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 17 

Abstract 18 

Most antibiotic resistance genes acquired by human pathogens originate from 19 

environmental microorganisms. Therefore, understanding the additional functions of 20 

these genes, other than conferring antibiotic resistance, is relevant from an ecological 21 

point of view. We examined the effect that overexpression of the MexCD-OprJ 22 

multidrug efflux pump has in the physiology of the environmental opportunistic 23 

pathogen Pseudomonas aeruginosa. Overexpression of this intrinsic resistance 24 

determinant shuts down the P. aeruginosa quorum sensing (QS) response. Impaired QS 25 

response is due to the extrusion of 4-hydroxy-2-heptylquinoline (HHQ), the precursor 26 

of the Pseudomonas Quinolone Signal (PQS), leading to low PQS intracellular levels 27 

and reduced production of QS signal molecules. The P. aeruginosa QS response 28 

induces the expression of hundreds of genes, which can be costly unless such activation 29 

becomes beneficial for the bacterial population. While it is known that the QS response 30 

is modulated by population density, information on additional signals/cues that may 31 

alert the cells about the benefits of mounting the response is still scarce. It is possible 32 

that MexCD-OprJ plays a role in this particular aspect; our results indicate that, upon 33 

overexpression, MexCD-OprJ can act as a switcher in the QS population response. If 34 

MexCD-OprJ alleviate the cost associated to trigger the QS response when un-needed, it 35 

could be possible that MexCD-OprJ overproducer strains might be eventually selected 36 

even in the absence of antibiotic selective pressure, acting as antibiotic resistant cheaters 37 

in heterogeneous P. aeruginosa populations. This possibility may have potential 38 

implications for the treatment of P. aeruginosa chronic infections. 39 

Importance 40 
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It has been proposed that antibiotic resistance genes might have ecological functions 41 

going beyond antibiotic resistance. The role that the Pseudomonas aeruginosa 42 

multidrug efflux pump MexCD-OprJ may have in intercellular signaling was explored. 43 

Overexpression of this resistance determinant shuts down the P. aeruginosa quorum 44 

sensing (QS) response via extrusion of QS signals/precursors. A function of this efflux 45 

pump, and of others that reduce the QS response when overexpressed, could be acting 46 

as a QS switch of P. aeruginosa in response to environmental cues, allowing to switch-47 

off the system in those conditions in which the activation of the energy-expensive QS 48 

response is not advantageous, despite the population density being high enough to 49 

trigger such response. MexCD-OprJ overproducers might be eventually selected even in 50 

the absence of antibiotic selective pressure, acting as antibiotic resistant cheaters in 51 

heterogeneous P. aeruginosa populations, which has potential implications for the 52 

treatment of P. aeruginosa infections. 53 

  54 
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 55 

Introduction 56 

Pseudomonas aeruginosa is a free-living microorganism able to survive in different 57 

environments that not only plays an ecological role in natural ecosystems (1-4), but it is 58 

also an important causative agent of infections in patients with underlying diseases (5-59 

8). The characteristic low susceptibility to antibiotics of this organism relays on several 60 

factors (9).  Particularly relevant is the activity of chromosomally-encoded multidrug-61 

resistance (MDR) efflux pumps (10, 11). Further, the acquisition of mutation-driven 62 

resistance is common in this opportunistic pathogen, particularly along chronic 63 

infections (12-14), where the constitutive overexpression of MDR efflux pumps is one 64 

of the biggest problems to eradicate these infections (10, 15, 16). Efflux pumps exhibit 65 

different functions, with physiological and ecological significances that go beyond their 66 

activity as antibiotic resistance elements (10, 17-19). In the case of P. aeruginosa, an 67 

opportunistic pathogen not fully adapted to human hosts (1, 20), these functions should 68 

be of relevance for the success of P. aeruginosa to colonize natural ecosystems.  69 

P. aeruginosa harbours several efflux systems that belong to different families (21). The 70 

most studied because of their clinical relevance are MexAB-OprM (22), MexCD-OprJ 71 

(23, 24), MexEF-OprN (24), and MexXY (25, 26). They all belong to the Resistance-72 

Nodulation-Division (RND) family of MDR systems (10). Mutants that exhibit 73 

constitutive overexpression of each of these efflux pumps are selected upon treatment 74 

with antibiotics; the mutations are frequently located in the regulatory elements adjacent 75 

to the respective operon encoding for these MDR systems (27-30).  76 

The unregulated overexpression of an efflux system not only contributes to antibiotic 77 

resistance but may also have pleiotropic effects in the bacterial physiology. We have 78 
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recently reported that overexpression of RND systems in P. aeruginosa leads to an 79 

excessive internalization of protons that acidify the cytoplasm, which causes a 80 

biological cost in absence of oxygen or nitrate, since both are necessary to compensate 81 

for the intracellular H
+
 accumulation (31, 32).

 
In addition to these non-specific effects, 82 

other effects might be due to the unregulated extrusion of intracellular compounds, 83 

some of which may be relevant for the ecological behaviour of P. aeruginosa (33). 84 

Indeed, different studies have shown that overexpression of MDR efflux pumps may 85 

challenge the P. aeruginosa quorum sensing (QS) response (34-37), which is in turn 86 

determinant for modulating several physiological processes in response to population 87 

density (38).  88 

In P. aeruginosa, the QS-signalling network consists of three main interconnected 89 

regulatory systems: Las, Rhl, and Pqs, which synthetize and respond to the autoinducers 90 

N-(3-oxododecanoyl)-L-homoserine lactone (3-oxo-C12-HSL), N-butanoyl-L-91 

homoserine lactone (C4-HSL), and the 2-alkyl-4(1H)-quinolones (AQs) Pseudomonas 92 

Quinolone Signal (PQS, or its immediate precursor 2-heptyl-4-hydroxyquinoline, 93 

HHQ), respectively (39). These autoinducers are able to bind to their respective 94 

transcriptional regulators, namely LasR, RhlR and PqsR, thus controlling the expression 95 

of a large number of genes including those responsible for their own synthesis: lasI, rhlI 96 

and pqsABCDE respectively.  97 

Some P. aeruginosa RND systems have been associated with QS. MexAB-OprM is 98 

induced by C4-HSL (40) and has been proposed to extrude 3-oxo-C12-HSL and other 99 

3-oxo-HSL related compounds (36, 41, 42). MexEF-OprN is able to efflux HHQ (43) 100 

and kynurenine (34), both precursors of the PQS autoinducer signal (44, 45). In 101 

agreement with these findings, the antibiotic resistant mutants that overproduce 102 

MexAB-OprM or MexEF-OprN have been associated with a low production of QS-103 
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controlled virulence factors (34, 36, 42, 46). Some studies have demonstrated that 104 

acquisition of antibiotic resistance due to constitutive overexpression of mexCD-oprJ 105 

correlates with a decrease in the production of several virulence factors, some of them 106 

controlled by QS (28, 35, 46, 47). However, the underlying reasons for this correlation 107 

remain to be elucidated. In this work, we analysed in depth the production of each QS 108 

signal molecule (QSSM) and the expression levels of the genes controlled by these 109 

regulation systems in order to understand how overexpression of MexCD-OprJ could be 110 

affecting the P. aeruginosa QS response.  111 

Results 112 

Increased expression of efflux pumps due to mutations in their regulators can produce 113 

different changes in bacterial physiology. In most cases, the phenotypes observed in this 114 

kind of mutants are attributed to the activity of the overexpressed efflux pump. 115 

However, in other instances, the mutations in the local regulator itself might have 116 

effects on the bacterial physiology independently of the activity of the efflux pump (48, 117 

49). To address this possibility, we used a previously described mutant that 118 

overexpresses MexCD-OprJ (35). To discard the possibility that other mutations besides 119 

those in the mexCD-oprJ repressors might have been selected in this strain during its 120 

stay in the laboratory, the genome of the mutant was fully sequenced. Only the already 121 

described nfxB mutation (35) was found. From this mutant, an nfxB*ΔmexD strain, 122 

which keeps the nfxB mutation in addition to a partial deletion of the mexD gene, was 123 

generated. By comparing nfxB* and nfxB*ΔmexD strains, we were able to define more 124 

precisely which phenotypes depend on the activity of the efflux pump and which are 125 

solely due to the inactivation of the NfxB repressor, independently of the activity of the 126 

efflux pump. 127 
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Overexpression of MexCD-OprJ results in a decrease in the production of QS-128 

controlled virulence factors in P. aeruginosa. 129 

Swarming motility and the production of elastase, proteinase IV, pyocyanin, and, 130 

rhamnolipids were analysed to establish whether or not MexCD-oprJ affects the 131 

production of P. aeruginosa QS-regulated virulence elements. As Figure 1 shows and in 132 

agreement with previous studies (46, 47), the nfxB* strain exhibits a decrease in 133 

swarming motility and in the production of all analysed virulence factors in comparison 134 

with the wild-type PAO1 strain. The fact that the deletion of mexD fully restores the 135 

production of QS-regulated virulence factors in an nfxB* background, indicates that the 136 

observed impairment is solely due to the activity of MexCD-OprJ, independently of the 137 

potential activity of the NfxB regulator protein. 138 

Overproduction of the MexCD-OprJ efflux system results in a lower expression of 139 

QS- regulated genes. 140 

Expression of a set of QS-regulated genes (50-54) was analysed to determine if a low 141 

production of virulence factors in the nfxB* mutant correlates with a deregulated 142 

expression of QS-regulated genes. LasB controls elastase production (52, 55). RhlA and 143 

RhlB are implicated in rhamnolipids biosynthesis (52, 53), which in turn is important 144 

for swarming motility (53). PhzB1, PhzB2, and PhzS are implicated in pyocyanin 145 

biosynthesis and the MexGHI-OpmD efflux pump has been described to be regulated 146 

by this phenazine (54). As shown in Figure 2A, the expression levels of the tested genes 147 

are lower in the nfxB* strain than in PAO1. In addition, the expression of these genes is 148 

restored to PAO1 levels upon mexD deletion in the nfxB* strain, further confirming that 149 

mexCD-oprJ overexpression of is what causes an impaired QS response in the nfxB* 150 

mutant. These results are in agreement with the lower production of virulence factors 151 

observed in nfxB* (Figure 1).  152 
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To gain more insights on the reasons for this impaired QS-response, we analysed the 153 

expression of genes responsible for the production of both families of autoinducers 154 

AHLs (lasI and rhlI) (56) and AQs (pqsABCDE-phnAB and pqsH) (57). This was 155 

performed along the exponential growth phase when expression of these QS 156 

biosynthesis genes starts, and in early stationary phase, when the Pqs-system is fully 157 

active (58). As shown in Figures 2B and 2C, expression of the genes responsible for the 158 

synthesis of PQS and HHQ exhibit a marked decrease in the nfxB* strain at both time 159 

points. These changes were restored to wild-type levels upon MexCD-OprJ inactivation 160 

in an nfxB* background. pqsA, from the pqsABCDE operon responsible for the 161 

biosynthesis of AQs (57), exhibits the sharpest decrease in expression during 162 

exponential growth phase (Figure 2B). Expression of phnB, implicated in the synthesis 163 

of anthranilate through the chorismic acid pathway (44, 45), as well as pqsH, which 164 

codify the enzyme responsible for the conversion of HHQ into PQS (57), decreases 165 

more in early stationary phase (Figures 2B and 2C).  166 

In contrast to the strong variations in expression of PQS-related genes, the activity of 167 

MexCD-OprJ had a minor impact on the expression of AHLs-related genes in both 168 

exponential and stationary growth phases. The nfxB* strain did not present alterations in 169 

lasI expression, the gene responsible for the synthesis of 3-oxo-C12-HSL, neither in 170 

exponential (Figure 2B) nor in stationary phase of growth (Figure 2C). A similar 171 

behaviour was observed for rhlI, detecting just a slight decreased expression in the 172 

nfxB* strain during exponential growth phase (Figures 2B and 2C).  173 

MexCD-OprJ overexpression entails a decrease in the production and 174 

accumulation of AQs due to their extrusion through this efflux pump. 175 

The production and accumulation of PQS and HHQ in both supernatant and cellular 176 

extracts decreased in the nfxB* mutant (Figure 3A). This effect is directly dependent on 177 
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MexCD-OprJ activity, since PQS/HHQ accumulation was restored to nearly wild-type 178 

levels in the nfxB*ΔmexD strain (Figure 3A). Interestingly, the proportion of HHQ 179 

present in the supernatants with respect to cell-extracts is different among the three 180 

strains. As Figure 3B shows, the nfxB* mutant has a higher supernatant/cell extract 181 

HHQ ratio than PAO1. Further, the deletion of mexD in the nfxB* strain restored the 182 

HHQ ratio to similar values than those of the wild-type strain, suggesting that MexCD-183 

OprJ may be extruding HHQ, affecting the progressive intracellular accumulation of 184 

this signal. Since the expression of the pqsABCDE-phnAB operon, responsible of AQs 185 

biosynthesis (57), is activated in presence of PQS/HHQ (50, 59, 60), we postulate that 186 

HHQ extrusion by MexCD-OprJ could be the main cause for the lower production of 187 

AQs observed in the nfxB* strain, ultimately resulting in a defective QS-system.  188 

Overexpression of MexCD-OprJ produces minor effects in the synthesis of 3-oxo-189 

C12-HSL and C4-HSL autoinducers. 190 

Since the Las, Rhl and Pqs regulation systems are highly interconnected (61-63), we 191 

wanted to know whether or not the excessive HHQ extrusion through MexCD-OprJ in 192 

the nfxB* mutant could be also affecting the production of the QS signals, 3-oxo-C12-193 

HSL (autoinducer signal for Las system) and C4-HSL (autoinducer signal for Rhl 194 

system). As shown in Figure 4, both intracellular and extracellular amounts of 3-oxo-195 

C12-HSL are slightly higher in nfxB* cultures than in either the wild-type PAO1 strain 196 

or the nfxB*ΔmexD mutant. The opposite effect was observed for C4-HSL; the nfxB* 197 

mutant accumulates slightly lower extracellular levels of this QS signal during 198 

exponential phase, reaching the levels of extracellular accumulation observed in both 199 

PAO1 and nfxB*ΔmexD in early stationary phase (Figures 4D and 4E). This variation 200 

may also exist inside the cell due to the ability of C4-HSL to freely diffuse through 201 

cytoplasmic membrane (42). Altogether, these results indicate that overexpression of 202 
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MexCD-OprJ leads to minor alterations of AHLs production. These changes might be 203 

due to the strongly impaired production of PQS and HHQ.  204 

MexCD-OprJ is able to extrude kynurenine but not anthranilate, both precursors 205 

of AQs signals. 206 

Our results indicate that the impaired QS response associated to the overexpression of 207 

the MexCD-OprJ efflux pump is mainly caused by a decreased production of PQS and 208 

HHQ, likely due to an excessive HHQ extrusion through this efflux system. The 209 

MexEF-OprN efflux pump is able to extrude both HHQ and its precursor kynurenine 210 

(34, 43); extrusion of the latter is the main cause for the impaired QS response observed 211 

in MexEF-OprN overproducer strains (34). A similar situation might also apply to 212 

MexCD-OprJ. 213 

One of the immediate precursors of AQs in P. aeruginosa is anthranilate, which is 214 

mainly synthetized from tryptophan when this amino acid is present in the medium 215 

through the kynurenine pathway, while it is synthetized from chorismate when 216 

tryptophan is absent (Figure 5) (44, 64). Since the kynurenine pathway is the main 217 

source of anthranilate for AQs production when bacteria grow in rich LB medium (44), 218 

it could be possible that extrusion of some of the biosynthetic intermediates through 219 

MexCD-OprJ might affect the AQs production in nfxB*. To test this hypothesis, we first 220 

analysed the growth kinetic of PAO1 and nfxB* in minimal medium containing 221 

tryptophan, kynurenine or succinate as the sole carbon source. As shown in Figure 6A, 222 

the nfxB* mutant presents a growth defect in both tryptophan or kynurenine as the sole 223 

carbon source when compared to PAO1, which strongly suggests extrusion of one or 224 

more intermediates of the kynurenine pathway.  225 
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To verify this possibility, we looked for the presence of kynurenine and anthranilate in 226 

the supernatants of PAO1 and nfxB* cultures. We observed a lower amount of 227 

anthranilate and a higher accumulation of kynurenine in the supernatants of nfxB* 228 

cultures (Figure 6B). Altogether, these results show that MexCD-OprJ is able to extrude 229 

kynurenine, but not anthranilate. 230 

The low levels of PQS and HHQ observed in the nfxB* strain is not just due to 231 

kynurenine extrusion. 232 

Having established that the constitutive overexpression of MexCD-OprJ efflux pump 233 

leads to a decrease in the extracellular accumulation of anthranilate, we wondered 234 

whether a low intracellular availability of anthranilate could be the cause of the 235 

impaired PQS and HHQ production observed in the nfxB* strain. To address this 236 

possibility, we grew PAO1 and nfxB* in LB medium supplemented with 1 mM 237 

anthranilate and analysed the production and accumulation of these two signals. As 238 

shown in Figure 6C, anthranilate supplementation does not restore PQS/HHQ 239 

production to wild-type levels in the nfxB* strain. In addition, our results indicate that 240 

the nfxB* strain continues to extrude HHQ at higher levels than those observed in the 241 

wild-type strain under these conditions (Figure 6D).  242 

We entertained the possibility that a higher anthranilate concentration was needed to 243 

restore AQs production to wild-type levels in nfxB*. To this end, we supplemented LB 244 

medium with up to 4 mM anthranilate and analysed the activation of the pqsABCDE 245 

promoter in real-time in both PAO1 and nfxB*. As shown in Figure 6E, a higher 246 

concentration of anthranilate did not restore the activation of the pqsABCDE promoter 247 

in the nfxB* strain. These results indicate that a low anthranilate concentration caused 248 

by kynurenine extrusion is not the main underlying cause for the impaired PQS and 249 

HHQ production observed in this strain. These results further support the notion that an 250 
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excessive, non-physiological, extrusion of HHQ caused by the overexpression of 251 

MexCD-OprJ is likely the main cause for the lower accumulation and production of 252 

HHQ and PQS in the multidrug resistant nfxB* mutants.  253 

The low production of AQs associated to MexCD-OprJ overexpression is not 254 

caused by an impaired intracellular accumulation of octanoate. 255 

Octanoate is the other direct precursor of PQS and HHQ (65). Once we established that 256 

anthranilate synthesis is not the limiting step in the production of AQs by the nfxB* 257 

strain, we wondered whether a hypothetical low production or intracellular 258 

accumulation of octanoate might be affecting the AQs production in this strain. For that 259 

purpose, we measured the progressive accumulation of AQs in both cell-free 260 

supernatants and cellular extracts from PAO1, nfxB*, and nfxB*ΔmexD cultures grown 261 

in LB supplemented with 5 mM octanoate.  262 

In agreement with previous findings (65), we found that the intracellular accumulation 263 

of AQs and pyocyanin production increase when octanoate is added (Figures 3A, 7C 264 

and 7D). However, these increases were similar in all strains, and both the pyocyanin 265 

production and the absolute AQs levels reached inside cells were still lower in nfxB* 266 

than in PAO1 or nfxB*ΔmexD (Figures 7A, 7C and 7D). These results indicate that a 267 

lower availability of octanoate is not the cause for the impaired QS response displayed 268 

by the nfxB* strain. 269 

It is worth mentioning that, although the nfxB* supernatants exhibit a delay in AQs 270 

accumulation in the presence of 5 mM octanoate, the supernatants from all three strains 271 

exhibit similar levels when the cultures reach high cell densities (OD600 > 2.5) (Figure 272 

7B). In contrast, the intracellular AQs accumulation remains lower in the nfxB* strain 273 

(Figure 7A). Further, the analysis by TLC of AQs extracted from the last point of the 274 
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time course assay showed that, while the intracellular accumulation of PQS and HHQ 275 

remained being lower in the case of nfxB*, the extracellular accumulation of these two 276 

AQs were similar among PAO1, nfxB* and nfxB*ΔmexD cultures (Figure 7C). These 277 

results further reinforce the hypothesis that MexCD-OprJ is able to extrude HHQ (and 278 

likely PQS as well), and confirm that overexpression of this system adversely affects 279 

the intracellular accumulation of AQs. This extrusion can be considered the bottleneck 280 

that precludes a proficient PQS production as well as the onset of a proper QS response 281 

in nfxB*-type mutants.  282 

Discussion 283 

In the current work, we demonstrate that a P. aeruginosa nfxB* mutant, which 284 

overexpresses the MexCD-OprJ efflux pump, exhibits an impaired QS response due the 285 

extrusion of HHQ. Specifically, this non-physiological extrusion leads to a decrease in 286 

expression of the pqsABCDE operon responsible for AQs synthesis, which affects AQs-287 

dependent and the PqsE-dependent regulons that comprise the genes involved in 288 

swarming motility, and in the production of pyocyanin, rhamnolipids, and proteases 289 

among others (50, 59, 66). 290 

The QS response in P. aeruginosa consists mainly on the Las, Rhl, and Pqs systems 291 

which are dependent on the 3-oxo-C12-HSL, C4-HSL, and PQS/HHQ autoinducers 292 

respectively (39). The cross-regulation between these QS-systems is hierarchically 293 

understood, with the Las system located at the top, activating the other two QS systems, 294 

and followed by the Pqs-dependent activation of the Rhl-system, and by the Rhl-295 

dependent repression of the Pqs-system (39, 67). However, evidence exists that the 296 

hierarchy and the relationship between these QS-systems may be modulated depending 297 

on environmental conditions and the activity of global regulators as MvaT or RsmA 298 

among others (68-72). In addition, recent studies have highlighted the relevant role of 299 
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the feedback-regulation between Las, Rhl, and Pqs systems as well as the relevance of 300 

the PqsE and RhlR regulators (50, 51, 59, 66, 73, 74). Indeed, it has been demonstrated 301 

that the expression of approximately 90% of the genes in the AQs-regulon may be 302 

regulated through pqsE induction (59). Likewise, the non-virulent phenotype prompted 303 

by the absence of AQs synthesis may be by-passed through PqsE induction, restoring 304 

the full P. aeruginosa virulence (51, 59, 66). Further, the regulation of several QS-305 

dependent factors could be redundant. In such a way, the production of elastase, 306 

rhamnolipids, or pyocyanin, which are mainly under the control of Las, Rhl, and Pqs 307 

systems, respectively, are also regulated by PqsE independently of AQs production (50, 308 

51, 59, 66). In addition, expression of rhlR increases upon pqsE induction at the same 309 

time that some functions of PqsE as a QS-regulator are dependent on RhlR and C4-HSL 310 

production, thus establishing a complex feedback regulation loop (59). Even more, 311 

exogenous addition of C4-HSL to the cultures may partially complement some of the 312 

phenotypes impaired in a pqsE mutant, such as pyocyanin production (59, 66, 73).  313 

Given this potential role of PqsE as one of the main QS regulators, we postulate that a 314 

reduced production of PQS and HHQ, together with a decreased pqsE expression, are 315 

the main causes for the lack of QS-response associated to the constitutive 316 

overexpression of the MexCD-OprJ efflux system. In this work, we show that 317 

expression of QS- regulated genes decreases in an nfxB* antibiotic resistant mutant and 318 

that inactivation of the MexCD-OprJ efflux pump in this background restores 319 

expression of these genes to wild-type levels (Figure 2). Similar results were obtained 320 

with some QS-regulated phenotypes such as the production of elastase, protease IV, 321 

pyocyanin, rhamnolipids, and swarming motility (Figure 1), indicating that the 322 

alterations in the QS-response displayed by the nfxB* mutant are directly caused by the 323 

increased expression and activity of the MexCD-OprJ efflux system. We also 324 
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demonstrated that loss of function of NfxB leads to an excessive extrusion of HHQ 325 

through the overexpressed MexCD-OprJ efflux pump, resulting in a low intracellular 326 

accumulation. Expression of pqsABCDE during exponential and early stationary growth 327 

phases is subjected to a positive feed-back transcriptional regulation under the control of 328 

the PqsR-(PQS/HHQ) complex (50). Therefore, the non-physiological HHQ extrusion 329 

through MexCD-OprJ may abrogate this positive feed-back regulation and directly 330 

cause the decrease in pqsABCDE-phnAB expression (Figure 2) and the AQs synthesis 331 

impairment (Figure 3) observed in the nfxB* mutant. We also showed that this defective 332 

AQs accumulation could not be restored by adding either anthranilate or octanoate, the 333 

two PQS/HHQ main precursors (Figures 6 and 7), reinforcing the concept that the main 334 

cause for the defective QS-response associated to nfxB mutations is an excessive 335 

extrusion of HHQ through MexCD-OprJ, and not of metabolic precursors as 336 

kynurenine, also extruded by MexCD-OprJ. Additionally, the presence of similar levels 337 

of PQS in the supernatants of PAO1, nfxB* and nfxB*ΔmexD growing in presence of 338 

octanoate, together with the absence of this autoinducer signal in the cell-extracts of 339 

nfxB* (Figure 7C) suggests that PQS could also be a MexCD-OprJ substrate.  340 

To sum up, here we show that the AQs production is affected by the increased efflux of 341 

HHQ by the MexCD-OprJ RND system overexpressed in the nfxB* ciprofloxacin-342 

resistant mutants that are sporadically isolated from ciprofloxacin-treated patients (28). 343 

As a consequence, expression of the Pqs-regulon, which also comprises those PqsE-344 

regulated genes in a PQS-independent way (50, 66), is strongly altered in an nfxB* 345 

mutant. This alteration may have minor collateral effects on the AHLs-dependent QS 346 

systems and is likely the main cause for the low virulence profile observed in antibiotic 347 

resistant mutants overproducing MexCD-OprJ.  348 
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Moreover, our findings could credit the tightly controlled MexCD-OprJ production with 349 

an additional role: signalling at the population, interspecies, and even inter-kingdom 350 

levels. It has been shown that, in addition to contributing to a coordinated response of 351 

the bacterial population, several QS signal molecules (75-77) are also involved in inter-352 

specific communication networks that modulate the structure and activity of natural 353 

microbiomes. The fact that in this work we demonstrated that MexCD-OprJ is able to 354 

extrude HHQ, altering the accumulation level of the autoinducer signals produced by P. 355 

aeruginosa, opens a new perspective over the potential functions of this RND efflux 356 

system in the interactions between this opportunistic pathogen and other co-existing 357 

species. For example, it has been shown that AQs may function as antimicrobial 358 

compounds against Staphylococcus aureus, a bacterial species commonly detected 359 

together P. aeruginosa in polymicrobial infections (78-80). Further, HHQ also is able to 360 

induce apoptosis in human mesenchymal stem cells (81), and to impair the production 361 

of several factors implicated in the innate immune response affecting the binding of the 362 

nuclear factor-κβ to its targets (82). Whether or not MexCD-OprJ overexpression may 363 

modulate these interactions remains to be established. 364 

The relationship between MexCD-OprJ and the QS-response demonstrated in this study 365 

prompts the speculation about the nfxB* mutants acting as cheaters in P. aeruginosa 366 

populations. The activation of the QS-response implies an increase in expression of 367 

hundreds of genes, and it has been estimated that this consumes approximately 10 % of 368 

P. aeruginosa metabolic resources (83). Under this panorama, the QS-defective mutants, 369 

which commonly emerge in chronic microbial infections and are unable to produce 370 

different exoproducts such as siderophores or proteases relevant for nutrients uptake, 371 

could be cheaters supported by neighbour bacteria able to produce these QS-dependent 372 

factors (84, 85). In this way, the switch-off of QS response in nfxB* mutants would 373 
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allow them to function as cheaters in mixed population in which they may obtain the 374 

benefits brought about by an appropriate QS response carried out by other counterpart 375 

bacteria without the cost associated with it. As demonstrated for other systems, it could 376 

be predicted that increased abundance of cheaters will produce the collapse of the 377 

population and its return to a wild-type situation in a kind of short-sighted evolution 378 

(86). Nevertheless, the fact that nfxB* cheaters are resistant to antibiotics has important 379 

implications concerning the persistence of antibiotic resistant mutants even in the 380 

absence of selection (87). 381 

We propose that MexCD-OprJ should be considered as a new key component in the 382 

complex QS-regulation network with a potential role in P. aeruginosa intra-species and 383 

inter-species signalling. Further, we suggest that a main function of this efflux pump, 384 

and of others that reduce the QS response when overexpressed, could be acting as a QS 385 

switch of P. aeruginosa in response to environmental cues, allowing to switch-off the 386 

system in those conditions in which the activation of this energy-expensive global 387 

response is not advantageous, despite the population density being high enough to 388 

trigger the QS response. Finally, we also propose that MexCD-OprJ overproducer 389 

strains might be eventually selected even in the absence of antibiotic selective pressure, 390 

acting as antibiotic resistant cheaters in heterogeneous P. aeruginosa populations. Since 391 

this type of mutants are selected for in infected patients (88) and may keep their 392 

pathogenic potential (28), despite their QS defect, this possibility may have potential 393 

implications for the treatment of P. aeruginosa chronic infections. 394 

Materials and Methods 395 

Bacterial strains, plasmids, primers and culture conditions. 396 
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The Escherichia coli and P. aeruginosa strains and the plasmids used in this work, are 397 

listed in the Table 1. The primers used are listed in the Table 2. 398 

Unless other conditions are specified, experiments were carried out at 37 ºC in 100 ml 399 

flasks containing 25 ml of LB broth (Lennox). The E. coli strains carrying plasmids 400 

with ampicillin (Amp
R
) or tetracycline resistance genes (Tc

R
) were grown in LB 401 

medium with 100 μg/ml of ampicillin or 10 μg/ml of tetracycline, respectively. For 402 

determining the effect of different carbon sources on P. aeruginosa growth, overnight 403 

cultures were washed with M63 medium containing MgSO4 1 mM and diluted to an 404 

OD600 = 0.01 in clear bottom 96-well plates containing 150 μl/well of M63 containing 405 

the corresponding carbon source at a final concentration of 10 mM. The growth of each 406 

strain was measured at 37 ºC using a multi-plate reader.  407 

Whole genome sequence of the nfxB* strain and generation of a nfxB*mexD 408 

mutant.  409 

The nfxB* mutant was fully sequenced at Parque Científico de Madrid using Illumina 410 

technology as described (89). Two ≈1000 bp DNA regions adjacent to the fragment of 411 

mexD to be deleted were amplified by PCR using the primers listed in Table 2. The 412 

amplicons were purified and used together for a nested PCR reaction in which a 413 

recombinant 2058 bp DNA was generated and cloned into pGEM-t Easy (pGEM-T-414 

ΔmexD). E. coli OmniMax™ cells were transformed with this plasmid and the sequence 415 

of the construction was verified by Sanger sequencing. The fragment was excised using 416 

HindIII and subcloned into pEX18Ap. The resulting pEX18Ap-ΔmexD construction 417 

was incorporated into E. coli S17-1λ pir by transformation. Introduction of the deleted 418 

allele into P. aeruginosa nfxB* was performed by conjugation using S17-1λ pir 419 

(pEX18Ap-ΔmexD) as donor strain as described (90). mexD deletion was confirmed by 420 

PCR using the primers described in Table 2. 421 
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Analysis of the production of QS-regulated virulence factors. 422 

The secretion of elastase and protease IV was measured following the methods 423 

described in (55). Rhamnolipids detection was carried out as described (91). Pyocyanin 424 

was determined as detailed (92). For the swarming motility assay, O/N cultures were 425 

washed with sterile 0.85% NaCl and diluted to an OD600 = 1.0. Five-microliters drops 426 

were poured on the centre of Petri dishes containing 25 ml of a defined medium (0.5% 427 

casamino acids, 0.5% bacto agar, 0.5% glucose, 3.3 mM K2HPO4 and 3 mM MgSO4), 428 

which were incubated 16 hours at 37 °C.  429 

RNA extraction and real-time RT-PCR. 430 

RNA was obtained using the “RNeasy mini kit” (QIAGEN) as described (34). After 431 

treatment with DNase (34), the presence of DNA contamination was checked by PCR 432 

using rplU primers. Real-time RT-PCR was performed as described in (34) using the 433 

primers listed in Table 2. The experiments were carried out in triplicate. The 2
-Ct

 434 

method (93) was used for quantifying the results, normalizing the results to the 435 

housekeeping gene, rpsL.  436 

Thin Layer Chromatography (TLC) and time course monitoring of QSSMs 437 

accumulation. 438 

Bacterial O/N cultures were washed with fresh LB medium and diluted to an OD600 = 439 

0.01 for subsequent growth. For TLC assays, the QSSMs extractions were carried out as 440 

described (94). For time course assays, this protocol was optimized to simultaneous 441 

monitoring QSSMs accumulation and cell density. For each extraction time, 1.8 ml 442 

aliquots from cultures were centrifuged (7,000x g, 10 minutes at 4 °C). The 443 

supernatants were filtered through 0.22 m pore size membrane and the cellular pellets 444 

were resuspended in 1.8 ml of methanol HPLC grade to extract the QSSMs. 900 l of 445 
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cell-free supernatants were used to extract the QSSMs by adding 600 l of acidified 446 

ethyl acetate twice. The resulting acidified ethyl acetate extracts were dried and 447 

subsequently dissolved in 900 l of methanol HPLC grade. 448 

AQs were detected by TLC as described (94) using the PAO1 CTX::PpqsA-lux biosensor 449 

strain. C4-HSL and 3-oxo-C12-HSL were analysed using the JM109-pSB536 (RhlR- 450 

based biosensor) and JM109-pSB1142 (LasR-based biosensor) biosensor strains, 451 

respectively (95). The image processing software "ImageJ" was used for densitometry 452 

analysis of the light spots. 453 

For time course accumulation assays, flat white 96-well plates with optical bottom were 454 

filled with a mix containing 5 μl of sample and 195 μl of a 1/100 dilution of the 455 

corresponding O/N biosensor cultures. The experiments were carried out on a multi-456 

plate luminometer/spectrophotometer reader. The highest relative light units (RLU = 457 

luminescence/OD600 ratio) obtained for each biosensor strain and the OD600 in which the 458 

samples were taken from P. aeruginosa cultures were represented.  459 

Analysis by HPLC-MS of kynurenine and anthranilate accumulation in cell-free 460 

supernatants. 461 

Bacterial strains were grown in M63 containing succinate (10 mM) and tryptophan (10 462 

mM). After 24 hours at 37º C, the supernatants were filtered through a 0.22 μm pore 463 

size membrane and lyophilized. 100 mg of each sample were resuspended in two 464 

millilitres of 3 mM ammonium acetate and dissolved in H2O/methanol (50/50). The 465 

amounts of anthranilate and kynurenine were determined by HPLC-MS at Laboratorio 466 

de Cromatografía-SIdI from the Universidad Autónoma de Madrid.  467 

Insertion of the reporter construction, mini-CTX-lux-PpqsA, in the chromosome of 468 

P. aeruginosa and analysis of pqsABCDE expression.  469 
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The insertion of the mini-CTX-lux-PpqsA reporter into the chromosomes of the 470 

different P. aeruginosa strains was carried out by conjugation as described (96) using a 471 

E. coli S17-1λ pir containing mini-CTX-lux-PpqsA (97) as donor strain. The resulting 472 

P. aeruginosa reporter strains were inoculated in flat white 96-well plates with optical 473 

bottom containing 200 µL of LB with or without 4 mM anthranilate at an initial OD600 = 474 

0.01. The growth (OD600) and the bioluminescence emitted by the PpqsA::luxCDABE 475 

construction was monitored using a multi-plate reader. 476 
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Table 1. Bacterial strains and plasmids used in the present work. 811 

Bacterial 

Strain/Plasmids 

Description Reference/origin 

Escherichia coli   

One Shot OmniMax™ 

2 T1 

 

Host strain used for the maintenance 

of cloning plasmids: Fʹ {proAB lacI
q
 

lacZΔM15 Tn10(Tet
R
) Δ(ccdAB ) 

mcrA, Δ(mrr,hsdRMS-mcrBC) 

ɸ80(lacZ)ΔM15 Δ(lacZYA-

argF)U169 endA1 recA1 supE44 thi-1 

gyrA96 relA1 tonA panD 

Invitrogen 

S17-1λ pir Conjugative donor strain used for 

transferring plasmids to P. aeruginosa 

acceptor strains by conjugation assays: 

F
-
 thi pro hsdR hsdM

+
 recA RP42-

Tc::Mu-Km::Tn7 

(98) 

S17 mini-CTX-

lux::PpqsA 

S17-1λ pir strain containing the mini-

CTX-lux-PpqsA plasmid 

(94, 97) 

JM109-pSB1142 

(LasR-based 

Biosensor) 

Biosensor strain used for detecting the 

QS signal, 3-oxo-C12-HSL, produced 

by P. aeruginosa strains 

(99) 

JM109-pSB536 (RhlR-

based Biosensor) 

Biosensor strain used for detecting the 

QS signal, C4-HSL, produced by P. 

(100) 
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aeruginosa strains 

Pseudomonas 

aeruginosa 

  

PAO1 Wild type PAO1-V clinic strain given 

from the lab of V. de Lorenzo 

(35) 

PAO1 CTX-

lux::PpqsA 

(PAO1_PpqsA) 

PAO1-V strain with the reporter 

construction PpqsA::luxCDABE 

inserted in the specific attB site of the 

chromosome 

Present work 

JFL28 (nfxB*) Spontaneous resistant mutant obtained 

from PAO1-V strain, which 

overproduces the MexCD-OprJ efflux 

system by punctual inactivating 

mutation in nfxB gene 

(35) 

JFL28 CTX-

lux::PpqsA 

(nfxB*_PpqsA) 

JFL28 strain with the reporter 

construction PpqsA::luxCDABE 

inserted in the specific attB site of the 

chromosome 

Present work 

nfxB*ΔmexD JFL28 strain with an inactive MexCD-

OprJ efflux system by partial deletion 

of the mexD gene  

Present work 

PAO1 CTX::PpqsA-

lux::pqsA (PqsR-based 

PAO1-pqsA strain with the reporter 

construction PpqsA::luxCDABE 

(94, 97) 
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Biosensor) inserted in the specific attB site of the 

chromosome. Used for detecting the 

AQs produced by other P. aeruginosa 

strains 

Plasmid   

pGEM-T Easy Commercial plasmid used for cloning 

optimization of PCR products. (Amp
R
) 

Promega 

pGEM-T-ΔmexD pGEM-T Easy vector with the flanking 

DNA sequences of a 2058 pb inner 

region of mexD gene. (Amp
R
) 

Present work 

pEX18Ap Plasmid with conjugative properties 

used for deleting genes in P. 

aeruginosa by homologue 

recombination. Amp
R
 

(90) 

pEX18Ap-ΔmexD pEX18Ap vector with the flanking 

DNA sequences of a 2058 pb inner 

region of mexD gene used for deleting 

mexD gene in P. aeruginosa strains. 

Amp
R
 

Present work 

Mini-CTX-lux-PpqsA Plasmid derived from mini-CTX-lux 

(101) in which the expression of the 

luxCDABE operon is under the 

transcriptional control of the 

pqsABCDE promoter region of P. 

(94, 97) 
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aeruginosa. Tc
R
 

pSB1142 Plasmid carried by the LasR-

Bioreporter strain necessary for 

detecting 3-oxo-C12-HSL. Tc
R
 

(99) 

pSB536 Plasmid carried by the RhlR-

Bioreporter strain necessary for 

detecting C4-HSL. Amp
R
 

(100) 
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Table 2. Collection of primers used in the present work. 814 

Name Sequence Description 

HindIII_mexD_

Fw 

 

mexD_int_Rev 

5'-

CCCAAGCTTCGAGGTGCGCGCGCGGGTGGC

CGGC-3' 

Amplification 

of the DNA 

flanking region 

“Up” for 

deleting mexD 

gene 

5'-

GCGAGCCTGCAGCAGCGCTTATTCGGACA

TCGGAAAATCC-3' 

mexD_int_Fw 

 

HindIII_mexD

_Rev 

5'-

GGATTTTCCGATGTCCGAATAAGCGCTGC

TGCAGGCTCGC-3' 

Amplification 

of the DNA 

flanking region 

“Down” for 

deleting mexD 

gene 

5'-

CCCAAGCTTCAGACGAAACAGATAGGTAC

GAACA-3' 

ΔmexD_check

_Fw 

 

ΔmexD_check

_Rev 

5'-GGTGAAGATCGTGCCGAAG-3' To check the 

deletion of the 

mexD gene 

5'-ATTGGTGAAGTCGTTGATCA-3' 

M13_Fw 

 

M13_Rev 

5'-CACGACGTTGTAAAACGAC-3' To check the 

insertion of 

cloning DNA 

fragment into 

5'-GGATAACAATTTCACACAGG-3' 
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pGEM-t Easy 

vector  

rplU_Fwd 

 

rplU_Rev 

5'-CGCAGTGATTGTTACCGGTG-3'  To check DNA 

contamination 

of RNA 

samples 

5'-AGGCCTGAATGCCGGTGATC-3' 

rpsL_Fwd 

 

rpsL_Rev 

5'-GCAAGCGCATGGTCGACAAGA-3' Real-time RT-

PCR 

(Housekeeping) 

5'-CGCTGTGCTCTTGCAGGTTGTGA-3' 

lasA_Fwd 

 

lasA_Rev 

5'-ATGGACCAGATCCAGGTGAG-3' Real-time RT-

PCR 
5'-CGTTGTCGTAGTTGCTGGTG-3' 

lasB_Fwd 

 

lasB_Rev 

5'-ATCGGCAAGTACACCTACGG-3' Real-time RT-

PCR 
5'-ACCAGTCCCGGTACAGTTTG-3' 

rhlA_Fwd 

 

rhlA_Rev 

5'-CGAGGTCAATCACCTGGTCT-3' Real-time RT-

PCR 
5'-GACGGTCTCGTTGAGCAGAT-3' 

rhlB_Fwd 

 

rhlB_Rev 

5'-GAGCGACGAACTGACCTACC-3' Real-time RT-

PCR 
5'-GGGAATCCCGTACTTCTCGT-3' 
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lecA_Fwd 

 

lecA_Rev 

5'-ATAACGAAGCAGGGCAGGTA-3' Real-time RT-

PCR 
5'-TTGCCAATCTTCATGACCAG-3' 

phzB1_Fwd 

 

phzB1_Rev 

5'-AACGAACTTCGCGAAAAGAA-3' Real-time RT-

PCR 
5'-TTTGTCTTTGCCACGAATGA-3' 

phzB2_Fwd 

 

phzB2_Rev 

5'-GCGAGACGGTGGTCAAGTAT-3' Real-time RT-

PCR 
5'-AATCCGGGAAGCATTTCAG-3' 

phzS_Fwd 

 

phzS_Rev 

5'-CAAGTCGCTGGTGAACTGG-3' Real-time RT-

PCR 
5'-CGGGTACTGCAGGATCAACT-3' 

mexG_Fwd 

 

mexG_Rev 

5'-GGCGAAGCTGTTCGACTATC-3' Real-time RT-

PCR 
5'-AGAAGGTGTGGACGATGAGG-3' 

lasI_Fwd 

 

lasI_Rev 

5'-CTACAGCCTGCAGAACGACA-3' Real-time RT-

PCR 
5'-ATCTGGGTCTTGGCATTGAG-3' 

rhlI_Fwd 

 

5'-CTCTCTGAATCGCTGGAAGG-3' Real-time RT-

PCR 
5'-GACGTCCTTGAGCAGGTAGG-3' 
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rhlI_Rev 

pqsA_Fwd 

 

pqsA_Rev 

5'-CAATACACCTCGGGTTCCAC-3' Real-time RT-

PCR 
5'-TGAACCAGGGAAAGAACAGG-3' 

pqsD_Fwd 

 

pqsD_Rev 

5'-CATGTGATCTGCCATCAACC-3' Real-time RT-

PCR 
5'-AGCCGTAGGTCAGGACCAG-3' 

pqsE_Fwd 

 

pqsE_Rev 

5'-GACATGGAGGCTTACCTGGA-3' Real-time RT-

PCR 
5'-CTCAGTTCGTCGAGGGATTC-3' 

phnB_Fwd 

 

phnB_Rev 

5'-CACTCGCTGGTGGTCAGTC-3' Real-time RT-

PCR 
5'-AGAGTAGAGCGTTCTCCAGCA-3' 

pqsH_Fwd 

 

pqsH_Rev 

5'-ATGTCTACGCGACCCTGAAG-3' Real-time RT-

PCR 
5'-AACTCCTCGAGGTCGTTGTG-3' 
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Figure legends 816 

817 

Figure 1. Overexpression of the MexCD-OprJ efflux pump results in a decrease in 818 

the production of different virulence factors regulated by the QS system. The 819 

elastase (A), protease IV (B), pyocyanin (C) and rhamnolipids (D) assays were 820 

conducted with supernatants of LB liquid cultures of the PAO1, nfxB* and nfxB*ΔmexD 821 

strains after 20 hours of incubation at 37º C. nfxB* presented a lower production of all 822 

tested virulence factors that the parental wild-type PAO1. The deletion of mexD in 823 

strain nfxB*∆mexD restores the phenotypes to the levels of the wild-type strain, 824 

indicating that the defects in the expression of virulence factors were solely due to the 825 

activity of the mexCD-oprJ efflux pump. 826 
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Figure 2. Overexpression of the MexCD-OprJ efflux system affects the expression 830 

levels of QS-regulated genes. Transcriptional analysis by real-time RT-PCR of (A) 831 

genes regulated by quorum sensing response (lasA, lasB, rhlA, rhlB, lecA, phzB1, 832 

phzB2, phzS and mexG) and (B and C) genes responsible for QSSMs production (lasI, 833 

rhlI, pqsA, pqsD, pqsE, phnB and pqsH) from samples obtained in (B) exponential 834 

(OD600 = 0.6) and (A and C) early stationary phase of growth (OD600 = 2.5) in PAO1, 835 

nfxB* and nfxB*ΔmexD strains grown in LB medium. The results showed that the gene 836 

responsible for C4-HSL production (rhlI) and some genes implicated in the synthesis of 837 

PQS (pqsA, pqsE, and phnB) were expressed at lower level in the nfxB* strain than in 838 

the wild-type PAO1 strain at exponential phase of growth (B). In early stationary 839 

growth phase (A and C), the expression levels of the PQS-biosynthesis genes (pqsD, 840 

pqsE, phnB and pqsH), as well as all of the analysed QS-regulated genes, were much 841 

lower in the nfxB* strain than in the PAO1 wild-type. The deletion of mexD in strain 842 

nfxB*∆mexD restores the levels of expression to those of the wild-type strain, indicating 843 

that these defects were solely due to the activity of the MexCD-OprJ efflux pump. 844 
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847 

Figure 3. PQS and HHQ production is impaired in the strain that overproduces 848 

the MexCD-OprJ efflux pump. (A) To determine the accumulation levels of the 849 

autoinducers synthesized by P. aeruginosa, a technique based on TLC coupled with a 850 

PqsR-based biosensor was used. The samples were extracted from cultures in early 851 

stationary phase (OD600 = 2.5). (B) The TLC-spots corresponding to HHQ were 852 

quantified by densitometry and the ratio between the HHQ present in the supernatant 853 

respect to cell extract was calculated and represented. As shown, overexpression of the 854 

MexCD-OprJ efflux system in nfxB* strongly reduces the production of PQS and HHQ 855 

as compared with PAO1 and nfxB*ΔmexD strains. Furthermore, the analysis by 856 

densitometry of the HHQ ratio shows that this defect in AQs production is likely caused 857 

by an excessive extrusion of HHQ through MexCD-OprJ. 858 
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859 

Figure 4. The nfxB* mutant displays minor alterations in the kinetic of 860 

accumulation of both C4-HSL and the 3-oxo-C12-HSL autoinducers. TLCs (A and 861 

D) and time course accumulation assays (B, C and E) were used to determine the 862 

accumulation of these two autoinducer compounds. The samples for the TLC assays 863 

were extracted from cultures in late exponential phase (OD600 = 1.7) and the samples for 864 

the time course assay were taken at different time along the cell cycle (4, 5, 6 and 7 865 

hours post-inoculation). As shown, the overexpression of MexCD-OprJ has a slightly 866 

but significant effect on AHLs accumulation. The nfxB* strain presented higher levels 867 

of 3-oxo-C12-HSL than PAO1 and nfxB*ΔmexD both outside (A and B) and inside the 868 

cells (A and C). In contrast, the C4-HSL accumulation in the supernatant was lower in 869 

the MexCD-OprJ overexpressing mutant as compared with PAO1 and nfxB*ΔmexD 870 
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strains, although similar levels were detected once the three strains reached stationary 871 

phase (6 and 7 hours after inoculation). 872 

  873 

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

The copyright holder for this preprint (which wasthis version posted May 15, 2018. ; https://doi.org/10.1101/322792doi: bioRxiv preprint 

https://doi.org/10.1101/322792
http://creativecommons.org/licenses/by-nd/4.0/


 45 

 874 

875 

Figure 5. Schematic representation of the PQS and HHQ synthesis in P. 876 

aeruginosa. The enzymes responsible for the synthesis of HHQ and other quinolones 877 

are codified in the operon pqsABCDE. These enzymes use anthranilate and octanoate as 878 

precursor of HHQ and the enzyme PqsH is responsible to transform it into PQS The 879 

main source of octanoate is provided from fatty acids metabolism. In the case of 880 

anthranilate, it may be synthetized by two main pathways, for subsequent PQS 881 

production, depending of the presence/absence of tryptophan: In presence of tryptophan, 882 

the main source of anthranilate is provided from kynurenine pathway; while, in absence 883 
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of this amino acid, the anthranilate is mainly synthetized from chorismic acid, being 884 

implicated the enzymes PhnA and PhnB codified in the operon pqsABCDE-phnAB. 885 
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 887 

888 

Figure 6. Impaired intracellular accumulation of anthranilate produced by an 889 

excessive kynurenine extrusion through MexCD-OprJ is not the cause for lower 890 

AQs production of the nfxB* mutant. (A) The duplication time of PAO1 and nfxB* in 891 

minimal medium with succinate (control), tryptophan or kynurenine (both anthranilate 892 

precursors) as sole carbon sources was determined. As shown, the nfxB* mutant 893 

presents an impaired growth in both tryptophan and kynurenine, suggesting these 894 

compounds might be substrates of MexCD-OprJ. (B) Anthranilate and kynurenine 895 

accumulation in cell-free supernatants was quantified by HPLC-MS from PAO1 and 896 

nfxB* cultures grown along 24 hours in M63 minimal medium with succinate (10 mM) 897 

and tryptophan (10 mM) as sole carbon sources. Left panels anthranilate, right panels 898 

kynurenine. As shown, the supernatants from nfxB* cultures contained more kynurenine 899 

and less anthranilate than those from the wild-type PAO1 strain, indicating that 900 

kynurenine is a substrate of MexCD-OprJ and anthranilate is not extruded by this efflux 901 
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pump. (C) The production of AQs in PAO1 and nfxB* strains growing in LB medium 902 

supplemented with anthranilate 1 mM was analysed in early stationary phase (OD600 = 903 

2.5) by TLC. (D) The extracellular vs intracellular HHQ ratios were calculated 904 

measuring each one of the HHQ spots obtained in the TLC-assays by densitometry. (E) 905 

Real-time pqsABCDE expression was analysed in both PAO1 and nfxB* strains growing 906 

in LB medium supplemented with anthranilate 4 mM using a chromosomal insertion of 907 

the reporter construction PpqsA::luxCDABE. The results show that anthranilate 908 

supplementation of LB medium does not restore the AQs production in the nfxB* strain 909 

(C and E), reinforcing our hypothesis that HHQ extrusion (D) rather than kynurenine 910 

extrusion through MexCD-OprJ is the main cause for the QS-defective response of the 911 

nfxB* strain. 912 
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 914 

915 

Figure 7. LB supplementation with octanoate increases the AQs production in 916 

PAO1, nfxB*, and nfxB*ΔmexD strains but, in the case of nfxB*, this increase was 917 

lower than observed in the other strains, being thus unable to restore the 918 

pyocyanin production in the nfxB* strain. To determine the time course production 919 

of AQs in PAO1, nfxB*, and nfxB*ΔmexD strains, we extracted these compounds from 920 

both the cells (A) and the cell-free supernatants (B) at different times along the cell 921 

cycle (4, 5, 6 and 7 hours post-inoculation). Additionally, the last points of time course 922 

extractions were analysed by TLC (C) in order to know the proportion of PQS and HHQ 923 

present on each AQs-extracts. For pyocyanin assay (D), the strains were grown in LB 924 

medium with or without octanoate (5 mM) along a time lapse of 20 hours and the 925 

pyocyanin was extracted with chloroform-based protocol as is described in Materials 926 

and Methods. The results show that supplementation of LB with 5 mM octanoate, even 927 

allowing nfxB* strain to accumulate similar levels of AQs out of the cells than PAO1 928 
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and nfxB*ΔmexD (B and C), was insufficient to restore neither the intracellular 929 

accumulation of PQS and HHQ (A and C) nor pyocyanin production (D). Furthermore, 930 

the fact that in a TLC assay (C), the spot corresponding with HHQ present in nfxB* 931 

supernatant is slightly higher than that in PAO1 and nfxB*ΔmexD, together with the 932 

clear low intracellular accumulation of HHQ in the nfxB* strain, confirm our hypothesis 933 

that MexCD-OprJ is able to extrude HHQ and that is the main reason for the QS-934 

defective response observed in this antibiotic resistant mutant. 935 
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