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ABSTRACT 20 

While both iron and nitric oxide (NO) are redox-active environmental signals that have been 21 

shown to regulate biofilm development, their interaction and roles in regulating biofilms have 22 

not been fully elucidated. In this study, exposure of Pseudomonas aeruginosa biofilms to 23 

exogenous NO inhibited the expression of iron acquisition related genes and the production of 24 

the siderophore pyoverdine. Further, supplementation of the culture medium with high levels of 25 

iron (100 µM) counteracted NO induced biofilm dispersal by promoting the rapid attachment of 26 

planktonic cells. In the presence of iron, biofilms were found to disperse transiently to NO, while 27 

the freshly dispersed cells reattached rapidly within 15 min. This effect was not due to 28 

scavenging of NO by free iron, but rather involved a cellular response induced by iron that led to 29 

elevated production of the exopolysaccharide Psl. Interestingly, most Psl remained on the 30 

substratum after treatment with NO, suggesting that dispersal involved changes in the 31 

interactions between Psl and P. aeruginosa cells. Taken together, our results suggest that iron and 32 

NO regulate biofilm development via different pathways, both of which include regulation of 33 

Psl-mediated attachment. Moreover, the addition of an iron chelator worked synergistically with 34 

NO in the dispersal of biofilms.  35 

IMPORTANCE:  Nitric oxide (NO), which induces biofilm dispersal, is a promising strategy for 36 

biofilm control in both clinical and industrial contexts. However, competing environmental 37 

signals may reduce the efficacy of NO. The results presented here suggest that the presence of 38 

iron represents one such environmental cue that could antagonize the activity of NO as a biofilm 39 

dispersing agent. Based on this understanding, we developed a strategy to enhance dispersal by 40 

combining NO with an iron scavenging agent. Overall, this study links two important 41 

environmental signals, iron and NO, with their roles in biofilm development and suggests new 42 

ways for improving the use of NO in biofilm control strategies.  43 
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INTRODUCTION 44 

Biological life cycle transitions are often regulated by the interplay between genetic elements and 45 

chemical or environmental cues (1). Understanding these interactions may allow for a better 46 

control of developmental processes. In bacterial biofilms, the opposing stages of attachment and 47 

dispersal are both controlled by a number of external cues and a network of specific genes. 48 

Attachment of bacterial cells onto biotic or abiotic surfaces is mediated by extracellular 49 

polymeric substances (EPS) that include adhesive proteins and polysaccharides as well as eDNA 50 

(2). The opportunistic pathogen and model biofilm forming organism Pseudomonas aeruginosa, 51 

produces three types of exopolysaccharides:  alginate, Pel and Psl, as well as several proteins that 52 

have been shown to be involved in biofilm formation. The adhesin CdrA strongly binds Psl and 53 

can anchor cells to the EPS matrix or when secreted crosslink fiber-like Psl strands, thus 54 

stiffening the gel-like EPS matrix (3). In P. aeruginosa, alginate, Pel and Psl are partly regulated 55 

by bis-(3'-5')-cyclic dimeric guanosine monophosphate (c-di-GMP), an intracellular secondary 56 

messenger conserved across bacterial species (4, 5). In many bacteria, c-di-GMP levels are 57 

controlled by multiple enzymes (phosphodiesterases (PDEs) and diguanylate cyclases (DGCs)), 58 

some of which are associated with sensory domains (e.g., PAS domain) capable of responding to 59 

extracellular stimuli including environmental cues (e.g., oxygen and redox conditions, light and 60 

starvation) as well as cell-to-cell signals (4). While high levels of c-di-GMP, via interaction with 61 

transcriptional regulators and direct effectors, usually promote attachment, lower intracellular 62 

levels downregulate attachment, induce the expression of motility genes and trigger dispersal. 63 

 64 

There are a variety of environmental signals that can induce biofilm dispersal. For example, 65 

biofilm dispersal can be triggered by low levels of nitric oxide (NO) (6, 7), oxygen depletion (8, 66 

9), changes in temperature (10) as well as changes in iron levels and nutrient availability (11-14). 67 
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Among these cues, NO has attracted particular interest as its role in biofilm dispersal that appears 68 

to be conserved across bacterial species. Thus, several promising strategies have been developed 69 

to deliver NO and disperse antimicrobial-resistant biofilms that could find applications across a 70 

range of industrial and clinical settings (15). NO is a hydrophobic molecule and a highly reactive 71 

free radical (16). At low, non-toxic concentrations (nanomolar range) NO induces biofilm 72 

dispersal, while higher concentrations may cause nitrosative damage to bacterial cells. In P. 73 

aeruginosa, NO disperses biofilms through stimulation of phosphodiesterase activity, resulting in 74 

decreased intracellular c-di-GMP concentrations and involves the periplasmic protease LapG (7, 75 

17). Several sensors of NO have been identified, including a newly characterized heme-binding 76 

sensor protein, NosP, that is involved in regulating biofilm dispersal in P. aeruginosa and is 77 

highly conserved among bacteria (18). While the exogenous addition of NO can disperse a 78 

significant portion of biofilms, the addition of NO generally does not disperse all of the biofilm 79 

(6). We have recently shown that the non-dispersing cells become insensitive to NO as a 80 

consequence of flavohemoprotein production, which scavenges NO (19). 81 

 82 

NO can bind to most transition metals (20), of which, iron is one of the best understood. For 83 

example, NO can bind to heme sensors, affect cytochromes or iron-sulfur clusters (21). 84 

Interestingly, iron has been shown to impact biofilm developmental processes, where low or high 85 

iron concentrations can inhibit or increase biofilm formation, respectively. Thus, iron and NO 86 

have opposing activities. However, the direct link between iron and NO in the regulation of 87 

biofilms remains poorly understood. Iron is an essential nutrient to sustain bacterial growth and 88 

bacteria have evolved several strategies for iron acquisition and uptake (22), which may be 89 

especially important in conditions of high cellular density such as biofilms. Mature biofilms 90 

exhibit gene expression profiles consistent with iron limitation (23). Previous studies have 91 
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reported that iron availability controls biofilm formation through several mechanisms, including 92 

modulating quorum sensing (QS) cell-cell signaling, stimulating DNA release, or enhancing the 93 

production of Psl polysaccharides (13, 24, 25). Generally, under iron-limiting conditions P. 94 

aeruginosa does not form biofilms or only forms flat, unstructured biofilms (13, 26). In contrast, 95 

under iron-replete conditions, biofilm formation is increased (14, 24). Further, pyoverdine 96 

production is reduced in P. aeruginosa cells with lower c-di-GMP levels (27-29). Pyoverdine is a 97 

high-affinity siderophore produced by P. aeruginosa to acquire iron in an iron-limiting 98 

environment (30-32). The mechanisms regulating these effects remain to be fully elucidated and, 99 

to date, no c-di-GMP-dependent receptor involved in pvd transcription has been identified. 100 

Moreover, P. aeruginosa ΔpvdA, ΔpvdS and ΔfpvA mutant strains, defective in genes important 101 

for pyoverdine synthesis, signaling and uptake (33, 34), were shown to form thin layer biofilms 102 

and for the ΔpvdA mutant, the biofilm mushroom-like structure were restored when pyoverdine 103 

was exogenously added (34). Iron may also affect biofilm formation through the QS signaling 104 

pathway. The parental strain forms biofilms poorly under iron limiting condition, while the 105 

structured, mushroom-like biofilm formation was largely restored in the rhlI mutant (35). 106 

Moreover, a recent study showed that in P. aeruginosa, high iron (50 and 100 μM FeCl3) 107 

promoted Psl production and induced biofilm formation (24). Psl was also found to bind both 108 

ferrous and ferric iron and store iron to further induce Psl-dependent biofilm formation (24).  109 

 110 

In this study, transcriptomic analysis of the NO mediated dispersal response was performed to 111 

better understand the physiological changes induced by NO. NO treated cells had reduced 112 

expression of genes for the synthesis of pyoverdine and the lower-affinity siderophore pyochelin 113 

(36) as well as other iron acquisition related genes. Thus, a potential link between iron 114 

acquisition and NO mediated dispersal was further explored. Supplementation of the culture 115 
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medium with high levels of iron overrode NO induced biofilm dispersal by promoting the rapid 116 

attachment of planktonic cells, which was linked to the production of Psl. In contrast, the 117 

dispersal response appeared to involve changes in Psl mediated attachment of P. aeruginosa 118 

cells. Finally, addition of the iron chelator 2,2'-Bipyridine (Bipy) showed a synergetic effect with 119 

NO in dispersing biofilms. Simultaneous treatment of biofilms with NO and an iron chelator 120 

could enhance biofilm dispersal in environments where high iron levels might inhibit the ability 121 

of NO to disperse biofilms.  122 
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RESULTS 123 

NO inhibits expression of iron acquisition related genes and pyoverdine production 124 

To elucidate the molecular pathway of NO induced dispersal, this study compared transcriptomic 125 

profiles of P. aeruginosa untreated, planktonic and biofilm cells to those of NO induced 126 

dispersed bacteria as well as cells remaining within biofilm structures after treatment with the 127 

NO donor, spermine NONOate (SP-NO). Methods of the transcriptomic experiment are 128 

described in the supplemental material Text S1. The results showed that the expression levels of 129 

most iron acquisition related genes in NO treated biofilms and dispersed cells were lower 130 

compared to untreated cells (Supplemental material Table S1 and S2). Several extracytoplasmic 131 

function sigma factors (ECF-σ) controlled by the ferric uptake regulator, Fur, (37) including 132 

pvdS and femI were downregulated in NO treated cells (dispersed cells and biofilms) compared 133 

to untreated cells. Genes for pyoverdine synthesis appeared to be downregulated, such as pvdA 134 

(34), which expression was 7 fold lower in NO treated biofilms compared to untreated biofilms 135 

and 6 fold lower in dispersed cells compared to planktonic cells. tonB1, an essential component 136 

of the siderophore-mediated iron uptake system (38) was also decreased by 11 fold in NO treated 137 

biofilms compared to untreated biofilms. Iron receptors, including fpvA, optI and hasR exhibited 138 

lower expression levels in NO treated biofilms compared to untreated biofilms. Among these 139 

genes, the expression level of fpvA was 8 fold lower in NO treated biofilms compared to 140 

untreated biofilms. Moreover, the expression of pvdQ was nine times lower compared to 141 

untreated biofilms and pchA-D, pchR (39), involved in pyochelin biosynthesis, were also 142 

downregulated in NO treated biofilms. In addition, the expression levels of phenazine 143 

biosynthesis genes, which encode redox-active pigments involved in QS, virulence and iron 144 

acquisition (40), phzA1, phzB2, phzC1, phzC2, phzD1, phzD2, phzE1, phzE2, phzF1, phzF2, 145 

phzG1 and phzG2 were decreased at least 4 fold in NO treated biofilms. phzA1and phzB1were 146 
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downregulated in dispersed cells compared to planktonic cells. Therefore, the data suggest that 147 

the pyoverdine and pyochelin synthesis genes, as well as iron acquisition related genes, were 148 

generally reduced after NO treatment. In contrast, bfrB, encoding a bacterioferritin, which is an 149 

important iron storage protein in P. aeruginosa (41), was highly upregulated in NO treated 150 

remaining biofilms (72 fold) and NO dispersed cells (77 fold) compared to untreated cells.  151 

 152 

Since the expression levels of most iron acquisition related genes (e.g., pvdA, pvdS and fpvA) 153 

were downregulated after exposure to 100 μM NO donor SP-NO, the effect of NO on pyoverdine 154 

production was further investigated. Pyoverdine production was reduced 25% after adding 100 155 

µM SP-NO for 15 min (Fig. 1). Similar results were observed after 30 min exposure. Overall, 156 

these data suggest a link between the repression of iron acquisition related genes induced by NO 157 

and the regulation of biofilm dispersal. 158 

 159 

Iron overrides NO induced dispersal independent of NO scavenging pathways  160 

To determine whether NO induces biofilm dispersal through inhibition of iron uptake systems, 161 

the impact of the addition of exogenous iron on NO induced dispersal was explored. Biofilms 162 

were first treated with different concentrations of ferrous iron and NO simultaneously for 30 min. 163 

After treatment with 100 μM of the NO donor SP-NO alone for 30 min, about 90% of biofilms 164 

were dispersed (Fig. 2A). In contrast, when ferrous iron was added to biofilms at the same time 165 

as NO, the dispersal response appeared to be inhibited in an iron dose dependent manner (Fig. 166 

2A), with only 40% of the biofilms dispersed after 30 min in the presence of 100 μM FeSO4. 167 

These data also show that in the presence of iron alone, the biofilm biomass increased compared 168 

to biofilms that had not received iron. This suggested two possibilities, (i) that iron may interfere 169 

with NO sensing and the induction of dispersal, or (ii) that iron may affect the dispersal process 170 
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further downstream in the regulatory cascade. To address this, biofilms were first exposed to NO 171 

alone for 15 min, which is sufficient for the induction of dispersal as shown in our previous work 172 

(19), before iron was added to the cultures. Even when iron was added 15 min after NO, the 173 

biofilm biomass was found to increase in the presence of iron, with 100 μM FeSO4 resulting in a 174 

4.9 and 4.7 fold increase after 15 or 30 min, respectively (Fig. 2B). This suggested that the effect 175 

of iron on dispersal was not dependent on its presence during NO release, NO sensing or the 176 

onset of dispersal. Similar increases in biofilm biomass were found after cells were exposed to 177 

100 μM ferric iron FeCl3 (Fig. 2B), indicating that this phenotype was not dependent on the iron 178 

oxidation state (i.e. ferrous Fe2+ vs. ferric Fe3+).  179 

 180 

Iron is known to have a direct effect on free NO via redox reactions (21). To investigate whether 181 

iron directly scavenges NO and consequently inhibits NO induced dispersal, NO specific 182 

electrodes were used to measure the amount of free NO released from NO donor SP-NO in the 183 

presence of FeCl3, FeSO4 or the NO scavenger PTIO (Fig. 2C). In the absence of any iron or 184 

scavenger, the amount of NO liberated from SP-NO reached a steady state of approximately 4 185 

μM within 15 min. The subsequent addition of 100 μM FeSO4 caused a dramatic reduction of 186 

free NO within 5 min after which time, the amount of NO increased to similar levels as the 187 

control (no iron). In contrast, 100 μM FeCl3 had no effect on the amount of NO released. 188 

Exposure of P. aeruginosa to either form of iron resulted in increased biofilm biomass (Fig. 2D). 189 

To further confirm that the inhibitory effect of iron on dispersal was not related to scavenging of 190 

NO by iron, the NO scavenger PTIO was added to the SP-NO solution instead of iron. The 191 

addition of 200 μM PTIO caused a dramatic reduction of free NO that lasted for the duration of 192 

the experiment (Fig. 2C). PTIO was also added into cultures that had been dispersed by NO for 193 

15 min. After 15 and 30 min exposure to PTIO, the biofilms remained dispersed (Fig. 2D). Thus, 194 
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in contrast to iron addition, PTIO mediated scavenging of NO did not lead to hyperbiofilm 195 

formation. Ferrous iron showed a transient reduction in NO, inhibited biofilm dispersal and 196 

induced hyper biofilm formation. Ferric iron did not scavenge NO, but inhibited dispersal as well 197 

as inducing hyperbiofilm formation. These results suggest that iron overrides the NO induced 198 

dispersal response and this effect is independent of NO scavenging. Subsequent experiments 199 

were performed with FeCl3 to avoid issues of the short-term loss of NO after adding FeSO4. 200 

 201 

Biofilms formed in the presence of iron can be dispersed by NO 202 

Since iron did not appear to inhibit dispersal by directly scavenging NO, an alternative 203 

possibility is that it may induce a cellular response that shuts down the ability of P. aeruginosa 204 

cells to disperse in the presence of NO signals. To explore whether the presence of iron can fully 205 

abolish NO induced dispersal or that iron and NO compete through the same regulatory pathway, 206 

the order of NO and iron addition was switched. P. aeruginosa cells were first exposed to iron for 207 

30 min before NO treatment for 15-60 min. Biofilms that had not been treated with iron and 208 

biofilms that had been treated with 100 µM FeCl3 for 30 min were dispersed by 81% and 82%, 209 

respectively, after subsequent exposure to 100 µM SP-NO for 15 min (Fig. 3A). However, 60 210 

min after the addition of NO, biofilms not pretreated with iron remained dispersed, while 211 

biofilms pretreated with 100 µM FeCl3 increased in biomass 3.9 fold compared to untreated 212 

control biofilms. Similar results were obtained when biofilms were pretreated with FeSO4 before 213 

NO (Fig. 3B). To better understand these changes in biofilm biomass, similar experiments were 214 

performed with shorter time frames. Surprisingly, biofilms pretreated with iron dispersed in the 215 

first 15 min of exposure to NO before increasing biomass again. The biomass of biofilms 216 

pretreated with iron and subsequent exposed to NO decreased by 45%, 58% and 66% compared 217 

to iron pretreated biofilms after 5, 10 and 15 min, respectively. However, after 20 min the 218 
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biomass of these biofilms started to increase and after 60 min, reached 2.7 fold of untreated 219 

control biofilms. Overall, these results reveal that biofilms that are formed in the presence of iron 220 

can still be dispersed by NO, and that the biofilm biomass increases rapidly in the presence of 221 

iron.  222 

 223 

Iron induces rapid (re-)attachment of NO induced dispersed cells and planktonic cells 224 

In the above multiwell plate batch cultures biofilm dispersal assay, iron was added directly into 6 225 

h bacterial cultures that were composed of biofilms and planktonic cells. It is possible that the 226 

increase in biofilm biomass observed in those experiments was due to increased growth of the 227 

remaining biofilm or was due to the rapid attachment of the suspended cells containing both 228 

dispersed and planktonic cells. First, to determine if iron supplementation increases cell growth 229 

and if NO treatment inhibits cell growth, colony forming units (CFUs) of P. aeruginosa cells that 230 

had been previously incubated in multiwell plate batch cultures for 6 h and subsequently exposed 231 

to iron and NO were enumerated. After adding iron for 15, 30 or 60 min, the CFUs did not 232 

increase (Fig. 4A), suggesting that iron does not promote cell growth under these conditions. 233 

Further, after treatment with NO for 15, 30 or 60 min, CFUs did not decrease, indicating that NO 234 

was non-toxic at the concentrations used in this study (Fig. 4A).  235 

 236 

Second, the planktonic phase and the biofilm phase of pregrown bacterial cultures were 237 

separated after NO treatment and before adding iron, in order to distinguish a potential effect of 238 

iron on attachment of suspended cells from increased growth of already attached biomass. 239 

Culture supernatants were transferred to another well and fresh medium added to the remaining 240 

biofilms. Iron was then added into the wells containing only the suspended cells or the wells 241 

containing only the non-dispersed biofilms. The data show that, in the absence of NO, the 242 
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suspended cells attached rapidly when put in contact with a clean, uncolonized surface. Further, 243 

the attached biomass increased by 2.4, 3.2 and 6.2 fold after adding 100 μM FeCl3 for 15, 30 and 244 

60 min, respectively (Fig. 4B). In the presence of NO (without iron), the suspended cells showed 245 

very little attached biomass after being transferred to, and incubated in, a clean, new plate for 15 246 

and 30 min. The biomass of NO treated, suspended cells increased by 9.1, 8.8 and 4.1 fold in the 247 

presence of FeCl3 for 15, 30 and 60 min, respectively (Fig. 4B). Those results suggest that NO 248 

prevents rapid attachment of planktonic cells, while iron induces rapid attachment regardless of 249 

the presence of NO. In contrast, the dispersing effect of NO lasted for 60 min and the presence of 250 

iron did not enhance the biomass of NO treated remaining biofilms (Fig. 4C). Overall, the above 251 

results indicate that iron increases the biofilm biomass of NO treated biofilms mainly by 252 

promoting the rapid attachment of planktonic cells or reattachment of dispersed cells rather than 253 

through accelerating the growth of cells already within the remaining biofilms.  254 

 255 

We have repeated the experiment shown in Fig. 4B and C using a clinical isolate P. aeruginosa 256 

PA_D25 (42), which was collected from a patient with ventilator-associated pneumonia. As 257 

shown in the supplemental material Fig. S1, although the clinical strain was a poor biofilm 258 

former overall, the biofilms were dispersed by NO and iron increased the biofilm biomass of NO 259 

treated biofilms. As observed for PAO1, this effect of increased biomass was mainly through the 260 

promotion of rapid attachment of planktonic cells or reattachment of dispersed cells (A) rather 261 

than through accelerating the growth of the remaining biofilms (B). 262 

 263 

psl is required for iron induced fast attachment of planktonic cells 264 

Psl, Pel and alginate are the three main exopolysaccharides involved in biofilm development and 265 

antibiotic resistance in P. aeruginosa. High levels of iron (50 and 100 µM) have been recently 266 
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reported to promote biofilm formation in P. aeruginosa by increasing the production of Psl (24). 267 

To determine if iron facilitated rapid attachment of planktonic cells through inducing the 268 

biosynthesis of those exopolysaccharides, P. aeruginosa polysaccharide-deficient mutants 269 

including Δpel, Δpsl and Δalg were tested (Fig. 5A). P. aeruginosa wild type and ∆pel showed 270 

approximately 1.3 and 2.0 fold increases, respectively, in biofilm biomass after treatment with 271 

100 µM FeCl3. The ∆alg mutant did not grow well in the current experimental conditions and its 272 

OD600 remained at the detection limit, 0.01, after 6 h incubation (Fig. 5B). In contrast, the ∆psl 273 

mutant grew well in the planktonic phase (Fig. 5B), but failed to form biofilms (Fig. 5A), 274 

suggesting that Psl is important for biofilm formation in these experimental conditions. Further, 275 

no attachment of the ∆psl planktonic cells was found in the presence of 100 µM FeCl3 (Fig. 5A). 276 

The results presented above suggest that Psl is required for the iron induced rapid attachment of 277 

planktonic cells, although it remains to be determined if iron induced the production of Psl to 278 

enhance attachment. 279 

 280 

To investigate whether iron and NO influence biofilm development through controlling Psl 281 

production or other mechanisms, Psl of P. aeruginosa biofilms before and after iron or NO 282 

treatment were quantified by using a Psl-specific fluorescent stain, TRITC-HHA (43), and 283 

microscopy analysis. After adding 100 μM FeCl3 for 30 min, biofilm biomass increased by 1.9 284 

fold (Fig. 6B) and Psl production increased by 1.2 fold (Fig. 6C). These results confirmed that 285 

100 μM FeCl3 promoted Psl production and induced cell attachment. In contrast, treatment with 286 

100 μM NO donor for 30 min resulted in 71% biofilm dispersal (Fig. 6B) but only lead to a 287 

slight reduction (14%) in the Psl bound TRITC-HHA fluorescent signals (Fig. 6C). Confocal 288 

images showed that most Psl still remained on the surface of the microtitire wells after NO 289 

treatment (Fig. 6A). Overall these results suggest that iron induces attachment by promoting the 290 
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production of Psl, while NO may not only induce dispersal by degrading Psl, but also by altering 291 

another mechanism of P. aeruginosa attachment (discussed below). 292 

 293 

Iron-limited biofilms become more sensitive to NO  294 

The data above show that NO induces a concomitant decrease in pyoverdine production at the 295 

same time as inducing dispersal of biofilm cells and that freshly dispersed cells can rapidly 296 

reattach in the presence of iron. These observations suggest that depleting iron by the use of a 297 

chelator could potentially inhibit the reattachment of dispersal cells and enhance the dispersal 298 

effect of NO. To investigate whether iron depletion enhanced or interfered with NO induced 299 

dispersal, biofilms were treated with NO in the presence or absence of the iron chelator, 2,2'-300 

Bipyridine (Bipy). The iron chelator alone had no significant impact on biofilm biomass (Fig. 7). 301 

In these experiments, the NO donor SP-NO was used at 50 µM, a lower concentration that results 302 

in the rapid depletion of NO and reattachment of biofilms, with the biomass of SP-NO treated 303 

biofilms increasing back to 53% of the untreated biofilm biomass after 30 min and to 85% after 304 

60 min. In contrast, when 50 µM NO donor was added together with 200 µM Bipy, 74% of the 305 

biofilms were removed after 30 min, and this effect was prolonged after 60 min (Fig. 7). Taken 306 

together, these results indicate that iron depletion can potentiate NO induced biofilm dispersal.  307 

 308 

DISCUSSION 309 

The interplay between iron and NO in controlling biofilm development 310 

NO and iron are two important environmental cues that control biofilm formation. This study has 311 

explored the interplay between these signaling molecules in the regulation of P. aeruginosa 312 

biofilms and found that:  (i) NO induces a decrease in several iron acquisition related genes as 313 

well as a decrease in pyoverdine production, (ii) iron overrides NO induced biofilm dispersal 314 
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through promoting a rapid reattachment of dispersed cells, which involves Psl production and 315 

(iii) combined treatments of NO with an iron chelator can enhance biofilm dispersal. 316 

 317 

A link between NO mediated dispersal and reduced expression of iron acquisition related genes 318 

has been observed before (7, 27). However, in these studies, the NO donor that was used, sodium 319 

nitroprusside, contains an iron moiety and has been previously found to release iron ions, which 320 

could have a potential impact on pyoverdine production independent of NO (44). Here, the 321 

effects were observed using a NONOate NO donor that does not contain any iron. Bacteria in 322 

biofilms are usually associated with a physiology indicative of iron limitation, which is likely 323 

due to the high cell density and limited availability for this nutrient. The potential coregulation of 324 

dispersal with reduced expression of iron acquisition is interesting since dispersal cells are likely 325 

to encounter increased levels of iron once they are treated with NO. It is unclear why bfrB is 326 

highly expressed after NO treatment. One possibility is that NO induces bfrB through Fur since 327 

bfrB is predicted to be regulated by Fur (45, 46). A recent study revealed that accumulation of 328 

iron-binding by BfrB induces acute iron deprivation in the cytoplasmic space as well as the de-329 

repression of iron acquisition genes (41). However, in our study, NO was found to induce bfrB 330 

expression, while iron acquisition genes were repressed. Our results may differ from the previous 331 

study in that while 15 min after NO treatment bfrB is highly induced, binding of intracellular iron 332 

by BfrB may not be significant yet thus maintaining repression of iron acquisition genes. We also 333 

tested a bfrB mutant and observed that it still dispersed to the same extent as the P. aeruginosa 334 

PAO1 wild type (data not shown), suggesting that BfrB does not contribute to biofilm dispersal. 335 

Compared to the strong repression of several pyoverdine synthesis genes, the reduction of 336 

pyoverdine by NO was much less. It is possible that NO does not affect the existing pool of 337 

pyoverdine at 6 h, but rather inhibits transcriptional control and hence, changes in pyoverdine 338 
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levels may lag well behind the repression of gene expression. Although the exact mechanism of 339 

NO regulating pvd genes and pyoverdine production remains to be elucidated, this effect is likely 340 

to involve c-di-GMP. Indeed, NO is known to induce a reduction in c-di-GMP levels (7), and in 341 

turn decreased c-di-GMP has been found to abolish pyoverdine production (29). This study has 342 

shown that addition of iron, which is also known to reduce pvd expression, causes enhanced 343 

attachment of bacteria rather than promote dispersal, which suggests that the decrease of pvd 344 

induced by NO is unlikely to be the cause of the downstream dispersal response, but may rather 345 

be a parallel, unrelated regulatory effect.  346 

 347 

NO and iron induced signaling pathways appear to be independent but converge on the 348 

downstream attachment effectors 349 

The results shown here suggest that NO and iron do not operate via overlapping signaling 350 

pathways, as iron does not strictly inhibit the dispersal response and NO dispersed cells can still 351 

attach in response to iron. However, the response to both iron and NO appears to involve the 352 

exopolysaccharide Psl. A recent study has reported that high iron (50 and 100 μM FeCl3) 353 

promoted Psl production and thus induced biofilm formation (24), which correlates with the data 354 

presented here. Fast attachment responses involving Psl polysaccharides have already been 355 

observed in P. aeruginosa, including in response to surfactant stress. For example, SDS 356 

surfactants have been shown to induce aggregation and attachment of suspended cells within 45 357 

min, via c-di-GMP and Psl (47). Interestingly, while the addition of iron can induce attachment in 358 

a Psl-dependent manner, the results presented here suggest that chelation of iron alone in the 359 

absence of NO treatment does not promote dispersal (Fig. 7). In P. aeruginosa, the intracellular 360 

concentration of c-di-GMP is known to regulate Psl production at both the transcriptional and 361 

translational levels (44). While it has been shown, as indicated above, that NO exposure can 362 
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result in reduced c-di-GMP concentrations, it remains unclear if there is a direct link between NO 363 

and Psl production. In contrast the effect of iron on Psl does not appear to involve c-di-GMP as it 364 

was previously found that the addition of iron had no impact on c-di-GMP levels (24). Another 365 

important regulatory pathway that drives the transition between biofilms and planktonic cells in 366 

P. aeruginosa is the acylated homoserine lactone (AHL)-based QS system. High levels of iron 367 

have been suggested to promote Psl production through the repression of the QS controlled genes 368 

rhlAB, rhlI and rhlR, thus reducing the synthesis of rhamnolipids as well as inhibiting amrZ, 369 

which encodes a transcriptional factor that inhibits transcription of the psl operon (48-50). 370 

Therefore, it is possible that iron may control Psl through modulating QS. A potential link 371 

between iron, biofilms and QS could be explored in future studies by investigating QS mutants 372 

using the iron induced fast attachment assay reported here. 373 

 374 

Moreover, in this study, NO had little impact on Psl levels and most Psl remained attached to the 375 

surface after NO treatment, despite dispersal of most of the biofilm (Fig. 6). Intriguingly, the 376 

dispersal response to NO has been found to require the periplasmic protease LapG (17), which 377 

can cleave the protein adhesin CdrA off the cell surface (51). CdrA is known to either cross-link 378 

Psl polysaccharide polymers and/or tethers the cells to the Psl polysaccharides (3). Taken 379 

together, these observations suggest that addition of NO may cause the cleavage of CdrA off the 380 

cell surface through c-di-GMP and LapG and therefore break the link between biofilm cells and 381 

Psl, finally resulting in the release and dispersal of bacteria. 382 

 383 

Combined treatments of NO and iron chelators may improve biofilm control 384 

In natural environments, bacteria can encounter varying levels of available iron. For example, 385 

iron is present in wastewater at an average of 9 μM (52), while in the cystic fibrosis (CF) lung, 386 
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the iron concentration varies from 2 to 130 μM (53-57). Therefore, the presence of iron could 387 

significantly impact the efficacy of NO when applied in industrial and clinical settings. A range 388 

of iron chelating compounds for biofilm control has been studied previously (58-60). In this 389 

work, the iron chelator Bipy was used in combination with NO and it was observed that NO 390 

treated biofilms were more sensitive to iron limitation and dispersed to a greater degree than 391 

biofilms in the absence of iron chelator. Further, previous studies have also reported that the 392 

combination of NO, iron chelator and tobramycin efficiently reduces the survival of P. 393 

aeruginosa dispersed cells (27). Therefore, simultaneous treatments of biofilms with NO, an iron 394 

chelator and biocides could be a powerful way to remove and kill biofilms in iron-rich 395 

environments.  396 

 397 

In summary, this study has shown that two important environmental signals, iron and NO, 398 

control biofilm development in opposing ways through different pathways, which appear to be 399 

both linked to the polysaccharide Psl. Furthermore, iron chelator and NO were found to have a 400 

synergetic effect in dispersing biofilms, which suggests new ways for improving the use of NO 401 

in biofilm control strategies.  402 

 403 

MATERIALS AND METHODS 404 

Bacteria and growth conditions. The P. aeruginosa PAO1 wild type (WT) strain (61), as well 405 

as P. aeruginosa mutant strains, including ∆pel (isogenic pelF deletion mutant) (62), ∆psl 406 

(isogenic pslA deletion mutant) (62) and ∆alg (isogenic alg8 deletion mutant) (62) were used 407 

here. Bacteria were routinely grown in Luria-Bertani (LB) Miller broth (BD Difco) overnight at 408 

37°C with shaking at 200 rpm for 16 h to prepare cells for experiments. 409 

Biofilm dispersal and attachment assays. Biofilms were grown and dispersed as previously 410 
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described (63) with some modifications as explained in our previous work (19). For bacterial 411 

attachment assays, P. aeruginosa cultures were grown in multiwell plates using the same 412 

experimental settings as for biofilm dispersal assays. After 6 h, FeCl3 (Sigma-Aldrich), FeSO4 413 

(Sigma-Aldrich) or the NO scavenging compound 2-(4-carboxyphenyl)-4,4,5,5-414 

tetramethylimidazoline-1-oxyl-3-oxide potassium salt (Carboxy-PTIO potassium salt) (Sigma-415 

Aldrich) was added into the cultures that had received or not NO treatment. The final 416 

concentration of iron salts was 100 µM and the concentration of PTIO was 200 µM. The plates 417 

were incubated for a further period from 5 min to 60 min. After the final incubation, biofilm 418 

biomass was quantified using CV staining as described before (19). 419 

Pyoverdine quantification. Production of pyoverdine in supernatants of P. aeruginosa cultures 420 

was quantified by measuring the natural fluorescence of the culture (excitation wavelength, 400 421 

nm; emission wavelength, 450 nm; Infinite Pro2000 microplate reader, Tecan) (64) and the 422 

pyoverdine production level was normalized to the OD600 values for each well. 423 

Amperometric measurements of NO. The concentration of NO liberated from NO donor was 424 

measured amperometrically by using a TBR1025 Free Radical Analyzer (World Precision 425 

Instruments) equipped with a NO specific ISO-NOP 2 mm electrode, with a detection range from 426 

1 nM to 100 μM and calibrated by using MAHMA NONOate (Cayman Chemical) as the NO 427 

donor. After allowing the amperometric signal to stabilize in M9 salts, 100 μM SP-NO was 428 

added. Then after 15 min, 100 µM FeSO4, 100 µM FeCl3 or 200 µM PTIO was added. These 429 

experiments were repeated at least 3 times. 430 

Biofilm, Psl staining and microscopy analysis. P. aeruginosa wild-type biofilms grown in 431 

multiwell plate batch cultures for 6 h and subsequently left untreated or treated with 100 μM 432 

FeCl3 or 100 μM NO donor SP-NO for 30 min were rinsed once with PBS before being stained 433 

with 50 μg/mL tetramethyl rhodamine isothiocyanate (TRITC)-labeled hippeastrum hybrid lectin 434 
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(amaryllis) (HHA) (EY Labs, Inc.) for 1 h, as previously described (43). Biofilms were 435 

subsequently rinsed twice with PBS before being stained with Syto9 (Molecular Probes, Inc.). 436 

Briefly, 1.5 μL Syto9 was diluted in 1 mL of PBS, and then 0.5 mL of this solution was added 437 

into each well and incubated at room temperature in the dark for 15 min. Images of untreated and 438 

iron or NO treated biofilms were acquired through the culture well’s bottom surface by using 439 

inverted confocal laser scanning microscopy (CLSM) (Carl Zeiss Microscopy; LSM 780). 440 

Biofilm quantification was performed using the IMARIS software package (Bitplane AG). 441 

Statistical analysis. Multivariate analyses were performed using one-way ANOVA and two-way 442 

ANOVA, followed by Sidak post-test for individual comparisons. Asterisks in figures indicate 443 

statistically significant differences compared to untreated control samples or between different 444 

samples (*, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001).  445 

 on January 10, 2019 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org/


 21

ACKNOWLEDGMENTS 446 

We gratefully acknowledge Dr Qi Xiang Martin Tay for helping with RNA sequencing data 447 

analysis in this study. We acknowledge financial support from the Singapore Centre for 448 

Environmental Life Sciences Engineering, whose research is supported by the National Research 449 

Foundation Singapore, Ministry of Education, Nanyang Technological University and National 450 

University of Singapore, under its Research Centre of Excellence Programme. NB was supported 451 

by the French Government’s Investissement d’Avenir program, Laboratoire d’Excellence 452 

“Integrative Biology of Emerging Infectious Diseases” (grant n°ANR-10-LABX-62-IBEID). 453 

This research was partly supported by a research grant (1301-IRIS-57) from the Environment 454 

and Water Industry Program Office of Singapore.  455 

 456 

The authors declare no conflict of interest.  457 

  458  on January 10, 2019 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org/


 22

REFERENCES 459 

1. Bosch TC, Adamska M, Augustin R, Domazet‐Loso T, Foret S, Fraune S, Funayama 460 

N, Grasis J, Hamada M, Hatta M. 2014. How do environmental factors influence life 461 

cycles and development? An experimental framework for early‐diverging metazoans. 462 

Bioessays 36:1185-1194. 463 

2. Flemming HC, Wingender J. 2010. The biofilm matrix. Nat Rev Microbiol 8:623-633. 464 

3. Borlee BR, Goldman AD, Murakami K, Samudrala R, Wozniak DJ, Parsek MR. 465 

2010. Pseudomonas aeruginosa uses a cyclic-di-GMP-regulated adhesin to reinforce the 466 

biofilm extracellular matrix. Mol Microbiol 75:827-842. 467 

4. Hengge R. 2009. Principles of c-di-GMP signalling in bacteria. Nat Rev Microbiol 468 

7:263-273. 469 

5. Ryjenkov DA, Simm R, Romling U, Gomelsky M. 2006. The PilZ domain is a receptor 470 

for the second messenger c-di-GMP:  The PilZ domain protein YcgR controls motility in 471 

enterobacteria. J Biol Chem 281:30310-30314. 472 

6. Barraud N, Hassett DJ, Hwang SH, Rice SA, Kjelleberg S, Webb JS. 2006. 473 

Involvement of nitric oxide in biofilm dispersal of Pseudomonas aeruginosa. Journal of 474 

bacteriology 188:7344-7353. 475 

7. Barraud N, Schleheck D, Klebensberger J, Webb JS, Hassett DJ, Rice SA, 476 

Kjelleberg S. 2009. Nitric oxide signaling in Pseudomonas aeruginosa biofilms mediates 477 

phosphodiesterase activity, decreased cyclic di-GMP levels, and enhanced dispersal. J 478 

Bacteriol 191:7333-7342. 479 

8. An S, Wu J, Zhang LH. 2010. Modulation of Pseudomonas aeruginosa biofilm 480 

dispersal by a cyclic-Di-GMP phosphodiesterase with a putative hypoxia-sensing 481 

domain. Appl Environ Microbiol 76:8160-8173. 482 

 on January 10, 2019 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org/


 23

9. Thormann KM, Saville RM, Shukla S, Spormann AM. 2005. Induction of rapid 483 

detachment in Shewanella oneidensis MR-1 biofilms. J Bacteriol 187:1014-1021. 484 

10. Kaplan JB, Fine DH. 2002. Biofilm dispersal of Neisseria subflava and other 485 

phylogenetically diverse oral bacteria. Appl Environ Microbiol 68:4943-4950. 486 

11. Gjermansen M, Ragas P, Sternberg C, Molin S, Tolker-Nielsen T. 2005. 487 

Characterization of starvation-induced dispersion in Pseudomonas putida biofilms. 488 

Environ Microbiol 7:894-906. 489 

12. Hunt SM, Werner EM, Huang B, Hamilton MA, Stewart PS. 2004. Hypothesis for 490 

the role of nutrient starvation in biofilm detachment. Appl Environ Microbiol 70:7418-491 

7425. 492 

13. Glick R, Gilmour C, Tremblay J, Satanower S, Avidan O, Deziel E, Greenberg EP, 493 

Poole K, Banin E. 2010. Increase in rhamnolipid synthesis under iron-limiting 494 

conditions influences surface motility and biofilm formation in Pseudomonas aeruginosa. 495 

J Bacteriol 192:2973-2980. 496 

14. Moreau-Marquis S, Bomberger JM, Anderson GG, Swiatecka-Urban A, Ye S, 497 

O'Toole GA, Stanton BA. 2008. The ΔF508-CFTR mutation results in increased biofilm 498 

formation by Pseudomonas aeruginosa by increasing iron availability. Am J Physiol 499 

Lung Cell Mol Physiol 295:L25-L37. 500 

15. Barraud N, Kelso MJ, Rice SA, Kjelleberg S. 2015. Nitric oxide:  a key mediator of 501 

biofilm dispersal with applications in infectious diseases. Curr Pharm Des 21:31-42. 502 

16. Arora DP, Hossain S, Xu Y, Boon EM. 2015. Nitric oxide regulation of bacterial 503 

biofilms. Biochemistry 54:3717-3728. 504 

 on January 10, 2019 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org/


 24

17. Nguyen TK, Duong HT, Selvanayagam R, Boyer C, Barraud N. 2015. Iron oxide 505 

nanoparticle-mediated hyperthermia stimulates dispersal in bacterial biofilms and 506 

enhances antibiotic efficacy. Sci Rep 5:18385. 507 

18. Hossain S, Boon EM. 2017. Discovery of a novel nitric oxide binding protein and nitric-508 

oxide-responsive signaling pathway in Pseudomonas aeruginosa. ACS Infect Dis 3:454-509 

461. 510 

19. Zhu X, Oh HS, Ng YCB, Tang PYP, Barraud N, Rice SA. 2018. Nitric oxide-mediated 511 

induction of dispersal in Pseudomonas aeruginosa biofilms is inhibited by 512 

flavohemoglobin production and is enhanced by imidazole. Antimicrob Agents 513 

Chemother 62:e01832-01817. 514 

20. Thomas JL, Bauschlicher CW, Hall MB. 1997. Binding of nitric oxide to first-515 

transition-row metal cations:  an ab initio study. J Phys Chem A 101:8530-8539. 516 

21. Cooper CE. 1999. Nitric oxide and iron proteins. Biochim Biophys Acta 1411:290-309. 517 

22. Andrews SC. 1998. Iron storage in bacteria. Adv Microb Physiol 40:281-351. 518 

23. Hentzer M, Eberl L, Givskov M. 2005. Transcriptome analysis of Pseudomonas 519 

aeruginosa biofilm development: anaerobic respiration and iron limitation. Biofilms 520 

2:37-61. 521 

24. Yu S, Wei Q, Zhao TH, Guo Y, Ma LYZ. 2016. A survival strategy for Pseudomonas 522 

aeruginosa that uses exopolysaccharides to sequester and store iron to stimulate psl-523 

dependent biofilm formation. Appl Environ Microbiol 82:6403-6413. 524 

25. Yang L, Barken KB, Skindersoe ME, Christensen AB, Givskov M, Tolker-Nielsen 525 

T. 2007. Effects of iron on DNA release and biofilm development by Pseudomonas 526 

aeruginosa. Microbiology 153:1318-1328. 527 

 on January 10, 2019 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org/


 25

26. Jimenez PN, Koch G, Papaioannou E, Wahjudi M, Krzeslak J, Coenye T, Cool RH, 528 

Quax WJ. 2010. Role of PvdQ in Pseudomonas aeruginosa virulence under iron-limiting 529 

conditions. Microbiology 156:49-59. 530 

27. Chua SL, Liu Y, Yam JK, Chen Y, Vejborg RM, Tan BG, Kjelleberg S, Tolker-531 

Nielsen T, Givskov M, Yang L. 2014. Dispersed cells represent a distinct stage in the 532 

transition from bacterial biofilm to planktonic lifestyles. Nat Commun 5:4462. 533 

28. Chua SL, Tan SY-Y, Rybtke MT, Chen Y, Rice SA, Kjelleberg S, Tolker-Nielsen T, 534 

Yang L, Givskov M. 2013. Bis-(3′-5′)-cyclic dimeric GMP regulates antimicrobial 535 

peptide resistance in Pseudomonas aeruginosa. Antimicrob Agents Chemother 57:2066-536 

2075. 537 

29. Frangipani E, Visaggio D, Heeb S, Kaever V, Camara M, Visca P, Imperi F. 2014. 538 

The Gac/Rsm and cyclic-di-GMP signalling networks coordinately regulate iron uptake 539 

in Pseudomonas aeruginosa. Environ Microbiol 16:676-688. 540 

30. Neilands JB. 1995. Siderophores:  structure and function of microbial iron transport 541 

compounds. J Biol Chem 270:26723-26726. 542 

31. Meyer JM. 2000. Pyoverdines:  pigments, siderophores and potential taxonomic markers 543 

of fluorescent Pseudomonas species. Arch Microbiol 174:135-142. 544 

32. Budzikiewicz H. 1997. Siderophores of fluorescent pseudomonads. Z Naturforsch C 545 

52:713-720. 546 

33. Poole K, Neshat S, Krebes K, Heinrichs DE. 1993. Cloning and nucleotide sequence 547 

analysis of the ferripyoverdine receptor gene fpvA of Pseudomonas aeruginosa. J 548 

Bacteriol 175:4597-4604. 549 

34. Banin E, Vasil ML, Greenberg EP. 2005. Iron and Pseudomonas aeruginosa biofilm 550 

formation. Proc Natl Acad Sci U S A 102:11076-11081. 551 

 on January 10, 2019 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org/


 26

35. Patriquin GM, Banin E, Gilmour C, Tuchman R, Greenberg EP, Poole K. 2008. 552 

Influence of quorum sensing and iron on twitching motility and biofilm formation in 553 

Pseudomonas aeruginosa. J Bacteriol 190:662-671. 554 

36. C Cox CD, Rinehart KL, Jr., Moore ML, Cook JC, Jr. 1981. Pyochelin:  novel 555 

structure of an iron-chelating growth promoter for Pseudomonas aeruginosa. Proc Natl 556 

Acad Sci U S A 78:4256-4260.. 557 

37. Cornelis P, Matthijs S, Van Oeffelen L. 2009. Iron uptake regulation in Pseudomonas 558 

aeruginosa. Biometals 22:15-22. 559 

38. Cornelis P. 2010. Iron uptake and metabolism in pseudomonads. Appl Microbiol 560 

Biotechnol 86:1637-1645. 561 

39. Heinrichs DE, Poole K. 1996. PchR, a regulator of ferripyochelin receptor gene (fptA) 562 

expression in Pseudomonas aeruginosa, functions both as an activator and as a repressor. 563 

J Bacteriol 178:2586-2592. 564 

40. Gibson J, Sood A, Hogan DA. 2009. Pseudomonas aeruginosa-Candida albicans 565 

interactions:  localization and fungal toxicity of a phenazine derivative. Appl Environ 566 

Microbiol 75:504-513. 567 

41. Eshelman K, Yao H, Punchi Hewage AND, Deay JJ, Chandler JR, Rivera M. 2017. 568 

Inhibiting the BfrB:Bfd interaction in Pseudomonas aeruginosa causes irreversible iron 569 

accumulation in bacterioferritin and iron deficiency in the bacterial cytosol. Metallomics 570 

9:646-659. 571 

42. Wang K, Chen Y-q, Salido MM, Kohli GS, Kong J-l, Liang H-j, Yao Z-t, Xie Y-t, 572 

Wu H-y, Cai S-q. 2017. The rapid in vivo evolution of Pseudomonas aeruginosa in 573 

ventilator-associated pneumonia patients leads to attenuated virulence. Open Biol 574 

7:170029. 575 

 on January 10, 2019 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org/


 27

43. Ma L, Conover M, Lu H, Parsek MR, Bayles K, Wozniak DJ. 2009. Assembly and 576 

development of the Pseudomonas aeruginosa biofilm matrix. PLoS Pathog 5:e1000354. 577 

44. Huitema LF, van Weeren PR, Barneveld A, van de Lest CH, Helms JB, Vaandrager 578 

AB. 2006. Iron ions derived from the nitric oxide donor sodium nitroprusside inhibit 579 

mineralization. Eur J Pharmacol 542:48-53. 580 

45. van Oeffelen L, Cornelis P, Van Delm W, De Ridder F, De Moor B, Moreau Y. 2008. 581 

Detecting cis-regulatory binding sites for cooperatively binding proteins. Nucleic Acids 582 

Res 36:e46-e46. 583 

46. Palma M, Worgall S, Quadri LE. 2003. Transcriptome analysis of the Pseudomonas 584 

aeruginosa response to iron. Arch Microbiol 180:374-379. 585 

47. Klebensberger J, Lautenschlager K, Bressler D, Wingender J, Philipp B. 2007. 586 

Detergent-induced cell aggregation in subpopulations of Pseudomonas aeruginosa as a 587 

preadaptive survival strategy. Environ Microbiol 9:2247-2259. 588 

48. Glisic BD, Senerovic L, Comba P, Wadepohl H, Veselinovic A, Milivojevic DR, 589 

Djuran MI, Nikodinovic-Runic J. 2016. Silver(I) complexes with phthalazine and 590 

quinazoline as effective agents against pathogenic Pseudomonas aeruginosa strains. J 591 

Inorg Biochem 155:115-128. 592 

49. Jones CJ, Ryder CR, Mann EE, Wozniak DJ. 2013. AmrZ modulates Pseudomonas 593 

aeruginosa biofilm architecture by directly repressing transcription of the psl operon. J 594 

Bacteriol 195:1637-1644. 595 

50. Ochsner UA, Reiser J. 1995. Autoinducer-mediated regulation of rhamnolipid 596 

biosurfactant synthesis in Pseudomonas aeruginosa. Proc Natl Acad Sci U S A 92:6424-597 

6428. 598 

 on January 10, 2019 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org/


 28

51. Rybtke M, Berthelsen J, Yang L, Hoiby N, Givskov M, Tolker-Nielsen T. 2015. The 599 

LapG protein plays a role in Pseudomonas aeruginosa biofilm formation by controlling 600 

the presence of the CdrA adhesin on the cell surface. Microbiologyopen 4:917-930. 601 

52. Nielsen AH, Lens P, Hvitved-Jacobsen T, Vollertsen J. 2005. Effects of aerobic–602 

anaerobic transient conditions on sulfur and metal cycles in sewer biofilms. Biofilms 603 

2:81-91. 604 

53. Gifford AH, Miller SD, Jackson BP, Hampton TH, O'Toole GA, Stanton BA, 605 

Parker HW. 2011. Iron and CF-related anemia:  expanding clinical and biochemical 606 

relationships. Pediatr Pulmonol 46:160-165. 607 

54. Gray RD, Duncan A, Noble D, Imrie M, O'Reilly DS, Innes JA, Porteous DJ, 608 

Greening AP, Boyd AC. 2010. Sputum trace metals are biomarkers of inflammatory and 609 

suppurative lung disease. Chest 137:635-641. 610 

55. Reid DW, Lam QT, Schneider H, Walters EH. 2004. Airway iron and iron-regulatory 611 

cytokines in cystic fibrosis. Eur Respir J 24:286-291. 612 

56. Stites SW, Plautz MW, Bailey K, O'Brien-Ladner AR, Wesselius LJ. 1999. Increased 613 

concentrations of iron and isoferritins in the lower respiratory tract of patients with stable 614 

cystic fibrosis. Am J Respir Crit Care Med 160:796-801. 615 

57. Stites SW, Walters B, O'Brien-Ladner AR, Bailey K, Wesselius LJ. 1998. Increased 616 

iron and ferritin content of sputum from patients with cystic fibrosis or chronic 617 

bronchitis. Chest 114:814-819. 618 

58. Moreau-Marquis S, O'Toole GA, Stanton BA. 2009. Tobramycin and FDA-approved 619 

iron chelators eliminate Pseudomonas aeruginosa biofilms on cystic fibrosis cells. Am J 620 

Respir Cell Mol Biol 41:305-313. 621 

 on January 10, 2019 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org/


 29

59. Banin E, Brady KM, Greenberg EP. 2006. Chelator-induced dispersal and killing of 622 

Pseudomonas aeruginosa cells in a biofilm. Appl Environ Microbiol 72:2064-2069. 623 

60. Singh PK, Parsek MR, Greenberg EP, Welsh MJ. 2002. A component of innate 624 

immunity prevents bacterial biofilm development. Nature 417:552-555. 625 

61. Holloway BW, Krishnapillai V, Morgan AF. 1979. Chromosomal genetics of 626 

Pseudomonas. Microbiol Rev 43:73-102. 627 

62. Ghafoor A, Hay ID, Rehm BH. 2011. Role of exopolysaccharides in Pseudomonas 628 

aeruginosa biofilm formation and architecture. Appl Environ Microbiol 77:5238-5246. 629 

63. Barraud N, Moscoso JA, Ghigo JM, Filloux A. 2014. Methods for studying biofilm 630 

dispersal in Pseudomonas aeruginosa. Methods Mol Biol 1149:643-651. 631 

64. Greenwald J, Hoegy F, Nader M, Journet L, Mislin GL, Graumann PL, Schalk IJ. 632 

2007. Real time fluorescent resonance energy transfer visualization of ferric pyoverdine 633 

uptake in Pseudomonas aeruginosa. A role for ferrous iron. J Biol Chem 282:2987-2995. 634 

  635 

 on January 10, 2019 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org/


 30

FIGURE LEGENDS 636 

FIG 1. NO inhibits pyoverdine production in P. aeruginosa. Biofilms were grown in multiwell 637 

plate batch cultures for 6 h and treated with 100 µM NO donor SP-NO for 15 or 30 min. Relative 638 

fluorescence units (RFU) of pyoverdine were calculated by normalizing the pyoverdine 639 

fluorescence to the OD600 measurement of the culture density. Error bars indicate standard 640 

deviation (n = 8). Asterisks indicate statistically significant differences compared to untreated 641 

control samples (P ≤ 0.05).  642 

 643 

FIG 2. Iron overrides NO induced biofilm dispersal. (A) P. aeruginosa biofilms were grown 644 

in multiwell plate batch cultures for 6 h and treated with 100 μM NO donor SP-NO and different 645 

concentrations of FeSO4 simultaneously for 30 min before quantifying the biofilm biomass by 646 

CV staining. Each image represents the stained biofilms. (B & D) Biofilms grown in multiwell 647 

plate batch cultures for 6 h and treated with 100 μM SP-NO for 15 min were subsequently 648 

treated with 100 μM FeCl3 or FeSO4 (B) or 200 μM PTIO (D) for 15 or 30 min before CV 649 

staining. Error bars indicate standard deviation (n = 6). Asterisks indicate statistically significant 650 

differences compared to untreated control samples (P ≤ 0.05). (C) Effect of FeCl3, FeSO4 and 651 

PTIO on NO release. Levels of free NO were monitored amperometrically in a solution to which 652 

100 μM NO donor SP-NO was added at t=0 min. After 15 min, 100 μM FeCl3, 100 μM FeSO4 or 653 

200 μM PTIO were added to the solution as indicated by the arrow. The results are representative 654 

of at least three independent experiments. 655 

 656 

FIG 3. Biofilms formed in the presence of iron can be dispersed by NO. (A) P. aeruginosa 657 

biofilms were grown in multiwell plate batch cultures for 6 h and pretreated with 100 µM FeCl3 658 

for 30 min. Biofilms were then treated with 100 μM SP-NO for 15, 30 or 60 min before CV 659 
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staining. (B) Six hour biofilms were pretreated with 100 µM FeSO4 for 30 min. Biofilms were 660 

then treated with 100 μM SP-NO for 5 to 60 min before CV staining. Error bars indicate standard 661 

deviation (n = 4). Asterisks indicate statistically significant differences compared to untreated 662 

control samples (P ≤ 0.05). 663 

 664 

FIG 4. Iron overrides NO induced biofilm dispersal mainly via promoting rapid 665 

attachment of suspended cells. (A) The effect of iron and NO on the growth of P. aeruginosa 666 

was tested. P. aeruginosa biofilms were grown in multiwell plate batch cultures for 6 h and 667 

subsequently, supernatants containing planktonic cells were collected and transferred to 50 ml 668 

tubes. Bacterial cells were incubated in the absence and presence of 100 µM FeCl3 or SP-NO for 669 

15, 30 and 60 min and CFUs were calculated. Error bars indicate standard deviation (n = 9). 670 

Asterisks indicate statistically significant differences compared to untreated control samples (P ≤ 671 

0.05). Further, P. aeruginosa biofilms grown in multiwell plate batch cultures for 6 h and 672 

subsequently dispersed by 100 μM NO donor for 15 min. Supernatants containing planktonic 673 

cells and dispersed cells were then transferred to a new empty multiwell plate and fresh M9 674 

medium was added into the original plate with the remaining biofilms. The two plates containing 675 

either the supernatants (B) or the remaining biofilms (C) were then incubated as before and 676 

treated or not with 100 µM FeCl3 for 15, 30 and 60 min before CV staining. Error bars indicate 677 

standard deviation (n = 6). Asterisks indicate statistically significant differences compared to 678 

untreated control samples or between different samples (P ≤ 0.05).  679 

 680 

FIG 5. Iron does not promote rapid attachment of planktonic cells of P. aeruginosa Δpsl 681 

mutant. Biofilms of P. aeruginosa wild type (WT) and mutant strains Δpel (isogenic pelF 682 

deletion mutant), Δpsl (isogenic pslA deletion mutant) and Δalg (isogenic alg8 deletion mutant) 683 
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were grown in multiwell plate batch cultures for 6 h and treated with 100 μM FeCl3 for 30 min 684 

before CV staining of the biofilm biomass (A) and OD600 measurement of the planktonic 685 

biomass (B). Each image represents the stained biofilms. Error bars indicate standard deviation 686 

(n = 3). Asterisks indicate statistically significant differences compared to untreated control 687 

samples (P ≤ 0.05).  688 

 689 

FIG 6. Psl production increased in iron treated biofilms and slightly decreased after NO 690 

treatment. P. aeruginosa biofilms grown in multiwell plate batch cultures for 6 h and 691 

subsequently treated with or without 100 µM FeCl3 or 100 µM NO donor SP-NO for 30 min 692 

were stained with Syto9 and TRITC-HHA and analyzed by using confocal microscopy (A). 693 

Biofilm cells appear green and Psl polysaccharides appear red. The main central images show 694 

horizontal optical sections (x-y) of the biofilms, and the side and top panels show vertical optical 695 

sections (x-z and y-z, respectively). Scale bars are 10 µm. Image analysis was used to quantify 696 

biofilm (B) and Psl (C) signals from reconstructed 3 dimensional image stacks. Error bars 697 

indicate standard deviation (n = 12). Asterisks indicate statistically significant differences 698 

compared to untreated control samples (P ≤ 0.05). 699 

 700 

FIG 7. Iron-limited biofilms become more sensitive to NO. Biofilms grown in multiwell plate 701 

batch cultures for 6 h were treated with 50 µM SP-NO, 200 µM Bipy or the combination of both 702 

for 15, 30 and 60 min. Biofilm biomass was quantified by CV staining. Error bars indicate 703 

standard deviation (n = 6). Asterisks indicate statistically significant differences compared to 704 

untreated control samples or between different samples (P ≤ 0.05).  705 
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