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 2 

Abstract 27 

Pseudomonas aeruginosa undergoes diversification during infection of the cystic fibrosis (CF) 28 

lung. Understanding these changes requires model systems that capture the complexity of 29 

the CF lung environment. We previously identified loss-of-function mutations in the two-30 

component regulatory system sensor kinase gene pmrB, in P. aeruginosa from CF and from 31 

experimental infection of mice.  Here, we demonstrate that whilst such mutations lower in 32 

vitro MICs for multiple antimicrobial classes, this is not reflected in increased antibiotic 33 

susceptibility in vivo. Loss of PmrB impairs aminoarabinose modification of 34 

lipopolysaccharide, increasing the negative charge of the outer membrane and promoting 35 

uptake of cationic antimicrobials. However, in vivo, this can be offset by increased membrane 36 

binding of other positively charged molecules present in lungs. The polyamine spermidine 37 

readily coats the surface of PmrB-deficient P. aeruginosa, reducing susceptibility to 38 

antibiotics that rely on charge differences to bind the outer membrane and increasing biofilm 39 

formation. Spermidine is elevated in lungs during P. aeruginosa infection in mice and during 40 

episodes of antimicrobial treatment in people with CF. These findings highlight the need to 41 

study antimicrobial resistance under clinically relevant environmental conditions. Microbial 42 

mutations carrying fitness costs in vitro may be advantageous during infection, where host 43 

resources can be utilised. 44 
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Introduction 45 

Pseudomonas aeruginosa is a ubiquitous environmental bacterium and a metabolically 46 

versatile opportunistic pathogen, responsible for severe, acute nosocomial infections (1, 2). 47 

It is also the most frequently recovered pathogen of the cystic fibrosis (CF) lung (3), where it 48 

causes chronic infection that is associated with pulmonary exacerbations and declining lung 49 

function. Such infections are difficult to treat, due in part to intrinsic antimicrobial resistance 50 

of P. aeruginosa, together with adaptive resistance mechanisms induced by the presence of 51 

antimicrobial agents or other environmental factors (4). The chronic nature of P. aeruginosa 52 

infection of the CF lung necessitates long-term, high dose antimicrobial therapy, creating 53 

conditions conducive to the emergence and selection of acquired resistance mechanisms 54 

(5). Phenotypic flexibility and a large genome encoding complex regulatory machinery makes 55 

chronically colonised P. aeruginosa a challenge to eradicate and necessitates frequent 56 

review of treatment regimens for people with CF. 57 

 58 

Lipopolysaccharide (LPS) is a key component of the Gram-negative outer membrane and 59 

can be stabilized by the addition of divalent cations, including Mg2+ and Ca2+. Cationic 60 

antimicrobials, including polymyxin B, colistin and host-derived peptides such as LL37, exert 61 

their effects via disruption of cell membrane integrity, but rely on charge differentials with the 62 

outer membrane in order to bind (6). Modifications of LPS that reduce cationic antimicrobial 63 

binding affinity and penetration can result in resistance (7). One such modification is the 64 

addition of positively charged 4-amino-4-deoxy-L-arabinose (L-Ara4N) to the lipid A 65 

component of LPS (8), mediated in P. aeruginosa by the proteins encoded by the 66 

arnBCADTEF-ugd operon (9). Expression of operon genes is regulated by two component 67 

signalling systems, such as PhoPQ and PmrAB (10, 11), which are activated under conditions 68 

of locally decreased divalent cation concentrations. This ensures that the charge of the 69 

membrane can be maintained when Mg2+ and Ca2+ are limited. PhoPQ- and PmrAB-induced 70 
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expression of the arn operon results in high level resistance to both cationic peptides and 71 

aminoglycosides (12). Specific mutations in pmrAB have been implicated in polymyxin 72 

resistance, via upregulation of both the lipid A deacylase pagL and the arn operon (13-15).  73 

 74 

Expression of genes PA4775, speE2 (PA4774) and speD2 (PA4773) (16), located adjacent 75 

to pmrAB on the chromosome, is also induced by Mg2+ limiting conditions, due to the 76 

presence of a PmrA binding site close to speD2 (6). These genes are involved in the 77 

synthesis of the polyamine spermidine. During environmental stress or periods of low cation 78 

availability, PmrAB stimulates polyamine synthesis and these coat the bacterial surface, 79 

increasing the outer membrane charge and providing protection against both antimicrobial 80 

agents and oxidative stress (6). 81 

 82 

Polyamines are polycationic hydrocarbons, containing two or more amine groups, and are 83 

abundant across all three kingdoms of life. Polyamine utilisation and uptake genes are found 84 

in all bacteria (17) and species including P. aeruginosa can utilise polyamines as a sole 85 

carbon source for growth (18). Putrescine, spermidine and cadaverine, the principal 86 

polyamines of prokaryotes, have been implicated in iron and free radical scavenging, acid 87 

resistance, biofilm formation, protection from the phagolysosome, interaction with 88 

components of cell envelopes and antimicrobial resistance (17). However, there is 89 

uncertainty regarding the effect, if any, that polyamines have on antimicrobial susceptibility 90 

in P. aeruginosa. Increased susceptibility to multiple classes of antibiotics was observed 91 

when PAO1 was cultured with polyamines, (19) but addition of exogenous polyamines to a 92 

PAO1 lacking a functional spermidine synthase (speE2) partially protected the outer 93 

membrane from polymyxin B (6).  Whilst the extent of the role played by polyamines in P. 94 

aeruginosa growth, virulence and antimicrobial resistance has not been fully determined, it is 95 

notable that spermine was found to be elevated in the airways of those with CF and that 96 
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levels have been reported to decrease during treatment of pulmonary exacerbations (20), 97 

whilst those of putrescine have been found to decrease(21). 98 

  99 

In a previous study, we identified loss of function mutations in pmrB in P. aeruginosa isolated 100 

from the airways of mice, following experimental infection, and in isolates taken from people 101 

with CF (22, 23). These isolates showed enhanced susceptibility to multiple classes of 102 

antibiotics. Here, we sought to understand why loss of function pmrB mutations might be 103 

retained in P. aeruginosa, in an environment of prolonged antimicrobial exposure, such as 104 

the CF lung. As we had observed altered LPS structure in pmrB mutants (23), we 105 

hypothesised that host-derived molecules might play a role in stabilising the outer membrane 106 

of P. aeruginosa in vivo, thereby overcoming the lack of PmrAB-driven modifications of lipid 107 

A. Here, we propose that the host cationic polyamine spermidine acts in this way, negating 108 

the antimicrobial susceptibility phenotype of P. aeruginosa lacking functional PmrB. These 109 

findings highlight the need to conduct antimicrobial susceptibility testing under 110 

environmentally-relevant conditions.   111 

 112 

Results 113 

P. aeruginosa lacking PmrB show enhanced antimicrobial susceptibility in vitro but 114 

not in vivo 115 

We previously described susceptibility to multiple classes of antibiotics in P. aeruginosa with 116 

naturally acquired loss of function mutations in pmrB and in a pmrB-deletion strain of LESB65 117 

(23). To determine whether this susceptibility would result in improved infection outcomes 118 

following onset of antimicrobial therapy, we infected mice with LESB65 or a LESB65 mutant 119 

lacking pmrB (LESB65pmrB) and then treated with intra-nasal colistin at 6 and 24 h post-120 

infection. In LESB65-infected mice, colistin treatment led to significant reductions in the 121 

number of P. aeruginosa recovered from both the upper airways (nasopharynx and sinuses) 122 
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(Figure 1A) and the lungs (Figure 1B), with four out of eight mice clearing the infection 123 

completely. By contrast, colistin treatment did not significantly alter the bacterial burdens 124 

recovered from LESB65pmrB-infected animals (Figure 1A and B). Consistent with our 125 

previous findings, the LESB65pmrB strain colonised lungs at a higher density than its wild 126 

type parent strain (Figure 1B). We subsequently performed in vitro antimicrobial susceptibility 127 

testing with bacteria recovered from the infections and confirmed that LESB65pmrB 128 

retained its susceptibility to colistin in vitro (Supplementary Figure 1).  129 

 130 

Proteomics analysis suggests a switch from polyamine synthesis to uptake and 131 

utilisation in LESB65pmrB  132 

To further explore the environment-dependent antimicrobial susceptibility profile of LESB65 133 

and LESB65pmrB, we revisited proteomics data obtained from late-exponential bacterial 134 

cultures grown in LB (23). We identified inter-strain abundance differences in a group of 135 

functionally related proteins involved in polyamine transport, biosynthesis and metabolism. 136 

Bacteria can synthesise polyamines or acquire them via environmental uptake. Genes 137 

involved in polyamine synthesis are co-transcribed with pmrA and pmrB (24) and the proteins 138 

encoded by those genes (SpeD2, SpeE2 and PA4775) were found at greatly reduced 139 

abundance both in LESB65pmrB and in an LESB65-derived isolate with a naturally-140 

acquired missense mutation in pmrB (LESB65pmrBL255Q) (Figure 2A). There is a pmrA 141 

binding sequence close to the start codon of speD2 (6) and these data suggest that in the 142 

absence of a functional PmrAB system, expression of the operon is significantly reduced. 143 

However, the reduced abundance of polyamine synthesis proteins in these strains appears 144 

to be offset by a corresponding increased abundance of the polyamine binding, uptake and 145 

utilisation proteins of the SpuABCDEFGH operon (Figure 2B). Of the six proteins of this 146 

operon that were detected in proteomics analysis, four were significantly more abundant in 147 

both LESB65pmrB and LESB65pmrBL255Q, as compared to LESB65. 148 
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 149 

Spermidine is abundant in both the airways and increases during infection and 150 

antimicrobial treatment 151 

The apparent increase in polyamine binding and acquisition proteins in the pmrB mutant 152 

strains may be advantageous in environments that are rich in free polyamines. Others have 153 

reported polyamine abundance in CF sputum and changes in bioavailability associated with 154 

pulmonary exacerbations(20, 21). As the spermidine synthesis proteins were significantly 155 

decreased in abundance in PmrB-deficient P. aeruginosa, we sought to determine whether 156 

the polyamine could instead be scavenged from the environment. We measured spermidine 157 

levels in the sinuses and lungs of both uninfected mice and those with chronic P. aeruginosa 158 

LESB65 infection (Figure 3). Spermidine was detectable at comparable concentrations in 159 

sinuses and lungs and was found to increase in the context of infection. This increase is 160 

unlikely to result from polyamine production in P. aeruginosa, as the levels of spermidine 161 

produced by high density cultures of LESB65 or LESB65pmrB were ~1000-fold lower than 162 

those detected in respiratory tissues (Supplementary Figure 2). 163 

 164 

We also detected free polyamines in sputum from people with CF with chronic P. aeruginosa 165 

infection (Figure 4). Spermidine was quantifiable in samples from 18 of 19 people tested 166 

(Figure 4A). There was considerable inter- (Figure 4A) and intra- (Figure 4B) participant 167 

variability in sputum spermidine levels, but levels were higher during periods of antimicrobial 168 

treatment (Figure 4C), suggesting potential for polyamines to influence treatment efficacy.  169 

 170 

Another polyamine, spermine, was detected in all sputum samples and was found to be more 171 

abundant, relative to spermidine. Like spermidine, there was considerable interparticipant 172 

variation (Supplementary Figure 3A), however there were no significant differences between 173 

baseline, exacerbation and treatment samples (Supplementary Figure 3B). Spermine levels 174 

were also investigated in the lungs and sinuses of uninfected and P. aeruginosa infected 175 
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mice (Supplementary Figure 3C). Spermine levels were below the detection limit of the ELISA 176 

in all lung samples tested and in 7/10 sinus samples. Thus, whilst both spermidine and 177 

spermine are produced in both human and mouse respiratory tissue, their relative abundance 178 

appears to be species specific.  179 

 180 

PmrB genotype influences P. aeruginosa surface interactions with spermidine 181 

Having demonstrated that spermidine is available within the airways, we next sought to 182 

characterise whether P. aeruginosa might interact with this cationic molecule. Using purified 183 

spermidine tagged with fluorescent nitrobenzoxadiazole (NBD), we first investigated whether 184 

the polyamine could interact with the bacterial surface and if such interactions were transient 185 

or prolonged. For these assays, we used non-toxic concentrations of spermidine, determined 186 

by broth microdilution (Supplementary Figure 4). LESB65 and LESB65pmrB were co-187 

incubated with 4 mM unlabelled spermidine or spermidine-NBD for 30 minutes before the 188 

bacteria were pelleted by centrifugation and resuspended in PBS. We then determined the 189 

extent of spermidine binding to the bacterial surface by flow cytometry. Spermidine-NBD 190 

bound both LESB65 and LESB65pmrB, as evidenced by increasing median fluorescence 191 

intensity [MFI] for P. aeruginosa co-cultured with labelled vs unlabelled spermidine (MFI 10.4 192 

vs 3.00 for LESB65 with spermidine-NBD vs unlabelled spermidine, MFI 73.3 vs 3.13 for 193 

LESB65pmrB, p<0.0001 for both strains) (Figure 5A and B). The NBD fluorescence of the 194 

LESB65pmrB population was significantly higher than that of LESB65 (MFI 73.3 195 

LESB65pmrB vs 10.4 LESB65, p<0.001). Furthermore, fluorescence was retained longer 196 

in LESB65pmrB cultures (MFI 73.3 at 0 mins, 67.5 at 30 mins, 62.3 at 60 mins, 56.9 at 120 197 

mins, 54.6 at 240 mins) than in LESB65 cultures (MFI 10.4 at 0 mins, 7.30 at 30 mins, 5.49 198 

at 60 mins, 4.60 at 120 mins, 4.59 at 240 mins) (Figure 5A and B), suggesting prolonged 199 

binding or uptake in the LESB65pmrB strain. Binding, and surface coating of NBD-200 
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spermidine to the P. aeruginosa membrane was confirmed by fluorescence microscopy 201 

(Supplementary Figure 5). 202 

 203 

We next investigated whether the same interactions between P. aeruginosa and spermidine 204 

might take place in more chemically-complex environments, more reflective of CF lung 205 

conditions. To this end, we repeated the flow cytometry assay using irradiated CF sputum as 206 

the assay buffer. Binding to spermidine was reduced for both LESB65 and LESB65pmrB in 207 

CF sputum, as compared to in PBS, although significant interaction was still apparent for both 208 

strains (Figure 5C). Furthermore, as was observed in PBS, LESB65pmrB demonstrated a 209 

significantly enhanced spermidine binding capacity in CF sputum, relative to the wild type 210 

control (Figure 5C). The staining pattern of both strains was altered in CF sputum, with 211 

evidence of brightly and dimly stained sub-populations of bacteria (Figure 5D). These 212 

subpopulations may result from dynamic modification of surface charge in response to 213 

PmrAB-independent environmental sensing mechanisms activated in CF sputum.   214 

 215 

Surface-coated spermidine protects P. aeruginosa from antimicrobials and offsets the 216 

susceptibility associated with loss of PmrB function 217 

Polyamines have been implicated in resistance to several classes of antibiotics, with binding 218 

of these positively charged molecules to the P. aeruginosa membrane reducing charge 219 

interactions with cationic antimicrobials (6, 24). The decreased abundance of SpeD2, SpeE2 220 

and PA4775 in loss-of-function pmrB mutants may, therefore, contribute to the observed 221 

increases in antimicrobial susceptibility, under conditions where polyamines cannot be readily 222 

scavenged from the environment. However, where polyamines are abundant, the increased 223 

polyamine-binding potential of LESB65pmrB might offset the inherent susceptibility to 224 

antimicrobials associated with loss of PmrB function. To explore this idea, we performed MIC 225 

assays with P. aeruginosa without spermidine, in the presence of spermidine, or with P. 226 
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aeruginosa that had been pre-incubated with spermidine and then pelleted and washed 227 

before addition of antibiotics. (Table 1). Assays were performed with PmrB-deficient strains 228 

on both the LESB65 and PAO1 backgrounds. In both cases, spermidine increased the colistin 229 

MIC50 of the pmrB-deficient strain, but not the wild type ancestor, by 4-8 fold. This was the 230 

case both when the spermidine was present throughout the assay and when strains were 231 

pre-incubated with the polyamine. In polyamine-rich environments, such as the respiratory 232 

tract, surface-coating of P. aeruginosa with cationic polyamines may achieve a comparable 233 

outcome to PmrAB-driven L-Ara-4N addition to LPS lipid A, by increasing the positive charge 234 

of the outer membrane. This finding may explain why loss-of-function pmrB mutations are 235 

retained in P. aeruginosa causing chronic infection of the CF lung, despite prolonged, high 236 

dose antimicrobial treatment. 237 

 238 

Exogenous spermidine influences P. aeruginosa biofilm formation 239 

Polyamines contribute to biofilm formation in both Gram positive and Gram negative bacterial 240 

species (25). They serve as structural components of the extracellular matrix, but also 241 

stimulate signalling that can promote or inhibit biofilm formation (26, 27). However, the role 242 

of polyamines in P. aeruginosa biofilm formation is not well described. To determine whether 243 

spermidine-induced reductions in antimicrobial susceptibility in LESB65pmrB might by 244 

augmented by enhanced biofilm formation, we quantified surface attached biofilm by crystal 245 

violet staining. LESB65 formed biofilm more readily than LESB65pmrB (Figure 6A). 246 

However, whilst the addition of spermidine to cultures led to a modest reduction in LESB65 247 

biofilm mass, it induced a significant increase in LESB65pmrB biofilm mass over a 48 hour 248 

period (Figure 6B). LESB65pmrB biofilms were more susceptible to colistin treatment than 249 

those formed by LESB65, but this susceptibility was lost with the addition of spermidine to 250 

cultures (Figure 6C). Thus, spermidine can enhance biofilm formation and promote biofilm 251 

tolerance to colistin via a mechanism dependent on pmrB genotype.   252 
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 253 

Discussion 254 

Despite their ubiquity and essentiality across all kingdoms of life, understanding of polyamine 255 

biology is limited. P. aeruginosa can synthesise polyamines from methionine, arginine or 256 

ornithine, but also scavenge them from their environment. In the context of infection, 257 

spermidine levels have been reported to be reduced in lungs in idiopathic pulmonary fibrosis, 258 

relative to healthy controls (28), whilst levels are increased in chronic obstructive pulmonary 259 

disease, particularly in those who smoke (29). It has been suggested that spermidine has a 260 

synergistic effect when co-administered with -lactams for treatment of MRSA keratitis (19), 261 

but that polyamines also limit host-derived antimicrobial killing (30) and enhance S. aureus 262 

growth and virulence in this context (31).  The expression of P. aeruginosa polyamine 263 

synthesis, uptake and utilisation genes is under environmental control, including by the 264 

PmrAB two-component regulatory system.  265 

 266 

The PmrAB locus is present in pathogenic Gram negative species, including P. aeruginosa, 267 

Klebsiella pneumoniae, Acinetobacter baumanii, Escherichia coli and Salmonella enterica 268 

(32). The PmrAB system plays a key role in environmental sensing, stimulating production of 269 

polyamines and modification of LPS to buffer the outer membrane charge in conditions of low 270 

divalent cation availability (14). Mutations in pmrB are frequently identified in P. aeruginosa 271 

infecting the CF lung (33), and both activating and loss-of-function mutations have been 272 

described (14, 23). This apparent dichotomy may reflect environmental differences between 273 

individuals or between niches within the host. Where divalent cations or other positively 274 

charged molecules, including polyamines, can be co-opted to buffer membrane charge, loss 275 

of function pmrB mutations may be retained due to the advantages they confer in terms of 276 

lysozyme resistance and enhanced adherence to host surfaces (23). However, under 277 
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conditions where cationic molecules are scarce, activating mutations in pmrB would likely 278 

confer a greater advantage, by promoting the LPS modifications that reduce binding of 279 

antimicrobials to the bacterial outer membrane. Of note, P. aeruginosa has the capacity to 280 

actively promote polyamine bioavailability during infection. Contact with host cells induces a 281 

characteristic gene expression pattern in P. aeruginosa that leads to spermidine production 282 

and localisation to the cell surface. This process is dependent on flagellar-mediated motility, 283 

with non-motile bacteria failing to produce spermidine upon host cell contact (34). However, 284 

in the present study, the observed effects do not appear to be flagella-dependent, as our 285 

findings were comparable with pmrB deletion mutants generated in both LESB65 and PAO1. 286 

PAO1 carries a single polar flagellum, whilst LESB65 lacks one. 287 

 288 

The differences in the kinetics of interaction with spermidine in wild type and PmrB-deficient 289 

LESB65 suggest that surface charge may influence the capacity of P. aeruginosa to utilise 290 

exogenous polyamines. Whilst it is clear that detection of divalent cations through PhoPQ 291 

and PmrAB can modulate polyamine synthesis and uptake pathways, as well as inducing 292 

surface charge modifications, it remains to be determined whether direct sensing of 293 

polyamine abundance can modulate those same processes. An ability to alter surface 294 

charge, and thus change the efficiency of polyamine binding, in response to the local 295 

availability of those molecules, would offer advantages in metabolic resource management. 296 

 297 

Similarly, whilst the findings presented here demonstrate spermidine binding to the surface 298 

of P. aeruginosa, it is unclear whether the changes in antimicrobial susceptibility and biofilm 299 

formation that we observed are a direct result of that physical interaction or whether they are 300 

a consequence of polyamine-induced signalling. The increase in positive charge associated 301 

with spermidine coating of the outer membrane may be sufficient to explain the increased 302 

resistance to cationic antimicrobials such as colistin, and spermidine might act as a substrate 303 

for biofilm formation, encourage greater surface interactions via the change in membrane 304 
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charge or aid in chelation of negatively charged biofilm DNA. However, we can’t rule out 305 

further contributions from spermidine-induced signalling and others have reported an effect 306 

of exogenous polyamines on bacterial pathogen gene expression, including in P. aeruginosa 307 

(35, 36). 308 

 309 

The composition and charge of the outer membrane of Gram-negative bacteria are key 310 

determinants of antimicrobial resistance and major barriers to antibiotic uptake (37). The 311 

findings presented here go some way towards explaining the dichotomy of retention of loss-312 

of-function pmrB mutations in P. aeruginosa, in the face of antimicrobial pressure. The 313 

susceptibility of PmrB-deficient LESB65 to antimicrobials in vitro did not translate to 314 

susceptibility within the lung environment and this may be explained by buffering of the 315 

negatively-charged outer membrane with host-derived cationic molecules, including 316 

spermidine, together with the phenotypic advantages in vivo, including lysozyme resistance 317 

and increased attachment to host surfaces, that derive from loss of PmrB (23). This highlights 318 

the need to perform antimicrobial susceptibility testing under conditions that are relevant to 319 

infection and that capture key environmental cues that are sensed by pathogens or with which 320 

they interact. This is a particular challenge for those interested in pathogens of the CF lung, 321 

given the complexity of that environment and the difficulty in replicating its physical, chemical 322 

and microbiological features in the laboratory. However, substantial progress has been made 323 

in this area (38), through use of metabolic profiling of CF pathogens (39) and analytical 324 

methods that utilise next-generation sequencing data to aid in the benchmarking of new 325 

models that aim to replicate conditions of the CF lung (40). As models continue to be refined, 326 

consideration should be given to the inclusion of host-derived factors, including polyamines, 327 

that might influence pathogen membrane charge and antimicrobial susceptibility. 328 

 329 

Materials and methods 330 
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Bacteria and culture conditions 331 

P. aeruginosa Liverpool Epidemic Strain (LES)B65, LESB65pmrB, PAO1 and PAO1pmrB 332 

were used throughout. Deletion of pmrB in LESB65 and PAO1 was performed as part of a 333 

previous study (23). Bacterial stocks were stored at -80°C in 15% (v/v) glycerol. Prior to 334 

experiments, isolates were streaked onto Mueller Hinton (MH) agar and then liquid cultures 335 

were prepared in MH broth, unless otherwise stated, from a single colony, and incubated at 336 

37°C in a shaking incubator (180 rpm). 337 

 338 

Sputum samples 339 

Sputum samples were collected from people with CF at the Adult CF centre (Liverpool Heart 340 

and Chest Hospital) during periods of stable infection and periods of exacerbation in 341 

accordance with ethical approval (IRAS:216408, ethics reference no: 17/NW/0091). Samples 342 

were expectorated between 2017 and 2020, and stored at -80°C within 2 h of production. 343 

Exacerbation definitions were physician-based, using a clear set of criteria (drop in FEV1 of 344 

generally 10%, increased sputum production and discoloration, increased temperature 345 

measured on more than one occasion (>38°C), increased cough and dyspnoea, malaise, 346 

lethargy, fatigue, poor appetite, and poor exercise tolerance). Treatment was dual therapy 347 

intravenous antibiotics, prescribed by specialist physicians on an individual patient basis. 348 

 349 

Chemicals and reagents 350 

Antibiotics and spermidine were purchased from Sigma-Aldrich (Sigma, UK). Stock solutions 351 

were prepared using DEPC water and filtered through 0.22 m syringe filter. 352 

 353 

LESB65 infection of mice 354 

All infections were performed at the University of Liverpool with prior approval by the UK 355 

Home Office and the University of Liverpool Ethics Committee. Female BALB/c mice of 6-8 356 
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weeks of age (Charles River, UK) were used for infection experiments and housed in 357 

individually ventilated cages. Mice were acclimatised for one week prior to infection. Mice 358 

were randomly assigned to an experimental group on arrival at the unit by staff with no role 359 

in study design. For infection, 2 × 106 colony forming units of mid-exponential growth P. 360 

aeruginosa were instilled into the nares of mice that had been lightly anaesthetised with a 361 

mixture of isoflurane and oxygen. At 6 and 24 hours post-infection, mice were intranasally 362 

administered a 50 μl dose of 400 μg/ml colistin in PBS or else PBS only for control animals, 363 

under light anaesthesia. Following this, cage labels were reversed to blind researchers to 364 

experimental groups. Mice were culled at 48 hours post-infection and upper airway (sinus 365 

and nasopharynx) tissue and lungs were removed post-mortem and homogenised in 3 ml 366 

PBS using an IKA T10 handheld tissue homogeniser (IKA, USA). Homogenates were serially 367 

dilution onto Pseudomonas selective agar (Oxoid, UK) for enumeration of infectious burden. 368 

Following enumeration, researchers were unblinded. No animals were excluded from 369 

analysis. 370 

 371 

Spermidine and Spermine ELISA 372 

Spermidine was quantified from lysates of overnight P. aeruginosa cultures, from mouse 373 

upper airway (sinus and nasopharynx) and lower airway (lung) tissue homogenates, and from 374 

CF sputum. Bacterial lysates were prepared by sonication. Overnight cultures were pelleted 375 

by centrifugation and resuspended in 1 ml PBS prior to sonication. Mouse tissues were 376 

dissected at 48 hours post intranasal administration of 2 × 106 colony forming units of mid-377 

log phase LESB65 (infected group) or PBS (control group). Competitive ELISA for spermidine 378 

(Abbexa) or spermine (MyBiosource) detection was performed in precoated 96-well plates, 379 

according to manufacturer’s instructions.  380 
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 381 

Minimum inhibitory concentration assays 382 

MIC assays were performed by broth microdilution. Isolates were first streaked onto fresh 383 

MH agar, and then a single colony from each plate was further grown overnight in 5 ml MH 384 

broth on an orbital shaker (180 r.p.m) at 37 °C. A fresh dilution in MH broth was made by 385 

incubating 200 µl of the overnight culture in 5 ml MH media. A hundred microliters of this 386 

culture was incubated in 96 well-plates with 100 µl of 1:2 serially diluted antibiotic in MH broth. 387 

After a 24 h static incubation at 37 °C, the OD600 was determined to assess bacterial growth. 388 

 389 

MIC assays with spermidine 390 

MIC assays were performed as above, with the addition of 4 mM spermidine to the assay 391 

throughout or using P. aeruginosa that had been pre-incubated with 4 mM spermidine. In the 392 

latter case, overnight cultures of P. aeruginosa, prepared as above, were pelleted by 393 

centrifugation and resuspended in 5 ml PBS containing 4 mM spermidine. Tubes were 394 

incubated at 37 °C, 180 r.p.m. for 30 minutes and then bacteria were again pelleted and 395 

resuspended in MH broth for use in MIC assays.  396 

 397 

Synthesis of fluorescent spermidine-NBD (nitrobenzoxadiazole) 398 

7-Nitro-2,1,3-benzoxadiazol-4-N8-spermidine hydrogen chloride  399 

(NBD-N8-Spermidine) 400 

 401 

A solution of N1-N4-Bis-Boc-spermidine (50 mg, 0.29 mmol) in acetonitrile (2.0 ml) was added 402 

to 4-chloro-7-nitrobenzofurazan (58 mg, 0.29 mmol) and caesium carbonate (94 mg, 0.29 403 

mmol) and heated to 80 C under reflux conditions for 40 minutes. The reaction mixture was 404 

concentrated in vacuo, and purified through a silica plug, flushed with EtOAc to elute the boc 405 
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protected fluorophore. The compound was then dissolved in a solution of 4M HCl in dioxane 406 

(5 mL) and stirred for 3 hours at room temperature, before removing the solvent in vacuo. 407 

The crude mixture was dissolved in DCM was and extracted with water. The aqueous layer 408 

was lyophilised to give NBD-N8-Spermidine as a hydrochloride salt (41) as a red, amorphous 409 

solid and a global yield of 74%, after both the addition of the fluorophore and the subsequent 410 

removal of the boc protection group. δH (500 MHz, D2O) 8.48 (1H, d, J 9.0, Ar 6-H), 6.35 (1H, 411 

d, J 9.0, Ar 5-H), 3.66 (2H, broad s, 2-H2), 3.17 (4H, m, 5- and 7-H2), 3.11 (2H, appt t, J 7.9, 412 

9-H2), 2.08 (2H, apt tt, J 8, 2.4, 8-H2), 1.88 (4H, m, 3 and 4-H2). δC (125 MHz, D2O) 147.2 413 

(Ar 4-C), 145.0 (Ar 7a-C), 144.7 (Ar 3a-C), 139.8 (Ar 5-C), 100.6 (Ar 6-C), 48.0 (5-C), 45.1 414 

(7-C), 43.6 (2-C), 37.2 (9-C), 25.3 (3-C), 24.4 (8-C), 23.8 (4-C). HRMS (ESI): C13H20N6O3 415 

requires [M+H]+, calculated 309.1675 , found 309.1673.  416 

 417 

Treatment of CF sputum for use in flow cytometry 418 

CF sputum was treated as follows, prior to use in spermidine binding assays; 1 ml of sputum 419 

was irradiated with Ultra-Violet light for 20 mins before minimal dilution in polyamine-free PBS 420 

and vigorous vortexting, as described by Devereux et al., (2015) (42). Treated CF-sputum 421 

was split into 2 ml aliquots and stored at -80 oC until required. 422 

 423 

Flow cytometry analysis of spermidine-P. aeruginosa interactions 424 

P. aeruginosa were pre-incubated with 4 mM spermidine-NBD or unlabelled spermidine, 425 

following the same protocol as that used for MIC assays. Following incubation, bacteria were 426 

pelleted by centrifugation and resuspended in either PBS or CF sputum. Immediately, and at 427 

30, 60, 120,180 and 240 minutes, 200 µl samples were removed from the cultures and 428 

analysed for NBD fluorescence on a FACS Aria II flow cytometer (BD Biosciences). Twenty 429 

thousand individual bacteria were recorded. Side-scatter and forward-scatter limits for 430 

bacterial flow cytometry were pre-determined using P. aeruginosa stained with the DNA dye 431 

thiazole orange (Sigma Aldrich). 432 
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 433 

Biofilm assay 434 

Biofilm experiments were set up using overnight cultures. Each culture was first diluted 1:100 435 

in fresh broth, then added to 96 well plates and incubated for 48 hours at 37° C under static 436 

conditions. Plates were washed twice with PBS and stained with 200 μL of a 0.25% solution 437 

of crystal violet in water. After incubating at room temperature for 15 minutes, the plates were 438 

rinsed twice with water and allowed to dry for 24 hours. The stain was then dissolved in 1 mL 439 

of 25% acetic acid in water and incubated at room temperature for 2 minutes. Biofilm 440 

formation was quantified by measuring the optical density of this final solution at 590 nm. To 441 

test the effect of spermidine on biofilm formation in the presence of colistin, cultures were set 442 

up as follows; a 1:100 dilution of each strain was added to 96 well plates with half of the wells 443 

supplemented with 4 mM of spermidine. Plates were then incubated for 24 hours. After 24 444 

hours, 1:2 serially diluted suspensions of colistin were added to both spermidine (+) and 445 

spermidine (-) biofilms. Plates were incubated for a further 24 hours before being processed 446 

as above.    447 

 448 

Statistics 449 

Data analysis was carried out using GraphPad Prism v.8.02 and JMP version 14.0. Data were 450 

tested for normality. One-way or two-way ANOVA was used for comparison between groups, 451 

and post-hoc analysis included correction for multiple comparisons (as stated in the figure 452 

legend). Significance was determined from label free proteomics data using Progenesis QI. 453 

A P value less than 0.05 was considered significant. 454 

 455 

Study Approval 456 

Ethical approval for collection of CF sputum was obtained from the North West Research 457 

Ethics Committee (IRAS:216408, ethics reference no: 17/NW/0091). Written informed 458 

consent was obtained from all study participants, prior to enrolment. Ethical approval for 459 
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animal studies was obtained from the UK Home Office (project licence PP2072053) and the 460 

University of Liverpool Animal Welfare Ethical Review Board.  461 
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 605 

Figure 1. Difference in in vitro an in vivo antimicrobial susceptibility in PmrB-deficient 606 

P. aeruginosa. LESB65 or LESB65pmrB colony forming units (CFU) in (A) sinuses and (B) 607 

lungs at 48 hours post-infection. Mice were intranasally infected with 2 x 106 CFU P. 608 

aeruginosa, at 6 and 24 hours post-infection, mice were intranasally administered a 50 μl 609 

dose of 20 μg colistin or PBS control. Each circle represents an individual mouse and p values 610 

were determined by two-way ANOVA with Bonferroni correction. Data are representative of 611 

two independent experiments, n=8 for each treatment group. 612 

 613 

 614 
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 615 

Figure 2. Loss of PmrB influences the relative abundance of polyamine synthesis and 616 

utilisation proteins in P. aeruginosa. Abundance of proteins of (A) the spermidine 617 

synthesis operon and (B) the polyamine binding, uptake and utilisation operon in 618 

LESB65pmrB and LESB65pmrBL255Q relative to LESB65. Values are fold change vs 619 

LESB65 and a negative value denotes decreased abundance. Bars show mean +/- SEM (n 620 

= 5 per group) and significance was determined from label free proteomics data using 621 

Progenesis QI. NS = adjusted p value > 0.05, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** 622 

= p < 0.0001, ND = not detected. Block arrows denote gene position and orientation, line 623 

arrows show transcriptional start site and directionality. Source data can be found in Bricio-624 

Moreno et al. (23), Supplementary Dataset 2.  625 
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 626 

Figure 3. Spermidine is abundant in the murine respiratory tract and bioavailability 627 

increases during P. aeruginosa infection. Concentration of spermidine in the sinuses and 628 

lungs of mice at 48 hours post intranasal administration of PBS (-) or LESB65 (+). Spermidine 629 

was measured by ELISA and each square represents a tissue sample from an individual 630 

mouse. Significance was determined by two-way ANOVA with Bonferroni correction. Data 631 

are from a single experiment, n=5 for each treatment group.  632 

 633 
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 634 

Figure 4. Spermidine is detectable in CF sputum. Concentration of spermidine in sputum 635 

from people with CF, chronically infected with P. aeruginosa, determined by competition 636 

ELISA. (A) Spermidine levels in 19 study participants. Between 1 and 13 samples were 637 

available per participant. No two samples from the same participant were collected at the 638 

same visit (n=65). (B) Changes in spermidine abundance in sputum from a single participant 639 

over time. This participant received meropenem during the treatment phases and ceftazidime 640 

during exacerbation and recovery/maintenance. The individual was co-infected with MRSA 641 

and so received teicoplanin throughout. (C) Collected samples were defined as baseline, 642 

treatment or pulmonary exacerbation, defined by participant clinical data. Participants 643 

received two or more of aztreonam, fosfomycin, colistimethate, meropenem, tobramycin, 644 
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colomycin, ceftazidime, teicoplanin and tazocin, with individual patient antibiotic 645 

combinations chosen by their specialist clinician.  Whiskers show 10-90 percentile. 646 

Significance was determined by one-way ANOVA with Dunnett’s multiple comparison testing. 647 

Data are from a single experiment.  648 

 649 

  650 
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 651 

 652 

Figure 5. Prolonged interaction with environmental spermidine in PmrB-deficient P. 653 

aeruginosa. LESB65 (A) and LESB65pmrB (B) from mid-log cultures were incubated for 654 

30 minutes with unlabelled spermidine (blue histogram) or spermidine-NBD (all other 655 

histograms), then pelleted, washed in saline and resuspended in polyamine-free PBS. 656 

Spermidine-NBD binding to P. aeruginosa was determined by flow cytometry at 0, 30, 60, 657 

120, 180 and 240 minutes after co-incubation. Data are representative of two independent 658 

experiments with n = 5 samples per group. (C) Spermidine was co-incubated with LESB65 659 

(red bars) or LESB65pmrB (blue bars) for 30 minutes in PBS or in CF sputum. Bacteria 660 

were the pelleted, washed in saline and resuspended in PBS or CF sputum. Fluorescence 661 
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was determined after 30 minutes by flow cytometry. P-values are from two-way ANOVA with 662 

Šidák’s multiple comparison test. Data are representative of two independent experiments 663 

with n = 4 samples per group. (D) Representative flow cytometry histograms of LESB65 and 664 

LESB65pmrB following 30 minutes in the presence (solid lines) or absence (dashed lines) 665 

of spermidine-NBD. 666 

 667 

  668 
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 669 

Figure 6. Spermidine promotes biofilm production in PmrB-deficient P. aeruginosa. 670 

Surface-attached biofilm production was quantified by crystal violet staining. (A) Biofilm mass 671 

after 48 hours culture of LESB65 and LESB65pmrB. (B) Fold-change in biofilm production 672 

vs the no spermidine control for LESB65 and LESB65pmrB. (C) Biofilm formation, relative 673 

to untreated controls, in presence of 4 mM spermidine, 8 g/ml colistin, or both spermidine 674 

and colistin. Lines represent the mean and error bars are standard deviation. Data are 675 

representative of four (A, B) or three (C) independent experiments, with n=15 (A) or n=18 (B) 676 

for each treatment group. In (C) each data point represents a biological replicate that is the 677 

mean of five technical replicates. P values are from two-tailed paired t tests (A, B) or two-678 

way ANOVA with Tukey’s multiple comparison test (C). 679 

  680 
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Table 1. Presence of spermidine reduces antimicrobial susceptibility of PmrB-deficient 681 

but not wild type P. aeruginosa. The concentration of colistin required to inhibit 50 percent 682 

of growth (minimum inhibitory concentration [MIC]50) was determined for LESB65, PAO1 683 

and their PmrB-deficient derivatives. Assays were conducted without spermidine, in the 684 

presence of 4 mM spermidine, or with bacteria that had been pre-incubated for 30 minutes 685 

with 4 mM spermidine and then washed in PBS before addition of antibiotics. Data shown 686 

are the median and range of MIC50 values from 5 independent experiments.  687 

Strain Spermidine throughout 
Preincubation with 

spermidine 
MIC50 g/ml 

[Median (range)] 

 
LESB65 
 

- - 2 (2-4) 

+ - 2 (2-4) 

- + 2 (1-4) 

 

LESB65pmrB 
 

- - 0.25 (0.125-0.5) 

+ - 2 (0.5-4) 

- + 1 (1) 

 
PAO1 
 

- - 0.5 (0.5) 

+ - 1 (0.5-1) 

- + 0.5 (0.25-0.5) 

 

PAO1pmrB 

- - 0.125 (0.125-0.25) 

+ - 2 (0.5-2) 

- + 1 (0.5-2) 
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