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Abstract

Pseudomonas aeruginosais a nosocomial pathogen with a prevalence in
immunocompromised individuals and is particularly abundant in the lung microbiome of
cystic fibrosis patients. A clinically important adaptation for bacterial pathogens during
infection is their ability to survive and proliferate under phosphorus limited growth
conditions. Here, we demonstrate that P. aeruginosa adapts to P-limitation by substituting
membrane glycerophospholipids with sugar-containing glycolipids through a lipid
renovation pathway involving a phospholipase and two glycosyltransferases. Combining
bacterial genetics and multi-omics (proteomics, lipidomics and metatranscriptomic
analyses), we show that the surrogate glycolipids monoglucosyldiacylglycerol and
glucuronic acid-diacylglycerol are synthesised through the action of a new phospholipase
(PA3219) and two glycosyltransferases (PA3218 and PA0842). Comparative genomic
analyses revealed that this pathway is strictly conserved in all P. aeruginosa strains
isolated from a range of clinical and environmental settings and actively expressed in the
metatranscriptome of cystic fibrosis patients. Importantly, this phospholipid-to-glycolipid
transition comes with significant ecophysiological consequence in terms of antibiotic
sensitivity. Mutants defective in glycolipid synthesis survive poorly when challenged with
polymyxin B, a last-resort antibiotic for treating multi-drug resistant P. aeruginosa. Thus,
we demonstrate an intriguing link between adaptation to environmental stress (nutrient
availability) and antibiotic resistance, mediated through membrane lipid renovation that is
an important new facet in our understanding of the ecophysiology of this bacterium in the

lung microbiome of cystic fibrosis patients.
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Introduction

P. aeruginosa is a significant nosocomial pathogen in intensive care units causing
pneumonia, surgical wound site infections and sepsis (1-2). It is now recognised as a
leading cause of morbidity and mortality in chronically infected cystic fibrosis (CF) patients
and immunocompromised individuals due to the surge of carbapenem resistant strains, a
key group of first line antibiotics for treating P. aeruginosa infections (3). For these drug-
resistant P. aeruginosa strains, a viable but not ideal treatment option are polymyxins,
considered to be last resort antibiotics. Although polymyxins are active against P.
aeruginosa, their use was originally discontinued due to concerns over toxicity (4). Indeed,
P. aeruginosa has started to develop mechanisms of resistance to polymyxins due to an
increase in their use globally. These primarily include modifications to the
lipopolysaccharide (LPS) layer of the outer membrane through the addition of 4-amino-4-
deoxy-L-arabinose (L-Ara4N) or phosphoethanolamine (pEtN) (5-6). These changes
perturb the electrostatic interaction between cationic polymyxins and the normally

negatively charged LPS.

Glycerophospholipids, such as phosphatidylglycerol (PG) and phosphatidylethanolamine
(PE), are the major lipids forming the membrane lipid bilayer in bacteria, archaea and
eukaryotes (7-11). They play a fundamental role in the evolution of the cell and it is widely
accepted that the last universal common ancestor possessed a phospholipid membrane
(12-13). Although it is uncertain why evolution selected glycerophospholipids as the
building blocks for maintaining cellular membranes (13), it is known that organisms can
alter their membrane lipid composition in response to nutrient stress or environmental
changes (7, 14). Previous studies have firmly established the link between nutrient stress,
particularly phosphorus availability, and the expression of a variety of virulence factors in

P. aeruginosa (15-19). However, it is unclear whether adaptation to phosphorus limitation
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in this bacterium causes a change in membrane lipid composition and, if so, whether lipid
remodelling comes with unforeseen ecophysiological consequences. Using a synthesis of
multi-omics approaches, here we show that P. aeruginosa produces surrogate glycolipids
to replace phospholipids in response to phosphorus limitation. These glycoglycerolipids
have not previously been reported in P. aeruginosa. This lipid renovation pathway is
strictly conserved in all P. aeruginosa strains isolated from a range of clinical settings and
actively expressed in the metatranscriptome of cystic fibrosis patients. Importantly, such
a phospholipid-to-glycolipid transition comes with a significant consequence in antibiotic
sensitivity, in that glycolipids confer protection when challenged with the antimicrobial
peptide polymyxin B. As such, glycolipid-mediated resistance to polymyxin B represents
a new resistance mechanism that is quite different from the previously documented
modification of LPS (5-6). This work highlights how the physiological adaptation of
Pseudomonas aeruginosa to phosphorus limitation can mediate a physiological response

that may have profound implications for the survival of the bacteria in the lung microbiome.

Materials and methods

Cultivation of P. aeruginosa and mutants

P. aeruginosa strain PAO1 was obtained from the DSMZ culture collection (Germany) and
routinely cultured in lysogeny broth (LB). A defined medium previously outlined for
Pseudomonas species to control phosphate levels was also used (20). This modified
minimal media A comprised: Na-succinate 20 mM, NaCl 200 mg L', NH4Cl 450 mg L',
CaCl> 200 mg L™, KCI 200 mg L', MgCl, 450 mg L™, with trace metals FeCl, 10 mg L™’
and MnCl, 10 mg L, with 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer used at pH 7. Na2HPO4 was then added to a final concentration of 50 uM

(low P) or 1 mM (high P). An intermediate phosphate source of 400 uM Na;HPO4 was
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99 used for overnight cultures in some experiments to prevent any excess storage of
100  phosphate that could hamper results. All components were filter sterilised using 0.22 ym
101  pore-size filters, and made up using double deionised H>O. Mutants were obtained from
102  the P. aeruginosa strain PAO1 transposon mutant library at the University of Washington,
103  and confirmed using PCR and subsequent sequencing.

104

105 Alkaline phosphatase assay

106  Alkaline phosphatase activity was monitored as a measure of Pi stress. Liquid P.
107  aeruginosa culture samples were incubated with 10 mM para-nitrophenol phosphate
108  (pNPP) to a final concentration of 1 mM. Yellow-pNP supernatant was measured in
109 triplicate at 407 nm (BioRad iMark microplate reader). Readings were normalised using
110 both a Tris-only incubation control and further by bacterial density (optical density reading
111 at 600 nm (ODeoo)).

112

113 Over-expression of Agt1 and Agt2 in E. coli

114  P. aeruginosa genes PA3218 (agt1) and PA0842 (agt2) were codon optimised for E. coli
115 and chemically synthesised (GenScript) into plasmid pET-28a(+). E. coli BLR(DE3)
116  competent cells were thawed for 5 minutes before incubation with 10 ng pET-28a_Agt
117  plasmid, and placed on ice for 5 minutes. Cells were then subjected to heat shock at 42°C
118  for 30 seconds, placed back on ice for 2 minutes. Recovery SOC media was added, with
119  samples incubated at 37°C shaking, for 1 hour. Transformed cells were then plated onto
120  kanamycin-LB agar and grown overnight at 37°C. To harvest cells for lipid extraction,
121  single colonies were picked to grow in small volume LB-Kan to 0.6 ODsoo before induction
122 with 0.4 mM IPTG overnight at 25°C. 1 mL samples were then pelleted at 10,000 x g for
123 5 minutes. Pellets were stored at -80°C until lipid extraction and subsequent analysis on

124  HPLC-MS.
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125 To purify the Agt1 and Agt2 proteins from recombinant E. coli, IPTG was added to
126  a final concentration of 0.5 mM once the cultures reached an ODsgo of 0.6. After a further
127 12 h of growth at 30°C, cells were harvested by centrifugation and resuspended in buffer
128 A containing 50 mM Tris-HCI, pH 7.9, 50 mM NaCl. Cells were disrupted by sonication
129  and 1% (w/v) triton X-100 was then added and the cells were then incubated for 2.5 hr at
130  4°C. The cells were then centrifuged at 12,000 x g for 20 min, and the soluble fraction
131  was loaded onto a nickel column (GE Healthcare, USA) pre-equilibrated with buffer A. The
132 recombinant Agt1 and Agt2 enzymes were eluted with an elution buffer (20 mM Tris-HCI,
133 pH 7.9, 500 mM NaCl, 300 mM imidazole) and dialyzed overnight into buffer A to remove
134  imidazole. For further purification, the samples were dialyzed overnight into buffer B
135  containing 50 mM Tris-HCI, pH 7.9, 200 mM NaCl, concentrated by ultrafiltration using a
136  30-kDa membrane (Millipore), and loaded onto a Superdex 200 (16/60) gel filtration
137  column (GE Healthcare, USA), which was pre-equilibrated with buffer B (50 mM Tris-HCI,
138 pH 7.9, 200 mM NaCl). The fraction size was 0.5 ml, and the flowrate was 0.5 ml/min.
139  Purified protein was analysed by SDS-PAGE, and protein concentrations were determined
140  using the Bradford assay.

141

142  Membrane lipid extraction and HPLC-MS analysis

143 Intact polar membrane lipids were extracted using a modified version of the typically used
144  Folch extraction method (21, 22). Liquid P. aeruginosa cultures growing in high and low
145  phosphate modified minimal medium A were sampled after 8 hrs, collecting the equivalent
146  of 0.5 ODsgo into @ 2 mL glass chromacol vial (Thermo Scientific), pelleted at 4°C, 4,000
147 rpm for 15 minutes. For lipid extraction, a ratio of 500:300:1000 pL of
148  methanol:water:chloroform (all LC-MS grade) was used. The lipid fraction was collected
149  from the lower phase using a glass Pasteur pipette. This chloroform extract was then dried

150  under a stream of nitrogen (Techne sample concentrator) and resuspended in 1 mL 95%
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151  (v/v) acetonitrile (HPLC grade): 5% (w/v) ammonium acetate (10 mM, pH 9.2) for analysis.
152  Extracted lipid samples were analysed using an UltiMate 3000 HPLC (Thermo Scientific)
153  system coupled to an AmazonSL quadrupole ion trap (Bruker) mass spectrometer (MS),
154  using electrospray ionisation. Hydrophilic interaction chromatography (HILIC) using a
155 BEH amide XP column (Waters) was utilised to separate lipid classes based on their head
156  group (35). The column chamber was maintained at 30°C and the samples passed
157  through at a 150 yL min™" flow rate. The mobile phase of acetonitrile:ammonium acetate
158  (pH 9.2) was used to elute the sample in a 15 minute per sample gradient, from 95% to
159  28% ammonium acetate. The lipid d17:1/12:0 sphingosylphosphoethanolamine (Sigma-
160  Aldrich, 50 nM) was added to the samples and used as an internal standard. Tandem MS
161  (or MS") was used to fragment the intact lipids for identification. The data were analysed
162  using the Bruker Compass software package (DataAnalysis and QuantAnalysis).

163

164 Enzyme activity assays

165 The glycosyltransferase activity of Agt1 and Agt2 was measured using uridine
166  diphosphate (UDP)-glucose or UDP-glucuronic acid and 0.1 mM C16:0/C18:1
167  diacylglycerol (DAG) as the substrate. 2.0 yM purified enzyme was used in 10 mM
168  Tricine/KOH buffer, pH 8.5 with 2 mM dithiothreitol. The resulting mixture (500 ul) was
169 incubated at 30°C for 60 min with constant shaking at 200 rpm. The lipid products were
170  extracted using the Folch method as described above. The lipid extracts were further
171  analysed by LC-MS for the identification of MGDG/GADG though MS" fragmentation and
172 for the quantification of DAG against standards. The Kn and Viax values were calculated
173 using Michaelis-Menten plots with various concentrations of UDP-sugars (0.1 to 1.0 mM)
174  in three replicates.

175

176  Antibiotic sensitivity assays
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177  P. aeruginosa cultures were grown to an ODeoo of 0.6 in high or low phosphate minimal
178 media A (see above). Cultures were then diluted 1:100 in prewarmed minimal media A
179  containing 4 ug mL™ polymyxin B sulfate (Sigma). Samples were incubated at 37°C, 180
180  rpm, and assayed for survivors at specified time points by serial dilution plating onto LB.
181  E. coli cultures containing pET-28a-Agt1 or pET-28a-Agt2 were grown to an ODsgo of 0.6
182  in LB broth, and the expression of Agt1 and Agt2 was induced by incubation with 0.4 mM
183  IPTG overnight at 25°C. A negative control of E. coli containing the pET-28a vector only
184  was also set up. Overnight cultures were diluted 1:100 in prewarmed LB broth containing
185 0.4 mM IPTG and 20 yg mL™ polymyxin B sulfate (Sigma). Samples were incubated at
186  37°C, 180 rpm, and assayed for survivors at specified time points by serial dilution plating
187  onto LB agar + kanamycin 25 ug mL™".

188

189  Comparative proteomic analysis

190  P. aeruginosa PAO1 WT (1 mM phosphate, 50 uM phosphate) and PIcP mutant (50 uM
191 phosphate) cell pellets in three biological replicates were resuspended in LDS (lithium
192  dodecyl sulfate) sample buffer containing 1% B-mercaptoethanol before lysing at 95°C
193  and vortexing. 30 yL of each sample were run on NUPAGE 10% Bis-Tris protein gel
194  (Invitrogen) for a short time before staining with SafeStain (Thermo Fisher) and excising
195 the whole protein band. In-gel proteins were de-stained using 50% (v/v) ethanol, 50 mM
196  ammonium bicarbonate (ABC), before being reduced and alkylated for 5 min at 70°C using
197 10 mM TCEP (tris(2-carboxyethyl)phosphine) and 40 mM CAA (2-chloroacetamide),
198  respectively. After washing with 50% (v/v) ethanol 50 mM ABC, peptides were lysed
199  overnight using trypsin. Finally, peptides were extracted by sonication in a water bath (10
200  min at room temperature), concentrated using a Speed-Vac (50 mins) and resuspended
201  in 2.5% acetonitrile 0.05% formic acid. Extracted peptides were analysed by nanoLC-ESI-

202  MS/MS using the Ultimate 3000/Orbitrap Fusion instrumentation (Thermo Scientific). The
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203  UniProt proteome for P. aeruginosa strain PAO1 was used for peptide analysis. Further
204 data analysis was carried out using MaxQuant and Perseus software as described
205 previously; peptides without triplicate measures were filtered out (23). Comparative
206  proteomics data are presented in Supplementary Tables S1 and S3.

207

208 Phylogenomics and metatranscriptomics analyses

209  The protein sequences of PA3219, PA3218 and PA0842 were used to search genome
210 sequences of Pseudomonas clades in the JGI IMG genome portal

211  (https://img.jgi.doe.gov/). Note that the PA3218 protein is incorrectly annotated in the

212 genome of PAO1. The putative glycosyltransferase located immediately downstream of
213 PA3219 was manually inspected by aligning to the corresponding gene (PA14_22600) in
214  the genome of P. aeruginosa PA14. To identify PA3218 in misannotated P. aeruginosa
215 genomes, the nucleotide sequence immediately downstream of PA3219 was aligned with
216  agt1in strain PA14, (locus tag PA14_22600). The phylogeny of Pseudomonas clades was
217 determined using the nucleotide sequences of six housekeeping genes (rpoB, rpoD,
218 dnaE, recA, atpD, gyrB) retrieved from each genome using IQ-Tree with the parameters -
219 m TEST -bb 1000 -alrt 1000. The most suitable model was chosen by the software.
220  Evolutionary distances were inferred using maximume-likelihood analysis. Relationships
221 were visualised using the online platform the Interactive Tree of Life viewer
222 (https://itol.embl.de/). The conserved Pho box sequence was predicted using the MEME
223 server (24).

224 The metatranscriptomics datasets of sputum samples obtained from a CF patient
225 7-days (SRX5145606) and 8-days (SRX5145605) before death (25), CF patient G
226 (SRR6833349) from Denmark (26) and a patient (SRR6833340) with chronic wound
227 infection (26) were retrieved from the short reads archive (SRA) database

228  (https://www.ncbi.nlm.nih.gov/sra). The reads were downloaded using fastq-dump and
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229  mapped using the BBMap aligner as described previously (27). Briefly, the SRA reads
230  were mapped to the genome sequence of P. aeruginosa PAO1 using a stringent cut-off
231  of minid=0.97. Relative abundance data were compared using RPKM (reads per kilobase
232 of transcript, per million mapped reads). The list of RPKM abundance of individual genes
233 of P. aeruginosa PAO1 is shown in Suppl. Table S4.

234

235

236  Results and discussion

237  P. aeruginosa produces novel glycolipids in response to Pi stress

238  To determine changes in the membrane lipidome in response to P-stress, the model P.
239  aeruginosa strain PAO1 was grown in minimal medium under high (1 mM) or low Pi (50
240  pM) conditions (Figure 1a). The latter condition elicited strong alkaline phosphatase
241  activity, measured through the liberation of para-nitrophenol (opNP) from para-nitrophenol
242  phosphate (obNPP) (Figure 1b), this being a strong indication that cells were P-stressed.
243  Analysis of membrane lipid profiles using high performance liquid chromatography
244  coupled to mass spectrometry (HPLC-MS) revealed the presence of several new lipids
245  under Pi stress conditions (Figure 1¢). Thus, during Pi-replete growth (1 mM phosphate),
246  the lipidome is dominated by two glycerophospholipids: phosphatidylglycerol (PG, eluted
247  at6.8 min) and phosphatidylethanolamine (PE, eluted at 12.2 min). During Pi-stress a lipid
248  species with mass to charge ratio (m/z) of 623 and 649 were also found, with MS
249  fragmentation resulting in a 131 m/z peak, a diagnostic ion for the amino-acid containing
250  ornithine lipid. This is consistent with previous reports of ornithine lipids in the P.
251  aeruginosa membrane in response to Pi stress (28-29).

252 Further to ornithine lipids, three unknown lipids eluting at 7.7 min, 8.7 min and 9.8
253  min, were only present under Pi stress conditions (Figure 1c). Using several rounds of

254 MS fragmentation (MS"), with a quadrupole ion trap MS, fragmentation patterns

10
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255  characteristic of glycolipids were found for all three peaks. For each peak of interest, the
256  most predominant lipid masses of 774.7 m/z, 786.8 m/z and 788.6 m/z were analysed by
257  MS" in positive ionisation mode (Figure 1d). In each case, an initial head group was lost
258 leaving a significant signal of 595.6 m/z, the mass of the glycolipid building block
259  diacylglycerol (DAG). Further fragmentation leads to the loss of either fatty acyl chain from
260 DAG, leaving monoacylglycerols of 313.2 m/z and 339.3 m/z. Two monoacylglycerols with
261  different masses are produced as a result of the original lipid containing 16:0 and 18:1
262  fatty acids (313.2 m/z and 339.3 m/z monoacylglycerols, respectively). To further elucidate
263  the identity of the peaks, a search for a neutral loss of a polar head group was carried out.
264  Thus, the intact masses of 774.7 m/z and 788.6 m/z in positive ionisation mode leads to
265 the loss of a head group of -179 and -193 m/z, which corresponds to a hexose- and a
266  glucuronate- group, respectively (Figure 1d), suggesting the occurrence of novel
267  monoglucosyldiacylglycerol (MGDG) and glucuronic acid diacylglycerol (GADG)
268  glycolipids in P. aeruginosa. The third glycolipid peak at 8.7 min remains an unknown lipid
269  with intact mass of 786.8 m/z (hereafter designated as a putative unknown glycolipid,
270  UGL). Together, these data confirm the production of new glycolipids in P. aeruginosa in
271  response to Pi stress.

272

273  Comparative proteomics uncover the lipid renovation pathway in P. aeruginosa
274  To determine the proteomic response of P. aeruginosa to phosphorus limitation, and
275 identify the genes involved in glycolipid formation, strain PAO1 was cultivated under high
276  and low Pi conditions for 8 hours and the cellular proteome then analysed. A total of 2844
277  proteins were detected, 175 of which were found to be differentially regulated by Pi
278  availability (Figure 2b, Suppl. Table S1). In line with previous transcriptomic studies of

279  strain PAO1 (18), major phosphorus acquisition mechanisms were highly expressed

11
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280  under Pi stress conditions, e.g. the Pi-specific transporter PstSCAB, the two-component
281  regulator PhoBR (Suppl. Table $1) (30).

282 Comparative proteomics also identified several genes which are likely important
283  for membrane lipid remodelling (Figure 2a) including PA3219 (4.6-fold increase under Pi-
284  depleted conditions, FDR<0.01), encoding a putative phospholipase C protein, and
285 PA0842 (4-fold increase under Pi-depleted conditions, FDR<0.01), encoding a putative
286  glycosyltransferase (Figure 2b). PA3219 has 47% protein sequence identity to PIcP from
287  Phaeobacter sp. MED193 and 46% identity to PIcP from Sinorhizobium meliloti (25-27).
288 Inthese bacteria, PIcP is essential in the lipid remodelling pathway for the formation of the
289  diacylglycerol (DAG) backbone, representing the essential intermediate for the production
290  of glycolipids (31-32). In P. aeruginosa PAO1, PA3219 appears to form an operon with
291 PA3218, a putative glycosyltransferase likely under the control of the PhoBR two
292  component system, as a highly conserved Pho box sequence was recognisable in the
293  promoter region (Figure 2c). PA3218 (hereafter referred to as Agt1) has 41% protein
294  sequence identity to the Agt of Phaeobacter sp. MED193. PA0842 showed 35% identity
295 to the Agt of Phaeobacter sp. MED193 and a Pho box sequence is also found in its
296  promoter region. This corroborates the finding that the PA0842 protein (hereafter referred
297 to as Agt2) was significantly upregulated under Pi-depleted conditions (Figure 2b). In
298  summary, comparative proteomic analysis suggests that P. aeruginosa PAO1 adopts this
299  PlcP-Agt lipid remodelling pathway for the production of glycolipids in response to Pi-
300 stress (Figure 2a).

301

302 The PIcP-Agt mediated lipid renovation pathway is strictly conserved in P.
303 aeruginosa and actively transcribed in the metatranscriptomes of cystic fibrosis

304 patients

12
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305 To uncover how widespread this predicted PlcP-Agt lipid remodelling pathway is amongst
306 the genus Pseudomonas, including P. aeruginosa strains, we conducted a thorough
307 comparative genomics analysis of these lipid renovating loci. PIcP-Agt is strictly conserved
308 inall 770 genome-sequenced P. aeruginosa strains in the IMG/M database, including all
309 three-previously recognised P. aeruginosa lineages (33-34), group 1 represented by strain
310 PAO1, group 2 represented by strain PA14 and group 3 represented by strain PA7 (Figure
311 3, Suppl. Table S2). Indeed, this remodelling pathway is prevalent in many Pseudomonas
312 groups, including the plant pathogen Pseudomonas syringae. To investigate whether the
313  PIcP-Agt lipid remodelling pathway is involved in host-pathogen interactions, we analysed
314  metatranscriptomic datasets from cystic fibrosis patients, where P. aeruginosa is known
315 to be prevalent in the fatal exacerbation period before patient death (25). To the best of
316  our knowledge, only two studies have reported the metatranscriptome of the bacterial
317  community present in CF sputum (25, 26). Indeed, phoBR and pstS are amongst the most
318 highly expressed genes, confirming previous observations that P. aeruginosa is Pi-limited
319 during human airway epithelia infection (36, 37). Interestingly, the alkaline phosphatase
320  phoA (38) was highly expressed in sputum from CF patients but not from wound samples
321  which was also dominated by P. aeruginosa. Importantly, the transcripts of P. aeruginosa
322 agti/plcP/agt2 are highly expressed in CF sputum during the fatal exacerbation period
323  before death (Figure 2d). Therefore, our phylogenomic and metatranscriptomic analyses
324  suggest that not only is the PlcP-Agt lipid remodelling pathway strictly conserved and
325 prevalent in P. aeruginosa, but also the corresponding genes are also highly expressed
326 during CF patient infection, suggesting a potential role for lipid renovation in host-
327  pathogen interactions.

328

329  Experimental validation of the lipid renovation pathway for glycolipid formation in

330 P. aeruginosa
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331 To validate the function of these two putative glycosyltransferases (Agt1, Agt2) in the
332 formation of glycolipids, we synthesized the codon-optimized genes (PA3218 and
333  PA0842, respectively) for recombinant expression in Escherichia coli. The total lipidomes
334  from the recombinant E. coli strains were then analysed by HPLC-MS to determine the
335 presence of glycolipids in a gain-of-function assay. Expression of P. aeruginosa Agt1
336  (PA3218) was sufficient for the production of MGDG (eluted at 7.7 min) in E. coli,
337  confirmed through MS" fragmentation (Figure 4a). No UGL nor GADG was observed in
338 the lipidome of this Agt1-overexpressing E. coli strain. Expressing Agt2 (PA0842) from P.
339  aeruginosa in E. coli was sufficient for the accumulation of the GADG glycolipid (eluted at
340 9.8 min), also confirmed through the MS" fragmentation pattern (Figure 4b). Equally, no
341 UGL nor MGDG was observed in the Agt2-overexpressing E. coli strain. Production of
342  these glycolipids was not observed in the same strain of E. coli transformed with an empty
343  vector control (pET28a). It is therefore likely that UGL production is carried out by another
344  glycosyltransferase, the identity of which remains to be discovered.

345 To confirm the role of Agt1 and Agt2 in the production of MGDG and GADG, we
346  purified Agt1 and Agt2 from recombinant E. coli (Figure 4c) and carried out enzyme
347  assays using UDP-glucose and UDP-glucuronic acid as the sugar donor and DAG as the
348  acceptor. Agt1 can only accept UDP-glucose as the substrate with an affinity of K»n=298.1
349 £ 9.5 uM (Figure 4c, middle panel) and produced MGDG as expected (Figure 4d, left
350  panel). Similarly, Agt2 can use UDP-glucuronic acid as the substrate (Kn=373.0 £ 12.9
351 uM (Figure 4c, right panel), producing the GADG lipid (Figure 4d, right panel).
352 Interestingly, the purified Agt2 enzyme can also use UDP-glucose to some extent with a
353 K of 480 uM (data not shown) although the corresponding lipid MGDG was not observed
354  in the lipid extract from the lipidome of the recombinant host E. coli (Figure 4b).

355 To further confirm the role of these genes in P. aeruginosa glycolipid biosynthesis

356  we analysed the lipidomes of mutants in AplcP, Aagt1 and Aagt2 in strain PAO1 (Figure
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357 ba, b). Differences were analysed by searching for the intact masses of the glycolipids
358 MGDG and GADG: 774.6 m/z and 788.6 m/z in positive ionisation mode with an
359 ammonium adduct, respectively. As expected, under Pi stress MGDG is no longer
360 produced in the Aagt? mutant and similarly GADG is no longer produced in the Aagt2
361 mutant (Figure 5a). In the Ap/cP mutant, no MGDG was found and the GADG lipid was
362  significantly reduced but not entirely abolished (Figure 5b). The small amount of GADG
363  produced in the AplcP mutant suggests that an alternative supply of DAG (independent of
364 the degradation of phospholipids by PIcP) is available in this mutant. Nevertheless,
365 lipidome analyses of the AplcP, Aagt1 and Aagt2 mutants strongly supports the key role
366  of this PlcP-Agt pathway (Figure 2A) in lipid renovation in P. aeruginosa.

367

368 The protective role of glycolipids to antibiotic resistance in Pseudomonas
369 aeruginosa

370  To assess whether the growth of the glycolipid-deficient mutants (AplcP, Aagt1, Aagt2)
371 was affected by Pi stress, we grew the mutants in the defined minimal medium under high
372 and low Pi conditions. However, no significant difference in growth rates was found (Suppl.
373  Figure S1). The presence of glycolipids in the membrane may, however, have a profound
374  impact on the functioning of the membrane during Pi stress. For example, PG is an anionic
375 lipid with net negative charges whereas MGDG has a neutral charged sugar group.
376  Although a PG-to-GADG substitution may not necessarily change membrane charge (35),
377 it may affect membrane curvature and the packing density of lipids. Thus, subsequent
378  knock-on effects in membrane function might be expected (10). We therefore set out to
379 investigate whether membrane lipid composition may have an impact on antibiotic
380 resistance in P. aeruginosa. As cationic antimicrobial peptides directly interact with
381 bacterial cell membranes, we focused on the impact of lipid remodelling on the killing

382  activity of polymyxin B. We conducted the analyses under P-depleted conditions, since
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383  Pi-stress is clinically important, already known to induce the expression of virulence
384 factors (15, 17, 18, 29), and our own analysis confirmed that an array of genes involved
385 in phosphate acquisition and lipid remodelling in P. aeruginosa are indeed highly
386 expressed in sputum samples from lung microbiome of CF patients (Figure 2d).
387  Polymyxins represent the drug-of-last resort for effectively treating carbapenem-resistant
388  P. aeruginosa infections (3, 39).

389 To test the sensitivity of the mutants in the PlcP-Agt pathway to polymyxin B, we
390 compared WT and mutants using kill curve analyses as the typically used disk diffusion
391 method does not work efficiently for cationic antimicrobials (40). Indeed, there was a
392  significant decrease in the survival of all three PAO1 glycolipid synthesis mutants (AplcP,
393  Aagt1 and Aagt?) compared to the wild type when challenged with polymyxin B,
394  suggesting a protective role of glycolipids in polymyxin B resistance (Figure 5c¢). Such a
395  protective role of glycolipids in polymyxin B resistance was not observed for other
396 antibiotics, including ciprofloxacin, gentamicin, ceftazidime and meropenem (data not
397 shown). P. aeruginosa is known to enhance its resistance to polymyxins through
398 decoration of its lipopolysaccharide (LPS) layer using either 4-amino-4-deoxy-L-arabinose
399  (L-Ara4N) by amnB (5), or the addition of phosphoethanolamine (pEtN) by eptA (6). It is
400 thought that these changes perturb the electrostatic interaction between the cationic
401  polymyxin B and the normally negatively charged LPS. To investigate whether these
402  mechanisms play a role in the glycolipid-deficient mutants, we conducted a comparative
403  proteomics analysis of the AplcP mutant and WT under Pi depleted conditions, which
404 revealed only a small number of differentially expressed proteins (Suppl. Table S3). The
405 majority of these differentially expressed proteins are uncharacterised. However,
406  importantly, LPS modification enzymes previously found to confer antimicrobial peptide
407  resistance, such as ArnB and EptA, were not differentially expressed between the WT and

408  AplcP mutant. Therefore, our data suggests that it is the glycolipids that are the major
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409  contributor to increased polymyxin B resistance, which constitutes a new biological
410  mechanism for polymyxin resistance. To this end, we tested the resistance to polymyxin
411 B ofrecombinant E. coli strains overexpressing P. aeruginosa Agt1 and Agt2, that produce
412 MGDG and GADG, respectively (Figure 4a, 4b). Indeed, in this gain-of-function assay,
413  both Agt1 and Agt2 overexpressing E. coli strains had enhanced resistance to polymyxin
414 B compared to the empty vector control (Figure 5d), supporting the protective role of
415 these glycolipids to antimicrobial peptides.

416

417 To conclude, we present here the discovery of novel glycolipids produced in P.
418  aeruginosa during adaption to phosphorus stress. This lipid renovation pathway is strictly
419 conserved in all P. aeruginosa isolates to date and highly expressed in the
420 metatranscriptome of CF patients, suggesting a key role of lipid remodelling in the
421  ecophysiology of this bacterium. Interestingly, lipid remodelling as a response to survive
422  phosphorus stress in turn comes with trade-offs in terms of antibiotic resistance; these
423  glycolipids may protect the bacterium from insult by cationic antimicrobial peptides,
424  highlighting a new resistance mechanism to polymyxin B which has been previously
425 overlooked. It remains to be seen whether the altered susceptibility to polymyxin B is the
426  sole trade-off following lipid remodelling of phospholipids to glycolipids. After all, evolution
427 appears to have selected phospholipids as the dominant lipids in the last universal
428  common ancestor (12).
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571 Figure legends

572  Figure 1 Lipidomics analysis uncovers novel glycolipid formation in Pseudomonas
573  aeruginosa strain PAO1 in response to phosphorus limitation.

574  a) Growth of strain PAO1 WT in minimal medium A containing 1 mM phosphate (+Pi, blue)
575  or 50 uM phosphate (-Pi, black) over 12 hours. Data are the average of 3 independent

576  replicates.

577  b) Liberation of para-nitrophenol (oNP) from para-nitrophenol phosphate (pNPP) through
578 alkaline phosphatase activity, under Pi-repleted (1 mM, black) and Pi-depleted (50 uM,
579  vyellow) conditions. Error bars represent the standard deviation of three independent

580 replicates.

581 c¢) Representative chromatograms in negative ionisation mode of the P. aeruginosa
582  lipidome when grown under phosphorus stress (-Pi, black) compared to growth under
583  phosphorus sufficient conditions (+Pi, orange). PG, phosphatidylglycerol; PE,
584  phosphatidylethanolamine, OL, ornithine lipids. Lower panel: extracted ion
585 chromatograms of three new glycolipid species in P. aeruginosa which are only produced
586  during Pi-limitation (black, 1 mM; orange, 50 uM). MGDG: monoglucosyldiacylglycerol,

587  GADG: glucuronic acid-diacylglycerol and UGL: unconfirmed glycolipid.

588 d) Mass spectrometry fragmentation spectra of three glycolipid species present under Pi
589  stressin P. aeruginosa, at retention times of 7.7 (m/z 774.7), 8.7 (m/z 786.7) and 9.8 (m/z
590 788.6) minutes, respectively. Each spectrum depicts an intact lipid mass with an
591 ammonium (NH4") adduct exhibiting neutral loss of a head group, yielding diacylglycerol
592  (DAG) (595 m/z). Further fragmentation yields monoacylglycerols (MAG) with C16:0 or

593  C18:1 fatty acyl chains.

594
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595 Figure 2 Comparative multi-omic analyses for the identification of the PlcP-Agt
596 pathway responsible for glycolipid formation in Pseudomonas aeruginosa strain

597  PAO1.

598 a) The proposed pathway for lipid remodelling through the PlcP-Agt pathway. PIcP
599 degrades membrane phospholipids such as PG, to generate diacylglycerol (DAG)
600 intermediates for the formation of MGDG and GADG through the activity of
601  glycosyltransferases, using either UDP-glucose or UDP-glucuronate as the co-substrate

602 (42).

603  b) Volcano plot depicting differentially expressed proteins when comparing Pi-repleted
604 and Pi-depleted conditions. Significantly upregulated proteins when under Pi stress are
605 shown in red (left), and those that are significantly upregulated when Pi is sufficient are in
606 green (right). Significance was accepted when the false discovery rate (FDR) was < 0.05,

607 and a fold change = 2.

608 ¢) Genomic organisation of predicted lipid remodelling genes in P. aeruginosa.
609  Glycosyltransferases (orange) PA3218 (Agt1) and PA0842 (Agt2) are predicted to be
610 involved in glycolipid synthesis. PA3219 is predicted to be PIcP in P. aeruginosa.
611 Predicted Pho box sequences in the promoter regions (represented in blue boxes) of each
612  glycosyltransferase operon from P. aeruginosa strains representing the PAO1 clade, the
613 PATY clade and the PA14 clade are shown. The black dots represent residues which are

614  conserved in the Pho box consensus CTGTCATNNNNCTGTCAT (41).

615 d) Metatranscriptomic analysis of PIcP-Agt lipid remodelling genes in sputum samples
616 from a cystic fibrosis patient 7-days (CF_D-7) and 8-days (CF_D-8) before death (25) and
617 a Danish CF patient (CF_Person G) (26) as well as a wound sample from a burns patient

618 from the USA (Burn patient) (26). Relative abundance is expressed as RPKM (reads per
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619  kilobase of transcript, per million mapped reads). PhoA (PA3296) encodes an alkaline

620  phosphatase (38).

621
622  Figure 3 Occurrence of plcP-agt genes in major Pseudomonas groups. The

623  phylogeny of Pseudomonas clades was determined using the nucleotide sequences of six
624  housekeeping genes (rpoB, rpoD, dnaE, recA, atpD, gyrB) retrieved from each genome
625 using IQ-Tree (43). The filled colour indicates the presence of the genes in the genomes
626  whereas a blank indicates the absence of the corresponding gene in the genomes. The
627  two-component system PhoBR (black circles) is found in all genomes and the PIcP-
628  Agt1/Agt2 are strictly conserved in all 770 genome-sequenced P. aeruginosa strains that
629 form three clades represented by strain PA14, PAO1 and PA7 respectively. Bootstrap

630 values >75% are shown.

631

632  Figure 4, Characterization of glycolipid formation from recombinant Agt1 and Agt2.
633 a) Extracted ion chromatogram of the MGDG lipid from recombinant E. coli expressing
634  Agt1l. An empty vector control is also shown (red line). The identity of MGDG is further
635 validated using mass spectrometry fragmentation showing the neutral loss of 179
636  corresponding to the loss of glucose and the formation of monoacylglycerols (MAG) with

637 C16:0 or C18:1 (m/z 313.2, 339.3).

638 b) Extracted ion chromatogram of the GADG lipid from recombinant E. coli expressing
639  Agt2. An empty vector control is also shown (red line). The identity of GADG is further
640 validated using mass spectrometry fragmentation showing the neutral loss of 193
641  corresponding to the loss of glucose and the formation of monoacylglycerols (MAG) with

642 C16:0 or C18:1 (m/z 313.2, 339.2).
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643  c¢) Purified Agt1 and Agt2 protein from recombinant E. coli (left panel) and Michaelis
644  Menten kinetics of Agt1 towards UDP-glucose (middle panel) and Agt2 towards UDP-

645  glucuronic acid (right panel) as substrate, respectively.

646  d) Mass spectrometry identification of MGDG and GADG produced from purified Agt1 and
647 Agt2 using DAG and UDP-glucose and UDP-glucuronic acid as the substrate,

648  respectively.

649

650 Figure 5 Glycolipid formation in P. aeruginosa and mutants under Pi stress,
651 showing a protective role of glycolipids to polymyxin B.

652 a-b) Relative abundance of the glycolipid MGDG (a) and GADG (b) in P. aeruginosa
653  mutants plcP (purple trace), agt? (blue trace) and agt2 (green, trace) compared to the wild
654  type (WT). Cells were cultivated under low Pi conditions (50 pM) and a representative
655  extracted ion chromatogram of MGDG/GADG is shown between the WT, (black trace) and
656  each mutant. The right most panel shows the abundance of MGDG or GADG calculated
657 relative to an internal lipid standard d17:1/12:0 sphingosylphosphoethanolamine (Sigma-
658  Aldrich) in the wild-type and mutant strains of P. aeruginosa. Values are calculated from
659 three biological replicates and the error bars denote standard deviation. MGDG,

660  monoglucosyldiacylglycerol, GADG, glucuronic acid-diacylglycerol.

661  ¢) Survival of glycolipid remodelling mutants AplcP (purple), Aagt1 (green) and Aagt2
662  (blue) when challenged with 4 yg mL™ polymyxin B compared to WT under Pi stress
663  (black). All experiments were conducted under Pi stress conditions and the results are the

664  average of three biological replicates; error bars denote standard deviation.

665 d) Survival of glycolipid producing Escherichia coli when challenged with 20 pg mL™

666  polymyxin B. All experiments were conducted in three replicates and error bars denote
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667  standard deviation. Black, E. coli containing the empty vector pET28a; green, E. coli

668  containing plasmid pET28a-Agt1; blue, E. coli containing plasmid pET28a-Agt2.

669
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670  Supplementary Figures and Tables

671

672  Suppl. Figure S1 Growth of the P. aeruginosa mutants in the minimal medium under Pi
673 repleted and Pi depleted conditions.

674

675  Suppl. Table S1 Proteomic analysis of differentially expressed proteins in the wild-type
676  P. aeruginosa PAO1 in response to different Pi levels (1 mM versus 50 uM).

677

678  Suppl. Table S2 Protein BLAST identification of locus tags homologous to agt? and agt2
679  glycolipid synthesis genes in all genome sequenced P. aeruginosa strains at the JGI IMG
680 database.

681

682  Suppl. Table S3 Proteomic analysis of wild type P. aeruginosa PAO1 versus the AplcP
683  mutant grown at 50 uM Pi.

684

685 Suppl. Table S4 Whole genome mapping to Pseudomonas aeruginosa PAO1 of
686  metatranscriptomic datasets (SRX5145605, SRX5145606, SRR6833349) from sputum
687 samples taken from cystic fibrosis patients and a patient with chronic wound infection
688 (SRR6833340). S4A (SRX5145605), S4B (SRX5145606), S4C (SRR6833349), S4D
689 (SRR6833340). RPKM, reads per kilobase of transcript per million mapped reads; FPKM,

690 fragments per kilobase of transcript per million mapped reads.
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(a) MGDG in P. aeruginosa PAO1 and mutants
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