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Abstract

Pseudomonas aeruginosa is 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.

Introduction

Pseudomonas aeruginosa is a significant nosocomial
pathogen in intensive care units causing pneumonia, sur-
gical 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
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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 evo-
lution of the cell and it is widely accepted that the last uni-
versal 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 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 reno-
vation pathway is strictly conserved in all P. aeruginosa
strains isolated from a range of clinical settings and actively
expressed in the metatranscriptome of CF patients. Impor-
tantly, such a phospholipid-to-glycolipid transition comes
with a significant consequence in antibiotic sensitivity, in that
glycolipids confer protection when challenged with the anti-
microbial peptide polymyxin B. As such, glycolipid-mediated
resistance to polymyxin B represents a new resistance
mechanism that is quite different from the previously docu-
mented modification of LPS [5, 6]. This work highlights how
the physiological adaptation of P. 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 lyso-
geny 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 20mM, NaCl 200mgL~', NH,Cl 450mgL !,
CaCl, 200 mg L', KC1200 mg L ™!, MgCl, 450 mg L™, with
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trace metals FeCl, 10mgL~" and MnCl, 10mgL"!, with
10mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer used at pH 7. Na,HPO, 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,HPO, was used
for overnight cultures in some experiments to prevent any
excess storage of phosphate that could hamper results. All
components were filter sterilised using 0.22 um pore-size fil-
ters, and made up using double deionised H,O. Mutants were
obtained from the P. aeruginosa strain PAO1 transposon
mutant library at the University of Washington, and confirmed
using PCR and subsequent sequencing.

Alkaline phosphatase assay

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

Over-expression of Agt1 and Agt2 in E. coli

P. aeruginosa genes PA3218 (agtl) and PA0842 (agt2)
were codon optimised for Escherichia coli and chemically
synthesised (GenScript) into plasmid pET-28a(+). E. coli
BLR(DE3) competent cells were thawed for 5 min before
incubation with 10 ng pET-28a_Agt plasmid, and placed on
ice for 5Smin. Cells were then subjected to heat shock at
42 °C for 30 s, placed back on ice for 2 min. Recovery SOC
media was added, with samples incubated at 37 °C shaking,
for 1 h. Transformed cells were then plated onto kanamycin-
LB agar and grown overnight at 37 °C. To harvest cells for
lipid extraction, single colonies were picked to grow in
small volume LB-Kan to 0.6 ODg¢gy, before induction with
0.4mM IPTG overnight at 25°C. 1mL samples were
then pelleted at 10,000 x g for 5 min. Pellets were stored at
—80 °C until lipid extraction and subsequent analysis on
HPLC-MS.

To purify the Agtl and Agt2 proteins from recombinant
E. coli, IPTG was added to a final concentration of 0.5 mM
once the cultures reached an ODgq of 0.6. After a further
12h of growth at 30°C, cells were harvested by cen-
trifugation and resuspended in buffer A containing 50 mM
Tris-HCI, pH 7.9, 50 mM NaCl. Cells were disrupted by
sonication and 1% (w/v) triton X-100 was then added and
the cells were then incubated for 2.5h at 4 °C. The cells
were then centrifuged at 12,000 x g for 20 min, and the
soluble fraction was loaded onto a nickel column (GE
Healthcare, USA) pre-equilibrated with buffer A. The
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recombinant Agtl and Agt2 enzymes were eluted with an
elution buffer (20 mM Tris-HCI, pH 7.9, 500 mM NaCl,
300 mM imidazole) and dialysed overnight into buffer A to
remove imidazole. For further purification, the samples
were dialysed overnight into buffer B containing 50 mM
Tris-HCI1, pH 7.9, 200 mM NaCl, concentrated by ultra-
filtration using a 30-kDa membrane (Millipore), and loaded
onto a Superdex 200 (16/60) gel filtration column (GE
Healthcare, USA), which was pre-equilibrated with buffer B
(50 mM Tris-HCI, pH 7.9, 200 mM NaCl). The fraction size
was 0.5 ml, and the flowrate was 0.5 ml/min. Purified pro-
tein was analysed by SDS-PAGE, and protein concentra-
tions were determined using the Bradford assay.

Membrane lipid extraction and HPLC-MS analysis

Intact polar membrane lipids were extracted using a mod-
ified version of the typically used Folch extraction method
[21, 22]. Liquid P. aeruginosa cultures growing in high and
low phosphate modified minimal medium A were sampled
after 8 h, collecting the equivalent of 0.5 ODg into a 2 mL
glass chromacol vial (Thermo Scientific), pelleted at 4 °C,
4000 rpm for 15min. For lipid extraction, a ratio of
500:300:1000 pL of methanol:water:chloroform (all LC-MS
grade) was used. The lipid fraction was collected from the
lower phase using a glass Pasteur pipette. This chloroform
extract was then dried under a stream of nitrogen (Techne
sample concentrator) and resuspended in 1 mL 95% (v/v)
acetonitrile (HPLC grade): 5% (w/v) ammonium acetate
(10 mM, pH 9.2) for analysis. Extracted lipid samples were
analysed using an UltiMate 3000 HPLC (Thermo Scientific)
system coupled to an AmazonSL quadrupole ion trap
(Bruker) mass spectrometer (MS), using electrospray ioni-
sation. Hydrophilic interaction chromatography using a
BEH amide XP column (Waters) was utilised to separate
lipid classes based on their head group [23]. The column
chamber was maintained at 30 °C and the samples passed
through at a 150 uL min~! flow rate. The mobile phase of
acetonitrile:ammonium acetate (pH 9.2) was used to elute
the sample in a 15 min per sample gradient, from 95 to 28%
ammonium acetate. The lipid d17:1/12:0 sphingosylpho-
sphoethanolamine (Sigma-Aldrich, 50 nM) was added to
the samples and used as an internal standard. Tandem MS
(or MS") was used to fragment the intact lipids for identi-
fication. The data were analysed using the Bruker Compass
software package (DataAnalysis and QuantAnalysis).

Enzyme activity assays

The glycosyltransferase activity of Agtl and Agt2 was
measured using uridine diphosphate (UDP)-glucose or
UDP-glucuronic acid and 0.1 mM C16:0/C18:1 diacylgly-
cerol (DAG) as the substrate. 2.0 uM purified enzyme was

used in 10 mM Tricine/KOH buffer, pH 8.5 with 2 mM
dithiothreitol. The resulting mixture (500 ul) was incubated
at 30 °C for 60 min with constant shaking at 200 rpm. The
lipid products were extracted using the Folch method as
described above. The lipid extracts were further analysed by
LC-MS for the identification of MGDG/GADG though MS"
fragmentation and for the quantification of DAG against
standards. The K, and V,,,, values were calculated using
Michaelis—Menten plots with various concentrations of
UDP-sugars (0.1 to 1.0 mM) in three replicates.

Antibiotic sensitivity assays

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

Comparative proteomic analysis

P. aeruginosa PAO1 WT (1 mM phosphate, 50 uM phos-
phate) and PlcP mutant (50 uM phosphate) cell pellets in
three biological replicates were resuspended in LDS
(lithium dodecyl sulfate) sample buffer containing 1% p-
mercaptoethanol before lysing at 95°C and vortexing.
30 uL. of each sample were run on NuPAGE 10% Bis-Tris
protein gel (Invitrogen) for a short time before staining with
SafeStain (Thermo Fisher) and excising the whole protein
band. In-gel proteins were de-stained using 50% (v/v)
ethanol, 50 mM ammonium bicarbonate (ABC), before
being reduced and alkylated for Smin at 70 °C using
10 mM TCEP (tris(2-carboxyethyl)phosphine) and 40 mM
CAA (2-chloroacetamide), respectively. After washing with
50% (v/v) ethanol 50mM ABC, peptides were lysed
overnight using trypsin. Finally, peptides were extracted by
sonication in a water bath (10 min at room temperature),
concentrated using a Speed-Vac (50 min) and resuspended
in 2.5% acetonitrile 0.05% formic acid. Extracted peptides
were analysed by nanoLC-ESI-MS/MS using the Ultimate
3000/Orbitrap Fusion instrumentation (Thermo Scientific).
The UniProt proteome for P. aeruginosa strain PAO1 was
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used for peptide analysis. Further data analysis was carried
out using MaxQuant and Perseus software as described
previously; peptides without triplicate measures were fil-
tered out [24].

Phylogenomics and metatranscriptomics analyses

The protein sequences of PA3219, PA3218 and PA0842
were used to search genome sequences of Pseudomonas
clades in the JGI IMG genome portal (https://img.jgi.doe.
gov/). Note that the PA3218 protein is incorrectly annotated
in the genome of PAOI. The putative glycosyltransferase
located immediately downstream of PA3219 was manually
inspected by aligning to the corresponding gene
(PA14_22600) in the genome of P. aeruginosa PA14. To
identify PA3218 in misannotated P. aeruginosa genomes,
the nucleotide sequence immediately downstream of
PA3219 was aligned with agt/ in strain PA14, (locus tag
PA14_22600). The phylogeny of Pseudomonas clades was
determined using the nucleotide sequences of six house-
keeping genes (rpoB, rpoD, dnaE, recA, atpD, gyrB)
retrieved from each genome using IQ-Tree with the para-
meters -m TEST -bb 1000 -alrt 1000. The most suitable
model was chosen by the software. Evolutionary distances
were inferred using maximum-likelihood analysis. Rela-
tionships were visualised using the online platform the
Interactive Tree of Life viewer (https://itol.embl.de/). The
conserved Pho box sequence was predicted using the
MEME server [25].

The metatranscriptomics datasets of sputum samples
obtained from a CF patient 7-days (SRX5145606) and 8-
days (SRX5145605) before death [26], CF patient G
(SRR6833349) from Denmark [27] and a patient
(SRR6833340) with chronic wound infection [27] were
retrieved from the short reads archive (SRA) database
(https://www.ncbi.nlm.nih.gov/sra). The reads were down-
loaded using fastq-dump and mapped using the BBMap
aligner as described previously [28]. Briefly, the SRA reads
were mapped to the genome sequence of P. aeruginosa
PAOI using a stringent cut-off of minid =0.97. Relative
abundance data were compared using RPKM (reads per
kilobase of transcript, per million mapped reads).

Results and discussion

P. aeruginosa produces novel glycolipids in response
to Pi stress

To determine changes in the membrane lipidome in response
to P-stress, the model P. aeruginosa strain PAO1 was grown
in minimal medium under high (I mM) or low Pi (50 uM)
conditions (Fig. la). The latter condition elicited strong

SPRINGER NATURE

alkaline phosphatase activity, measured through the libera-
tion of para-nitrophenol (pNP) from pNPP (Fig. 1b), this
being a strong indication that cells were P-stressed. Analysis
of membrane lipid profiles using high-performance liquid
chromatography coupled to mass spectrometry (HPLC-MS)
revealed the presence of several new lipids under Pi stress
conditions (Fig. 1c). Thus, during Pi-replete growth (1 mM
phosphate), the lipidome is dominated by two glyceropho-
spholipids: PG (eluted at 6.8 min) and PE (eluted at
12.2 min). During Pi-stress a lipid species with mass to
charge ratio (m/z) of 623 and 649 were also found, with MS
fragmentation resulting in a 131 m/z peak, a diagnostic ion
for the amino-acid containing ornithine lipid. This is con-
sistent with previous reports of ornithine lipids in the P.
aeruginosa membrane in response to Pi stress [29, 30].

Further to ornithine lipids, three unknown lipids eluting
at 7.7, 8.7 and 9.8 min, were only present under Pi stress
conditions (Fig. lc). Using several rounds of MS frag-
mentation (MS"), with a quadrupole ion trap MS, frag-
mentation patterns characteristic of glycolipids were found
for all three peaks. For each peak of interest, the most
predominant lipid masses of 774.7, 786.8 and 788.6 m/z
were analysed by MS" in positive ionisation mode (Fig. 1d).
In each case, an initial head group was lost leaving a sig-
nificant signal of 595.6m/z, the mass of the glycolipid
building block diacylglycerol (DAG). Further fragmentation
leads to the loss of either fatty acyl chain from DAG,
leaving monoacylglycerols of 313.2 and 339.3 m/z. Two
monoacylglycerols with different masses are produced as a
result of the original lipid containing 16:0 and 18:1 fatty
acids (313.2 and 339.3 m/z monoacylglycerols, respec-
tively). To further elucidate the identity of the peaks, a
search for a neutral loss of a polar head group was carried
out. Thus, the intact masses of 774.7 and 788.6 m/z in
positive ionisation mode leads to the loss of a head group of
—179 and —193 m/z, which corresponds to a hexose- and a
glucuronate- group, respectively (Fig. 1d), suggesting the
occurrence of novel monoglucosyldiacylglycerol (MGDG)
and glucuronic acid diacylglycerol (GADG) glycolipids in
P. aeruginosa. The third glycolipid peak at 8.7 min remains
an unknown lipid with intact mass of 786.8 m/z (hereafter
designated as a putative unknown glycolipid, UGL).
Together, these data confirm the production of new glyco-
lipids in P. aeruginosa in response to Pi stress.

Comparative proteomics uncover the lipid
renovation pathway in P. aeruginosa

To determine the proteomic response of P. aeruginosa to
phosphorus limitation, and identify the genes involved in
glycolipid formation, strain PAOI was cultivated under
high and low Pi conditions for 8 h and the cellular proteome
then analysed. A total of 2844 proteins were detected, 175
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of which were found to be differentially regulated by Pi
availability (Fig. 2a, Table S1). In line with previous tran-
scriptomic studies of strain PAO1 [18], major phosphorus
acquisition mechanisms were highly expressed under Pi
stress conditions, e.g. the Pi-specific transporter PstSCAB,
the two-component regulator PhoBR (Table S1) [31].

Comparative proteomics also identified several genes
which are likely important for membrane lipid remodelling
(Fig. 2b) including PA3219 (4.6-fold increase under Pi-
deplete conditions, FDR <0.01), encoding a putative
phospholipase C protein, and PA0842 (4-fold increase
under Pi-deplete conditions, FDR <0.01), encoding a

SPRINGER NATURE
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Fig. 1 Lipidomics analysis uncovers novel glycolipid formation in
Pseudomonas aeruginosa strain PAO1 in response to phosphorus
limitation. a Growth of strain PAOl WT in minimal medium A
containing 1 mM phosphate (4Pi, blue) or 50 uM phosphate (—Pi,
black) over 12 h. Data are the average of three independent replicates.
b Liberation of para-nitrophenol (pNP) from para-nitrophenol phos-
phate (pNPP) through alkaline phosphatase activity, under Pi-replete
(1 mM, black) and Pi-deplete (50 uM, yellow) conditions. Error bars
represent the standard deviation of three independent replicates.
¢ Representative chromatograms in negative ionisation mode of the
P. aeruginosa lipidome when grown under phosphorus stress (—Pi,
black) compared to growth under phosphorus sufficient conditions
(+Pi, orange). PG phosphatidylglycerol, PE phosphatidylethanola-
mine, OL ornithine lipids. Lower panel: extracted ion chromatograms
of three new glycolipid species in P. aeruginosa which are only
produced during Pi-limitation (black, 1 mM; orange, 50 uM). MGDG
monoglucosyldiacylglycerol, GADG glucuronic acid-diacylglycerol
and UGL unconfirmed glycolipid. d Mass spectrometry fragmentation
spectra of three glycolipid species present under Pi stress in P. aeru-
ginosa, at retention times of 7.7 (m/z 774.7), 8.7 (m/z 786.7) and 9.8
(m/z 788.6) minutes, respectively. Each spectrum depicts an intact
lipid mass with an ammonium (NH4") adduct exhibiting neutral loss of
a head group, yielding diacylglycerol (DAG) (595 m/z). Further frag-
mentation yields monoacylglycerols (MAG) with C16:0 or C18:1 fatty
acyl chains.

putative glycosyltransferase (Fig. 2a). PA3219 has 47%
protein sequence identity to PlcP from Phaeobacter sp.
MED193 and 46% identity to PlcP from Sinorhizobium
meliloti [26-28]. In these bacteria, PIcP is essential in the
lipid remodelling pathway for the formation of the dia-
cylglycerol (DAG) backbone, representing the essential
intermediate for the production of glycolipids [32, 33]. In P.
aeruginosa PAO1, PA3219 appears to form an operon with
PA3218, a putative glycosyltransferase likely under the
control of the PhoBR two-component system, as a highly
conserved Pho box sequence was recognisable in the pro-
moter region (Fig. 2c). PA3218 (hereafter referred to as
Agtl) has 41% protein sequence identity to the Agt of
Phaeobacter sp. MED193. PA0842 showed 35% identity to
the Agt of Phaeobacter sp. MED193 and a Pho box
sequence is also found in its promoter region. This corro-
borates the finding that the PA0842 protein (hereafter
referred to as Agt2) was significantly upregulated under Pi-
deplete conditions (Fig. 2a). In summary, comparative
proteomic analysis suggests that P. aeruginosa PAOL1
adopts this PlcP-Agt lipid remodelling pathway for the
production of glycolipids in response to Pi-stress (Fig. 2b).

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

To uncover how widespread this predicted PlcP-Agt lipid
remodelling pathway is amongst the genus Pseudomonas,

including P. aeruginosa strains, we conducted a thorough
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comparative genomics analysis of these lipid renovating
loci. PlcP-Agt is strictly conserved in all 770 genome-
sequenced P. aeruginosa strains in the IMG/M database,
including all three-previously recognised P. aeruginosa
lineages [34, 35], group 1 represented by strain PAOI,
group 2 represented by strain PA14 and group 3 represented
by strain PA7 (Fig. 3, Table S2). Indeed, this remodelling
pathway is prevalent in many Pseudomonas groups,
including the plant pathogen P. syringae. To investigate
whether the PlcP-Agt lipid remodelling pathway is involved
in host-pathogen interactions, we analysed metatran-
scriptomic datasets from CF patients, where P. aeruginosa
is known to be prevalent in the fatal exacerbation period
before patient death [26]. To the best of our knowledge,
only two studies have reported the metatranscriptome of the
bacterial community present in CF sputum [26, 27]. Indeed,
phoBR and pstS are amongst the most highly expressed
genes, confirming previous observations that P. aeruginosa
is Pi-limited during human airway epithelia infection
[36, 37]. Interestingly, the alkaline phosphatase phoA [38]
was highly expressed in sputum from CF patients but not
from wound samples which was also dominated by P.
aeruginosa. Importantly, the transcripts of P. aeruginosa
agtl/plcP/agt2 are highly expressed in CF sputum during
the fatal exacerbation period before death (Fig. 2d).
Therefore, our phylogenomic and metatranscriptomic ana-
lyses suggest that not only is the PlcP-Agt lipid remodelling
pathway strictly conserved and prevalent in P. aeruginosa,
but also the corresponding genes are also highly expressed
during CF patient infection, suggesting a potential role for
lipid renovation in host-pathogen interactions.

Experimental validation of the lipid renovation
pathway for glycolipid formation in P. aeruginosa

To validate the function of these two putative glycosyl-
transferases (Agtl, Agt2) in the formation of glycolipids,
we synthesised the codon-optimised genes (PA3218 and
PAO0842, respectively) for recombinant expression in E.
coli. The total lipidomes from the recombinant E. coli
strains were then analysed by HPLC-MS to determine the
presence of glycolipids in a gain-of-function assay.
Expression of P. aeruginosa Agtl (PA3218) was sufficient
for the production of MGDG (eluted at 7.7 min) in E. coli,
confirmed through MS" fragmentation (Fig. 4a). No UGL
nor GADG was observed in the lipidome of this Agtl-
overexpressing E. coli strain. Expressing Agt2 (PA0842)
from P. aeruginosa in E. coli was sufficient for the accu-
mulation of the GADG glycolipid (eluted at 9.8 min), also
confirmed through the MS" fragmentation pattern (Fig. 4b).
Equally, no UGL nor MGDG was observed in the Agt2-
overexpressing E. coli strain. Production of these glycoli-
pids was not observed in the same strain of E. coli
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Glycosyltransferase Phospholipase
(Agtl) (PlcP)
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PIcP_PA14
PIcP_PAO1
PIcP_PA7
Agt2_PA7
Agt2_PAO1
Agt2_PA14

Fig. 2 Comparative multi-omic analyses for the identification of
the PlcP-Agt pathway responsible for glycolipid formation in
Pseudomonas aeruginosa strain PAO1. a Volcano plot depicting
differentially expressed proteins when comparing Pi-replete and Pi-
deplete conditions. Significantly upregulated proteins when under Pi
stress are shown in red (left), and those that are significantly upregu-
lated when Pi is sufficient are in green (right). Significance was
accepted when the false discovery rate (FDR) was <0.05, and a fold
change >2. b The proposed pathway for lipid remodelling through the
PlcP-Agt pathway. PlcP degrades membrane phospholipids such as
PG, to generate diacylglycerol (DAG) intermediates for the formation
of MGDG and GADG through the activity of glycosyltransferases,
using either UDP-glucose or UDP-glucuronate as the co-substrate
[41]. ¢ Genomic organisation of predicted lipid remodelling genes in
P. aeruginosa. Glycosyltransferases (orange) PA3218 (Agtl) and

transformed with an empty vector control (pET28a). It is
therefore likely that UGL production is carried out by
another glycosyltransferase, the identity of which remains to
be discovered.

To confirm the role of Agtl and Agt2 in the production
of MGDG and GADG, we purified Agtl and Agt2 from
recombinant E. coli (Fig. 4c) and carried out enzyme assays
using UDP-glucose and UDP-glucuronic acid as the sugar
donor and DAG as the acceptor. Agtl can only accept UDP-
glucose as the substrate with an affinity of K, =298.1 £9.5
uM (Fig. 4c, middle panel) and produced MGDG as
expected (Fig. 4d, left panel). Similarly, Agt2 can use UDP-
glucuronic acid as the substrate (K, = 373.0+12.9 uM
(Fig. 4c, right panel), producing the GADG lipid (Fig. 4d,
right panel). Interestingly, the purified Agt2 enzyme can
also use UDP-glucose to some extent with a K, of 480 uM
(data not shown) although the corresponding lipid MGDG

(d)

RPKM

(b)

UDP-glucose
- MGDG
PG ¢ At (PAS218)
(PA3219) A t2 PA0842)
GADG

UDP-glucuronate

oOCF_D-7 mCF_D-8 mCF_Person G mBurn patient

1,000

100

1
phoB phoR pstS phoA plcP agt1 agt2 rpoB

PA0842 (Agt2) are predicted to be involved in glycolipid synthesis.
PA3219 is predicted to be PIcP in P. aeruginosa. Predicted Pho box
sequences in the promoter regions (represented in blue boxes) of each
glycosyltransferase operon from P. aeruginosa strains representing the
PAOI1 clade, the PA7 clade and the PA14 clade are shown. The black
dots represent residues which are conserved in the Pho box consensus
CTGTCATNNNNCTGTCAT [42]. d Metatranscriptomic analysis of
PlcP-Agt lipid remodelling genes in sputum samples from a cystic
fibrosis patient 7-days (CF_D-7) and 8-days (CF_D-8) before death
[26] and a Danish CF patient (CF_Person G) [27] as well as a wound
sample from a burns patient from the USA (Burn patient) [27].
Relative abundance is expressed as RPKM (reads per kilobase of
transcript, per million mapped reads). PhoA (PA3296) encodes an
alkaline phosphatase [38]. The list of RPKM abundance of individual
genes of P. aeruginosa PAO1 is shown in Table S4.

was not observed in the lipid extract from the lipidome of
the recombinant host E. coli (Fig. 4b).

To further confirm the role of these genes in P. aerugi-
nosa glycolipid biosynthesis we analysed the lipidomes of
mutants in AplcP, Aagtl and Aagt2 in strain PAO1 (Fig. 5a,
b). Differences were analysed by searching for the intact
masses of the glycolipids MGDG and GADG: 774.6 and
788.6 m/z in positive ionisation mode with an ammonium
adduct, respectively. As expected, under Pi stress MGDG is
no longer produced in the Aagfl mutant and similarly
GADG is no longer produced in the Aagf2 mutant (Fig. 5a).
In the AplcP mutant, no MGDG was found and the GADG
lipid was significantly reduced but not entirely abolished
(Fig. 5b). The small amount of GADG produced in the
AplcP mutant suggests that an alternative supply of DAG
(independent of the degradation of phospholipids by PlcP)
is available in this mutant. Nevertheless, lipidome analyses

SPRINGER NATURE
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Fig. 3 Occurrence of plcP-agt genes in major Pseudomonas groups.
The phylogeny of Pseudomonas clades was determined using the
nucleotide sequences of six housekeeping genes (rpoB, rpoD, dnaE,
recA, atpD, gyrB) retrieved from each genome using 1Q-Tree [43]. The
filled colour indicates the presence of the genes in the genomes
whereas a blank indicates the absence of the corresponding gene in the

of the AplcP, Aagtl and Aagt2 mutants strongly supports
the key role of this PlcP-Agt pathway (Fig. 2a) in lipid
renovation in P. aeruginosa.

The protective role of glycolipids to antibiotic
resistance in Pseudomonas aeruginosa

To assess whether growth of the glycolipid-deficient
mutants (AplcP, Aagtl, Aagt2) was affected by Pi stress,
we grew the mutants in the defined minimal medium under
high and low Pi conditions. However, no significant dif-
ference in growth rates was found (Fig. S1). The presence
of glycolipids in the membrane may, however, have a
profound impact on the functioning of the membrane during
Pi stress. For example, PG is an anionic lipid with net
negative charges whereas MGDG has a neutral charged
sugar group. Although a PG-to-GADG substitution may not
necessarily change membrane charge [23], it may affect
membrane curvature and the packing density of lipids.
Thus, subsequent knock-on effects in membrane function
might be expected [10]. We therefore set out to investigate
whether membrane lipid composition may have an impact
on antibiotic resistance in P. aeruginosa. As cationic anti-
microbial peptides directly interact with bacterial cell
membranes, we focused on the impact of lipid remodelling
on the killing activity of polymyxin B. We conducted the
analyses under P-deplete conditions, since Pi-stress is
clinically important, already known to induce the

SPRINGER NATURE

genomes. The two-component system PhoBR (black circles) is found
in all genomes and the PlcP-Agt1/Agt2 are strictly conserved in all 770
genome-sequenced P. aeruginosa strains that form three clades
represented by strain PA14, PAO1 and PA7, respectively. Bootstrap
values >75% are shown.

expression of virulence factors [15, 17, 18, 30], and our
own analysis confirmed that an array of genes involved in
phosphate acquisition and lipid remodelling in P. aerugi-
nosa are indeed highly expressed in sputum samples from
the lung microbiome of CF patients (Fig. 2d). Polymyxins
represent the drug-of-last resort for effectively treating
carbapenem-resistant P. aeruginosa infections [3, 39].

To test the sensitivity of the mutants in the PlcP-Agt
pathway to polymyxin B, we compared WT and mutants
using kill curve analyses as the typically used disk diffusion
method does not work efficiently for cationic antimicrobials
[40]. Indeed, there was a significant decrease in the survival
of all three PAOI glycolipid synthesis mutants (AplcP, Aagtl
and Aagt2) compared to the wild type when challenged with
polymyxin B, suggesting a protective role of glycolipids in
polymyxin B resistance (Fig. 5c¢). Such a protective role of
glycolipids in polymyxin B resistance was not observed for
other antibiotics, including ciprofloxacin, gentamicin, cefta-
zidime and meropenem (data not shown). P. aeruginosa is
known to enhance its resistance to polymyxins through
decoration of its LPS layer using either 4-amino-4-deoxy-L-
arabinose (L-Ara4N) by amB [5], or the addition of phos-
phoethanolamine (pEtN) by eptA [6]. It is thought that these
changes perturb the electrostatic interaction between the
cationic polymyxin B and the normally negatively charged
LPS. To investigate whether these mechanisms play a role in
the glycolipid-deficient mutants, we conducted a comparative
proteomics analysis of the AplcP mutant and WT under
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Fig. 4 Characterisation of glycolipid formation from recombinant
Agtl and Agt2. a Extracted ion chromatogram of the MGDG lipid
from recombinant E. coli expressing Agtl. An empty vector control is
also shown (red line). The identity of MGDG is further validated using
mass spectrometry fragmentation showing the neutral loss of 179
corresponding to the loss of glucose and the formation of mono-
acylglycerols (MAG) with C16:0 or C18:1 (m/z 313.2, 339.3). b
Extracted ion chromatogram of the GADG lipid from recombinant E.
coli expressing Agt2. An empty vector control is also shown (red line).
The identity of GADG is further validated using mass spectrometry

fragmentation showing the neutral loss of 193 corresponding to the
loss of glucose and the formation of monoacylglycerols (MAG) with
C16:0 or C18:1 (m/z 313.2, 339.2). ¢ Purified Agtl and Agt2 protein
from recombinant E. coli (left panel) and Michaelis Menten kinetics of
Agtl towards UDP-glucose (middle panel) and Agt2 towards UDP-
glucuronic acid (right panel) as substrate, respectively. d Mass spec-
trometry identification of MGDG and GADG produced from purified
Agtl and Agt2 using DAG and UDP-glucose and UDP-glucuronic
acid as the substrate, respectively.
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Fig. 5 Glycolipid formation in P. aeruginosa and mutants under Pi
stress, showing a protective role of glycolipids to polymyxin B.
Relative abundance of the glycolipid MGDG (a) and GADG (b) in
P. aeruginosa mutants plcP (purple trace), agt! (blue trace) and agt2
(green, trace) compared to the wild type (WT). Cells were cultivated
under low Pi conditions (50 uM) and a representative extracted ion
chromatogram of MGDG/GADG is shown between the WT, (black
trace) and each mutant. The right most panel shows the abundance of
MGDG or GADG calculated relative to an internal lipid standard
d17:1/12:0 sphingosylphosphoethanolamine (Sigma-Aldrich) in the
wild-type and mutant strains of P. aeruginosa. Values are calculated
from three biological replicates and the error bars denote standard

Pi-deplete conditions, which revealed only a small number of
differentially expressed proteins (Table S3). The majority of
these differentially expressed proteins are uncharacterised.
However, importantly, LPS modification enzymes previously
found to confer antimicrobial peptide resistance, such as
ArmB and EptA, were not differentially expressed between
the WT and AplcP mutant. Therefore, our data suggests that
it is the glycolipids that are the major contributor to increased
polymyxin B resistance, which constitutes a new biological
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deviation. MGDG, monoglucosyldiacylglycerol, GADG, glucuronic
acid-diacylglycerol. ¢ Survival of glycolipid remodelling mutants
AplcP (purple), Aagtl (green) and Aagt2 (blue) when challenged with
4 ugmL~! polymyxin B compared to WT under Pi stress (black). All
experiments were conducted under Pi stress conditions and the results
are the average of three biological replicates; error bars denote stan-
dard deviation. d Survival of glycolipid producing Escherichia coli
when challenged with 20 uyg mL~! polymyxin B. All experiments were
conducted in three replicates and error bars denote standard deviation.
Black, E. coli containing the empty vector pET28a; green, E. coli
containing plasmid pET28a-Agtl; blue, E. coli containing plasmid
pET28a-Agt2.

mechanism for polymyxin resistance. To this end, we tested
the resistance to polymyxin B of recombinant E. coli strains
overexpressing P. aeruginosa Agtl and Agt2, that produce
MGDG and GADG, respectively (Fig. 4a, b). Indeed, in this
gain-of-function assay, both Agtl and Agt2-overexpressing
E. coli strains had enhanced resistance to polymyxin B
compared to the empty vector control (Fig. 5d), supporting
the protective role of these glycolipids to antimicrobial
peptides.
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To conclude, we present here the discovery of novel
glycolipids produced in P. aeruginosa during adapation to
phosphorus stress. This lipid renovation pathway is strictly
conserved in all P. aeruginosa isolates to date and highly
expressed in the metatranscriptome of CF patients, sug-
gesting a key role of lipid remodelling in the ecophysiology
of this bacterium. Interestingly, lipid remodelling as a
response to survive phosphorus stress in turn comes with
trade-offs in terms of antibiotic resistance; these glycolipids
may protect the bacterium from insult by cationic anti-
microbial peptides, highlighting a new resistance mechan-
ism to polymyxin B which has been previously overlooked.
It remains to be seen whether the altered susceptibility to
polymyxin B is the sole trade-off following lipid remodel-
ling of phospholipids to glycolipids. After all, evolution
appears to have selected phospholipids as the dominant
lipids in the last universal common ancestor [12].
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