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Abstract

Sphingoid bases, including sphingosine, are important components of the antimicrobial barrier
at epithelial surfaces where they can cause growth inhibition and killing of susceptible bacteria.
Pseudomonas aeruginosa is a common opportunistic pathogen that is less susceptible to
sphingosine than many Gram-negative bacteria. Here, we determined that deletion of the
sphBCD operon reduced growth in the presence of sphingosine. Using deletion mutants,
complementation, and growth assays in P. aeruginosa PAO1, we determined that the sphC and
sphB genes, encoding a periplasmic oxidase and periplasmic cytochrome c, respectively, were
important for growth on sphingosine, while sphD was dispensable under these conditions.
Deletion of sphBCD in P. aeruginosa PA14, P. protegens Pf-5, and P. fluorescens Pf01 also
showed reduced growth in the presence of sphingosine. The P. aeruginosa sphBC genes were
also important for growth in the presence of two other sphingoid bases, phytosphingosine and
sphinganine. In wild-type P. aeruginosa, sphingosine is metabolized to an unknown non-
inhibitory product, as sphingosine concentrations drop in the culture. However, in the absence
of sphBC, sphingosine accumulates, pointing to SphC and SphB as having a role in sphingosine
metabolism. Finally, metabolism of sphingosine by wild-type P. aeruginosa protected
susceptible cells from full growth inhibition by sphingosine, pointing to a role for sphingosine
metabolism as a public good. This work shows that metabolism of sphingosine by P. aeruginosa
presents a novel pathway by which bacteria can alter host-derived sphingolipids, but it remains

an open question whether SphB and SphC act directly on sphingosine.
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Introduction

In addition to their various cellular and signaling functions, some sphingolipids are key
antimicrobial lipids with activity against both Gram-positive and Gram-negative bacteria(1-6).
Antimicrobial sphingolipids are found at sites throughout the body including the lungs, the skin,
and all mucosal surfaces(4, 7-13). Imbalances or deficiencies in barrier-associated sphingolipids,
particularly sphingoid bases (examples in Fig 1A), increase chances of bacterial infection,
illustrating the importance of these sphingolipids in defense against pathogens(14-16). The initial
antibacterial action for sphingoid bases is predicted to be bacterial membrane disruption, due to
their amphiphilic and detergent-like properties, followed by accumulation of sphingolipids in the
cytosol, ultimately leading to cell death in both Gram-negative and Gram-positive bacteria(4, 6,
17).
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Figure 1: Sphingoid bases and arrangement of the sphBCD operon. (A) Structures of the
sphingoid bases used in this study noting the head-group differences. All of the sphingoid bases
used in this study are C18 versions, though there is tail length variation in naturally occurring
versions from different body sites or organisms. (B) Organization of the sphBCD operon in P.
aeruginosa showing the relative gene sizes, predicted functions, and the gene numbers in the
PAO1 and PA14 genome. The SphR bs denotes the binding site for the sphingosine-responsive
transcriptional activator SphR and the hairpin at the right edge is the predicted rho-independent
terminator.

In Gram-negative bacteria, sphingolipid exposure causes separation of the inner and outer
membranes, similar to the type of damage caused by cationic peptides like cathelicidins(6). The

concentrations of sphingoid bases needed to cause severe and cytotoxic membrane disruption in
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70  many bacteria is low, with Serratia marcescens and Pseudomonas aeruginosa as exceptions,
71  requiring higher concentrations or specific media conditions. For example, the minimum
72  Dbactericidal concentration for P. aeruginosa in most media is > 1 mM, more than 300-fold higher
73  than for Staphylococcus aureus, which often co-infect in lungs and wounds(1), though P.
74  aeruginosa killing can be seen with concentrations as low as 10 uM under distinct media and
75  sphingoid base solubilization regimes(17) and sphingosine-dependent killing of P. aeruginosa can
76  also be seen intracellularly(18). Although there are many factors that influence antimicrobial-
77  bacterial interactions, the sphingolipid resistance profile of P. aeruginosa suggests that it
78  possesses specific mechanisms for resistance to or detoxification of sphingoid bases.

79 P. aeruginosa is associated with a variety of infections, including hospital-acquired and
80 ventilator-associated pneumonia and bacteremia(19-22), as well as chronic lung infection in
81 individuals with cystic fibrosis (CF) and chronic obstructive pulmonary disorder (COPD)(22-28).
82  Many of these infection niches contain abundant sphingosine, other sphingoid bases, and the
83  sphingosine precursors sphingomyelin and ceramide(2, 29-33), though a decrease in sphingosine
84  concentration due to ceramide accumulation has been shown in CF(34, 35). Therapeutic
85 intervention to treat ceramide accumulation can rescue the susceptibility to P. aeruginosa
86 infection in animal models(36). Within the context of pulmonary infections, P. aeruginosa’s ability
87  to resist the antimicrobial effects of sphingosine is correlated with a survival advantage, due in
88 part to the presence of sphingoid bases within the lung epithelium(23).

89 Exposure of P. aeruginosa to pulmonary surfactant leads to induction of a small set of
90 sphingosine-responsive genes in an SphR-dependent manner, including a metabolic operon,
91 sphBCD, encoding a predicted cytochrome c (sphB), predicted oxidoreductase enzyme (sphC),
92  and predicted PLP-dependent aldolase enzyme (sphD)(23) (Fig 1B). We previously showed that
93 loss of sphC led to a small but statistically significant reduction in P. aeruginosa survival in the
94  presence of sphingosine(23). However, the conditions needed for sphingosine killing of P.
95  aeruginosa are very specific. Thus, we sought to examine the effects of sphingosine conditions
96 that may more closely mimic some infections sites. Here we demonstrate that, in addition to killing
97 under specific conditions, sphingosine can strongly suppress growth of an P. aeruginosa sphBCD
98  mutant, with follow-up experiments supporting the sphBC genes as important for P. aeruginosa
99  growth in the presence of sphingosine via sphingosine detoxification. Sphingosine detoxification
100 can function as a public good promoting growth of sphingosine-susceptible P. aeruginosa
101  mutants.

102

103  Results
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The importance of sphBCD genes for P. aeruginosa growth in the presence of sphingosine and

sphingosine analogs

We previously reported the importance of sphR and sphA for resistance to sphingosine-
dependent killing of P. aeruginosa PAO1 with a minor impact of sphC mutation(23). Killing of P.
aeruginosa by sphingosine requires specific media conditions (high divalent cation concentration)
and/or micellular sphingosine(17, 23). We observed that even in the absence of these very
particular conditions and thus the absence of killing, sphingosine could strongly inhibit growth of
P. aeruginosa AsphBCD deletion mutants and that inhibition was stronger when growth was
conducted in glass rather than in plastic at a given concentration of sphingosine (Fig 2A). The
same protective role of sphBCD can be observed during growth in the presence of sphinganine

(Fig 2B) and phytosphingosine (Fig 2C).
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118  Figure 2: Concentration dependent inhibition for sphingoid bases is dependent on the
119 base and the culture vessel material. All panels show relative growth measured by ODeyo as
120 compared to the WT with empty vector (pEV) in the absence of sphingosine at the 18-hour
121  timepoint. The data shown here are for (A) sphingosine, (B) sphinganine, and (C)
122 phytosphingosine in either glass (open symbols) or plastic (closed symbols). The ICso curve and
123  estimated ICss to the right of the plots generated using variable-slope curve fitting in GraphPad
124  Prism. If calculated 1Cso was above the solubility of sphingosine, it was listed as NA. Data points
125 denote means summarizing three independent experiments and error bars mark standard
126  deviation. Abbreviations: pEV, empty vector pMQ80.

127

128 Deletion of the sphBCD operon increased susceptibility to sphingosine and close analogs
129  when measured at 18 hours post inoculation (Fig 2), and we wanted to examine the kinetics of
130 this growth inhibition by measuring growth over time. We measured growth with 100% set as WT
131  ODesoo in the absence of sphingosine at 18 hours. At 200 uM sphingosine, the sphBCD deletion
132 shows initial growth that starts to plateau after about 10 hours, while WT has a delay in growth
133 before resumption of a nearly normal growth rate. The complementation strain has no substantial
134  delay, growing at a rapid rate after lag phase (Fig 3A). The sphBCD deletion is also defective for
135  growth in the presence of sphinganine (Fig 3B) and phytosphingosine (Fig 3C). Neither of these
136  sphingosine analogs shows the strong delay in WT growth and, while AsphBCD growth in
137  phytosphingosine shows the same plateau as for sphingosine (compare Fig 3C with 3A), the
138  AsphBCD strain can grow slowly in the presence of sphinganine with a substantial delay. Growth
139  of all strains in the absence of sphingosine is presented in Supplemental Figure S1.

140
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142 Figure 3: Kinetic growth assessment of wild-type, mutant, and complemented strains in
143  the presence of sphingoid bases. All panels are 18-hour timecourses measuring relative growth
144  of each strain at each timepoint as measured by ODgg compared to the WT with empty vector
145  (pEV) in the absence of sphingosine at the 18h timepoint. The data shown here are for (A)
146  sphingosine, (B) sphinganine, and (C) phytosphingosine. Growth curves in MOPS pyruvate in the
147  absence of sphingoid bases are presented in Supplemental Figure S1. Data points denote means
148  summarizing three independent experiments and error bars mark standard deviation with only the
149  bars above the mean shown for figure clarity. Abbreviations: pEV, empty vector pMQ80; pBCD,
150  vector containing sphBCD.

151

152

153 The critical role for sphC for growth in the presence of sphingosine

154 Deletion of sphBCD can be complemented by plasmids carrying sphBCD or a plasmid
155  carrying sphBC, but not other single genes from the locus (Fig 4A), supporting sphB and sphC
156  as required components for resistance to sphingosine. Deletion of sphC alone phenocopies
157  AsphBCD and sphC complements this phenotype in AsphC (Fig 4B). Similar to sphingosine,
158 deletion of sphC results in growth inhibition by the sphingosine analogs sphinganine and
159  phytosphingosine, and these phenotypes can be complemented (Fig 4C & D). These data
160  support a role for sphBC in resistance to growth inhibition by antimicrobial sphingoid bases.

161
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164 Fig 4. The sphBC genes are critical for wild-type levels of growth in the presence of
165 sphingoid bases. (A) Complementation analysis of AsphBCD shows significant
166  complementation only with plasmids expressing sphB and sphC, while sphD appears dispensable
167  for growth at 18 hour normalized to WT empty vector growth in MOPS pyruvate set as 100%. (B-
168 D) Deletion of sphC phenocopies deletion of sphBCD and can be complemented by sphC on a
169 plasmid. This phenotype is shared between the sphingoid bases (B) sphingosine, (C)
170  sphinganine, and (D) phytosphingosine. 18-hour growth was normalized to WT empty vector
171 growth in MOPS pyruvate set as 100%. For all panels, all data points are shown and are colored
172 by experiment with white circles for all replicates from experiment #1, gray from experiment #2,
173  and black from experiment #3. Only the means for each experiment are used in the statistical
174  analyses for these panels (n = 3 per condition). For (A), significance noted as (**, p<0.01; ***,
175  p<0.001; **** p<0.0001) calculated from ANOVA with Dunnett’s post-test with AsphBCD pEV as
176  the comparator. For (B-D), significance noted as (**, p<0.01; *** p<0.001; **** p<0.0001) for
177  comparisons of each complemented strain to its empty vector control, while significant difference
178 to WT with empty vector noted as (a, p<0.0001; b, p<0.01). Analysis of B-D conducted with
179  ANOVA and Tukey’s post-test comparing all groups. Abbreviations: pEV, empty vector pMQ80;
180  pBCD, vector containing sphBCD; pC, vector containing sphC.
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182

183 sphBC are important for metabolism of sphingosine to a non-toxic metabolite

184 While there were many potential mechanisms by which sphBC could provide sphingosine
185  resistance, one potential mechanism was metabolism of sphingoid bases to a compound that was
186  not growth inhibitory. The sphC gene encodes a TAT-secreted periplasmic oxidoreductase(37)
187 and sphB encodes a sec-secreted periplasmic cytochrome c5-like protein, predicted to be a
188 lipoprotein. These predicted functions suggested a role for oxidation of some compound in the
189  periplasm, potentially sphingosine or a compound required for subsequent sphingosine
190 metabolism. Sphingosine is depleted from supernatants and cell culture extracts of WT cells (Fig
191 5 and also seen in(38)), while sphingosine and close analogs accumulate in cell culture extracts
192  of AsphBCD, as measured by bioassay (Fig 5A-C). The bioassay measures are supported by
193  liquid-chromatography mass spectrometry (Fig 5D) and thin-layer chromatography (TLC) (Fig
194  5E). These data support a role for sphBC in sphingosine metabolism to a non-toxic product, as
195 functional sphBC (WT) leads to no substantial growth inhibition and absence of the added
196  sphingosine.

197
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200 Figure 5: Metabolism of sphingoid bases is dependent on the presence of sphBCD. (A-C)
201  Determination of sphingoid bases remaining in the culture after 18 hours of incubation as
202  measured using the sphA-lacZ reporter assay, (D) LC-MS, and (E) TLC. Statistical significance
203  noted as ****P < 0.0001 using a two-way ANOVA with Tukey’s post-test comparing all groups.
204  For panels A-D, all data points are shown and are colored by experiment with white circles for all
205 replicates from experiment #1, gray from experiment #2, and black from experiment #3. Only the
206 means for each experiment are used in the statistical analyses for these panels (n = 3 per
207  condition, except the LC-MS, for which only two replicates were run and are therefore not
208  statistically analyzed). The spot that runs below sphingosine in the AsphBCD mutant TLC lane (in
209 E) is an unknown amine-containing lipid and did not run similarly to any of our sphingolipid
210 standards. Abbreviations: ns, not significant; P, pyruvate (control); S, sphingosine; ABCD,
211 AsphBCD; pEV, empty vector pMQ80; pBCD, vector containing sphBCD.
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215 Phylogenetic distribution of the sphBCD genes and their roles in other species

216 The sphBCD genes are present in all sequenced P. aeruginosa and are also present in
217  most non-aeruginosa Pseudomonads using the Pseudomonas genome browser(39). As sphB
218 and sphC encode proteins in large families, true orthology is difficult to assess, particularly in the
219  absence of any direct understanding of substrate interaction in the case of SphC. Co-occurrence
220  searches with String(40) yield quite a large number of hits in the Firmicutes, Actinobacteria, and
221  Alpha-, Beta-, and Gamma-Proteobacteria, but nothing outside of those groups. Manual
222  searching through the resultant genes suggests some could be orthologs, including a putative
223  SphC of Caulobacter crescentus, described below, while others are likely unrelated to
224  sphingosine. Therefore, we first focused on assessing function of the sphBCD genes in other
225  Pseudomonads, including P. fluorescens WCS365 which does not have an sphD ortholog in its
226 sphBC operon. Deletion of the sphBCD genes from P. aeruginosa PA14 and P. protogens Pf-5
227  showed a growth defect in the presence of 200 UM sphingosine regardless of culture vessel
228  material (Fig 6A&B). The sphBCD deletion mutant of P. fluorescens Pf01 was lower than WT in
229  each vessel material, but the difference was only significant in glass (Fig 6A). Deletion of sphBC
230 in P. fluorescens WCS365 did not show a phenotype. These data support a role for sphBC in
231  resistance to sphingosine beyond P. aeruginosa, but presence of these genes does not
232 necessarily predict importance for growth in the presence of sphingosine. We deleted the sphC
233  gene from C. crescentus but the measured effect was significant only within a very small
234  sphingosine concentration range (Supplemental Figure S2A). We also tested heterologous
235  expression of C. crescentus sphBC to attempt complementation of P. aeruginosa AsphBCD. For
236 C. crescentus putative sphBC, the native sec- and TAT-signal sequences encoded in sphB and
237  sphC, respectively, were swapped for the sec- and TAT-signal sequences from P. aeruginosa
238  sphB and sphC. While data show a trend towards partial rescue, the impact of C. crescentus
239  sphBC in P. aeruginosa is not statistically significant (Supplemental Figure S2B).

240
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243  Fig 6. The role of sphBC in other Pseudomonads. The growth WT and mutant for each strain
244  in 200 uM sphingosine shown normalized to that strain’s growth in MOPS pyruvate media. As
245  seen for P. aeruginosa PAO1 (Fig 2), the culture vessel material impacts the potency of
246 sphingosine for some strains. Significance noted as (**, p<0.01; ***, p<0.001; **** p<0.0001)
247  calculated from ANOVA with Sidak’s post-test comparing WT to mutant within each strain. For
248  both panels, all data points are shown and are colored by experiment with white circles for all
249  replicates from experiment #1, gray from experiment #2, and black from experiment #3. Only the
250 means for each experiment are used in the statistical analyses for these panels (n = 3 per
251  condition) Abbreviations: ABCD, AsphBCD; ABC, AsphBC; Pa, P. aeruginosa; Pf, P. fluorescens;
252 Pp, P. protogens.

253

254

255 Detoxification of sphingosine is a public good

256 The sphBC genes have a role in metabolism of sphingosine to a product that is not growth
257  inhibitory, which suggests that cells capable of sphingosine metabolism could potentially protect
258  cells that cannot otherwise metabolize sphingosine from its antimicrobial effects. Wild-type P.
259  aeruginosa partially protects AsphBCD from sphingosine growth inhibition as measured by both
260 fluorescent signal (Fig 7A) and CFU (Fig 7B) and the same effect was seen when the fluorescent
261  markers were swapped between the strains (Supplemental Fig S3). P. aeruginosa could likewise
262  protect the sphingosine-susceptible Staphylococcus aureus (Fig 8A). While protection of S.
263 aureus by AsphBCD trended lower than wild type (Fig 8B), this did not reach significance given
264  the assay variability.

265
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267  Fig 7. Wild type sphingosine detoxification can protect co-cultured AsphBCD from growth
268 inhibition by sphingosine. (A) Fluorescence signal for GFP and mScarlet normalized to
269  monoculture of WT carrying GFP or mScarlet, respectively. GFP signal shown with light green
270  bars and mScarlet signal shown with dark red bars. The strain carrying each fluorescent protein
271  is labeled below graph. (B) CFU counts of GFP-expressing colonies in the presence (S) or
272  absence (P) of sphingosine. The strain carrying each fluorescent protein is labeled below graph.
273 Significance noted as (***, p<0.001; ****, p<0.0001) calculated from ANOVA with Tukey’s post-
274  test comparing within and between co-culture groups. For both panels, all data points are shown
275 and are colored by experiment with white circles for all replicates from experiment #1, light gray
276  from experiment#2, dark gray from experiment #3, and black from experiment#4. Only the means
277  for each experiment are used in the statistical analyses for these panels (n = 4 per condition)
278  Abbreviations: ABCD, AsphBCD; P, pyruvate (control); S, sphingosine; N.D., not detectable.
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282  Fig 8. P. aeruginosa can protect S. aureus from complete Killing by sphingosine. (A)
283  Titration of WT P. aeruginosa into the sphingosine-containing media for 1h prior to S. aureus
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284  inoculation protected a small proportion of S. aureus from the lethal effects of 5 hours in the
285 presence of 50 pM sphingosine in a P. aeruginosa inoculum-dependent manner. (B) The
286  proportion of the initial S. aureus population protected by P. aeruginosa WT trended higher than
287  the proportion protected by AsphBCD. All data points are shown and are colored by experiment
288  with white circles for all replicates from experiment #1, gray from experiment #2, and black from
289  experiment #3. Only the means for each experiment were used for a t-test to statistically analyze
290 these data (n = 3 per condition) and thus the technical replicates with no CFU are averaged to a
291 non-zero number for each experiment (even for experiment #1, where only one replicate had
292  countable colonies).

293

294

295 Discussion

296 Sphingoid bases, including sphingosine, are important antimicrobial compounds on
297  epithelial surfaces of mammals(12, 41) and are also produced by plants and released into the
298 rhizosphere(42). Here, we report the identification of the P. aeruginosa sphBCD operon as
299  necessary for metabolism, and thus detoxification, of sphingosine and other sphingoid bases,
300 showing that functional sphBCD is needed for wild-type levels of growth in the presence of
301 sphingoid bases. These conclusions are supported by growth studies, complementation, and
302 measurements of sphingosine metabolism. Wild-type P. aeruginosa can also protect susceptible
303 bacteria from sphingosine pointing to a potential role in mixed microbial communities.

304 The work presented here focuses on conditions wherein sphingosine inhibits growth but
305 s not bactericidal for either wild-type or AsphBCD. These conditions are quite different than those
306  required for P. aeruginosa killing by sphingosine by us and others, which typically use very high
307 divalent cation concentrations and is dependent on the phase of the lipid(17, 23). In our current
308 data, sphingosine is dried onto the vessel surface allowing vehicle evaporation prior to adding
309 media and P. aeruginosa and results in growth inhibition rather than killing, though others have
310 also noted bacterial growth inhibition rather than killing for sphingoid bases(42). Therefore, while
311 the concentration of sphingosine in the entire well is listed in our experiments, the concentration
312  of free sphingosine in the liquid phase at any given point in time is unknown. Our model may not
313  mimic the antimicrobial activity of sphingosine in liquid covered epithelium, like in the lung(12),
314 and might be a closer mimic to the antimicrobial activity of sphingosine on the skin with a
315 temporary covering of sweat(3). In a similar manner, our model is likely closer to the behavior of
316  plant-derived sphingoid bases in non-saturated soils. The importance and properties of the vessel
317 material underlines the difference of our model, where there are noticeable differences in
318 concentration-dependent inhibition and growth phenotype depending on whether the culture
319  vesselwas glass or plastic. Because of the very different conditions in our model, the phenotypes
320 shown here are not directly comparable to the killing phenotypes we previously reported(23) or to

321 the P. aeruginosa killing presented by others(17). In our previous work, an sphC mutant had a
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322 small but measurable defect in the sphingosine killing assay while AsphR and AsphA mutants
323  were very susceptible to sphingosine killing. However, in the growth inhibition assay, the sphA
324 mutant has no phenotype (Supplemental Figure S4A). Additionally and interestingly, while
325 sphBCD can be induced by sphingosine in an sphR-dependent manner(23), sphR is notimportant
326  for growth in the presence of sphingosine (Supplemental Figure S4B) suggesting either that
327 basal transcription is sufficient for growth or that there is another regulator inducing sphBCD,
328 perhaps related to envelope stress response. We think that these differences in phenotypes for
329  sphingosine-related mutants in the two sphingosine response models, killing vs growth inhibition,
330 are likely biologically important and may reflect management of sphingosine under different
331 environmental conditions. We also note that the carbon source in minimal media impacts the
332  effect of sphingosine on PAO1 growth with less impact of sphingosine when grown using a carbon
333  source which enables faster growth (Supplemental Figure S5), though complementation with
334 sphBCD still improves growth even when there is little overall inhibition (i.e. in MOPS +
335  Succinate). This effect of carbon source could be due to either faster growth rate or more rapid
336 accumulation of cell mass that could dilute the effectiveness of sphingosine —these are conjecture
337 and would need to be formally tested.

338 Our genetic analysis implicates SphC and SphB as the critical proteins for sphingosine
339 resistance encoded in the sphBCD operon, as deletion of sphC phenocopies AsphBCD (Fig 4B-
340 D) and only vectors containing both sphC and sphB can complement AsphBCD (Fig 4A). SphC
341 s predicted to be an FMN-linked oxidoreductase that is known to be TAT secreted and localized
342  to the periplasm(37). SphB is a predicted lipoprotein cytochrome c with a Sec signal sequence.
343 Based on the data presented here and the presence of the sphBCD operon in the
344  sphingosine:SphR regulon(23), we predict that SphC can oxidize sphingosine to a metabolite that
345 is non-toxic and the electron needed for this oxidation is replenished by SphB. Some evidence
346  supporting that SphC and SphB might be partners is that while plasmid-borne sphC can
347 complement AsphC, it is not as strong a complementation as plasmid-borne sphBC
348 complementation of AsphBCD (Fig 4). This could be explained by a stoichiometry mismatch
349  between SphC and SphB. As to why the plasmid carrying sphBC does not complement as well
350 as the plasmid carrying sphBCD, we are not sure, though since we have not measured transcript
351 and protein levels generated from these constructs, it could simply be a difference in functional
352  expression. Itis interesting to note that the two organisms that we tested that carry only sphBC in
353 an operon P. fluorescens WCS365 and C. crescentus, compared to those with sphBCD, show
354 little to no effect of the sphBC deletion on growth in the presence of sphingosine (Fig 6 and
355  Supplemental Figure S2).
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356 Multiple attempts to identify the direct metabolite of sphingosine were unsuccessful,
357 perhaps because one potential initial product would be a very reactive aldehyde aldol. While our
358 data here underscore the necessity of sphBC for sphingosine metabolism and normal levels of P.
359  aeruginosa growth in the presence of sphingosine, we currently have no evidence that sphBC are
360 sufficient for sphingosine metabolism. This leaves open the possibility that SphB and SphC act
361 indirectly to detoxify sphingosine. Complementation of P. aeruginosa AsphBCD with secretion
362 adapted sphBC homologs from Caulobacter crescentus showed no significant effect
363  (Supplemental Figure S2). There are many reasons this heterologous complementation might
364 have failed yet be non-informative, including poor protein folding in the heterologous host,
365  secretion failure despite the attempt at secretion adaptation of each sequence to the heterologous
366 host, rapid degradation of one or both proteins, or, in the case of SphB, failure to interact with the
367 unknown inner membrane electron donor in the heterologous host. Additionally, while C.
368  crescentus putative SphB and SphC are homologous to P. aeruginosa SphB (44% identity, 55%
369  positive) and SphC (42% identity, 58% positive), it is unknown whether they are orthologous.

370 When we examined other strains and other Pseudomonas species, we noted that while
371  sphBCD deletion led to poorer growth in the presence of sphingosine for P. aeruginosa PAl14, P.
372 fluorescens Pf01, and P. protegens Pf-5, deletion of sphBC in P. fluorescens WCS365 had no
373  phenotype (Fig 6). Additionally, the magnitude of the phenotype differed between species and,
374 like for P. aeruginosa, was dependent on the culture vessel material. Combining these findings
375  with the observation that P. aeruginosa AsphBCD can still grow in the presence of sphingosine,
376  albeit not to the same extent as wild type, we conclude that there are other proteins or cellular
377  processes that can function independently of sphBCD. In P. fluorescens WCS365, there is no
378 sphD homolog at the locus and there is very minimal decrease in growth of either wild-type or
379  AsphBC. This strain must have an alternate mechanism to resist growth inhibition by sphingosine.
380 Regardless of whether SphC and SphB directly act on sphingosine, sphBC dependent
381 sphingosine metabolism depletes sphingosine from the media (Fig 5). Such sphingosine
382  depletion led us to hypothesize that metabolism of sphingosine by wild-type cells would protect
383  sphingosine-susceptible bacteria in co-culture which we did indeed observe in a co-culture of wild-
384  type and AsphBCD cells (Fig 7). Similarly, S. aureus is completely killed by 50 uM sphingosine
385 under the conditions of our assay, but a small percentage can be protected by P. aeruginosa.
386  While fewer S. aureus are protected by AsphBCD, variation in the means makes the contribution
387 of sphBCD to this protection not statistically significant. One of the caveats of this P. aeruginosa-
388  S.aureus co-culture is that, for these lab isolates, P. aeruginosa eventually kills the S. aureus(43-
389  45). Future work will look at co-isolates of these species from the same patient samples, where

390 apparently peaceful co-existence is common(46). Since many bacteria and some fungi are
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391 susceptible to sphingoid bases(3, 42), sphingoid base detoxification in areas of very high
392  sphingosine concentration (skin, rhizoplane) might contribute to community structure and
393  composition.

394 Our identification and characterization of the sphingoid base-dependent phenotype of
395 sphBCD and sphC mutants is an important step in our understanding of bacterial manipulation of
396  sphingolipids. However, there remain a number of important and unaddressed issues identified
397  during our work, including the biochemical mechanism behind SphC and SphB function, the
398 identity and role of sphBC-independent sphingosine management systems in P. aeruginosa and
399  other Pseudomonads, and the contributions of sphingosine detoxification to spatial architecture
400 in sessile communities.

401

402

403  Materials and Methods

404

405 Strains and growth conditions

406 Pseudomonas aeruginosa PA14, PAOL, and related mutant strains were maintained at
407  37°C on Pseudomonas lIsolation Agar (PIA) plates with 20 ug/ml gentamicin added when
408  appropriate. Pseudomonas fluorescens, Pseudomonas protegens, and strains of those species
409 were maintained at 30 °C on lysogeny broth-Lennox formulation (LB) plates. Prior to assay set
410  up, strains were grown shaking either at 37 °C or 30 °C overnight in a 1X MOPS medium (47),
411  modified as previously described (48), and supplemented with 25 mM pyruvate and 5 mM
412 glucose, adding in 20 pg/ml gentamicin when appropriate. For competition assays, Pseudomonas
413  aeruginosa PAO1 and Staphylococcus aureus strains were maintained at 37 °C on LB plates.
414  Prior to co-culture experiments, P. aeruginosa and S. aureus were grown shaking at 37 °C in 1X
415  MOPS medium with 20 mM pyruvate and 5 mM glucose. All strains are listed in Table 1.

416

417  General Allelic Exchange, Chromosomal Alterations, and Electroshock Transformations

418 All allelic exchanges were completed using the pMQ30 non-replicative and counter-
419  selectable vector(49). Briefly, once constructs were cloned into the pMQ30 backbone, they were
420 transformed into chemically competent S17 Apir E. coli by heat shock. For conjugation, donor and
421  recipient cells were mixed, collected by centrifugation, and resuspended in a small volume of LB
422  and spotted onto LB plates to dry after which they were incubated overnight at 30°C. Single
423 crossover merodiploids were selected by plating on PIA with 50ug/ml gentamicin at 37°C, which

424  also kills the donor E. coli. Two independent single crossovers for each allele were inoculated into
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425 LB and incubated at 37°C for 3-4 hours with shaking before plating on LB and LB with no NaCl
426  and including 5% sucrose and incubated at 30°C overnight. Sucrose-resistant colonies were then
427  patched to LB with 5% sucrose and no NaCl plates (incubated at 30°C) and LB with 50ug/mi
428  gentamicin plates (incubated at 37°C) to identify and discard remaining merodiploids. Verification
429  of strains from double crossovers was completed using PCR as described.

430 Allelic exchange vectors for deletion of sphBCD or sphC in PAO1 and PA14 were created
431 by splice overlap extension as we have described previously for other sphingosine related
432 genes(23). Briefly, PCR fragments were amplified for both upstream and downstream of sphBCD
433  or sphC and ligated into pMQ30 cut with either Kpnl/Hindlll or BamHI/Hindlll. For sphBCD PCR
434  fragment amplification, the upstream region was amplified with primers 2080 and 2083, while the
435 downstream region was amplified using 2081 and 2083. For sphC PCR fragment amplification,
436  the upstream region was amplified with primers 1022 and 1024, while the downstream region was
437  amplified using 1023 and 1025. After verification by digest screening, plasmids were sequenced
438 by Plasmidsaurus. Sequence verified plasmids were transformed into chemically competent S17
439  Apir E. coli and allelic exchange was completed as described above, resulting in strains LAH 83.2
440 (PAO1 AsphBCD), PD49 (PAO1 AsphBCD), and PD47 (PAO1 AsphC).

441 Allelic exchange vectors for sphBCD deletion in P. fluorescens Pf-01 and P. protegens Pf-
442 5 and sphBC deletion in P. fluorescens WCS365 were created using splice overlap extension
443  (SOE) as described above. After amplification and splice overlap, fragments were ligated into
444  pMQ30 cut with Kpnl/Hindlll (for P. fluorescens WCS365 and P. protegens Pf-5) or Xbal /Kpnl
445  (for P. fluorescens PF-01). The P. fluorescens WSC365 sphBC upstream region was amplified
446  with primers 2736 and 2737, while the downstream region was amplified using primers 2738 and
447  2739. The P. fluorescens Pf-01 sphBCD upstream region was amplified with primers 2740 and
448 2741, while the downstream region was amplified using 2742 and 2743. The P. protegens Pf-5
449  sphBCD upstream region was amplified using primers 2732 and 2733, while the downstream
450 region was amplified using 2734 and 2735. After verification by digest screening, plasmids were
451 sequenced by Plasmidsaurus. Sequence verified plasmids were transformed into chemically
452  competent S17 Apir E. coli and allelic exchange was completed as described above, resulting in
453  strains LAH 323 (WSC365 A sphBC), LAH 362 (Pf-01 AsphBCD), and LAH 349 (Pf-5 AsphBCD).
454 The sphBCD, sphBC, sphCD, and sphC complementation constructs, pPD8, pPD54,
455  pPD55, and pPD23, were generated by amplifying the appropriate region from genomic DNA
456  using primer pairs 2726 & 2727, 2882 & 2883, 2726 & 2727, and 2511 & 2512, all cut with EcoRl
457  and Hindlll and independently ligated into similarly cut pMQ80. Plasmids with correct insert

458  determined by PCR were sequenced (Plasmidsaurus) and correct plasmids electrotransformed
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459  into target strains (Table 1). The empty vector control for all complementations was the empty
460 pMQB8O0 vector.

461 The sGFP2 construct, pJM18, and mScarlet-1 construct, pKSmScar6, were built using
462  HiFi (NEB) assembly using synthetic gene fragments (gBlocks) and ligated into pUCP22 digested
463  with BamHI and EcoRI. pJM18 and pKSScar6 assemblies were verified by digest screening using
464  Hindlll and Sacl and digest-correct clones were sequenced (Plasmidsaurus) before
465  electrotransformation into target strains (Table 1).

466

467 Chemicals and notes on sphingolipid stability, solubility, and handling

468 All media, media components, and standard chemicals were purchased from
469  ThermoFisher or Sigma. The sphingoid bases sphingosine, phytosphingosine, and sphinganine
470  were purchased from Cayman Chemicals and dissolved in 95% ethanol as aliquots of 50 mM
471  stocks and stored at -20 °C. Storing as aliquots is important, as multiple freeze-thaw cycles lead
472  to loss of each of the sphingoid bases’ antimicrobial capacity and ability to stimulate gene
473  induction via SphR(23). Sphingoid bases were delivered to the vulture vessel in ethanol and then
474  the solvent evaporated to dryness, using air drying for multi-well plastic plates and a gentle stream
475  of nitrogen gas for glass tubes.

476

477 Determining ICso for sphingosine, sphinganine, and phytosphingosine in glass and plastic

478 P. aeruginosa strains were grown overnight at 37 °C shaking in MOPS media 25 mM
479  sodium pyruvate, 5 mM glucose, and 20 ug/ml gentamicin. Cells from overnight cultures were
480  collected via centrifugation, washed with MOPS media, and resuspended in MOPS with 25 mM
481  sodium pyruvate and 20 pug/ml gentamicin. Starting at an ODggo 0Of 0.05, Pa strains were grown
482  for 18 hours at 37°C with horizontal shaking in either plastic 48-well plates or 13x100mm glass
483  tubes in the presence or absence of various concentrations of each sphingoid base. For the
484  incubation periods, plates were covered with a sterile, breathable, adhesive microporous sealing
485  film (USA Scientific) to allow for equal gas exchange for each well, while glass tubes were covered
486  loosely with aluminum foil. After 18-hour incubations, ODsoo Was measured using a Synergy H1
487  (Biotek) plate reader. ICso values calculated in GraphPad Prism using the log(inhibitor) vs
488  response — Variable slope (four parameter) curve fitting analysis.

489

490 Kinetic growth assays

491 To measure growth kinetics, sphingoid bases were used at 200 uM. Prior to inoculation,

492  P.aeruginosa strains were grown overnight at 37 °C, shaking in MOPS media with 25 mM sodium

21


https://doi.org/10.1101/2024.09.03.611043
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.03.611043; this version posted September 3, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

493  pyruvate, 5 mM glucose, and 20 ug/ml gentamicin. Cells were collected via centrifugation, washed
494  in MOPS media, and resuspended in MOPS with 25 mM pyruvate and 20 ug/ml gentamicin, at a
495  starting ODsgo of 0.05 in 48-well plates sealed with breathable adhesive films. Absorbance for the
496  film was removed by determining the difference between the absorbance post film application to
497  theread pre-application and subtracting that difference for each well and applying that to all reads
498  for that well. Growth was measured via ODeoo taken every 30 minutes with a Synergy 2 H1 Biotek
499  hybrid plate reader set at 37°C with orbital shaking before each read.

500

501 Growth assays for other Pseudomonads, Caulobacter, and heterologous complementation

502 To investigate the importance of sphBCD in other Pseudomonas strains and species,
503  overnight cultures in MOPS media with 25 mM sodium pyruvate and 5mM glucose were grown at
504 37 °C for P. aeruginosa strains and 30 °C for P. protegens and P. fluorescens strains. Cells were
505 collected via centrifugation, washed in MOPS media, and resuspended in MOPS media with 25
506 mM pyruvate (or 20 mM pyruvate, 10 mM glucose, or 10 mM succinate when assessing catabolite
507 repression, shown in supplemental figures). Pseudomonas strains and species were grown in
508 sterile 13x100mm boroscilicate glass tubes or plastic 48-well plates for 18 hours at 37 °C (for P.
509 aeruginosa strains) or 30 °C (for P. protegens and P. fluorescens strains), with orbital shaking, in
510 the presence or absence of sphingoid bases (200 uM final concentration) at a starting ODggo Of
511  0.05. After 18-hour incubations, growth was measured by ODsgo Using a Synergy H1 Biotek plate
512  reader.

513 Caulobacter crescentus WT NA1000 and related AsphC were maintained at 30 °C on
514  PYE (peptone-yeast extract) plates containing 2 g/L Bacto Peptone, 1 g/L Yeast Extract, 1 mM
515 MgSOQOs4, and 0.5 mM CacCl,. Prior to assay set up, strains were grown shaking at 30 °C overnight
516  in M2 minimal salts medium (6.1 mM NaxHPOQO4, 3.9 mM KH2PO4, 9.3 mM NH4Cl, 0.5 mM MgSOs,,
517 10 uM FeSO, (EDTA chelate), and 0.5 mM CacCl,) with 0.2% glucose as the sole carbon source.
518  To investigate the importance of sphBC in other gram-negative bacterium, such as C. crescentus,
519  overnight cultures in M2 minimal media were grown at 30 °C. Cells were collected via
520 centrifugation and resuspended again in M2 minimal media at an ODgg of 0.05 and grown in
521  sterile 13 X100 mm borosilicate glass tubes at 30 °C, with orbital shaking, in the presence or
522 absence of sphingosine, at varying concentrations. After 18-hour incubations, growth was
523  measure by ODsgo Using a Synergy H1 Biotek plate reader.

524 To investigate the importance of homologous sphBC from C. crescentus in rescuing P.
525 aeruginosa AsphBCD growth inhibition in the presence of sphingosine, overnight P. aeruginosa

526  cultures in MOPS media with 25 mM sodium pyruvate, 5 mM glucose, and 20 pug/ml gentamicin

22


https://doi.org/10.1101/2024.09.03.611043
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.03.611043; this version posted September 3, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

527  were grown shaking overnight at 37 °C. sphBCD complementation was assessed with native P.
528 aeruginosa genes (PD128; PAO1 AsphBCD with PasphBCD on pUCP22) or C. crescentus
529  homologues (PD117; PAO1 AsphBCD with CcsphBC on pUCP22). Cells were collected via
530 centrifugation, washed in MOPS media, and resuspended in MOPS media with 25 mM pyruvate
531  with 20 pg/ml gentamicin. P. aeruginosa strains were grown in sterile 13x100mm borosilicate
532  glasstubes for 18 hours at 37 °C, with orbital shaking, in the presence or absence of sphingosine,
533  at a starting ODeggo 0Of 0.05. After 18-hour incubations, growth was measured by ODggo USing a
534  Synergy H1 Biotek plate reader.

535

536  sphA-lacZ reporter assay

537 To determine the amount of sphingoid base remaining in culture when sphBCD is deleted,
538  sphA transcriptional induction was measured using our previously described sphA-lacZ reporter
539 assay and construct(23). P. aeruginosa was electrotransformed with the sphA promoter construct
540  (pAL4)(23), and resultant colonies were grown overnight at 37 °C, shaking, in MOPS media with
541 25 mM sodium pyruvate, 5 mM glucose, and 20 ug/ml gentamicin prior to induction. Cells were
542  collected by centrifugation, washed in MOPS media, and resuspended in MOPS media with 25
543 mM sodium pyruvate and 20 ug/ml gentamicin with or without lipid extracts from strains to be
544  tested. Lipid extracts were collected for each strain after 18 hours incubation in the presence or
545  absence of sphingoid bases (200 uM final concentration). B-galactosidase assays were then
546  completed as previously described(50, 51) using Miller's method(52).

547

548  Thin layer chromatography

549 To visualize the amount of sphingosine remaining in culture in the presence or absence
550 of sphBCD, we used thin layer chromatography. Pa strains were grown overnight at 37 °C,
551  shaking in MOPS media with 25 mM sodium pyruvate, 5 mM glucose, and 20 pg/ml gentamicin.
552  Cells were collected by centrifugation, washed in MOPS media, and resuspended in MOPS media
553  with 25 mM pyruvate and 20 ug/ml gentamicin at a starting ODggo 0f 0.05. Strains were grown for
554 18 hours at 37 °C, with orbital shaking, in sterile foil-covered borosolicate 13x100mm glass tubes
555  with or without 200 uM sphingosine. After incubation period, lipids were extracted from whole cell
556  culture using the Bligh and Dyer method (53). Briefly, chloroform:methanol (1:2; v:v) was added,
557 samples were vortexed, and one volume of water was added. After briefly vortexing, samples
558  were centrifuged for 10 minutes at 14,000 x g. After centrifugation, the lower organic fraction was
559  collected and dried using N2 gas before final resuspension in 20 uL of ethanol. TLC silica gel 60

560  Fs4 plates (Sigma Aldrich) were pre-run with acetone, dried, and lipid extracts spotted onto the
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561 plate. After samples dried, plates were run in a closed glass chamber with
562  chloroform:methanol:water (65:25:4; v:v:v) as the mobile phase. After the mobile phase
563  approached top of the plate, the plate was removed, dried, and was sprayed with Ninhydrin
564  Solution (Acros Organics) to detect sphingosine by its primary amine group.

565

566 LC/ESI-MS/MS

567 To directly quantify the levels of sphingosine remaining in culture in the presence and

568 absence of sphBCD, LC/ESI-MS/MS was completed by Lipotype, Inc (Germany). Strains were
569 grown as per TLC and, after incubation, samples were lysed at 4 °C for 10 minutes via bead
570  beating with vortex cell disruptor using 0.5 mm glass beads. Samples were stored at -80 °C until
571  shipment to Lipotype, Inc. Before LC/ESI-MS/MS, samples were spiked with deuterated internal
572  standards (including 0.25 ng sphingosine-d7). Methanol/isopropanol was added for protein
573  precipitation and the cleared solutions were analyzed using an Agilent 1290 HPLC system with
574 binary pump, multisampler, and column thermostat with a Kinetex EVO C-18, 2.1 x 100 mm, 2.6
575  um column using a gradient solvent system of ammonium carbonate (2 mM) and methanol. The
576  flow rate was set at 0.4 mL/min and the injection volume was 1 uL. The HPLC was coupled with
577 an Agilent 6495 Triplequad mass spectrophotometer (Agilent Technologies, Santa Clara, USA)
578  with electrospray ionization source. Analysis was performed with Multiple Reaction Monitoring in
579  positive mode, with at least two mass transitions for each compound. All sphingolipids were
580 calibrated using individual standards. The Agilent Mass Hunter Quant software was used for
581  quantification.

582

583 P. aeruginosa Competition Assays

584 P. aeruginosa strains were grown overnight at 37 °C, shaking in MOPS media with 20
585 mM sodium pyruvate, 5 mM glucose, and 20 ug/ml gentamicin prior to competition assay set up.
586  Cells were collected via centrifugation, washed three times in MOPS media, and resuspended
587  in MOPS media with 20 mM pyruvate and 20 ng/ml gentamicin and normalized to an ODeoo Of
588  0.5. Sterile borosilicate 13x100 mm glass tubes had vehicle or sphingosine, for a final

589  concentration of 200 uM, dried as described above. To these tubes, 900 mL of MOPS media
590  with 20 mM sodium pyruvate and 20 pg/ml gentamicin was added, followed by 50 pl each of 0.5
591 ODeoo GFP and mScarlet expressing P. aeruginosa for total starting ODeoo 0f 0.05. All cultures
592  were grown at 37 °C, shaking for 18 hours. At 0 and 18-hour timepoints, ODggoo and GFP

593  (485/528 nm) and mScarlet (550/610 nm) fluorescent signals were measured using a Synergy

594  H1 plate reader (BioTek). Background fluorescence for GFP and mScarlet was corrected by
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595  subtracting the signal from WT monoculture carrying the opposite fluorescent protein (mScarlet
596  or GFP, respectively). Corrected fluorescence values were expressed as a percentage of

597  monoculture of WT carrying GFP or mScarlet (set to 100%). Additionally, 20 uL aliquots of each
598  culture were serially diluted in R2B and spot plated onto MOPS media agar plates with 20 mM
599  sodium pyruvate and 5 mM glucose for colony forming unit (CFU) counts at each timepoint.

600  Total colony forming units were counted, GFP-expressing colonies were detected by UV

601 transillumination and appropriate excitation filter and imaged using a ChemiDoc XRS+ Gel

602  Imaging System (BIO RAD). mScarlet expressing colonies were calculated by subtracting GFP-

603  expressing colonies from the total CFU/mL.

604 P. aeruginosa — S. aureus Competition Assays

605 P. aeruginosa was grown overnight in MOPS media with 20 mM sodium pyruvate and 5
606 mM glucose, shaking at 37 °C. Cells were collected by centrifugation, washed three times with
607 MOPS media, and added to 1 mL MOPS media with 20 mM pyruvate, 5 mM glucose, and 20
608 UM sphingosine at a final ODggo of 0.05 to allow time for sphBCD induction. During this

609 incubation, overnight 37 °C LB cultures of S. aureus were collected via centrifugation, washed
610 three times with R2B, and adjusted to an ODsgo 0f 0.5 in R2B. P. aeruginosa diluted into R2B +/-
611 100 uM sphingosine for one hour, shaking at 37 °C. After one hour, S. aureus was added to an
612 OD600 of 0.05 to the P. aeruginosa-containing media or R2B +/- 100 uM sphingosine, and

613  grown for five hours shaking at 37 °C. At 0 and 5 hours of co-culture, 20 pL aliquots serially

614  diluted in R2B, and spot plated onto both PIA and tryptic soy agar (TSA) +7.5% NaCl to select
615  for growth of P. aeruginosa and S. aureus, respectively, and colony forming unit (CFU) counted.
616

617

618
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Table 1: Strains and plasmids used in this study

774

Lab Strain ID | Genotype Plasmid Source
MJ79 Pseudomonas aeruginosa PAO1 wild-type - (PMID:
10984043)
Stover et al.
LAH 83.2 AsphBCD in PAO1 - this study
PD47 AsphC in PAO1 - this study
PD132 Pseudomonas aeruginosa PAO1 wild-type pPD1 this study
PD136 AsphBCD in PAO1 pPD1 this study
PD139 AsphBCD in PAO1 pPD8 this study
PD121 AsphC in PAO1 pPD1 this study
PD134 AsphC in PAO1 pPD23 this study
LAH304 AsphBCD in PAO1 pPD54 this study
LAH301 AsphBCD in PAO1 pPD55 this study
PD12 AsphBCD in PAO1 pPD23 this study
AL51 Pseudomonas aeruginosa PAO1 wild-type pAL5 (PMID:
24465209)
LaBauce et al.
MJ9o84 Pseudomonas aeruginosa PA14 wild-type (new - (PMID: 7604262)
stock of MJ101) Rahme et al.
PD49 AsphBCD in PA14 - this study
LAH 311 Pseudomonas fluorescens WCS365 wild-type - this study
LAH 323 AsphBC in WCS365 - this study
LAH 313 Pseudomonas fluorescens Pf-01 wild-type - this study
LAH 362 AsphBCD in Pf-01 - this study
LAH 314 Pseudomonas protegens Pf-5 wild-type - this study
LAH 349 AsphBCD in Pf-5 - this study
JR124 Pseudomonas aeruginosa PAO1 wild-type pJM18 this study
JR125 Pseudomonas aeruginosa PAO1 wild-type pKSmScar6 this study
JR129 AsphBCD in PAO1 pJM18 this study
JR131 AsphBCD in PAO1 pKSmScar6 this study
JR268 AsphBCD in PAO1 - this study
MJ661 Staphylcoccus aereus wild-type - ATCC
PD207 Caulobacter crescentus WT NA1000 - this study
PD209 AsphC in Caulobacter crescentus - this study
PD113 Pseudomonas aeruginosa PAO1 wild-type pPD34 this study
PD108 AsphBCD in PAO1 pPD34 this study
PD128 AsphBCD in PAO1 pPD49 this study
PD117 AsphBCD in PAO1 pPD35 this study
Lab Plasmid | Description Source
ID
pPD34 pUCP22, Pareplicative vector (PMID: 1899844)
Schweizer et al.
pMQ30, allelic exchange (PMID : 1899844)
. . Schweizer et al.
pPD1 pMQ80, Pa replicative vector (PMID: 16820502)
Shanks et al.
pPD8 sphBCD in pMQ80, Pa replicative vector this study
pPD23 sphC in pMQ80, Pa replicative vector this study
pPD54 sphBC in pMQ80, Pa replicative vector this study
pPD55 sphCD in pMQ80, Pa replicative vector this study
pAL5 sphA-lacZYA reporter in pMQ80, Pa replicative vector (PMID: 24465209)
LaBauve et al.
pJM18 SGFP2in pUCP22 this study
pKSmScar6 mScarlet-1in pUCP22 this study
pPD49 Pa sphBC in pUCP22, Pa replicative vector this study
pPD35 Cc sphBC in pUCP22, Pa replicative vector this study
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778  Supplemental Figure S1: Kinetic growth assessment wild-type, mutant, and complemented
779 strains in the absence of sphingoid bases. Panels shows 18-hour growth timecourse in MOPS
780 pyruvate media measuring growth of each strain by ODeoo. Abbreviations: EV, empty vector
781  pMQB80; sphBCD, vector containing sphBCD.

782
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784
785  Supplemental Figure S2: Tests of Caulobacter crescentus sphBC function. (A) Deletion of
786  the Caulobacter crescentus sphC has very little impact on growth in the presence of sphingosine
787  after 18-hour growth in glass when considering the small concentration range of sphingosine over
788  which the effect is noted. (B) Complementation analyses of P. aeruginosa AsphBCD with empty
789  vector (pEV), a plasmid containing C. crescentus sphBC (CcBC), or a plasmid containing P.
790 aeruginosa sphBCD (PaBCD) shows that C. crescentus sphBC fails to significantly complement
791 the P. aeruginosa AsphBCD mutant. All data points are shown and are colored by experiment
792  with white circles for replicates from experiment #1, gray from experiment #2, and black from
793  experiment #3. Only the means for each experiment are used in the statistical analyses for these
794  panels (n = 3 per condition). In A, significance noted as (**, p<0.01) calculated using multiple
795  Mann-Whitney tests comparing WT to AsphC within each sphingosine concentration. This test
796  was chosen since the zero growth as a mean within an experiment make the data non-parametric.
797  In B, significance noted as (**, p<0.01) calculated from Two-way ANOVA with Dunnett’s post-test
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comparing each group to the AsphBCD + pEV group within each concentration. Abbreviations:

Sph, sphingosine; Pyr, pyruvate.
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Supplemental Figure S3: Swap of the fluorescent marker as used in Figure 7. CFU counts
of mScarlet-expressing colonies in the presence (S) or absence (P) of sphingosine. The strain
carrying each fluorescent protein is labeled below graph. Significance noted as (**, p<0.01; ***,
p<0.001) calculated from ANOVA with Tukey’s post-test comparing within and between co-culture
groups. Each point represents the mean from a single experiment (n = 3 per condition).
Abbreviations: ABCD, AsphBCD; P, pyruvate (control); S, sphingosine; N.D., not detectable.
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Supplemental Figure S4: Effects of sphA and sphR deletion on sphingosine susceptibility.
18-hour growth was normalized to WT growth in MOPS pyruvate set as 100%. (A) PAO1 WT
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819 compared to the sphA deletion strain. (B) PAO1 WT compared to the sphR deletion strain. For
820 each panel, all data points are shown and are colored by experiment with white circles for
821 replicates from experiment #1, gray from experiment #2, and black from experiment #3. Only the
822 means for each experiment are used in the statistical analyses for these panels (n = 3 per
823  condition). Significance noted as (*, p<0.05; **, p<0.01) calculated from Two-way ANOVA with
824  Sidak’s post-test comparing pyruvate to sphingosine within each strain. Abbreviations: Pyr,
825  pyruvate; Sph, sphingosine.
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830 Supplemental Figure S5: Effect of carbon source on sphingosine inhibition and the role of
831 sphBCD. 18-hour growth was normalized to WT+pEV growth in MOPS pyruvate set as 100%. All
832 data points are shown and are colored by experiment with white circles for replicates from
833  experiment #1, gray from experiment #2, and black from experiment #3. Only the means for each
834  experiment are used in the statistical analyses for these panels (n = 3 per condition). Significance
835 noted as (*, p<0.05; **** p<0.0001) calculated from Two-way ANOVA with Dunnett’'s post-test
836 comparing deletion or complement within each carbon source condition to its WT+pEV.
837  Abbreviations: pEV, empty vector pMQ80; pBCD.
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Supplemental Table S1: Primers used in this study

Primer ID Primer Name Primer Sequence
2080 PAsphBCD_KO_F1_Kpnl AGG GTA CCA TGG AAA ACC ACG ACA CCG ACT AT
2082 PAsphBCD_KO_R2_Hindlll AGG AAG CTT GCT GGC TCT GTC GCT CGT TCG CAT
2081 PAsphBCD_KO_F2_SOE_Smal CCC GGG ATG CTC ARG CCG AGC CAC TAC GAC CTG GCG
2083 PAsphBCD_KO_R1_SOE_Smal CGG CTT GAG CAT CCC GGG GGT GTT CCT CTC TCG TTG
1022 sphC 5327 KO A Forward Hindlll AAG CTT TAT TCC GCC AGT TGC AAG CTC TGT
1024 sphC 5327 KO B Forward SOE CCA TGG TCG AGT CGC CTT CGT ACT TAA TCG ACG CAA GTT CAT GTT CGC C
1023 sphC 5327 KO A Reverse SOE AAG TAC GAA GGC GAC TCG ACC ATG GAC CAG TTG CGC CAG GGA ATC A
1025 sphC 5327 KO B Reverse BamHI GGA TCC TTG AGG AAC GGT TGG TGG AAG GA
2736 PfWSC365_04425-30_F1_Xbal AATTCTAGAACACTAAGGCACGCCACTG
2737 PfWSC365_04425-30_R1_Kpnl AATGGTACCTAGATCATGCCGTTGATGGA
2738 PfWSC365_04425-30_F2_Hindlll  AATAAGCTTCATAGGTCGGGTCGATGACT

2739 PfWSC365_04425-30_R2_Xbal AATTCTAGATTCCCATCGAATACCGCTAC
2740 PFO1_RS12590-12600_F1_Xbal AATTCTAGAAGCCCATGCAGATAATCGAC
2741 PF01_RS12590-12600_R1_BamHI AATGGATCCAGTCGGGTTCCCTGAAGAAT
2742 PF01_RS12590-12600_F2_BamHI AATGGATCCCTGGCCGGTGTATACCTGAT

2743 PF01_RS12590-12600_R2_Kpnl  AATGGTACCCCCAACTGCCAAAGATTGTT
2732 Pf5sphBCD_F1_Kpnl AATGGTACCCGGTACTGACCACCCAACTG
2733 Pf5sphBCD_R1_Xbal AATTCTAGACGAATCGGTAGCCAGGAGTG
2734 Pf5sphBCD_F2_Xbal AATTCTAGAGCGCCAGACCTTCTTCATCT
2735 Pf5sphBCD_R2_Hindlll AATAAGCTTACTTCACCACCTACAAGCCG
2726 PAO1sphBCDcompFEcoRI AATGAATTCGAAGGTGTAGTTCTGGCGCT
2727 PAO1sphBCDcompRHindlll AATAAGCTTCTCTGAGGCATCGGAACGAA
2511 sphC-exp-F EcoRl CAAGGAATTCCCGCAGCGCAGGACCGATAGGGGA
2512 sphC-exp-R-untagged-Hindlll CAGAAAGCTTCTAGGTCACGCCCAGGATGGAAGA
2744 PAO1_sphC_RTF GTAGTGCTGATGCACGGAAA
2745 PAO1_sphC_RTR GATTCCTATGCGGTCTACGC
2882 sphBC-comp-F1 CGTTGTAAAACGACGGCCAGTGCCAGTAGGGTACCCATCGACTCTAGACCGCCAT
2883 sphBC-comp-R1 GACCATGATTACGAATTCGAGCTCGAAGCTTGTCCAGGCGATCGAGGT
2598 sphBdel_R_SOE GCAGCGGCAGCGGATTTCATGTCCGCA
2599 sphBdel_F_SOE CGCTGCCGCTGCGCAAAGGCGCGAGTT
587 sphD-RT-F CATCCGCAGTACCTGGAGTT
588 sphD-RT-R CTGCTCAGCGTTTCCTTCTC
1372 89GFP GFP F TGCGCAACCTCAACCCCGGAGCGCCCCATGAGTAAAGGAGAAGAACTTTTCACT
844 1373 89GFP GFP R TAGGTACCTAACTATTTGTATAGTTCATCCAT
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