]. Psl is a neutrally charged EPS, comprised of repeating pentamers of D-mannose, 59 

D-glucose and L-rhamnose, which can be also found as part of the bacterial capsule 60 

and secreted to form the biofilm matrix [6, 14]. Both Pel and Psl are able to initiate 61 

biofilm formation [1, 15]. Pel functions as an adhesin that is critical for initial cell-cell and 62 

cell-surface interactions and the formation of pellicles in the air-liquid interface [1, 15]. 63 

Pel also has a structural role in cross-linking eDNA, establishing the scaffold of the 64 

biofilm [5]. In the Drosophila melanogaster oral feeding model, Pel is highly expressed 65 

and required for biofilm formation in the fruit fly crop [16]. Mutation in the pel operon 66 

results in rapid escape from the gastrointestinal tract and faster killing of D. 67 

melanogaster, highlighting the function of EPS to limit dissemination in chronic fruit fly 68 

infections [16]. Psl arranges in fiber-like structures that are also crucial for cell-surface 69 
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interactions, matrix development and biofilm architecture [1, 6, 7].  Both Pel and Psl are 70 

also involved in antimicrobial resistance, where Pel is crucial for increased biofilm 71 

resistance to aminoglycosides [15] and Psl contributes short-term tolerance to 72 

polymyxins, aminoglycosides and fluoroquinolone antibiotics [17]. Further, Psl has also 73 

been shown to reduce recognition by the innate immune system, blocking complement 74 

deposition on the bacterial surface and reducing phagocytosis, release of reactive 75 

oxygen species (ROS) and cell killing by neutrophils [18]. 76 

Biofilms are intimately related to antibiotic tolerance and persistent infections [15, 77 

19], therefore, there is an urgent need for the identification of new approaches that 78 

target and inhibit the biofilm mode of growth for the prevention or treatment of chronic 79 

bacterial infections. In order to identify new molecules effective against biofilms, high-80 

throughput screening (HTS) approaches have been employed to screen large numbers 81 

of compounds that reduce biofilm formation and/or detach pre-formed biofilms in many 82 

species of bacteria [20-24]. 83 

 Given the importance of Pel and Psl in P. aeruginosa biofilm formation, they are 84 

attractive targets for antibiofilm drug development. In this study we used a HTS gene 85 

expression approach to screen a 31,096-member small-molecule drug library for 86 

compounds that repress pel and psl gene expression. Consistent with our hypothesis, 87 

the pel/psl repressor compounds inhibited EPS secretion and also had significant 88 

antibiofilm activity. Further testing of these compounds revealed their antivirulence 89 

activity in Caenorhabditis elegans infection model, and their synergy with conventional 90 

antibiotics. The anti-infective compounds identified here do not inhibit bacterial growth 91 

and may therefore limit the development of antibiotic resistance if developed for use as 92 
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novel treatments for chronic P. aeruginosa infections.  93 

 94 

Results and Discussion 95 

 96 

High throughput screening for repressors of EPS gene expression. A HTS for 97 

compounds that repress expression from a pelB::lux reporter was performed in 384-well 98 

microplate format using the Canadian Chemical Biology Network drug library containing 99 

31,096 small molecule compounds. The P. aeruginosa pelB::lux reporter was grown in 100 

defined BM2 medium with limiting 20 µM magnesium (Mg2+), which we have identified 101 

previously as a growth condition that promotes biofilm formation, due to increased 102 

pel/psl expression and increased EPS production [4]. In the primary HTS screen, we 103 

tested the ability of compounds at 10 µM to reduce pel gene expression. Gene 104 

expression, in counts per second (CPS), was measured at a single time point (14 hours) 105 

in each well of 384-well microplates and normalized to the mean gene expression of 106 

each microplate. With this approach we were able to identify 163 compounds that 107 

reduced pel gene expression by at least 50% (Figure 1A). In a secondary screen of 108 

retesting the initial 163 hits, 14 compounds were identified that consistently repressed 109 

pelB::lux expression by 50% or greater, without any effect on growth. We next 110 

determined that the top 14 compounds also repressed a pslA-lux reporter by at least 111 

50%. The structures to the 14 pel repressors are shown in Figure 2 and are described in 112 

Table 1.  113 

There were an additional 26 compounds that acted as pelB::lux repressors but 114 

that also had bactericidal or bacteriostatic properties (Table S2). These antimicrobial 115 
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compounds could be separated into three different groups: small molecules with known 116 

antibiotic/disinfectant properties (group A), characterized non-antimicrobial molecules 117 

(group B) and uncharacterized molecules (group C) (Table S2). The identification of this 118 

panel of compounds highlights the ability of our approach to identify pel inhibitors, as 119 

well as antimicrobial molecules. It is noteworthy to mention that among these 120 

uncharacterized molecules (group C), two compounds (SPB07211 and KM07965) were 121 

recently identified in a whole-cell based HTS for small molecules that inhibit 122 

Burkholderia cenocepacia growth [25], and one small molecule (KM06346) was 123 

identified in a screen for nonspecific inhibitors of DNA repair enzymes (AddAB helicase 124 

nuclease) in Escherichia coli [26]. Nevertheless, all these growth inhibitor compounds 125 

were removed from the study.  126 

To confirm the gene repression ability of these compounds, 13 of the 14 molecules 127 

(I1-I13) were reordered and retested. The 13 gene inhibitor compounds show a 30-90% 128 

repression of pelB::lux reporter gene expression (Figure 1B), in comparison to the same 129 

reporter strain cultured in biofilm inducing conditions alone. Additionally, most of the 130 

compounds were also able to reduce expression of pslA-lux reporter by 10-85% (Figure 131 

1B), showing an effect over both EPS gene clusters. To determine if any of the 132 

compounds had a nonspecific effect on lux (luminescence), we grew a control lux 133 

reporter to the16S ribosomal RNA genes (PAO1::p16Slux) [27] in the presence of 10 134 

µM compounds and measured gene expression throughout growth. There were minimal 135 

effects on 16S lux expression for most of the molecules, however one compound was a 136 

strong lux repressor (I3) and interestingly, one compound was a lux activator (I2) 137 

(Figure S1A). Therefore, we repeated the gene expression experiments with the 138 
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pelB::lux and pslA-lux reporters and controlled for the compound effect on 139 

PAO1::p16Slux, and again demonstrated that most compounds were repressors of both 140 

the pel (12/13) and psl (7/13) genes, relative to their effects on 16S expression (Figure 141 

S1B).  142 

 143 

Pel/Psl repressors reduce EPS secretion and biofilm formation under microplate 144 

and flow conditions. Considering the essential role of Pel and Psl for matrix formation 145 

and biofilm development, we initially assessed the ability of the identified gene 146 

repressors to reduce EPS synthesis in the wild type PAO1 strain. EPS secretion was 147 

quantitated by the standard congo red (CR) binding assay [28]. As predicted, most of 148 

the pel/psl repressors caused significant reduction in EPS secretion (Figure 3A). Given 149 

that the small molecules efficiently reduce EPS secretion, we next wanted to investigate 150 

the compounds ability to reduce biofilm formation.  151 

P. aeruginosa biofilms were cultivated in 96-well microplates in the absence or 152 

presence of each of the top pel/psl repressor compounds and quantitated using crystal 153 

violet (CV) staining [29]. The pel/psl repressors caused significant reduction in the 154 

formation of microplate biofilms (Figure 3B). To better observe their antibiofilm effects in 155 

different strains of P. aeruginosa, we selected three different strains that differ in their 156 

ability to produce the two EPS molecules. The PA14 strain, due to a 3-gene deletion in 157 

the psl cluster, is only able to produce and secrete Pel, while PAO1 is able to produce 158 

both EPS molecules [10]. The majority of pel/psl repressors (11/13) promoted a 159 

significant reduction in biofilm formation in PA14 (Figure 3B), and most were effective 160 

(7/13) in reducing total biofilm biomass produced by PAO1 strain (Figure 3B). We also 161 
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tested their antibiofilm activity against the retS::lux mutant, which is known to 162 

overproduce both the Pel/Psl and therefore have a hyperbioflm phenotype [30], similar 163 

to the small colony variants that arise in biofilms and in the CF lung [2]. Interestingly, 164 

10/13 compounds were also effective in reducing biofilm formation in the insertional 165 

mutant retS::lux strain (Figure 3B). We were curious to assess whether there may be 166 

synergistic effects of combining the compounds; therefore, we tested the combination of 167 

2 or 3 inhibitor compounds (at a total concentration of 10 µM) that we identified as 168 

strong repressors of pelB::lux expression (data not shown). We observed that some 169 

combinations were synergistic and resulted in greater degrees of biofilm inhibition than 170 

individual compounds (Figure S2A-C). 171 

We next wanted to assess whether our compounds could inhibit the formation of 172 

biofilms in continuous flow systems, which tends to better mimic natural biofilms due to 173 

hydrodynamic influences [31, 32]. We cultivated and quantitated green fluorescent 174 

protein (gfp)-tagged PA14 and PAO1 biofilms in the BioFlux biofilm device (Figure 4A). 175 

We selected 9 individual antibiofilm compounds and 3 mixtures that showed strong 176 

biofilm inhibition in microplates. The majority of individual compounds and the 177 

combination treatments significantly reduced biofilm formation against PAO1-gfp and 178 

PA14-gfp, reducing both the depth (Figure 4B) and total coverage (Figure 4C) of 179 

biofilms grown in the BioFlux channel walls. Consistent with the CV biofilm assays 180 

(Figure S2), all compound mixtures tested had greater effects on reducing biofilms than 181 

individual compounds alone (Figure 4).  182 

 183 
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Pel/Psl repressors reduce mucoid biofilm formation and non-mucoid biofilms 184 

under anaerobic conditions. It is known that the chronically infected, mucus-filled 185 

airways of the CF lung lead to the selection of mucoid and alginate-overproducing P. 186 

aeruginosa [19, 33, 34]. Mucoid strains promote long-term survival in the CF lung, by 187 

promoting aggregation, antibiotic resistance and increased resistance to host immune 188 

response such as oxidative stress [19, 34]. Given the abundance of mucoid isolates in 189 

the CF lung, and the necessity of both intact pel and psl gene operons for biofilm 190 

formation and fitness of mucoid strains [35], we wanted to determine if our antibiofilm 191 

compounds could also reduce biofilm formation in a mucoid variant. Biofilms of strain 192 

PDO300, a ΔmucA22 variant of PAO1 [36], were cultivated in pel/psl non-inducing 193 

conditions. BM2 containing 2mM Mg2+ was used to minimize the contribution of Psl/Pel 194 

production in this experiment. Six antibiofilm compounds present at 10 µM promoted a 195 

modest but significant reduction in biofilm formation for the mucoid strain (Figure 5A). 196 

Interestingly, two of the Psl/Pel antibiofilm compounds had a biofilm promoting effect on 197 

the mucoid variant of PAO1 (Figure 5A).  198 

Previous reports have shown that the CF mucus plug environment consists of both 199 

aerobic and anaerobic microenvironments [37]. Therefore, we tested our compounds for 200 

their ability to reduce biofilm formation under anaerobic conditions. The antibiofilm 201 

compound treatments (10/13) were able to promote a significant reduction in biofilm 202 

formation in the PA14 strain under anaerobic conditions, while 6/13 compounds were 203 

effective against the PAO1 strain (Figure 5B). Importantly, 10/13 compounds also 204 

reduced biofilm formation in the hyperbiofilm forming mutant retS::lux strain under 205 

anaerobic conditions (Figure 5B). Although most of the compounds showed a similar 206 
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trend in biofilm repression for both aerobic and anaerobic conditions, compound I6 207 

showed antibiofilm properties only under anaerobic growth. Additionally, we were 208 

unable to determine biofilm inhibition by compound I11, as it was inhibiting bacteria 209 

growth under anaerobic conditions for the three strains tested (data not shown).  210 

 211 

Pel and Psl are required for PAO1 full virulence in the C. elegans infection model. 212 

Although Pel and Psl are well appreciated for their role in biofilm formation, their 213 

contribution to virulence is less understood. P. aeruginosa is known to colonize the 214 

intestinal lumen of C. elegans and cause severe alterations in its morphology [38]. 215 

Furthermore, P. aeruginosa forms clumps in the nematode gut, surrounded by an 216 

uncharacterized extracellular matrix [38]. Therefore, to determine whether Pel and/or 217 

Psl contribute to bacterial virulence we utilized the nematode infection model. We 218 

assessed the nematode feeding preference and slow killing assays when C. elegans 219 

were fed P. aeruginosa possessing mutations in the pel and psl gene clusters. Initially 220 

we used the feeding preference assay, where the nematodes are given an option of test 221 

strains within a grid of 48 colonies [39]. As feeding is observed until colony 222 

disappearance, strains that are eaten preferentially were also shown to be less virulent 223 

in the slow killing assays [39]. While single knockouts in either the pel or psl genes did 224 

not alter the nematode feeding behavior, a double Δpel/psl mutant was preferentially 225 

eaten by C. elegans, when given the choice of between Δpel/psl and PAO1 (Figure 6A). 226 

As a control experiment, the laboratory food source E. coli OP50 also served as a 227 

preferential food source to PAO1 (Figure 6A). None of the mutant strains tested in the 228 
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feeding preference assay showed a growth defects in SK media (data not shown). This 229 

result suggests a virulence role for Pel and Psl in vivo.  230 

To further investigate the role of EPS in virulence, we conducted slow killing 231 

assays [39, 40], in which nematodes are given a single bacterial food source, and 232 

worms survival is monitored over 10 days. In addition to the single and double pel/psl 233 

mutant panel, we also tested the Pel/Psl hyperproducing retS::lux mutant. In the slow 234 

killing assay, both the single pel and psl mutants, as well as the double Δpel/psl were 235 

less virulent and resulted in increased nematode survival throughout 10 days (Figure 236 

6B). Interestingly, the retS::lux mutant, known to overproduce both Pel and Psl, 237 

demonstrated an increased virulence in the slow killing assay (Figure 6B). Although this 238 

effect in the retS::lux mutant may be due to other pleiotropic effects of mutation in this 239 

regulatory protein [30], taken together, these observations indicate that both the Pel and 240 

Psl are required for full virulence of P. aeruginosa in killing C. elegans.  241 

 242 

Antibiofilm molecules also have antivirulence activity. Since the Pel/Psl are 243 

required for C. elegans full virulence (Figure 6), we hypothesized that the antibiofilm 244 

compounds identified in the HTS would also reduce virulence of the wild type PAO1. 245 

For the slow killing assay, PAO1 was inoculated as a lawn on agar plates that also 246 

included 10 µM of the antibiofilm compounds. Next, L4 stage nematodes were 247 

transferred to the plate containing compound-treated PAO1 food sources and survival 248 

was monitored over time. Although no significant killing effects were observed for the 249 

majority of the compounds tested (Figure S4), compounds I7, I9, I10 and I11 caused a 250 

significant reduction in PAO1 virulence after 10 days of feeding on compound-treated 251 
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bacteria (Figure 7). This increase in nematode survival was comparable to the effect of 252 

inactivating the Pel and/or Psl EPS (Figure 6B), suggesting that these small molecules 253 

demonstrate antivirulence activity for P. aeruginosa due to repression of EPS synthesis. 254 

 255 

Antibiofilm small molecules are synergistic with antibiotic killing against PAO1 256 

biofilms. Since biofilms are more antibiotic tolerant than planktonic cells, new 257 

treatments are needed that can both reduce biofilm and increase antibiotic susceptibility 258 

[22]. Peg-adhered PAO1 biofilms were cultivated in the absence or presence of our lead 259 

antibiofilm compounds for 24 hours, and then challenged with a panel of 5 different 260 

antimicrobials that target P. aeruginosa growth by different mechanisms of action. 261 

Polymyxins (colistin and polymyxin B) disrupt membrane integrity, aminoglycosides 262 

(tobramycin and gentamicin) inhibit protein synthesis and fluoroquinolones 263 

(ciprofloxacin) block DNA replication. It is noteworthy to acknowledge that Col and Tm 264 

are two clinically important antimicrobial therapies used to treat P. aeruginosa infections 265 

in CF patients [41, 42]. 266 

Biofilms were first cultivated in a gradient of increasing concentrations of our 267 

antibiofilm compounds and then challenged with sub-biofilm eradication concentrations 268 

of the antimicrobials. We selected the four molecules that demonstrated both antibiofilm 269 

and antivirulence activities. Compounds I7, I10 and I11 increased the PAO1 biofilm 270 

susceptibility to all tested antimicrobials by reducing the viable cell counts between 10 271 

and 10,000 fold (Figure 8). Compound I9 only increased biofilm susceptibility to Ci and 272 

PB and compound I11 often caused a dose-dependent effect on increasing biofilm 273 

killing as the concentration of antibiofilm compound increased from 5 to 20 µM (Figure 274 
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8). Most compounds had the strongest potency in increasing biofilm sensitivity at 5 and 275 

10 µM concentrations (Figure 8). In addition to their antibiofilm and antivirulence 276 

properties, these small molecules are also synergistic with antibiotics due to their ability 277 

to reduce overall biomass, which likely improves antibiotic access and their ability to kill 278 

bacteria. 279 

 280 

The Gac/Rsm regulatory network as a possible target. We speculated that the lead 281 

antibiofilm compounds might be acting on one of the regulatory components of the 282 

intricate signaling network that controls the expression and production of Pel and Psl 283 

(Figure 9A). Most attention is paid to the role of the GacAS two-component system and 284 

the rsmY and rsmZ regulatory RNAs in regulating the mRNA stability by RsmA and 285 

production of Pel and Psl [43-45]. In addition, the GacAS pathway can be repressed or 286 

activated by additional orphan sensors, RetS and LadS, respectively [30, 46]. Other 287 

transcriptional regulators include the psl activator RpoS [45] and the repressor/activator 288 

FleQ [47] (Figure 9A). RetS was originally described as a transcriptional repressor of pel 289 

and psl using microarray analysis [30]. The mechanism of RetS transcriptional control of 290 

pel/psl is not understood, given the lack of a known cognate response regulator. We 291 

previously reported that the PhoPQ two component system directly represses the retS 292 

gene, which may account for the robust biofilm phenotype under the PhoPQ-inducing 293 

conditions of growth in limiting Mg2+ [4]. Repressing the biofilm inhibitor RetS, may lead 294 

to increased biofilm through either transcriptional or post-transcriptional control of 295 

Pel/Psl.  296 
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A central feature of the Gac/Rsm pathway is that when biofilm production is 297 

promoted, the type III secretion system (T3SS) is repressed [30]. To determine if these 298 

antibiofilm compounds potentially act on the Gac/Rsm pathway, we monitored the 299 

expression profiles of genes normally repressed under biofilm promoting conditions of 300 

limiting Mg2+, which includes the retS sensor and the exoT T3SS effector [4, 30]. 301 

Several of the antibiofilm compounds caused the induction of retS biofilm 302 

repressor and exoT, along with the simultaneous repression of pel (Figure 9B), which is 303 

the opposite pattern of expression in the biofilm mode of growth. By reversing the 304 

expression of genes controlled by the Gac/Rsm pathway, the compounds identified in 305 

this study may act somewhere in this regulatory pathway. Some compounds were 306 

ineffective in reducing biofilms formed by the retS mutant (I10, I11), suggesting that 307 

RetS may be a possible drug target in these cases. However, given the large number of 308 

potential protein targets (Figure 9A), further work is needed to confirm their possible 309 

mechanism of action. 310 

 311 

Conclusion 312 

Antivirulence compounds have been described for P. aeruginosa that target the 313 

quorum sensing Las, Rhl and Pqs systems [48]. Here we describe the P. aeruginosa 314 

EPS biosynthesis genes as a new target for the identification of antivirulence 315 

compounds. Biofilm formation is an important focus for new antimicrobials given the 316 

universal and conserved process of forming a biofilm, and the diverse protective 317 

advantages of cells enmeshed in an extracellular matrix. We identified compounds that 318 

repress the expression of the pel and psl EPS genes in P. aeruginosa and hypothesized 319 
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that this effect would lead to biofilm defective phenotypes. Next we illustrated that EPS 320 

production is required for P. aeruginosa virulence in nematode infection (Figure 6), and 321 

4 of the 13 pel/psl inhibitors reduced the virulence of PAO1 in the slow killing infection 322 

model for C. elegans (Figure 7). Further, by reducing EPS synthesis and biofilm 323 

formation (Figure 3), the antibiofilm molecules also demonstrated synergistic activity 324 

when combined with antibiotic treatment (Figure 8). The antibiotic synergies were seen 325 

across multiple antibiotic classes, including antibiotics previously shown to be affected 326 

by the production of Pel/Psl EPS [8, 15, 17]. 327 

 Future work will focus on identifying the mechanism of action of the molecules 328 

found in this study. Some of the compounds appear to act on the Gac/Rsm pathway, as 329 

they reverse the pattern of target gene expression. We used the biofilm promoting 330 

conditions of growth in limiting Mg2+ concentration, which increases EPS production [4] 331 

and represses expression of the T3SS [49]. Several of the antibiofilm compounds in this 332 

study reversed that pattern, by repressing EPS biosynthesis and inducing the T3SS, as 333 

well as induce the RetS biofilm repressor (Figure 9B). Here we identified diverse 334 

structural compounds that possess antibiofilm activity, some of which share common 335 

structural features. Compounds I5 and I6 share a benzothiophene backbone, 336 

compounds I2 and I13 have a benzothiazole component, and I10 and I12 are 337 

acetylcholine and choline, respectively (Table S2). In support of our findings, choline 338 

analogs have been previously identified as antibiofilm agents against P. aeruginosa 339 

[50]. In summary, we have identified a panel of small molecules that represent a novel 340 

class of antivirulence antimicrobials, which could be developed for the treatment of 341 

chronic P. aeruginosa biofilm infections. 342 
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 351 

Materials and Methods. 352 

 353 

Bacterial strains and growth media. The strains and plasmids used in this study are 354 

listed in Table S1. Biofilms and planktonic cultures were grown in Basal Minimal 355 

Medium (BM2) at 37oC, containing excess or limiting Mg2+ concentrations. BM2 media 356 

prepared with 100 mM Hepes pH 7.0, 7mM (NH4)2SO4, 1.03 mM K2HPO4, 0.57 mM 357 

KH2PO4, 20 µM or 2 mM MgSO4, 10 µM FeSO4 and ion solution, containing 1.6 mM 358 

MnSO4.H20, 14 mM ZnCl2, 4.7 mM H3BO3 and 0.7 mM CoCl2.6H20. The media was 359 

supplemented with 20 mM sodium succinate as a carbon source for all assays. KNO3 360 

(1%) was added to support bacterial growth under anaerobic conditions. GFP-tagged 361 

PA14 was prepared as previously described [51]. Briefly, the pBT270 GFP-encoding 362 

plasmid containing a site-specific integration mini-Tn7 vector was transformed in PA14, 363 

with the help of a pTNS2 plasmid. GFP-expressing colonies were selected for with Gm 364 

resistance (50 µg/ml). Stock solutions of ampicillin (50 mg/ml, AMRESCO), ciprofloxacin 365 
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(2 mg/ml, BioChemika), colistin (10 mg/ml, Sigma), gentamicin (30 mg/ml, Sigma), 366 

polymyxin B (30 mg/ml, Sigma), and tobramycin (25 mg/ml, Sigma) were made in 367 

ultrapure water and stored at -20oC, and used as indicated. 368 

 369 

HTS and gene expression assays. For the HTS of the 31,096 small molecules in the 370 

Canadian Chemical Biology Network library, compounds were transferred from the 371 

stock 96-well plates (1 mM in dimethyl sulfoxide) to 384-well assay microplates with the 372 

help of plastic 96-pin transfer devices. All compounds were tested at a final 373 

concentration of ~10 µM. Plates were covered with an air-permeable membrane and 374 

incubated at 37oC for 14 hours, and gene expression in counts per second (CPS) was 375 

determined in a Wallac Victor3 luminescent plate reader (Perkin-Elmer). For the 376 

secondary screen, pelB::lux and pslA-lux reporters were grown in 384-well microplates 377 

in the presence of ~10 µM of the hit-compounds at 37oC in a Wallac Victor3 plate 378 

reader, CPS and optical density (growth, OD600) reads were taken every 60 minutes 379 

throughout growth. For all other gene expression assays, gene reporters were grown in 380 

96-well microplates, in the presence of 10 µM of the reordered inhibitor compounds, and 381 

incubated at 37oC in a Wallac Victor3, with CPS and OD600 measurements taken every 382 

20 minutes.  383 

 384 

EPS quantification. EPS was measured in the quantitative congo red (CR) binding 385 

assay, as previously described [28]. Cultures were grown in BM2 20 µM Mg2+ 386 

containing 10 µM of reordered compounds in 5 ml glass tubes for 24 hours at 37oC with 387 

shaking (150 rpm). For EPS quantification, CR was added at a final concentration of 40 388 
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µg/ml to 2 ml cultures and bound-dye was indirectly calculated by determination of 389 

remaining unbound dye still in solution [28]. 390 

 391 

Biofilm cultivation and quantification. Unless otherwise indicated, all biofilms were 392 

cultivated in BM2 20 µM Mg2+ containing 10 µM of compounds in 96-well polystyrene 393 

microplates for 18 hours at 37oC with shaking (100 rpm). Anaerobic biofilms were 394 

cultivated inside an anaerobic chamber (GasPack System) for 48 hours. Biofilm 395 

inhibition was determined by crystal violet (CV) staining as previously described [29]. 396 

Continuous flow biofilms were cultivated in BioFlux device, in 48-well microplates, 397 

incubated for 18 hours at 37oC [31]. The biofilms formed under flow system were 398 

imaged with a Nikon Eclipse Ti inverted epifluorescence microscope in green 399 

fluorescence and phase contrast. Biofilm depth and coverage were determined using 400 

ImageJ processing and analysis in Java. 401 

 402 

C. elegans nematode infection models. The nematode feeding preference and slow 403 

killing assays were performed as previously described [39]. Briefly, for the feeding 404 

preference assay, 20 L4 stage hermaphrodite nematodes were transferred to a slow 405 

killing (SK) assay plate containing a pre-grown grid of 45 wild type colonies and 3 406 

internal spots of the mutant strains to be tested (6x8 colonies). The plates were 407 

incubated at 25oC and observed twice a day until the disappearance of the initial 408 

bacterial colonies. For the slow killing assay, 30 L4 stage nematodes were transferred 409 

to a SK plate containing individual pre-grown PAO1 lawns of bacteria to be tested. 410 

Nematode survival was determined throughout 10 days by direct observation under a 411 
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dissecting microscope. 25 µg/ml of 5-fluoro-2’-deoxyuridine (FUdR) was added to SK 412 

plates on the slow killing assay for the prevention of offspring development. All 413 

compounds were added at 10 µM in the SK agar before bacterial growth. For both in 414 

vivo assays, E. coli strain OP50 was used as a positive control to demonstrate preferred 415 

feeding behavior and reduced virulence for the nematodes. Nematodes were cultivated 416 

on nematode growth medium (NGM) plates containing a lawn of OP50 as food source. 417 

 418 

Antimicrobial synergy testing of biofilms. Biofilm susceptibility testing was 419 

performed as previously described [52], with minor modifications. Biofilms were grown 420 

for 24 hours on polystyrene pegs (NUNC-TSP) submerged in BM2 20 µM Mg2+ 421 

containing 5, 10 and 20 µM of select inhibitor compounds. Cultivated biofilms were 422 

rinsed in 0.9% saline (NaCl) and transferred to a plate containing sub-eradication 423 

concentrations of antimicrobials in 10% BM2 diluted in 0.9% saline and challenged for 424 

24 hours. After challenge, biofilms were rinsed twice in 0.9% saline, and attached cells 425 

were DNase I treated (25 µg/ml, Sigma) for 30 minutes and sonicated for 10 minutes to 426 

detach. Cell viability was determined by serial dilution and direct counting as previously 427 

described [53]. 428 

 429 

Statistical analysis. Statistical significance between populations was determined by 430 

paired two-tailed Student’s t-test. Log-rank test (Graph Pad Prism) was used for 431 

determination of significant differences in C. elegans survival. Data considered 432 

significant at level of p<0.05. Significance represented by * (p<0.05), ** (p<0.01) and *** 433 

(p<0.001).  434 
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Figure 1.  HTS identifies small molecules that reduce pelB and pslA expression. 
(A) Unsorted and sorted summary from a HTS showing the effect of each individual 

31,096-small molecule on pelB::lux expression. Gene expression was measured at 14 

hours and divided by the mean gene expression from each 384-well plate and 

represented as % gene expression. The primary screen identified 163 repressor “hits” 

(red arrow) that inhibited gene expression by 50% or more. (B) Reordered lead 

compounds identified in the HTS were retested for their ability to repress expression of 

pelB::lux and pslA-lux transcriptional reporters. Gene expression was measured 

throughout 18 hours and represented as area under the curve. Values shown are the 

average from triplicate values with standard deviation, n=4. Significant repression is 

indicated: *(p<0.05), **(p<0.01) and ***(p<0.001). 
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Figure 2. Molecular structures of the pel/psl gene expression inhibitors identified 
in the HTS. Inhibitor (I) compounds are labeled 1 through 14. For more details see 

Table 1.  
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Figure 3. Pel/Psl repressor compounds reduce EPS production and biofilm 
formation in vitro. (A) Congo red (CR) was used to stain and quantitate secreted EPS 

after treatment with the 13 inhibitor compounds, n=3. (B) Crystal violent (CV) staining of 

biofilms formed in microplates after treatment of PA14, PAO1 and retS::lux biofilms. 

Black bars of compound-treated biofilms were compared to green bars of strains grown 
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in biofilm-inducing condition alone. Blue (PA14 and PAO1) and red (PAO1) bars are 

negative controls of biofilms formed in repressing conditions. Values shown are the 

mean of 6 replicates plus standard deviation, n=3.  Significant repression in biofilm 

formation is indicated: *(p<0.05), **(p<0.01) and ***(p<0.001). 
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Figure 4: EPS inhibitors reduce biofilms formed under flow conditions. (A) The 

images shown of biofilms formed along the walls of the chambers in the BioFlux device 

are from phage contrast (left), GFP (middle) and the GFP image that was threshold 

adjusted to isolate the biofilms adhered to the channel walls (right). The phase contrast 

images were used for calculating the (B) biofilm depth, and the GFP images were used 

for calculating (C) the total biofilm coverage in the chamber. Black bars of compound-

treated biofilms were compared to strains grown in biofilm-inducing (green) or 

repressing (blue) conditions. All values shown are the mean of triplicate samples plus 

standard deviation, n=2. Significant repression in biofilm coverage or depth is indicated: 

*(p<0.05), **(p<0.01) and ***(p<0.001).   
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• 	  

Figure 5: Small molecule EPS inhibitors reduce biofilms formed by mucoid 
strains and non-mucoid strains under anaerobic conditions. (A) Crystal violent 

(CV) staining of mucoid PDO300 (ΔmucA22) biofilms in aerobic conditions. Black bars 

of compound treated biofilms were compared to green bar of mucoid biofilms grown in 

EPS-repressing condition. (B) Crystal violent (CV) staining of anaerobic biofilms formed 
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in microplates after treatment of PA14, PAO1 and retS::lux strains. Black bars of 

compound-treated biofilms were compared to green bars of strains grown in biofilm-

inducing condition alone. Blue (PA14 and PAO1) and red (PAO1) bars for negative 

controls of biofilms formed in repressing conditions. ND, not determined. All values 

shown are the mean of 6 replicates plus standard deviation, n=3. Significant repression 

in biofilm formation is indicated: *(p<0.05), **(p<0.01) and ***(p<0.001).  
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Figure 6. The Pel and Psl exopolysaccharides are required for full virulence in the 
C. elegans infection models. (A) The feeding preference assay indicates that the 

pel/psl double mutant is a preferred food source and was eaten to completion before 

PAO1. Test strains were embedded in triplicate spots (red box) within a grid of 6x8 

positions of wild type PAO1, n=3. The E. coli OP50 strain was used as a positive control 

of preferred food source known to have reduced virulence (see figure S3). (B) Slow 

killing curves of nematodes fed individual strains of either PAO1 wild type, pel, psl or 

pel/psl mutants. The hyperbiofilm forming retS::lux mutant was also tested for virulence 

relative to the PAO1. Kaplan-Meyer curves with % survival represent three independent 

experiments (n=30) where the total number of worms equals 90. Significant differences 
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in nematode survival are indicated: *(p<0.05), **(p<0.01) and ***(p<0.001).  
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Figure 7. Antibiofilm compounds have antivirulence activity in the C. elegans 
slow killing infection model. Nematodes were fed with antibiofilm compound-treated 

PAO1 and monitored for increased survival. Kaplan-Meyer curves with % survival 

represent three independent experiments (n=30) where the total number of worms 

equals 90.  Significant differences in nematode survival are indicated: **(p<0.01) and 

***(p<0.001). 
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Figure 8. Antibiofilm compounds have synergistic effects when used in 
combination with conventional antibiotics. Biofilms were formed in the absence or 

presence of antibiofilm compounds I7, I9, I10 and I11, and then treated with sub-

eradication concentrations of ciprofloxacin (Ci, 2.5 µg/ml), colistin (Col, 25 µg/ml), 

gentamicin (Gm, 6.5 µg/ml), polymyxin B (PB, 25 µg/ml) or tobramycin (Tm, 1 µg/ml) 

antibiotics. CFU/ml counts of surviving bacteria were determined from peg-adhered 

biofilms after antibiotic treatment. Antibiofilm compounds were added in increasing 

concentrations ranging from 0-20 µM. Values shown are the mean of triplicate samples 
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plus standard deviation, n=2.  
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Figure 9. The central regulatory systems controlling Pel/Psl EPS production and 
biofilm formation. (A) The Gac/Rsm regulatory pathway in P. aeruginosa is the central 

pathway that post-transcriptionally controls the switch to a biofilm lifestyle. Whether 

activated by LadS, or repressed by RetS, both additional inner membrane orphan 

sensors, the Gac/Rsm pathway promotes stability of the Pel and Psl transcripts and 

ultimately EPS production and biofilm formation (solid lines). This pathway inversely 

controls the T3SS, largely thought to be an acute virulence factor and not required for 

chronic infections caused by biofilms. RetS also contributes to the transcriptional 

repression of pel and psl, along with the transcriptional activators RpoS and FleQ 

(dashed lines). FleQ can function as a repressor or activator of the pel operon, 

depending on the presence of cyclic-di-GMP. The Mg2+ sensing PhoPQ two-component 

system directly represses retS, which in turn induces biofilm formation. Positive 

regulators of the biofilm lifestyle are represented in blue, negative regulators in red. (B) 
Gene expression profiles of pelB, retS and exoT after treatment with select antibiofilm 

compounds. Bars represent the average net fold induction (positive) or repression 

(negative) from triplicate samples of the target genes relative to the untreated condition. 
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Figure S1: (A) Analysis of compound-treated PAO1::p16Slux reporter to assess 
nonspecific effects on lux expression. Gene expression after treatment (blue bars) 

was compared to untreated control (red) and was represented as the total gene 

expression throughout 18 hours, which was calculated as area under the curve. Values 

shown are the mean of triplicate samples plus standard deviation, n=6. (B) Repression 

of pel and psl after normalization to the expression of 16S genes after treatment. Bars 

represent the average net fold repression on triplicate samples of the target genes 

relative to the untreated condition, n=2. 
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Figure S2: Biofilm assays after combination treatment with select mixtures of 
antibiofilm compounds. Assays were performed with  (A) PA14, (B) PAO1 and the (C) 

retS::lux mutant. Black bars of compound mixture-treated biofilms were compared to 

green bars of strains grown in biofilm-inducing condition alone. Blue (PA14 and PAO1) 

and red (PAO1) bars are negative controls of biofilms formed in repressing conditions. 

Values shown are the mean of 6 replicates plus standard deviation. Significant 

repression in biofilm formation is indicated: *(p<0.05), **(p<0.01) and ***(p<0.001). 
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Figure S3: Effects of antibiofilm compounds on the virulence of PAO1 in the C. 
elegans slow killing virulence assay. Kaplan-Meyer curves with % survival represent 

three independent experiments (n=30) where the total number of worms equals 90. 

Significance differences in nematode survival are indicated: **(p<0.01) and 

***(p<0.001). 
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Table 1: Molecular nomenclature of the pel/psl gene inhibitors identified in the HTS.  

Code Vendor Vendor ID Chemical name PubChem 
CID 

I1 ChemBridge 5307707 4-heptyloxybenzamide 1712173 
I2 ChemBridge 5636083 N'-(1,3-benzothiazol-2-yl)-2-fluorobenzohydrazide 872872 
I3 ChemBridge 6622147 N-(4-bromo-3-methylphenyl)-2-(1,3-dioxoisoindol-2-yl)acetamide 1346797 
I4 Maybridge BTB09154 2-(4-chlorophenyl)sulfonyl-6-methoxy-3-nitropyridine 2801235 
I5 Maybridge KM08157 3R-3-(4-methylphenyl)sulfonyl-2,3-dihydro-1-benzothiophene-1,1-dioxide 6934138 
I6 Maybridge KM08195	   3-piperidin-1-yl-2,3-dihydro-1-benzothiophene-1,1-dioxide 281092 
I7 Maybridge RJC01132 N-(5,6-dimethyl-1H-benzimidazol-2-yl)oct-2-ynamide 2728870 
I8 Maybridge TL00118 p-thiocyanodimethylaniline 23540 
I9 MicroSource 200012 Brazilin 73384 

I10 MicroSource 1500104 Acetylcholine 187 
I11 MicroSource 1500148 Bithionate sodium 60148380 
I12 MicroSource 1503428 Choline 305 
I13 MicroSource 1504225 Captax (2-Mercaptobenzothiazole) 697993 
I14 Maybridge BTB14023 N4-(4-bromophenyl)pyrimidine-2,4,6-triamine 238013 
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Supplementary Table S1: strains and plasmids used in this study. 

Name Description/Characteristics Reference 
P. aeruginosa wild type 
   PA14 Wild type P. aeruginosa strain PA14 RE Hancock 
   PA01 Wild type P. aeruginosa strain PA01 RE Hancock 
Gfp-tagged P. aeruginosa 
   PA14-gfp Mini-Tn7::gfp transformed in PA14 recipient strain. Gmr This study 
   PA01-gfp PA01-Tn7::gfp. Wild type P. aeruginosa constitutively producing Gfp. Gmr [54]  
Gene reporters and mutant 
   PA01::p16slux Wild type P. aeruginosa with transcriptional luxCDABE fusion of 16S rRNA genes [27] 
   pelB::lux (66_B7) pelB transposon mutant and transcriptional lux reporter [55] 
   PA01 pslA-lux pslA promoter-lux transcriptional reporter in in pMS402. Tpr [4] 
   PA01 retS::lux (18_F4) retS transposon mutant and transcriptional lux reporter [55] 
   PA3553::lux (53_D10) PA3553::lux transposon mutant and transcriptional lux reporter [55] 
   PA01 oprH-lux pOprH-lux integrated in att site of PAO1 [56] 
   PA01 exoT-lux pExoT-lux integrated in att site of PAO1 [56] 
   Δpsl Δpsl mutant with pMA8 used in PAO1 background [4] 
   Δpel/psl Double pel/psl  mutant in PAO1 background [4] 
   PD0300 ΔmucA22. Mucoid derivate of PAO1. [36] 
Plasmids 
   pBT270 Mini-Tn7-GFP(mut3). Integration vector for gfp. Gmr, Ampr [51] 
   pTNS2 Helper plasmid for mobilizing mini-Tn7 plasmid in P. aeruginosa. Ampr [51] 

OP50 E. coli strain OP50. Bacterial food source for nematode maintenance and control 
of low virulence [39] 
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Supplementary Table S2: Antimicrobial compounds identified in the HTS screen for EPS repressors. 

Group Vendor Vendor ID Chemical name Function PubChem 
CID 

A MicroSource 1504260 Levofloxacin Quinolone antibiotic 149096 
A MicroSource 1504272 Gatifloxacin Quinolone antibiotic 5379 
A MicroSource 1505314 Sarafloxacin Quinolone antibiotic 56208 
A MicroSource 1503614 Ciprofloxacin Quinolone antibiotic 2764 
A MicroSource 1504303 Moxifloxacin Quinolone antibiotic 152946 
A MicroSource 1505802 Gemifloxacin Quinolone antibiotic 9571107 
A MicroSource 1505305 Pefloxacin Quinolone antibiotic 51081 
A MicroSource 1500545 Sulfacetamide Sulphonamide antibiotic 5320 
A BIOMOL GR-317  Coumermycin Aminocoumarin antibiotic 54675768 

A BIOMOL GR-311 Mitomycin C Antineoplasic antibiotic produced by Streptomyces 
caespitosus 5746 

A BIOMOL NP-223  Patulin Mycotoxin antibiotoc produced by species of Aspergillus and 
Penicillium 4696 

A ChemBridge 5153890 A22 Antibiotic (modulator of MreB activity) 348494 

A MicroSource 1500260 Pyrithione Zinc Fungistatic and bacteriostatic  
(aspergillic acid derivate) 3005837 

A MicroSource 1500637 Merbromin Antiseptic (organomercury compound)  441373 
A MicroSource 1500644 Phenylmercury Antiseptic (organomercury compound) 567 
A MicroSource 1500572 Thimerosal Antiseptic and antifungal agent (organomercury compound) 16684434 

B MicroSource 211468 Dantron Stimulant laxative, antioxidant with antifungal properties 
Toxic and possibly carcinogenic (anthraquinone derivate) 2950 

B MicroSource 1505315 6-Aminonicotinamide Antineoplastic, apoptosis inducer. NAD-analog  9500 
B MicroSource 1505317 Carmofur Antineoplasic agent (pyrimidine analog) 2577 

C Maybridge SPB07211  2-methylsulfanyl-5-[(5-nitro-1,3-thiazol-
2-yl)sulfanyl]-1,3,4-thiadiazole 

Burkholderia cenocepacia growth inhibitor. Possible 
thiadiazole derivate antimicrobial agent. 2746762 

C Maybridge KM07965  2-[(4-chlorophenyl)sulfanylmethyl]-1-
azabicyclo[2.2.2]octan-3-one 

Burkholderia cenocepacia growth inhibitor. Possible 
chlorobenzyl derivate antimicrobial agent. 2822094 

C Maybridge KM06346 3-(2-Thienylsulfonyl)-2-
pyrazinecarbonitrile 

AddAB helicase nuclease inhibitor. Possible cyanopyridine 
derivate antimicrobial agent. 2821421 

C Maybridge HTS06235 N-(4-phenylmethoxyphenyl)-4-(pyridin-
4-ylmethyl)piperazine-1-carboxamide 

No antimicrobial properties reported. Possible piperazine 
derivate antimicrobial agent. 2812932 

C Maybridge BTB08617 2-[5-(trifluoromethyl)pyridin-2-
yl]sulfonylethyl benzoate 

No antimicrobial properties reported. Possible benzoate 
derivate antimicrobial agent. 2800996 

C Maybridge SEW00805 3,5-bis(methylsulfonyl)-1,2-thiazole-4- No antimicrobial properties reported. Possible thiazole 2739198 
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carboxamide derivate antimicrobial agent. 

C Maybridge S04233 N-(4-fluorophenyl)-4,5-dihydro-1H-
imidazol-2-amine 

No antimicrobial properties reported. Possible nitroimidazol 
derivate antibiotic agent. 2731293 
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