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 2 

Abstract  22 

Emergence of resistance to polymyxins in Pseudomonas aeruginosa is mainly due to 23 

mutations in two-components systems, that promote addition of 4-amino-4-deoxy-L-24 

arabinose to the lipopolysaccharide (LPS) through upregulation of operon arnBCADTEF-ugd 25 

(arn) expression. Here, we demonstrate that mutations occurring in different domains of 26 

histidine kinase PmrB or in response regulator PmrA result in coresistance to 27 

aminoglycosides and colistin. All seventeen clinical strains tested exhibiting such a cross-28 

resistance phenotype were found to be pmrAB mutants. As shown by gene deletion 29 

experiments, the decreased susceptibility of the mutants to aminoglycosides was independent 30 

from operon arn but required the efflux system MexXY(OprM) and the products of three 31 

genes, PA4773-PA4774-PA4775, that are cotranscribed and activated with genes pmrAB. 32 

Gene PA4773 (annotated as speD2 in PAO1 genome) and PA4774 (speE2) are predicted to 33 

encode enzymes involved in biosynthesis of polyamines. Comparative analysis of cell surface 34 

extracts of an in vitro selected pmrAB mutant, called AB16.2, and derivatives lacking 35 

PA4773, PA4774 and PA4775, respectively revealed that these genes were needed for 36 

norspermidine production via a pathway that likely uses 1,3-diaminoprane, a precursor of 37 

polyamines. Altogether, our results suggest that norspermidine decreases the self-promoted 38 

uptake pathway of aminoglycosides across the outer membrane and thereby potentiates the 39 

activity of efflux pump MexXY(OprM). 40 

 41 

 42 

43 
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 3 

Introduction 44 

Pseudomonas aeruginosa is a common cause of healthcare-associated infections (1). Because 45 

of an increasing number of extensively drug-resistant (XDR) strains, polymyxins (colistin and 46 

polymyxin B) and aminoglycosides are more and more used as the last-line antibiotics to treat 47 

infected patients (2, 3). Therefore, emergence of resistance to one or both of these antibiotic 48 

families under treatment may leave clinicians with very few or no more therapeutic options, 49 

and result in clinical failures.  50 

Though still infrequent (3), polymyxin resistance in P. aeruginosa is due to enzymatic 51 

addition of 4-amino-4-deoxy-L-arabinose (Ara4N) to lipid A of lipopolysaccharide (LPS), 52 

with subsequent decrease in the electrostatic interaction between the polycationic polymyxins 53 

and the phosphate residues of LPS (4, 5). Ara4N modification of LPS is determined by an 54 

operon, arnBCADTEF-ugd (thereafter called arn), whose expression is controlled by several 55 

two-component regulatory systems (TCS) including PmrAB, PhoPQ, ParRS, ColRS and 56 

CprRS. Various mutations in these phospho-relays have been demonstrated or more simply 57 

suspected to activate arn transcription and thereby to enhance colistin resistance in clinical 58 

strains of P. aeruginosa (6). Sensor PmrB is a hot spot for such mutations  (7-13).  59 

Three genes of the PmrAB regulon (PA4773, PA4774 and PA4775) are activated when 60 

planktonic bacteria are grown upon Mg
2+

 starvation, at acidic pH, in the presence of 61 

extracellular DNA (eDNA) or with antimicrobial peptides such as colistin, indolicidin and 62 

CP11 (14-17). Inactivation of gene PA4774 (annotated as spermidine synthase gene speE2 in 63 

the Pseudomonas Genome database) (18) was found to alter the outer membrane permeability 64 

barrier to polymyxin B, CP10A and aminoglycoside gentamicin (14). Another study revealed 65 

that the resistance developed by P. aeruginosa towards polymyxin B, gentamicin and 66 

tobramycin when cultured with eDNA or at acidic pH, required functional PA4773 and arn 67 

genes (16). It was concluded that genes PA4773 (S-adenosyl methionine transferase gene 68 
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 4 

speD2 in the Pseudomonas Genome database) and PA4774 are part of an alternative 69 

spermidine biosynthesis pathway, which once activated via TCS PmrAB protects 70 

P. aeruginosa against antimicrobial peptides and aminoglycosides by increasing the amounts 71 

of the positively-charged spermidine at the cell surface (14).  72 

Non-enzymatic resistance of clinical strains of P. aeruginosa to aminoglycosides is often 73 

associated with constitutive upregulation of efflux system MexXY(OprM) (19). Loss-of-74 

function mutations in gene mexZ -which encodes a TetR-like repressor of operon mexXY, 75 

alteration of components of the protein synthesis machinery, or amino acid substitutions in 76 

TCS ParRS can positively impact mexXY activity and thus promote resistance to pump 77 

MexXY(OprM) substrates such as aminoglycosides, cefepime and fluoroquinolones, from 2- 78 

to 4-fold. In addition, ParRS mutants exhibit an increased resistance to colistin as a result of 79 

operon arn induction, and to carbapenems due to repressed transcription of porin OprD gene 80 

(20). 81 

The present study investigates a novel type of aminoglycosides-colistin cross resistant pmrAB 82 

mutants that overexpress both the mexXY operon and the PA4773-PA4774-4775 gene cluster. 83 

84 
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 5 

Results  85 

Mutations of sensor PmrB provides cross-resistance to aminoglycosides and colistin  86 

Characterization of resistant mutants of reference strain PAO1 selected on agar plates 87 

containing 8 µg ml
-1

 (MIC x 16; mutant rates = 9.10
-7

) and 16 µg ml
-1 

(MIC x 32; 6.10
-8

) of 88 

colistin, showed that all the analyzed clones were coresistant to colistin and aminoglycosides 89 

(256-fold and up to 8-fold more than PAO1, respectively), while some of them were slightly 90 

more susceptible (2-fold) to β-lactams (Table 1). Sequencing of genes pmrA, pmrB, parS, 91 

parR, cprS, cprR, phoP, phoQ, colS and colR known to be involved in regulation of operon 92 

arn expression revealed the presence of single amino acid substitutions in histidine kinase 93 

PmrB of randomly chosen mutants AB8.2 (V28G) and AB16.1 (F408L), and an amino acid 94 

deletion in the protein of mutant AB16.2 (∆L172) (Fig. 1). To confirm the impact of these 95 

mutations on aminoglycoside resistance, we complemented the pmrAB negative strain 96 

PAO1∆pmrAB with plasmid vector pME6012 carrying the pmrAB alleles from PAO1, AB8.2, 97 

AB16.1 and AB16.2 (yielding constructs pABWT, pAB8.2, pAB16.1, pAB16.2, 98 

respectively). Compared with the wild-type control, all the mutated pmrB genes conferred a 99 

significant resistance to gentamicin (8 µg ml
-1

; MIC x 8), amikacin (8 µg ml
-1

; MIC x 4), and 100 

tobramycin (2 µg ml
-1

; MIC x 8) in addition to colistin (128 µg ml
-1

; MIC x 256) (Table 1). 101 

On the other hand, deletion of gene pmrA or pmrB restored a wild-type susceptibility 102 

phenotype in mutant AB16.2, thus providing further evidence that the cross-resistance of 103 

pmrB mutants required both components of the signal transducing system PmrAB (Table 2). 104 

The observation that mutants PAO1∆pmrA and PAO1∆pmrB exhibited the same resistance 105 

levels as that of parent strain PAO1, also indicated that PmrAB does not play a role in the 106 

intrinsic resistance of P. aeruginosa to antibiotics including polymyxins (Table 2). To assess 107 

a possible contribution of LPS modification operon arn to aminoglycoside resistance of pmrB 108 

mutants, we measured gene arnA expression by RT-qPCR in AB8.2, AB16.1 and AB16.2, 109 
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 6 

and removed the whole arn locus from PAO1 and AB16.2 genomes (yielding derivatives 110 

PAO1∆arn and AB16.2∆arn, respectively). All the three studied mutants were found to 111 

overexpress gene arnA strongly (from 424- to 654-fold versus PAO1). Whereas the parental 112 

susceptibility to colistin was almost completely restored in mutant AB16.2∆arn (MIC = 1 µg 113 

ml
-1

; Table 2), MICs of aminoglycosides remained unchanged, confirming our hypothesis of 114 

an Arn-independent mechanism of aminoglycoside resistance in pmrB mutants. In a previous 115 

work, we showed that mutational activation of TCS ParRS results in constitutive upregulation 116 

of operon mexXY and increased resistance to various pump MexXY(OprM) substrates such as 117 

aminoglycosides (20). To assess the role played by this TCS is aminoglycoside-colistin cross-118 

resistance, we deleted operon parRS in AB16.2 (yielding strain AB16.2∆parRS) and PAO1 119 

(PAO1∆parRS). As indicated in Table 2, these deletions only impacted colistin MICs with a 120 

16-fold reduction in AB16.2∆parRS as compared with AB16.2 (4 versus 64 µg ml
-1

), and a 121 

two-fold decrease in PAO1 [as already reported in (20)]. Altogether, these results supported 122 

the notion that other PmrAB-dependent mechanisms were responsible for the resistance of 123 

pmrB mutants to aminoglycosides.  124 

 125 

Aminoglycoside-colistin cross-resistant pmrAB mutants occur in the clinical setting  126 

To get an insight into the relevance of such mutants in patients, we selected 28 colistin non-127 

susceptible clinical strains (MIC from 4 to 256 µg ml
-1

) from our lab collection. Seventeen of 128 

them (60.7%) appeared to be at least 4-fold more resistant to gentamicin, tobramycin and 129 

amikacin than reference strain PAO1 (Table 3). Sequencing of gene pmrB in these 17 strains 130 

revealed the presence of several non-synonymous mutations relative to the PAO1 gene 131 

sequence (Table 3). A number of predicted amino acid variations in protein PmrB were 132 

identical to that of aminoglycoside-colistin susceptible strains PA14 (S2P, A4T, G68S, V15I, 133 

Y345H) and LESB58 (Y345H), and were considered as common polymorphism. Four pmrAB 134 
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alleles encoding five so far uncharacterized amino acid variations in PmrB were amplified 135 

from isolates 2243 (Q105P), 3092 (V6A/L37P), 3795 (G188D) and 3890 (D45E), and cloned 136 

in vector pME6012. In addition, we cloned the pmrAB locus of a drug susceptible clinical 137 

strain (3095), that codes for a PmrB variant exhibiting a V6A substitution along with several 138 

nonsignificant amino acid changes. The resulting recombinant plasmids were used to 139 

complement strain PAO1∆pmrAB (Table 3). Reminiscent of our previous findings, the non-140 

polymorphic mutations in PmrB (L37P, D45E, Q105P, G188D) except V6A led to cross-141 

resistance to aminoglycosides and colistin in transcomplemented mutant PAO1∆pmrAB 142 

(Table 3). 143 

Since response regulator PmrA can also be constitutively activated by mutations (4), we 144 

sequenced its gene in the two strains showing nonsignificant amino acid variations in sensor 145 

PmrB, namely 3091 and 4586. Beside the L71R change also present in strain PA14, isolate 146 

3091 harbored a L21I substitution in PmrA. Cloning and expression of the pmrAB genes from 147 

3091 in PAO1∆pmrAB caused an increase in MICs of gentamicin (8 µg ml
-1

; 8-fold the wild-148 

type level), amikacin (8 µg ml
-1

; 4-fold), tobramycin (2 µg ml
-1

; 8-fold) and colistin (128 µg 149 

ml
-1

; 256-fold), demonstrating that coresistance to aminoglycosides and polymyxins can arise 150 

when either PmrB or PmrA is mutationally activated. Since the PmrA protein from strain 151 

4586 displayed the same sequence as PAO1, we considered its resistance phenotype to 152 

aminoglycosides and polymyxins as being independent of PmrAB. 153 

 154 

MexXY(OprM) is required for aminoglycoside resistance and contributes to colistin 155 

resistance in pmrB mutants 156 

The transcript levels of gene mexY that codes for RND transporter MexY were measured in 157 

strain PAO1∆pmrAB complemented with different pmrAB alleles described above (i.e., 158 

carrying PmrAB activating mutations). Compared with PAO1∆pmrAB overexpressing the 159 
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wild-type pmrAB genes from plasmid pABWT, mexY transcription was found to be only 160 

marginally increased (from 1.4 to 2.8-fold) upon complementation with 6 of the 7 mutated 161 

alleles (Fig. S1), while the resistance to aminoglycosides (from 4- to 8-fold; Tables 1 and 3), 162 

and other MexXY(OprM) substrates ciprofloxacin and cefepime (2-fold, data not shown) 163 

augmented significantly. The allele from the remaining strain 2243 (that encodes a Q105P 164 

PmrB variant) was associated with a 16.6-fold upregulation of mexY relative to 165 

PAO1∆pmrAB(pABWT), and a stronger increase in MICs of aminoglycosides (from 16- to 166 

32-fold), ciprofloxacin and cefepime (4-fold, data not shown). To further investigate the role 167 

of MexXY(OprM) in the phenotype of pmrB mutants, we deleted operon mexXY in mutant 168 

AB16.2 and in PAO1. Because this efflux system contributes to the natural resistance of 169 

P. aeruginosa to aminoglycosides (21), the mexXY deletion rendered strain PAO1 170 

hypersusceptible to these antimicrobials (compare mutant PAO1∆mexXY with PAO1 in Table 171 

2). Very similar results were obtained when genes mexXY were removed from AB16.2 172 

(AB16.2∆mexXY versus AB16.2 in Table 2). MICs of aminoglycosides dropped from 32-fold 173 

(amikacin, tobramycin) to 128-fold (gentamicin), clearly indicating that the elevated 174 

resistance of pmrB mutants to these antibiotics depends on the activity of MexXY(OprM), 175 

though operon mexXY expression remains unaffected by the pmrB mutations (Fig. S1). We 176 

therefore hypothesized that another mechanism could potentiate the extrusion of 177 

aminoglycosides out of bacteria by MexXY(OprM). Indeed, synergistic interplays between 178 

efflux systems and factors modulating the outer membrane permeability to antibiotics, such as 179 

porins, are common in multidrug resistant Gram-negative bacteria (19). 180 

Unexpectedly, inactivation of operon mexXY strongly reduced colistin MIC (16-fold) leaving 181 

a residual resistance of 4 µg ml
-1

 in AB16.2∆mexXY while it had virtually no effects on the 182 

susceptibility level of parent PAO1 (Table 2). Although polymyxins are not in the list of 183 

known substrates of MexXY(OprM) (22), our data supported the notion that aminoglycosides 184 
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 9 

and colistin might be pumped out more efficiently outside bacteria if their intracellular 185 

penetration was impaired by a decreased permeability of the cell envelope. 186 

 187 

Aminoglycoside resistance is linked to genes PA4773-PA4774-PA4775 in pmrB mutants 188 

To identify the mechanisms that could synergize MexXY(OprM) activity in our mutants, we 189 

compared the transcriptomes of AB16.2 and PAO1. A total of 233 genes turned out to be 190 

dysregulated, of which 201 exhibited an increased expression and 32 a reduced expression 191 

≥ 3-fold linked to PmrAB activation (Table S1). As expected, operon arn and all the genes of 192 

the pmrAB cluster that includes PA4773 (speD2), PA4774 (speE2), PA4775, PA4776 (pmrA) 193 

and PA4777 (pmrB) were strongly activated in AB16.2. In P. aeruginosa genomes (18), 194 

genes PA4773 to PA4777 form three transcriptional units. Protein PA4773 shares 24.2% 195 

sequence identity with S-adenosyl methionine decarboxylase SpeD (encoded by gene PA0654 196 

in strain PAO1), and PA4774 has a sequence 38.3% identical to that of spermidine synthase 197 

SpeE (gene PA1687). Protein PA4775 has no known homologs. Involvement of these three 198 

proteins in the resistance phenotype of pmrB mutants was examined by deleting each 199 

encoding gene in AB16.2 and PAO1. We obtained no evidence of the contribution of these 200 

proteins to the natural resistance of P. aeruginosa to aminoglycosides or polymyxins 201 

(compare PAO1 and its PAO1∆ derivatives in Fig. 2A, 2B and S2). However, while it did not 202 

affect colistin resistance significantly, inactivation of any of these proteins restored a wild-203 

type susceptibility to aminoglycosides in AB16.2. On the other hand, mutants 204 

AB16.2∆PA4773, AB16.2∆PA4774 and AB16.2∆PA4775 recovered the initial phenotype of 205 

AB16.2 when a DNA fragment carrying genes PA4773-PA4774-PA4775 was inserted in 206 

chromosomal site attB (Fig. 2A and S2). At this point, our results showed that the elevated 207 

resistance of pmrB mutants to aminoglycosides was dependent upon PA4773-PA4774-208 

PA4775 and efflux system MexXY(OprM). 209 
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Norspermidine contributes to aminoglycoside resistance 210 

Since genes PA4773 and PA4774 are predicted to encode enzymes involved in synthesis of 211 

polyamines, we measured the amounts of 1,3-diaminopropane (a precursor of polyamines), 212 

putrescine, cadaverine, norspermidine, spermidine and spermine bound to the cell surface of 213 

strains PAO1, AB16.2, AB16.2∆PA4773, AB16.2∆PA4774 and AB16.2∆PA4775, by using 214 

LC-ESI-MS. As shown Fig. S3, we found no significant differences in the areas under the 215 

peaks of cadaverine, putrescine and spermine between the strains. In contrast, 15.8-fold more 216 

spermidine was detected in the extracts from mutant AB16.2 (10.6 log10) relative to strain 217 

PAO1 (9.4 log10) (Fig. 3A). These amounts were only partially reduced in the mutants lacking 218 

PA4773, PA4774 or PA4775, suggesting that the major part of the spermidine present in the 219 

extracts had been elaborated via another pathway. More importantly, the LC-ESI-MS analysis 220 

revealed the presence of much higher quantities (>1,000-fold) of norspermidine at the surface 221 

of AB16.2 (10.7 log10) relative to PAO1 (7.6 log10, a value close to the limit of detection) 222 

(Fig. 3B). The observation that the deletion of genes PA4773 (8.6 log10), PA4774 (7.8 log10) 223 

or PA4775 (9.0 log10) was associated with lower norspermidine levels in AB16.2 (126-, 794- 224 

and 50-fold, respectively) (Fig. 3B) supports the notion that when overexpressed in pmrB 225 

mutants the three genes enable the formation of this polyamine and contribute to 226 

aminoglycoside resistance. Finally, 1,3-diaminopropane turned out to be 3.2-fold more 227 

abundant in extracts from mutant AB16.2PA4775 (11.2 log10) in comparison with AB16.2 228 

(10.7 log10) (Fig. 3C), which might suggest that protein PA4775 converts this precursor to 229 

fuel the norspermidine biosynthesis pathway.  230 

 231 

Impact of norspermidine synthesis on bacterial growth 232 

Addition of exogenous norspermidine is known to inhibit bacterial growth in various species 233 

including P. aeruginosa (23). Since mutant AB16.2 formed smaller colonies than parental 234 
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strain PAO1 on MH agar medium, we compared the growth curves of the two strains with 235 

that of mutants AB16.2PA4773, AB16.2PA4774 and AB16.2PA4775. As shown Fig. 4, 236 

these experiments confirmed the impaired development of mutant AB16.2. Suppression of 237 

genes PA4773 and PA4774 in this mutant completely restored the parental fitness, while the 238 

deletion of PA4775 only partially improved its growth, consistent with the hypothesis that 239 

norspermidine production in mutant AB16.2 is deleterious.  240 

 241 

Discussion 242 

Mutations in TCS PmrAB are a well-known cause of colistin resistance in P. aeruginosa (6). 243 

However, their impact on bacterial susceptibility to aminoglycosides has not been addressed 244 

specifically until the present study. Lopez-Causapé et al. observed the emergence of pmrB 245 

mutations in strain PAO1 submitted to increasing concentrations of tobramycin in addition to 246 

other gene alterations (e.g., fusA1, nuoD), but the role of mutated PmrB in coresistance to 247 

aminoglycosides and polymyxins was not investigated further (24). In another study, a 248 

concomitant increase in tobramycin (2-fold) and colistin MICs (64-fold) was noted in strain 249 

PA14 upon complementation with an A4T/L323H PmrB variant provided by allelic 250 

replacement (25). 251 

Our work demonstrates that mutations affecting the histidine kinase PmrB or response 252 

regulator PmrA elicit a cross-resistance to these antibiotics in in vitro-selected mutants and 253 

clinical strains. Alteration of this TCS has been reported to result in a wide range of colistin 254 

MICs in P. aeruginosa (from 2 to 128 mg/L), due to different levels of operon arn activation 255 

(4, 10). All the PmrAB variants described here conferred a quite high resistance to colistin 256 

(MIC ≥ 16 µg ml
-1

) when expressed in strain PAO1∆pmrAB, which might suggest that 257 

aminoglycoside resistance arises only when the TCS is activated by specific mutations. 258 

However, our observation that various amino acid substitutions occurring in different domains 259 
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of PmrB (Fig. 1) and in PmrA provide the same cross-resistance profile does not support this 260 

assumption. Furthermore, this phenotype was also observed in mutants selected on low 261 

concentrations of colistin (4 µg ml
-1

 instead of 8 or 16 µg ml
-1

) (data not shown). Thus, 262 

aminoglycoside resistance seems to be a common feature of pmrAB mutants. 263 

As highlighted by gene deletion experiments, aminoglycoside resistance of pmrB mutants was 264 

independent from the LPS modification pathway determined by operon arn (i.e., independent 265 

from the mechanism of polymyxin resistance), and did not result from constitutive 266 

overexpression of genes mexXY. Intriguingly, a Q105P change in PmrB increased mexXY 267 

expression and aminoglycoside resistance (2-fold) in PAO1∆pmrAB as compared with other 268 

PmrB variations (Fig. S1 and Table 3). This PmrAB-dependent activation of pump 269 

MexXY(OprM) remains to be investigated. It could potentially involve ParRS, as cross talks 270 

between TCS are common in bacteria to allow adapted stress responses (26). Operon mexXY 271 

transcription is indeed upregulated when ParRS is activated by mutations or bacterial 272 

exposure to colistin (20). Though gene deletion experiments established that this TCS does 273 

not mediate aminoglycoside resistance in mutant AB16.2, they have to be done on 274 

PAO1∆pmrAB(pAB2243) to rule out any implication of ParRS in mexXY dysregulation linked 275 

to PmrB Q105P variant. 276 

As stated above, the presence of efflux pump MexXY(OprM) was required for 277 

aminoglycoside resistance in pmrAB mutants, but genes mexXY do not need to be 278 

constitutively activated (Fig. S1). Since protein synthesis inhibitors induce mexXY 279 

transcription through the ArmZ/MexZ regulatory pathway when ribosomes stall (27), one 280 

could assume that aminoglycosides are more stronger inducers of mexXY expression in 281 

pmrAB mutants than in wild-type bacteria (data not shown). However, deletion of genes 282 

PA4773, PA4774 and PA4775 in mutant AB16.2 provided a simpler explanation in line with 283 

amounts of several polyamines extracted from the cell surface (Fig. 3A). Several lines of 284 
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evidence suggest that this three gene cluster which is cotranscribed with and under the control 285 

of pmrAB genes, is involved in norspermidine biosynthesis. To our knowledge, this linear and 286 

flexible aliphatic molecule that carries three amine groups positively charged at physiological 287 

pH, has never been detected before in P. aeruginosa. In contrast to spermidine, a triamine 288 

involved in multiple physiological functions, norspermidine is considered as rather 289 

uncommon in bacteria except in Vibrionales (28). In Vibrio cholerae, norspermidine is 290 

synthesized from 1,3-diaminopropane through the aspartate -semialdehyde-dependent 291 

pathway involving enzymes carboxyspermidine dehydrogenase (CASDH) and 292 

carboxyspermidine decarboxylase (CANSDC) (29) (Fig. 5). BLAST searches failed to find 293 

evident homologs encoded by the P. aeruginosa genome (30). Some bacteria such as the 294 

hyperthermophiles Thermus thermophilus and Thermotoga maritima are able to produce 295 

norspermidine through a S-adenosylmethionine-dependent route (31, 32). This pathway relies 296 

on the activity of an aminopropyltransferase enzyme able to add an aminopropyl residue from 297 

decarboxylated S-adenosylmethionine to various polyamines including 1,3-diaminopropane. 298 

This metabolic route is widely used in bacteria to form spermidine from putrescine (31). 299 

However, its role in synthesis of other polyamines has been reported only in T. thermophilus, 300 

and T. maritima which produce an aminopropyltransferase enzyme (named triamine/agmatine 301 

aminopropyl transferase; TAAPT) able to cope with other substrates than putrescine (33, 34). 302 

One explanation for the presence of norspermidine in P. aeruginosa might be that the putative 303 

enzyme SpeE2 encoded by gene PA4774 promotes the transfer of an aminopropyl residue to 304 

1,3-diaminopropane to form norspermidine (Fig. 5). Supporting this hypothesis, we found 305 

that, with a sequence identity of 60%, protein PA4774 is the closest homolog of 306 

aminopropyltransferase from T. thermophilus HB8 (1UIR_A) (34). Additional experiments 307 

are now necessary to confirm that the substrate specificity of PA4774 includes 1,3-308 
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diaminopropane. If correct, this scenario could explain why higher amounts of this metabolite 309 

were detected in cell extracts of mutant AB16.2PA4775 as compared with AB.16.2.  310 

While norspermidine was strongly overproduced in pmrAB mutants through the PA4773-311 

PA4774-PA4775 pathway, spermidine synthesis was also increased to similar levels via 312 

another route. The presence of high spermidine amounts at the cell surface was reported to 313 

have a protective role against aminoglycosides when bacteria are exposed to an acid 314 

environment or to eDNA, through the activation of TCS PmrAB (16). That the decreased 315 

resistance of mutants AB16.2∆PA4773, AB16.2∆4774 and AB16.2∆4775 to aminoglycosides 316 

correlated with reduced norspermidine levels (while that of spermidine remained almost 317 

unchanged) strongly suggest that norspermidine plays the main protective role against these 318 

antibiotics in pmrAB mutants. An attractive hypothesis supported by some experimental data 319 

(16) would be that norspermidine and spermidine modulate the self-promoted uptake pathway 320 

of aminoglycosides through the outer membrane, by reducing the net negative charge of the 321 

cell surface. Whether these two structurally-close polyamines individually confer a resistance 322 

to specific inhibitors sharing a polycationic structure is an interesting issue that warrants 323 

further studies. 324 

Mutation-driven activation of PmrAB was associated with therapeutically significant levels of 325 

aminoglycoside and polymyxin resistance in in vitro mutants, according EUCAST 326 

breakpoints (Tables 1 and 3). Consistent with these results, 16 of 17 clinical strains exhibiting 327 

a cross-resistance to both antibiotic families turned out to be pmrAB mutants. The impaired 328 

growth of these bacteria in vitro, due to polyamine production, might reduce their ability to 329 

cause acute infections. However, their presence in clinical samples evidently shows that their 330 

survival in patients is not compromised by mutations in PmrAB. 331 

332 

 on A
ugust 12, 2019 at H

elm
holtz-Z

entrum
 fuer Infektionsforschung - B

IB
LIO

T
H

E
K

-
http://aac.asm

.org/
D

ow
nloaded from

 

http://aac.asm.org/


 15 

Materials and Methods 333 

Bacterial strains, plasmids, and growth conditions. Bacterial strains and plasmids used in 334 

this study are listed in Table 4. Bacteria were routinely grown in Mueller-Hinton broth 335 

(MHB) with adjusted concentrations of divalent cations Ca
2+

 (from 20 to 25 µg ml
-1

) and 336 

Mg
2+

 (from 10 to 12.5 µg ml
-1

) (Becton, Dickinson and Company, Sparks, MD), or on 337 

Mueller-Hinton agar (MHA; Becton, Dickinson and Company, Sparks, MD). Eighteen 338 

clinical strains of P. aeruginosa isolated between 2015 and 2018 in 14 French hospitals were 339 

studied, of which 17 were colistin resistant (MIC >2 µg ml
-1

). Wild-type reference strain 340 

PAO1 (from K. Stover’s laboratory) was used to select colistin-resistant mutants and to 341 

perform gene complementation experiments. Unless otherwise stated, bacterial cultures were 342 

performed at 37
o
C. 343 

PmrAB mutants were selected by spreading 10
8
 colony-forming units (CFU) of log-phase 344 

PAO1 cells on MHA plates supplemented with 8 and 16 µg ml
-1

 colistin, respectively. 345 

Plasmid vectors were maintained in subcultures of E. coli with 50 µg ml
-1

 kanamycin, 15 µg 346 

ml
-1

 tetracycline, 100 µg ml
-1

 ampicillin or 50 µg ml
-1

 streptomycin as selection markers. 347 

Transconjugants and transformants of P. aeruginosa were selected on MHA or Pseudomonas 348 

Isolation Agar medium (PIA; Becton, Dickinson and Company, Sparks, MD) by using 200 µg 349 

ml
-1

 tetracycline, 2,000 µg ml
-1

 streptomycin or 150 µg ml
-1

 ticarcillin. Bacterial growth 350 

curves were established in triplicates from freshly diluted cultures in 30 ml of MHB (initial 351 

absorbance A600nm = 0.1), incubated at 37
o
C with vigorous shaking. The absorbance was 352 

monitored hourly up to 8 h. Standard deviations were calculated at each time point.  353 

Antimicrobial susceptibility testing. The MICs of selected antibiotics were determined by 354 

microdilution in MHB and interpreted according to the guidelines of European Committee on 355 

Antimicrobial Susceptibility Testing (EUCAST 2018) (http://www.eucast.org).  356 
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Transcomplementation of mutant PAO1∆pmrAB. The pmrAB loci from strain PAO1, in 357 

vitro-selected mutants and clinical strains were amplified by PCR from genomic DNA 358 

extracts (Wizard genomic DNA purification kit, Promega Corporation, Charbonnières-les-359 

Bains, France) with specific primers PCRpmrAB1 and PCRpmrAB4 (Table S2). The 360 

amplicons were first cloned into vector pCR-Blunt. Then, 2,286-bp fragments carrying the 361 

pmrAB alleles were subcloned into EcoRI-linearized plasmid pME6012 (35). Sequence of 362 

cloned alleles was checked on both strands by using specific primers (3130, Genetic 363 

Analyzer, Applied Biosystems) (Table S2). Recombinant plasmids were introduced by 364 

electro-transformation into mutant PAO1∆pmrAB (36) and the resulting transformants were 365 

selected on MHA supplemented with 200 µg ml
-1

 tetracycline. 366 

Chromosomal complementation with PA4773-PA4774-PA4775 gene cluster. The locus 367 

with its promoter region was amplified by PCR from a whole DNA extract of strain PAO1, 368 

with primers PCRiPA4773A1 and PCRiPA4775A4 (Table S2). The 3,231-bp amplicon was 369 

cloned into vector pCR-Blunt and then subcloned into plasmid mini-CTX1 previously cleaved 370 

with endonucleases BamHI/NotI (37). The recombinant plasmid was transferred from E. coli 371 

CC118 to P. aeruginosa strains by conjugation as previously reported (37), and the 372 

transconjugants were selected on PIA medium containing 200 µg ml
-1 

tetracycline. Excision 373 

of the tetracycline resistance cassette was achieved by expressing recombinase Flp from of 374 

plasmid pFLP2. This plasmid which carries levan sucrase gene sacB was finally cured by 375 

growing bacteria on minimal agar medium M9 containing 5% sucrose. Insertion of the 376 

PA4773-PA4774-PA4775 fragment in chromosomal site attB was confirmed by PCR-377 

sequencing experiments (Table S2). 378 

Construction of deletion mutants in strain PAO1. Gene deletion mutants were obtained by 379 

using overlapping PCRs and recombination events, as previously described by Kaniga et al 380 

(38). Briefly, using the primers indicated in Table S2, the DNA regions flanking the target 381 
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genes were amplified as single DNA fragments. These fragments were subsequently cloned 382 

into plasmid pCR-Blunt and subcloned into suicide vector pKNG101, in E. coli CC118λpir 383 

(38). The resulting plasmids were introduced into P. aeruginosa strains by triparental mating 384 

using helper strain E. coli HB101(pRK2013) (39). Transconjugants were selected on PAI 385 

supplemented with streptomycin 2,000 µg ml
-1

. Excision of pKNG101 was obtained by 386 

selection on M9 minimal agar medium supplemented with 5% sucrose. The deletions were 387 

checked by PCR and sequencing using specific primers (Table S2). 388 

RT-qPCR. Total RNA was extracted and purified (RNeasy plus kit, Qiagen) from cultures of 389 

strain PAO1 or its mutants grown to mid-log phase (A600nm = 0.8) in MHB, as previously 390 

reported (40). Two µg of RNA extracts treated with DNAse (Qiagen) were reverse transcribed 391 

into cDNA with ImpromII reverse transcriptase (RT) according to the manufacturer's 392 

recommendations (Promega, Madison, WI). The mRNA amounts of target genes were 393 

estimated by real-time quantitative PCR (RT-qPCR) in a Rotor Gene RG6000 instrument 394 

(Qiagen, Courtaboeuf, France) by using the QuantiFast SYBR Green PCR kit (Qiagen), 395 

specific RT-qPCR primers (listed in Table S2) and 1:10 dilution of cDNA as template. 396 

Absolute values of gene expression were normalized for each strain with those of 397 

housekeeping gene uvrD, and expressed as a ratio (fold change) to that of wild-type strain 398 

PAO1, used as reference (41). Mean gene expression values were calculated from two 399 

independent cultures, each assayed in duplicate.  400 

RNA-Seq transcriptome. Strain PAO1 and mutant AB16.2 were incubated at 37
o
C with 401 

shaking (250 rpm) in drug-free MHB until an absorbance of A600nm = 0.8 ± 0.05. RNA was 402 

extracted from cell pellets (duplicates for each sample) using the RNeasy Mini Kit (Qiagen) 403 

in combination with Qiashredder columns (Qiagen). The preparation and sequencing of the 404 

cDNA libraries were done as described previously (42). Libraries were sequenced with 50 405 

cycles in single end mode on an Illumina HiSeq 2500 device. Computational analysis was 406 
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done according to the method reported by Dotsch et al.(42), with some modifications. The 407 

reads were aligned to the PAO1 reference genome using stampy (43).  408 

LC-ESI-MS analysis of cell surface extracts. Overnight cultures in MHB were diluted in 409 

fresh medium and grown at 35°C with shaking to mid-log phase (A600nm=0.8). Surface-410 

associated polyamines were extracted as previously described, except that the pellet was 411 

resuspended in a final 500 µl volume of buffer (14). Analysis of polyamines was performed 412 

on the plateform of BioPark (Archamps Technopole, France) from 100 µl of bacterial extract 413 

added to 90 µl of N-(succinimidyloxycarbonylmethyl) tris (2,4,6-trimethoxyphenyl) 414 

phosphonium bromide 20 mM (TMPP, Sigma-Aldrich, Saint Louis, MO). The primary 415 

amines were labelled with TMPP, which is known to make amines more amenable to 416 

detection by mass spectrometry by improving the molecules ionization in the electrospray. 417 

Addition of TMPP increased the mass of 572.18 Da to the nominal mass of any molecule with 418 

a primary or secondary amine. The mixture was incubated one hour at room temperature and 419 

the reaction was stopped by addition of 150 µL of NH4OH (1 M). After 30 min of incubation 420 

at room temperature, 160 µl of trifluoroacetic acid (TFA) (10%) were added, and the samples 421 

were desalted by a solid phase extraction (SPE) (Omics bond elut C18 100 µl tip, Waters) 422 

according to the manufacturer's protocol. Amines were eluted using 50 µl of mix containing 423 

60% acetonitrile and 0.1% of TFA, and dried down by speed-vacuum. The pellet was re-424 

suspended in 20 µl of 2% ACN and 0.1% TFA, and 2 µl of the mixture were loaded on a 425 

standard reverse-phase chromatography column using an Ultimate 300 nanoflow high 426 

performance liquid chromatography system coupled to a Q-Exactive Orbitrap with a 75µm x 427 

150 mm Acclaim Pepmap 100, C18, 3 µm nanoviper column (Thermo Scientific, Bremen, 428 

Germany). The amines were eluted by a gradient from 2 to 35% ACN in 0.1% (v/v) formic 429 

acid, and subsequently from 35 to 85% over a period of 35 min. Then, the amines were 430 

detected by a mass spectrometer connected at the column exit to an electrospray ionization 431 
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interface (ES-MS). The Q-Exactive Orbitrap acquired a full-range scan from 310 to 2 000 Th 432 

(70,000 resolution, AGC target 3.10
6
, maximum IT 200 ms). An equimolar mix of 1,3-433 

diaminopropane, putrescine dihydrochloride, cadaverine, norspermidine, spermidine and 434 

spermine was analysed in similar conditions and used as standard. Extracted ions 435 

chromatograms were used to identify the m/z ions expected for the TMPP amines. Areas 436 

under the peaks were collected to compare the amounts of amines in different strains.  437 

 438 

Statistical analysis 439 

The reported gene read counts were used to estimate differential gene expression between 440 

mutant AB16.2 and PAO1, making use of package DESeq in R (Project for statistical 441 

computing). Comparison of polyamine levels were performed using R software (v 3.3.3). The 442 

three independent replicates were normalized to remove block effects and then log10 443 

transformed. For each polyamine and strain tested, an Anova test was applied. Statistically 444 

significant (p<0.05) differences between the strains were checked with a tukey HSD test. 445 

 446 
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TABLE 1 Effects of pmrB mutations on antibiotic susceptibility. 611 

Strain Plasmid 
Protein 

PmrB 
b
 

 
MIC (µg ml

-1
) 

a
 

CST GEN AMK TOB TCC CAZ IPM CIP 

PAO1 - wild-type 0.5 1 2 0.25 16 2 1 0.12 

AB8.2 - V28G 128 8 8 2 4 1 0.5 0.25 

AB16.1 - F408L 128 8 8 2 16 2 1 0.12 

AB16.2 - ∆L172 128 8 8 2 8 1 0.5 0.12 

PAO1ΔpmrAB - ∆ 0.5 1 2 0.25 16 2 1 0.12 

PAO1ΔpmrAB pME6012 - 0.5 1 2 0.25 16 2 1 0.12 

PAO1ΔpmrAB pABWT wild-type 0.5 1 2 0.25 16 2 1 0.12 

PAO1ΔpmrAB pAB8.2 V28G 128 8 8 2 8 1 0.5 0.25 

PAO1ΔpmrAB pAB16.1 F408L 128 8 8 2 8 1 0.5 0.25 

PAO1ΔpmrAB pAB16.2 ∆L172 128 8 8 2 8 1 0.5 0.25 

 612 

a The MIC data are representative of three independent experiments. Values in bold are at least 4-fold 613 

higher than those of strain PAO1. 614 

b Amino acid sequence refers to PmrB protein of strain PAO1. 615 

CST, colistin; GEN, gentamicin; AMK, amikacin; TOB, tobramycin; TCC, ticarcillin (plus clavulanic 616 

acid at a fixed concentration of 2 µg ml-1); CAZ, ceftazidime; IPM, imipenem; CIP, ciprofloxacin. 617 

  618 
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TABLE 2  Drug susceptibility of PAO1 and derived mutants. 619 

Strain 
Gene 

deletion 

MIC (µg ml
-1

) 
a
 

CST GEN AMK TOB 

PAO1 - 0.5 1 2 0.25 

 pmrA 0.5 1 2 0.25 

 pmrB 0.5 1 2 0.25 

 arn 0.5 1 2 0.25 

 parRS 0.25 1 2 0.25 

 mexXY 0.5 0.06 0.5 0.125 

AB16.2 - 128 8 8 2 

 pmrA 0.5 1 2 0.25 

 pmrB 0.5 1 2 0.25 

 arn 1 8 8 2 

 parRS 4 8 8 2 

 mexXY 4 0.06 0.25 0.06 

 620 

a Values in bold (underlined) are at least 4-fold higher (lower) than those of strain PAO1.  621 

CST, colistin; GEN, gentamicin; AMK, amikacin; TOB, tobramycin. 622 

  623 
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TABLE 3 Effects of pmrB mutations on susceptibility of P. aeruginosa clinical strains to 624 

colistin and aminoglycosides. 625 

Strain (plasmid) Sequence variation(s) in protein PmrB 
a
 

MIC (μg ml
-1

) 
b
 

CST GEN AMK TOB 

Clinical strains      

543 S2P, A4T, G68S, G86V, Y345H, G362S 8 >256 >256 >256 

2243 Q105P, Y345H 128 >256 >256 >256 

2739 S2P, A4T, V6A, V15I, G68S, V264A, Y345H 16 >256 >256 >256 

3038 D47N, Y345H 64 4 8 16 

3091 S2P, A4T, V6A, V15I, G68S, Y345H 128 >256 32 >256 

3092 S2P, A4T, V6A, V15I, L37P, G68S, Y345H 128 >256 128 >256 

3795 G188D, Y345H 128 8 32 2 

3890 S2P, A4T, D45E, Y345H >128 4 32 2 

3921 Y345H >128 >256 >256 >256 

4536 V136E, Y345H 4 >256 8 16 

4586 Y345H 64 32 >256 64 

4660 G121P, V313A, Y345H 64 16 64 >256 

4782 S2P, A4T, V15I, H33Y, G68S, Y345H 4 4 64 64 

5058 S2P, A4T, D45N, G68S, Y345H, G362S 4 >256 16 32 

5071 F168L, Y345H 16 4 16 >256 

5101 R92H, G123S, Y345H 32 >256 >256 >256 

5115 R92H, G123S, Y345H 16 4 16 64 

3095 S2P, A4T, V6A, V15I, G68S, Y345H 1 1 2 0.25 

PAO1 constructs      

PAO1 - 0.5 1 2 0.25 

PAO1∆pmrAB - 0.5 1 2 0.25 

PAO1∆pmrAB(pAB2243) Q105P, Y345H 128 16 32 4 

PAO1∆pmrAB(pAB3092) S2P, A4T, V6A, V15I, L37P, G68S, Y345H 128 8 8 2 
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PAO1∆pmrAB(pAB3795) G188D, Y345H 128 8 8 2 

PAO1∆pmrAB(pAB3890) S2P, A4T, D45E, Y345H 16 4 8 2 

PAO1∆pmrAB(pAB3095) S2P, A4T, V6A, V15I, G68S, Y345H 0.5 1 2 0.25 

 
626 

a 
The PmrB sequence of reference strain PAO1 was used as reference. The amino acid 627 

changes highlighted in boldface are absent from strains PAO1, PA14 and LESB58.  628 

b
 MIC values are representative of three independent experiments. Values in bold are at least 629 

fourfold higher than those of strain PAO1 or its mutant PAO1∆pmrAB. 630 

CST, colistin; GEN, gentamicin; AMK, amikacin; TOB, tobramycin. 631 

  632 
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TABLE 4 Strains and plasmids used in the study.  633 

Strain or plasmid Relevant characteristics 

Source or 

reference 

Strains   

E. coli   

DH5α F
-
 Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17(rk

-
, 

mk
+
) phoA supE44 thi-1 gyrA96 relA1 λ

-
 

Invitrogen 

CC118 Δ(ara-leu) araD ΔlacX74 galE galK phoA20 thi-1 rpsE rpoB 

argE(Am) recAl 

(44) 

CC118 λpir CC118 lysogenized with λpir phage  (45) 

HB101 supE44 hsdS20(rB
-
, mB

-
) recA13 ara-14 proA2 lacY1 galK2 rpsL20 

xyl-5 mtl-1 leuB6 thi-1 

(46) 

P. aeruginosa   

PAO1 Wild-type reference strain (30) 

AB8.2 PAO1 spontaneous pmrB mutant (V28G) This study 

AB16.1 PAO1 spontaneous pmrB mutant (F408L) This study 

AB16.2 PAO1 spontaneous pmrB mutant (∆L172) This study 

PAO1ΔpmrB PAO1 with in-frame deletion of gene pmrB This study 

PAO1ΔpmrA PAO1 with in-frame deletion of gene pmrA This study 

PAO1ΔpmrAB PAO1 with in-frame deletion of operon pmrAB (20) 

PAO1ΔPA4773 PAO1 with in-frame deletion of gene PA4773 This study 

PAO1ΔPA4774 PAO1 with in-frame deletion of gene PA4774 This study 

PAO1ΔPA4775 PAO1 with in-frame deletion of gene PA4775 This study 

PAO1Δarn PAO1 with in-frame deletion of operon arnBCADTEF-ugd (arn) This study 

PAO1ΔmexXY PAO1 with in-frame deletion of operon mexXY (47) 

PAO1ΔparRS PAO1 with in-frame deletion of operon parRS (20) 

AB16.2ΔpmrB AB16.2 with in-frame deletion of gene pmrB This study 

AB16.2ΔpmrA AB16.2 with in-frame deletion of gene pmrA This study 
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AB16.2ΔPA4773 AB16.2 with in-frame deletion of gene PA4773 This study 

AB16.2ΔPA4774 AB16.2 with in-frame deletion of gene PA4774 This study 

AB16.2ΔPA4775 AB16.2 with in-frame deletion of gene PA4775 This study 

AB16.2Δarn AB16.2 with in-frame deletion of operon arnBCADTEF-ugd (arn) This study 

AB16.2ΔmexXY AB16.2 with in-frame deletion of operon mexXY This study 

AB16.2ΔparRS AB16.2 with in-frame deletion of operon parRS This study 

AB16.2ΔPA4773::73-75 AB16.2ΔPA4773 complemented with PA4773 to PA4775 locus This study 

AB16.2ΔPA4774::73-75 AB16.2ΔPA4774 complemented with PA4773 to PA4775 locus This study 

AB16.2ΔPA4775::73-75 AB16.2ΔPA4775 complemented with PA4773 to PA4775 locus This study 

Plasmids   

pKNG101 Marker exchange suicide vector in P. aeruginosa; sacBR 

mobRK2 oriR6K; Strr 

(38) 

pRK2013 Helper plasmid for mobilization of non-self-transmissible 

plasmids; ColE1 Tra+ Mob+; Kanr 

(39) 

pCR-Blunt Blunt-end cloning vector; ccdB lacZα; Zeor Kanr Life technologies 

pME6012 Broad host-range expression plasmid; Tetr (35) 

mini-CTX1 Self-proficient integration vector, Ω-FRT-attP-MCS, ori, int, 

oriT; Tetr 

(37) 

pFLP2 Source of FLP recombinase; Ticr (48) 

pABWT pME6012 carrying genes pmrAB from strain PAO1 This study 

pAB8.2 pME6012 carrying genes pmrAB from mutant 8.2 This study 

pAB16.1 pME6012 carrying genes pmrAB from mutant 16.1 This study 

pAB16.2 pME6012 carrying genes pmrAB from mutant 16.2 This study 

pAB2243 pME6012 carrying genes pmrAB from strain 2243 This study 

pAB3092 pME6012 carrying genes pmrAB from strain 3092 This study 

pAB3795 pME6012 carrying genes pmrAB from strain 3795 This study 

pAB3890 pME6012 carrying genes pmrAB from strain 3890 This study 

pAB3095 pME6012 carrying genes pmrAB from strain 3095 This study 
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pAB3091 pME6012 carrying genes pmrAB from strain 3091 This study 

pKNGΔpmrAB BamHI/ApaI 1,028-kb fragment composed of sequences 

flanking the 5’ and 3’ ends of pmrAB, cloned in pKNG101 

(20) 

pKNGΔpmrB BamHI/XbaI 1,074-kb fragment composed of sequences 

flanking the 5’ and 3’ ends of pmrB, cloned in pKNG101 

This study 

pKNGΔpmrA ApaI 851-bp fragment composed of sequences flanking the 5’ 

and 3’ ends of pmrA, cloned in pKNG101 

This study 

pKNGΔPA4773 BamHI/ApaI 1,045-kb fragment composed of sequences 

flanking the 5’ and 3’ ends of PA4773, cloned in pKNG101 

This study 

pKNGΔPA4774 BamHI/ApaI 1,070-kb fragment composed of sequences 

flanking the 5’ and 3’ ends of PA4774, cloned in pKNG101 

This study 

pKNGΔPA4775 BamHI/ApaI 1,027-kb fragment composed of sequences 

flanking the 5’ and 3’ ends of PA4775, cloned in pKNG101 

This study 

pKNGΔarn BamHI/ApaI 1,135-kb fragment composed of sequences 

flanking the 5’ and 3’ ends of arnBCADTEF-ugd (arn), cloned 

in pKNG101 

This study 

pKNGΔmexXY BamHI/ApaI 1,756-kb fragment composed of sequences 

flanking the 5’ and 3’ ends of mexXY, cloned in pKNG101 

(47) 

pKNGΔparRS ApaI 1,045-kb fragment composed of sequences the flanking 5’ 

and 3’ ends of parRS, cloned in pKNG101 

(20) 

mini-CTX::PA4773-75 PA4773 to PA4775 locus cloned in mini-CTX1 at 

sites BamHI/NotI 

This study 

Strr, marker of streptomycin resistance; Kanr , kanamycin resistance; Zeor , zeocin resistance; Tetr, 634 

tetracycline resistance; Ticr, ticarcillin resistance. 635 

  636 
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Figure legends 637 

Figure 1. Schematic representation of histidine kinase (HK) PmrB. The mutations 638 

responsible for cross-resistance to aminoglycosides and colistin in in vitro-selected mutants 639 

and clinical strains are marked with asterisks. The first and second transmembrane domains of 640 

PmrB are colored in gray (from amino acid position 15 to 37, and from 161 to 183, 641 

respectively). Are also represented the periplasmic domain (from 38 to 160), the HAMP 642 

linker domain (from 186 to 238), the dimerization/phosphoacceptor (HisKA) domain (from 643 

239 to 304, colored in black) that contains the conserved active site histidine 249, and the 644 

histidine kinase-like ATPase (HATPase) domain (from 348 to 459). The domains are 645 

available from the SMART protein database (http://smart.embl-heidelberg.de). 646 

Figure 2. Contribution of genes PA4773, PA4774 and PA4775 to amikacin (A) and 647 

colistin (B) resistance. Deletion mutants AB16.2∆PA4773, AB16.2∆PA4774 and 648 

AB16.2∆PA4775 were transcomplemented with a DNA fragment carrying the wild-type 649 

genes PA4773-PA4774-PA4775 inserted in chromosomal site attB (yielding constructs 650 

AB16.2∆PA4773::CTX73-75, AB16.2∆PA4774 ::CTX73-75 and AB16.2∆PA4775::CTX73-651 

75, respectively). The data presented are representative of 3 independent MIC determinations. 652 

Figure 3. Amounts of spermidine (A), norspermidine (B) and 1,3-diaminopropane (C) in 653 

cell surface extracts of strain PAO1 and derived mutants. The histograms represent the 654 

area under the peak values of each compound as determined by LC-ESI-MS. The data 655 

correspond to means of normalized values (log scale) ± SD of three independent experiments. 656 

Tukey’s test results are indicated as *P<0.05, **P<0.01. 657 

Figure 4. Effects of gene PA4773, PA4774 and PA4775 overexpression on bacterial 658 

growth. Growth of strains PAO1 (circles, solid line), AB16.2 (squares, solid line), 659 

AB16.2∆PA4773 (crosses, dashed line), AB16.2∆PA4774 (open triangles, dotted line) and 660 
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AB16.2∆PA4775 (triangles, dashed line) in Mueller Hinton broth at 37°C was measured 661 

spectrophotometrically at A600nm. Error bars indicate SD of three biological replicates.  662 

Figure 5. Norspermidine biosynthesis. The putative pathway of norspermidine synthesis in 663 

P. aeruginosa and the previously identified pathway of norspermidine biosynthesis in 664 

Vibrionales are represented with black and grey lines respectively. 665 

 666 
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FIG 1 Schematic representation of histidine kinase (HK) PmrB. The mutations responsible for cross-resistance to 

aminoglycosides and colistin in in vitro-selected mutants and clinical strains are marked with asterisks. The first and 

second transmembrane domains of PmrB are colored in gray (from amino acid position 15 to 37, and from 161 to 183, 

respectively). Are also represented the periplasmic domain (from 38 to 160), the HAMP linker domain (from 186 to 

238), the dimerization/phosphoacceptor (HisKA) domain (from 239 to 304, colored in black) that contains the 

conserved active site histidine 249, and the histidine kinase-like ATPase (HATPase) domain (from 348 to 459). The 

domains are available from the SMART protein database (http://smart.embl-heidelberg.de).  
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FIG 2 Contribution of genes PA4773, PA4774 and PA4775 to amikacin (A) and colistin (B) resistance. Deletion mutants 

AB16.2∆PA4773, AB16.2∆PA4774 and AB16.2∆PA4775 were transcomplemented with a DNA fragment carrying the wild-

type genes PA4773-PA4774-PA4775 inserted in chromosomal site attB (yielding constructs AB16.2∆PA4773::CTX73-75, 

AB16.2∆PA4774 ::CTX73-75 and AB16.2∆PA4775::CTX73-75, respectively). The data presented are representative of 3 

independent MIC determinations. 
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FIG 3 Amounts of spermidine (A), norspermidine (B) and 1,3-diaminopropane (C) in cell surface extracts of strain PAO1 

and derived mutants. The histograms represent the area under the peak values of each compound as determined by LC-ESI-MS. 

The data correspond to means of normalized values (log scale) ± SD of three independent experiments. Tukey’s test results are 

indicated as *P<0.05, **P<0.01. 
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FIG 4 Effects of gene PA4773, PA4774 and PA4775 overexpression on bacterial growth. Growth of strains PAO1 (circles, 

solid line), AB16.2 (squares, solid line), AB16.2∆PA4773 (crosses, dashed line), AB16.2∆PA4774 (open triangles, dotted line) and 

AB16.2∆PA4775 (triangles, dashed line) in Mueller Hinton broth at 37°C was measured spectrophotometrically at A600nm. Error 

bars indicate SD of three biological replicates.  
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FIG 5 Norspermidine biosynthesis.  

The putative pathway of norspermidine synthesis in P. aeruginosa and the previously identified pathway of norspermidine 

biosynthesis in Vibrionales are represented with black and grey lines respectively. 
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