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27 Abstract
28  Background

29  Multiple peptide resistance factor (MprF) confers resistance to cationic antimicrobial peptides
30  (AMPs) in several pathogens, thereby enabling evasion of the host immune response. While
31 MprF has been proven to be crucia for the virulence of various pathogens, its role in
32 commensa gut bacteria remains uncharacterized. To close this knowledge gap, we used a
33 common gut commensal of animals, Lactiplantibacillus plantarum, and its natural host, the
34  fruit fly Drosophila melanogaster, as an experimental model to investigate the role of MprF

35 in commensal-host interactions.
36 Results

37  The L. plantarum AmprF mutant that we generated exhibited deficiency in the synthesis of
38 lysyl-phosphatidylglycerol (Lys-PG), resulting in increased negative cell surface charge and
39  increased susceptibility to AMPs. Susceptibility to AMPs had no effect on AmprF mutant’s
40  ability to colonize guts of uninfected flies. However, we observed significantly reduced
41  abundance of the AmprF mutant after infection-induced inflammation in the guts of wild-type
42  flies but not flies lacking AMPs. These results demonstrate that host AMPs reduce the
43 abundance of the AmprF mutant during infection. We found in addition that the AmprF
44  mutant compared to wild-type L. plantarum induces a stronger intestinal immune response in
45  flies due to the increased release of immunostimulatory peptidoglycan fragments, indicating

46  animportant role of MprF in promoting host tolerance to commensals.
47  Conclusion

48  Overal, our results demonstrate that MprF, besides its well-characterized role in pathogen
49  immune evasion and virulence, is also an important resilience factor in maintaining stable

50  microbiota-host interactions during intestinal inflammation.
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53

54  |Introduction

55  Gut microbial communities exist in an open ecosystem where they are subject to various
56  perturbations, like exposure to toxins, dietary changes, and infections [1]. Inflammatory
57  responses induced by infections are among the most frequent disruptions that gut-associated
58  microbial communities experience over the lifespan of an individual [2]. During an intestinal
59 inflammatory response, numerous antimicrobial effectors are produced to suppress and
60 eliminate pathogens [3]. These immune effectors are often non-specific and target conserved
61 molecular patterns present in both pathogenic and commensal bacteria, yet healthy gut
62  microbiota can remain stable for decades in humans [4]. Hence, gut commensals exhibit
63  resilience to gut intestinal immune responses [5, 6]. As one important example, human
64 commensas from the phylum Bacteroidetes alter their lipopolysaccharide structure, which
65  enhances resistance to antimicrobial peptides (AMPs) and facilitates commensal resilience
66  during gut inflammation [7]. Iron limitation induced by infection is another host defence
67  reaction that non-specifically targets gut commensals and restricts their accessto this essentia
68 nutrient [8-11]. Bacteroides thetaiotaomicron was shown to acquires iron through
69  siderophores produced by the other gut bacteria [12]. Such siderophore cross-feeding between
70  different bacteria allows gut commensals to acquire iron in the inflamed gut and promotes gut
71 microbiota resilience. However, with the exception of these few studies and despite the
72 importance for host health, microbiota resilience mechanisms to inflammation remain little

73 studied.

74  The fruit fly Drosophila melanogaster has been widely used as a genetically-tractable model

75  to study host—microbe interactions, including microbiota resilience mechanisms [13-19]. Fruit
3
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76 fliesrely on cellular and humoral arms of defence against invading pathogens [20-22]. Two
77 major cell types of hemocytes function in cellular immune defence: plasmatocytes — involved
78 in phagocytosis, and crystal cells which mediate the melanisation reaction [23, 24]. This

79  reactionis particularly important against S. aureus infection [25].

80 Infection-induced synthesis and secretion of AMPs is the hallmark of Drosophila humoral
81  immune response [26]. This responseis regulated mainly by two conserved NF-xB pathways:
82 Toll and Imd. The Toll pathway can be activated by bacterial proteases, fungal glycans or
83  Lysine-type peptidoglycan (PGN) from Gram-positive bacteria [27]. Extracellular receptors
84 PGRP-SA and GNBP1 form a complex that recognizes Lys-type PGN, ultimately activating
85 the Toll signalling cascade and synthesis of antimicrobial effectors [28]. The Imd pathway is
86 initiated by diaminopimelic (DAP)-type PGN sensed by transmembrane receptor PGRP-LC
87 or by intracellular receptor PGRP-LE, resulting in nuclear translocation of NF-xB
88 transcription factor Relish and expression of AMPs [29, 30]. While both Toll and Imd
89  pathways regulate a systemic immune response, only Imd controls intestinad AMP expression

9 [31].

91  Flies lacking major AMP classes were recently generated and proved to be instrumental in
92 demonstrating an essential role of AMPs in vivo in the defence against Gram-negative
93  pathogens and in the control of gut microbiota [32—34]. Given that the majority of the
94  Drosophila microbiota members produce DAP-type PGN, they €licit Imd pathway activation
95 in the gut [35-38]. However, in contrast to pathogens, commensals induce a mild AMP
96 response due to the tolerance mechanisms deployed by the host [39]. One such tolerance
97  mechanism is the potent induction of multiple negative regulators that fine-tune Imd pathway
98 activation at different levels. These negative regulators are necessary to maintain host-
99  microbiota homeostasis by preventing chronic deleterious Imd pathway activation and potent

100 AMP response that would target gut commensals [40-43].
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101  Recently, we demonstrated that, besides host tolerance to microbiota, commensal-encoded
102  resilience mechanisms are essentidl to maintain stable microbiota-host associations,
103  particularly during intestinal inflammation [14]. Specifically, we showed that Drosophila
104  microbiota composition and abundance remain stable during infection. Using the prominent
105 Drosophila commensal Lactiplantibacillus plantarum as a model, we demonstrated that
106  resistance to AMPs is an essential commensal resilience mechanism during intestinal
107  inflammation. We identified the dit operon involved in the esterification of teichoic acids with
108  D-alanine as one of the mediators of Lp resistance to Drosophila AMPs [14]. Considering that
109  the dit operon is also an important virulence factor of several pathogens that protect them
110  from host AMPs [44, 45], our work illustrated that mechanisms typically associated with

111 virulence can also be exploited by commensals to maintain association with the host.

112  Here, we explored the generality of this phenomenon and investigated the role of additional
113  genes associated with pathogen AMP resistance in the commensal resilience during
114  inflammation. We focused on the multiple peptide resistance factor (MprF) protein, which
115  confers resistance to AMPs in severd bacteria [46]. MprF is an integral membrane enzyme
116  that catalyzes the alteration of the negatively-charged lipid phosphatidylglycerol (PG) with L-
117  lysine, thereby neutralizing the membrane surface charge and providing resistance to AMPs
118  [47, 48]. The resulting modified lipid, lysyl-phosphatidylglycerol (Lys-PG), is produced by
119  MprF using phosphatidylglycerol and aminoacyl-tRNA as substrates [49-51]. Since AmprF
120  mutants originally identified in S aureus were susceptible to multiple AMPs due to the lack
121  of Lys-PG, the gene was named multiple peptide resistance factor [52]. After that, deficiency
122 in Lys-PG synthesis in AmprF mutants was linked to cationic AMP susceptibility in several
123 other bacteria, including Bacillus anthracis, B. subtilis, Enterococcus faecalis, Listeria
124  monocytogenes, Mycobacterium tuberculosis, and Pseudomonas aeruginosa [53-59]. MprF

125  proteins proved to be crucial for the virulence of various pathogens, thereby demonstrating an
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126 essential role of MprF in bacterial immune evasion and making it an attractive target for the

127  development of antivirulence strategies [60].

128  While the function of MprF in immune evasion and antibiotic resistance of pathogens has

129  been extensively studied, the role of MprF in commensal bacteria remains uncharacterized.

130 Here, we used the Drosophila commensal L. plantarum as a model to investigate the
131 involvement of MprF in commensal-host interactions. Using a newly generated L. plantarum
132 AmprF mutant, we showed that it is impaired in the synthesis of Lys-PG, leading to increased
133 negative cell surface charge and increased susceptibility to several AMPs. Consequently, the
134  abundance of the AmprF mutant in the Drosophila gut was significantly reduced after
135 infection- or genetically-induced inflammation. Hence, our results demonstrate an essential

136  role of MprF-mediated AMP resistance in commensal resilience during inflammation.

137 mprF isrequired for S. aureus virulence and resistance to Drosophila AM Ps

138  Before attempting to generate mprF-deficient fruit fly commensals, we first wanted to prove
139  with existing mprF mutants the relevance of mprF in Drosophila model. We decided to use
140 the existing S aureus AmprF mutant to test whether mprF is required for pathogen virulence
141 in Drosophila model due to increased sensitivity to host AMPs, as was shown in other animal
142 models [52]. For this purpose, we performed systemic infections of fruit flies by needle
143  pricking with an S aureus wild-type and an isogenic AmprF mutant. By monitoring the
144  survival of infected flies, we found that the AmprF mutant is significantly attenuated
145  compared to wild-type S. aureus (Fig. 1la and Fig. Sl1a) in flies of four different genetic
146 backgrounds. Additionaly, we estimated pathogen growth within the host by quantifying
147  bacterial CFUs in fly homogenates. Consistent with survival, wild-type flies efficiently
148  controlled AmprF mutant growth, as bacterial numbers didn’t increase significantly over the
149  course of infection. In contrast, wild-type S aureus reached significantly higher load

150  compared to the AmprF mutant, especially at 21 hours post-infection. (Fig. 2b).
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151  Next, we asked which defense mechanisms are in control of the AmprF mutant. We tested
152 melanisation and, as expected from previous studies [25], a melanisation-defective PPO1"2"
153 fly mutant was more sensitive to wild-type S aureus; however, the AmprF mutant remained
154  similarly attenuated in both PPO1"2* and wild-type flies (Fig. S1b). We found a similar result
155  with hemocyte-deficient flies (Fig. S1c), suggesting that melanisation and hemocytes are not
156  involved in the control of the AmprF mutant. Next, we tested the role of Toll pathway in the
157  control of AmprF mutant by infecting PGRP-SA mutant flies deficient for the peptidoglycan-
158  recognition receptor. Interestingly, the S. aureus AmprF mutant was as virulent as wild-type
159 S aureus to PGRP-SA deficient flies as illustrated by survival (Fig. 1c) and within the host
160  pathogen growth (Fig. 1b). Thus, the Toll pathway is important to control infection by the
161  AmprF mutant, likely because of the AmprF mutant’s sensitivity to Toll pathway effectors. To
162  find these effectors, we infected flies lacking AMPs and found they were significantly more
163  susceptible to AmprF mutant as compared to wild-type flies (Fig. 1d). Also, AMP-deficient
164  fliesin contrast to wild-type flies were not able to control the proliferation of AmprF mutant
165 (Fig. 1e). Thus, AMPs at least in part are responsible for the control of the AmprF mutant.
166  Additionally, we tested the effect of mprF mutation on the Toll pathway activation by
167  monitoring the expression of Drosomycin, an AMP controlled by the Toll pathway, in
168 infected flies. We found that infection of wild-type flies with the S. aureus AmprF mutant
169  triggered significantly higher Drosomycin expression as compared to the infection with wild-
170  type S aureus (Fig. 1f). Such differences in Drosomycin expression were not observed in the
171 PGRP-SA mutant, suggesting that they are caused by the differential Toll pathway activation
172 by thetwo S aureus strains (Fig. 1f). Thus, MprF mediates S. aureus virulence to Drosophila
173 by protecting the pathogen from the effectors of Toll pathway and by reducing the activation
174  of Tall pathway. Also, these results prove that lipid modifications by MprF are relevant for
175  pathogen-fruit fly interactions motivating us to explore the function of MprF in Drosophila

176  gut commensals.
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177 L. plantarum mprF mediates lipid lysylation and resistance to AM Ps

178  Considering our recent findings that microbiota resistance to AMPs is necessary to maintain
179  stable associations with the host particularly during immune challenge [14], we asked if mprF
180  might be necessary for commensal resilience in the host gut. To address this question, we
181  selected one of the prevalent Drosophila microbiota members — L. plantarum — as a model
182  and used Cas9-based editing to generate L. plantarum AmprF mutant with the entire mprF
183  open reading frame deleted (Fig. S2a-S2d). Due to good genetic tractability, we used the L.
184  plantarum WCFSL strain (also called NCIMB 8826). L. plantarum AmprF mutant did not
185  show any growth differences compared to wild-type in MRS medium (Fig. S3). Also, we did
186  not see any obvious morphological alterations with SEM (Fig. 2a). However, on average the
187  cell length of L. plantarum AmprF mutant was reduced, while cell width increased (Fig. 2b-
188  c). Given that in severa bacteria mutations in mprF were shown to alter surface charge and
189 increase binding of cationic AMPs to bacteria, we tested whether this is the case for the L.
190 plantarum AmprF mutant. We measured the amount of cationic cytochrome C and
191  fluorescently-labeled cationic AMP 5-FAM-LC-LL37 that remained in the solution after
192  incubation with wild-type and L. plantarum AmprF cells. We detected cytochrome C and
193  LL37 (Fig. 2d-e) in significantly lower amounts in the supernatants of L. plantarum AmprF as
194  compared to wild-type L. plantarum, indicating an increased binding and negative cell surface
195 chargein L. plantarum AmprF. Consistent with increased negative cell surface charge, the L.
196  plantarum AmprF was more sensitive than wild-type L. plantarum to cationic antimicrobial
197  peptide polymyxin B (Fig. 2f), antibiotic gentamicin (Fig. 2g), and insect AMP defensin (Fig.
198  2h) across arange of concentrations. We confirmed the increased sensitivity of L. plantarum
199 AmprF to gentamycin by measuring the growth of bacteria in the presence of a specific
200 concentration of antibiotic (Fig. S3a). Additionally, with this assay we detected increased

201  sengitivity also to daptomycin (Fig. S3b) and nisin (Fig. S3c). Given that in other bacteria
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202  MprF neutralizes the membrane surface charge and provides AMP resistance by catalyzing
203  the modification of the negatively charged lipid phosphatidylglycerol (PG) with L-lysine, we
204  reasoned that L. plantarum MprF has a similar function. If this is true, we should expect
205  reduced abundance of lysylated lipidsin L. plantarum AmprF. Our lipidomic analysis indeed
206 identified several Lys-PG speciesin wild-type L. plantarum. Most of them, however, were not
207  detected in the L. plantarum AmprF strain, and those that were detected (Lys-PG 38:2, Lys-
208 PG 351, Lys-PG 34:1) had significantly reduced abundance compared to wild-type L.
209 plantarum (Fig. 2i). Thus, MprF is necessary for production of Lys-PG in L. plantarum,
210  which reduces negative cell surface charge, binding of CAMPs, and increases resistance to
211 cationic antimicrobials.

212 MprF mediatesL. plantarum persistence in the Drosophila gut

213 Totest thein vivo importance of mprF for L. plantarum, we measured bacterial persistencein
214  the gut during immune challenge (Fig. 3a). First, we exposed flies monocolonized with wild-
215 type L. plantarum or the AmprF mutant to infection with the natural Drosophila gut pathogen
216  Pectobacterium carotovorum (Eccl5). While AmprF mutant and wild-type counts were
217 similar in uninfected flies, we observed significantly reduced AmprF mutant counts 6 h and
218 24 h after infection in wild-type flies (Fig. 3b). However, in Relish or AAMP mutant flies,
219  AmprF mutant loads were not significantly different from wild-type after infection a both
220 time points tested (Fig. 3b), suggesting that AMPs regulated by the Imd pathway affect
221 AmprF mutant abundance during intestinal inflammation. Moreover, we performed priming
222 experiment (Fig. 3c), where L. plantarum wild-type and AmprF were introduced to the gut
223 dfter infection. Again, by scoring bacterial abundance, we found that the AmprF mutant was
224  as efficient as wild-type L. plantarum in gut colonization of flies that were not primed. In
225  contrast, we detected significantly reduced ability of the mutant to colonize guts that were

226 primed by infection at two time points tested (Fig. 3d). Importantly, the AmprF strain was
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227  ableto colonize the guts of primed Relish or AAMP mutant flies to the same extend as wild-
228  type L. plantarum, again pointing towards AMPs as regulators of AmprF mutant abundance.
229  Additionally, we tested how genetic activation of the Imd pathway in the gut by Imd or Relish
230  overexpression affects the persistence of the L. plantarum AmprF mutant in the gut. We found
231 that while genetic activation of immune response in the gut had no effect on the abundance of
232 wild-type L. plantarum, it significantly lowered the counts of AmprF mutant at 6, 24, and 48 h
233 post colonization (Fig. 3e). We could restore the ability of the AmprF mutant to colonize guts
234  of flies with genetically activated immune response by multi-copy plasmid-based expression
235  of mprF in the AmprF mutant (Fig. 3f). These results together indicate that M prF-mediated
236  resistance to host AMPsis necessary for L. plantarum persistence in the gut during intestinal

237  inflammation.

238 L. plantarum MprF confers Lys-PG synthesis and resistance to antibioticsin E. coli

239  In order to further characterize the function of L. plantarum MprF, we expressed the L.
240  plantarum mprF gene in the heterologous host E. coli. E. coli lacks mprF-related genes and
241  does not produce Lys-PG. Yet, E. coli contains PG, the putative Lys-PG precursor. The L.
242 plantarum mprF was cloned in a multi-copy plasmid under an arabinose-inducible promoter.
243  E. coli was transformed with the plasmid and mpr F expression was induced with L-arabinose.
244 A culture without arabinose was used as a control. Lipid analysis confirmed that L. plantarum
245  mprF expression in E. coli leads to the synthesis of several Lys-PG species that are normally
246 not produced by E. coli (Fig. 4a). Thus, L. plantarum MprF is necessary and sufficient for
247  Lys-PG production in E. coli. Given that a prominent role of Lys-PG is to neutralize cell
248  surface charge, we investigated whether increased synthesis of Lys-PG by L. plantarum mprF
249  expression affects binding of cationic molecules to E. coli. We incubated E. coli expressing
250 mprF and E. coli not expressing mprF with cytochrome C (Fig. 4b) or with fluorescently

251 labelled LL37 peptide (Fig. 4c) and measured the amounts of both molecules that remained in

10
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252  the solution. We detected cytochrome C and LL37 (Fig. 4b-c) in significantly higher amounts
253 in the supernatants of E. coli expressing mprF as compared to E. coli not expressing mprF,
254  indicating that mprF expression reduces binding of cationic molecules to E. coli célls.
255  Consistent with this, L. plantarum mprF expression increased E. coli resistance to severa

256  antibiotics and AMPs, like polymyxin B, gentamicin, and cecropin (Fig. 4d).

257  Additionally, we investigated whether L. plantarum MprF can protect E. coli from AMPs in
258  vivo. We performed systemic infections of wild-type, Relish and AAMP mutant flies with
259  control E. coli and with E. coli expressing L. plantarum mprF. While control E. coli had little
260  effect on survival of wild-type flies, mprF expression significantly increased E. coli virulence
261  asillustrated by the increased proportion of dead flies (Fig 4e). Survival differences caused by
262 infections with the two E. coli strains were not detected in AAMP or Relish-deficient flies
263 both of which showed increased susceptibility to infections with the two E. coli strains (Fig.
264  4e). Consistent with survival results, we detected significantly more CFUs of E. coli
265  expressing mprF relative to control E. coli at 6 h and 21 h post infection in wild-type flies
266 (Fig. 4f). While E. coli load was significantly higher in AAMP and Relish-deficient flies, there
267  was no difference in the amount of control and mprF-expressing E. coli. These results suggest
268  that L. plantarum mprF expression confers increased virulence to E. coli only in the presence

269  of Imd-regulated AMPs, likely by increasing E. coli resistance to these AMPs.

270  MprF affects bacterial immunostimulatory properties by limiting the release of PGN

271 fragments

272 The fact that infection with an S. aureus AmprF mutant as compared to wild-type S. aureus
273 resulted in elevated Toll pathway activation motivated us to test the immunomodulatory
274  properties of the L. plantarum AmprF mutant. For this purpose, we assessed Imd pathway
275  activation by measuring the expression of Imd pathway-regulated AMP Diptericin (Dpt) in

276  the guts of flies colonized with either wild-type L. plantarum or the AmprF mutant. We found

11
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277  that flies monocolonized with the L. plantarum AmprF mutant showed significantly higher
278  Dpt expression in the guts compared to flies colonized with wild-type L. plantarum. This
279  response is dependent on the activation of the Imd pathway, as it is abolished in the Relish
280 mutant (Fig. 5a). This finding demonstrates a dual role of MprF in L. plantarum: first, it
281  modifies the bacterial cell surface, thereby facilitating resistance to cationic antimicrobials;
282  second, it reduces bacterial sensing by the Imd pathway, thus mediating evasion of the

283  immune response.

284 Given that PGN fragments are the major elicitors of the Imd pathway in flies, we
285  hypothesized that the AmprF mutant, while being exposed to cationic AMPs, releases cell
286  wall fragments which elicit strong Imd pathway activation. To test this possibility, we
287  cultivated the wild-type and L. plantarum AmprF mutant in culture medium supplemented
288  with or without lysozyme, a cationic antimicrobial. We collected cell-free culture supernatants
289  of wild-type L. plantarum and the AmprF mutant, injected them into flies and measured Dpt
290  expression to estimate Imd pathway activation. Injection of both supernatants resulted in Dpt
291  expression, confirming that bacteria indeed discharge PGN fragments during growth (Fig.
292 5b). However, while lysozyme treatment had no significant effect on Dpt expression induced
293 by the injection of supernatants from wild-type L. plantarum, the supernatant of the AmprF
294  mutant treated with lysozyme triggered significantly stronger Dpt expression relative to the
295  supernatant from an untreated culture (Fig. 5b). We did not detect any Dpt expression in the
296  Relish mutant upon supernatant injection, confirming that the triggered response is Imd
297  pathway-dependent. Notably, the supernatants of both lysozyme-treated and untreated AmprF
298  mutant cultures dlicited significantly higher Dpt expression as compared to that of wild-type
299 L. plantarum, suggesting an increased release of immunostimulatory PGN fragments by the

300 AmprF mutant.
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301  Next, we asked whether potential structural differences between L. plantarum wild-type and
302 AmprF mutant PGN could also contribute to the variation in Imd-elicited responses.
303  Therefore, we purified cell wall fractions from the wild-type L. plantarum and AmprF mutant
304 bacteria and compared Dpt expression upon their injection and feeding in flies. Injection of
305 equa amounts of purified cell wall fractions from both strains triggered comparable level of
306 Imd pathway activation (Fig. 5¢). A similar result was observed with intestinal Imd pathway
307 activation induced by feeding flies with purified cell wall fractions (Fig. 5¢). Altogether, these
308 data confirm that differences in the Imd-triggered response elicited by wild-type and AmprF
309 mutant can be linked to varying doses of discharged PGN fragments rather than to structural

310 differencesin PGN.

311 Given our findings that mprF expression promotes lipid lysylation and increases E. coli
312 resistance to AMPS, we tested whether L. plantarum mprF expression will also affect
313 immunomodulatory properties of E. coli. As shown in Fig. 5d, expresson of two Imd-
314  pathway regulated genes, Pirk and PGRP-LB, was not significantly different between flies
315 systemically infected with control E. coli and E. coli expressng mprF. Similarly,
316 overexpresion of mprF in E. coli did not significantly affect the release of PGN fragments, as
317 injection of supernatant from mprF-expressing E. coli resulted in a similar level of Imd
318 pathway activation as observed with the injection of control supernatant (Fig. 5€). Hence, the
319 immunomodulatory properties of E. coli in contrast to AMP susceptibility were not

320 significantly altered by mprF overexpression.

321 LTA production isaltered in the L. plantarum AmprF mutant

322  Considering recent finding that MprF affects the length of lipoteichoic acids (LTAS) in B.
323  subtilisand S aureus [55], we tested whether MprF has asimilar rolein L. plantarum. To this
324 end, we compared LTA profiles of wild-type L. plantarum and AmprF mutant using crude

325 bacterial extracts and a western blot with a monoclonal antibody against Gram-positive LTA.
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326 As shown in Fg. 6a, wild-type L. plantarum and the AmprF mutant have distinct LTA
327  profiles, where LTA from AmprF mutant migrated faster, indicating reduced size. To confirm
328 that our western blot indeed detects differences in LTA profiles and not in any other
329 components present in the bacteria extracts, we performed western blot with purified LTA
330 and obtained similar results (Fig. $4). Additionally, we applied purified L. plantarum LTA
331  after de-O-acylation by hydrazine-treatment [61] to a Tris-tricine-PAGE analysis (Fig. 6b; full
332 length gel shown in Fig. S5) specifically optimized for TA anaysis [62, 63]. We could
333 confirm the reduced overall length of LTA in the AmprF mutant with this method, too. *H
334 NMR spectra recorded from both native (Fig. 6¢) and hydrazine-treated LTA (Fig. 6d) of the
335  two strains showed that the overall structural composition is not atered between the wild-type
336  and the mutant L. plantarum strain. Therefore, the reduced size of LTA in the AmprF mutant
337 is not due to general structural changes but is likely because of the reduced size of the

338  polymeric LTA chain.

339  Since the structure of LTA from L. plantarum strain WCFS1 (NCIMB 8826) has not been
340  described yet, we performed a full NMR analysis. Analyzing the de-O-acylated LTA after
341 hydrazine trestment enables a much better resolution of the carbohydrate parts of the
342 molecule, especially the ones of the glycolipid anchor. These sugars are aimost undetectable
343 in NMR spectra of native LTA due to the known formation of micelles when LTA is
344  dissolved in agueous solutions [61, 64]. The structural model for L. plantarum strain WCFS1
345 (NCIMB 8826) LTA isdepicted in Fig. 6e, NMR chemical shift data for the hydrazine-treated
346 LTA arelisted in Table S1. The observed LTA structure isin line with described structures or
347  structura features of other L. plantarum strains. The glycolipid anchor consists of the
348 trisaccharide BGlcy-(1—6)-aGal,-(1—2)-0Glc, that is 1,3-linked to a diacylglycerol as it has
349  been described for LTA from L. plantarum strain K8 (KCTC 10887BP) [65]. The presence of

350 thisglycolipidin either di- or tri-acylated form has also been reported for L. plantarum strain
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351 IRL-560 [66]. In this study, we could unequivocally proof by an *H,3*P-HMQC experiment
352 (Fig. S6) that the poly-glycerolphosphate chain is coupled to the O-6 position of the BGlc,
353  residue. As described for strain K8 [65] and NC8 [67] the major substituents at the O-2
354  position of the glycerolphosphate moities are aanine (Ala) and aGlc, residues. In addition,
355  we have evidence for a small proportion of 6-Ala-0Glc, as additional substituent (Fig. S7)
356 like it has been described recently for strain NC8 [67]. However, we found no evidence for a
357  putative aGalg-substitution as mentioned for strain K8 [65]. In conclusion, we describe the
358 LTA structure of L. plantarum type strain WCFS1 and show that mprF deficiency doesn’t
359  alter the overall structural composition of LTA but likely affects the length of the polymeric

360 LTA chain.
361
362 Discussion

363 Asastarting point for this work, we used the existing mprF mutants to test the relevance of
364 mprF in a Drosophila model and investigated whether MprF is required for pathogen
365 virulence in a Drosophila model and whether this is linked to immune evasion. Using S.
366  aureus as a pathogen efficiently infecting fruit flies, we found that MprF is required for the
367 virulence of this pathogen, as flies infected with an S. aureus AmprF mutant survived
368  significantly longer compared to counterparts infected with wild-type S aureus. The virulence
369  of the AmprF mutant was restored in flies not able to sense Gram-positive pathogens and
370 initiate Toll-dependent AMP response, suggesting that AMPs induced by the Toll pathway
371 likely clear AmprF mutant. In line with this, the AmprF mutant was more virulent to AMP-
372 deficient flies than to wild-type flies. However, AAMP mutants were not as sensitive as
373 PGRP-SA-deficient flies to an S. aureus AmprF mutant, suggesting that while AMPs control
374  the AmprF mutant, there are additional Toll pathway-regulated effectors involved. Since we

375 ruled out the melanisation response in the control of the AmprF mutant, peptides from the
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376  Bomanin family, as major Toll pathway effectors [68], are attractive candidates that could be
377  tested. Overal, our results support a role of MprF in S. aureus virulence to Drosophila by

378 facilitating pathogen evasion of Toll pathway-dependent effectors.

379  Our results with existing S aureus AmprF mutant identified MprF as a relevant factor in
380 pathogen-Drosophila interactions. Being motivated by these findings, we investigated the role
381 of MprF in commensal-host interactions, using the prominent fruit fly gut microbe L.
382  plantarum as a model. Phenotypic characterization of the L. plantarum AmprF mutant that we
383  generated revealed similarity to mprF mutants in other bacteria. Namely, the L. plantarum
384 AmprF mutant exhibited deficiency in the synthesis of Lys-PG, increased negative cell
385  surface charge, increased binding of cationic molecules, and enhanced sensitivity to AMPs.
386  Our in vivo analysis demonstrated that the abundance of the L. plantarum AmprF mutant
387  significantly declined in fly guts during infection- or genetically-induced immune response.
388  Such decline is not due to general inability of the mutant to colonize the gut but is attributed
389 to mutant’s sensitivity to host AMPs, since the abundance of the AmprF mutant was not
390 affected by infection in AMP-deficient flies and AmprF mutant colonized the guts of
391  uninfected flies as efficiently as wild-type L. plantarum. Overall, we demonstrated that MprF
392 besides its well-described role in pathogen resistance to AMPs and virulence is also an
393 important factor mediating commensal resilience during inflammation via AMP resistance.
394  Thus, our work further advances our understanding of how host-microbiota homeostasis is

395  maintained during infection-induced inflammation.

396 Importantly, the other recent studies further support the role of MprF in microbiota
397 persistence in the gut. For example, a metagenome-wide association (MGWA) study
398 identified multiple bacterial genes, including mprF, that are significantly correlated with the
399 level of colonization [69]. Subsequent analyses confirmed that an mprF transposon insertion

400 mutant of Acetobacter fabarum showed decreased persistence within the flies [69]. However,
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401 it has not been tested whether this phenotype is due to mutant’s sensitivity to host AMPs.
402  Another study compared the evolutionary tragjectory of L. plantarumin the fly food and inside
403 theflies. They showed that L. plantarum populations that evolved in the presence of fruit flies
404  were repeatedly affected by non-synonymous mutations in the mprF gene [70]. Similarly,
405  mutations in mprF gene were identified in E. faecalis during experimental evolution via seria
406  passage in Drosophila [71]. These studies suggest that mprF is under selection in the host
407  environment. The significance of these mutations for bacterial association with flies, however,
408 has not been tested. E. coli strain that is made resistant to AMPs by mcr-1 gene expression
409  similarly showed better ability to persist in the mouse gut, highlighting an important role of

410 AMP resistance for commensal lifestyle [72].

411  We noticed that flies colonized with the L. plantarum AmprF mutant exhibited elevated gut
412  AMP response, indicating that besides well-characterized role in AMP resistance, MprF has
413  previously undescribed function in modulating bacterial immunostimulatory properties.
414  Hence, MprF confers two relevant for commensal-host association functions: AMP resistance
415  and immune evasion. Whether MprF mediates immune evasion similar to AMP resistance
416  mechanism via production of Lys-PG remains to be tested. However, our experiments with
417  heterologous expression of MprF in E. coli point towards Lys-PG independent role of MprF
418  in immunomodulation. Specifically, the facts that MprF induces Lys-PG synthesis in E. coli
419  and increases resistance to AMPs but doesn’t affect immunostimulatory properties support a

420  possbility that immunomodulatory properties are not linked to MprF-mediated PG lysylation.

421  Being motivated by recent studies on MprF's role in LTA production in S aureus and B.
422  subtilis [55], we analysed the LTA profile in the L. plantarum AmprF mutant. Consistent with
423  the published observation in S. aureus, we similarly detected to some extent reduced size of
424 LTA in the L. plantarum AmprF mutant as compared to wild-type L. plantarum. However,

425  since the overal structure of L. plantarum WCFS1 (NCIMB 8826) LTA — which was found

17


https://doi.org/10.1101/2024.01.09.574795
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.09.574795; this version posted January 9, 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-ND 4.0 International license.

426  to be very similar to LTAs described for other L. plantarum strains — was not altered, it is
427  rather unlikely that this LTA size reduction significantly aters the physiology of L.
428  plantarum. Since E. coli lacks LTA, MprF presence in E. coli would not change LTA but
429  could increase Lys-PG synthesis, thus providing a potential explanation as to why MprF
430 overexpression affects E. coli AMP resistance but not immunostimulatory properties.
431 Furthermore, D-alanylation of TAs was shown to prevent the discharge of immunostimulatory
432 PGN fragments by L. plantarum and activation of fly immune response [44]. A similar
433 phenotype that we described here for the L. plantarum AmprF mutant, suggests a potential
434  link between reduced LTA size and enhanced release of PGN fragments. Additionally, LTA
435  might affect the PGN’s accessibility to recognition by PRRs, as was reported for WTAs [73].
436  Alternatively, recent finding that D-Ala-LTAs act as direct bacterial cues for Drosophila
437  larvae to initiate growth-promoting effect [67], raises a possibility that LTAs instead of
438  affecting PGN availability/accessibility might be direct signals sensed by Drosophila
439 intestinal epithelial cells. It is also possible that MprF's effect on resistance to AMPs and
440  antibiotics is not exclusively mediated by Lys-PG synthesis but rather by modifications of
441 LTAs. This seems to be the case for daptomycin, for example [55]. Yet, both functiona
442  conseguences and the mechanisms of MprF's contribution to LTA synthesis require further

443  investigation.

444  Thereisaccumulating evidence that factors originally implicated in pathogen immune evasion
445  and virulence are also essential for commensal persistence within the host. Besides MprF
446  described here, we and others previously illustrated the role of the dit operon in L. plantarum
447  resilience during inflammation [14, 44]. Similarly, LPS-mediated resistance to AMPs was
448 identified as one of the major virulence factors of Providencia alcalifaciens in Drosophila
449  [74] and as an essential mechanism of AMP resistance and gut colonization by the insect

450 symbiont Caballeronia insecticola [75]. These studies further support the notion that both
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451  host-symbiont and host-pathogen associations are governed by a shared molecular dialogue
452 [76], which we are just beginning to understand. This notion has important practical
453 implications for the development of antivirulence strategies targeting pathogen immune
454  evasion factors [77]. Considering an essential role of some of these factors for microbiota
455  persistence within the host, antivirulence approaches targeting pathogen evasion factors

456  should consider potential impact of such treatments on host microbiota and its stability.
457

458 Materialsand M ethods

459  Drosophila stocks and rearing

460  The following Drosophila stocks used in this study were kindly provided by Dr. Bruno
461  Lemaitre: DrosDel w8 iso; Canton S Oregon R, yw; PGRP-SA®™: PPO1%2" iso; hml-Gal4;
462  UASbax; Relish® iso; AAMP iso; UAS Relish; UASImd; w; MyolA-Gal4, tubGal80TS,
463 UAS GFP. Flies stocks were routinely maintained at 25 °C, with 12/12 hours dark/night
464 cycles on a standard cornmeal-agar medium: 3.72 g agar, 35.28 g cornmeal, 35.28 g
465 inactivated dried yeast, 16 mL of a 10% solution of methylparaben in 85% ethanol, 36 mL
466  fruit juice, and 2.9 mL 99% propionic acid for 600 mL. Food for germ-free flies was
467  supplemented with ampicillin (50 ug/mL), kanamycin (50 pg /mL), tetracyclin (10 ug/mL),

468  and erythromycin (10 pg /mL). Fresh food was prepared weekly to avoid desiccation.
469  Bacterial strainsand survival experiments

470 Bacteria strains used in this study and their growth conditions are listed in Table S2.
471 Systemic infections (septic injury) were performed by pricking adult flies (5 d to 10 d old) in
472  the thorax with a thin needle previously dipped into a concentrated pellet of a bacteria
473 culture. For infection assay, bacteria were pelleted by centrifugation and diluted with PBS to

474  the desired optical densities at 600 nm (ODgog). S. aureus was used at ODgyo=5, E. coli at
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475  ODgo=300. In case of S. aureus infection, infected flies were kept at 25 °C overnight and
476  switched to 29 °C for the rest of experiment. E. coli-infected flies were kept constantly at 29
477  °C. At least two vias of 20 flies were used for survival experiments, and survivals were
478  repeated at least three times. Infected flies were maintained in vials with food without live
479  yeasts during survival assays and until collection for bacterial load estimation or RNA
480 extraction. In surviva curves the cumulative data of three independent experiments are

481  displayed.

482  Generation of L. plantarum AmprF mutant.

483  Plasmid construction

484  The primers/oligos used for cloning and the constructed plasmids are listed in Supplementary
485  Tables S3 and $4. Genome editing in L. plantarum WCFS1 was performed using two E. coli-
486 Lactiplantibacillus shuttle vectors. The first shuttle vector, pAAOO9 encodes SpyCas9, a
487  tracrRNA and repeat-spacer-repeat array with a 30-nt spacer targeting the multiple peptide
488  resistance factor (mprF) gene. The targeting spacer was added by restriction digestion of the
489  backbone plasmid, pCB578, with Pvul-HF (NEB Cat. No. R3150S) and Notl-HF (NEB Cat.
490 No. R3189S), followed by ligation (NEB Cat. No. M0370L) of the digested backbone with
491  phosphorylated (NEB Cat. No. M0201L) annealed oligos 0AA027-028. The second shuttle
492  vector, pAA032, was used as the plasmid carrying a recombineering template to generate a
493  clean deletion of the mprF gene in the WCFS1 strain. First, pCB591 was amplified with
494  primers 0AA094-099 to get a backbone fragment for pAA032, and mprF aong with 250-bp
495  homology arms flanking the start and stop codons was amplified with primers cAA097-098
496  using genomic DNA from WCFS1 as template. The PCR fragments were joined together
497  using Gibson assembly kit (NEB Cat. No. E2611L) following the manufacturer’ s instructions.
498  Then, primers 0AA033-034 were used to remove mprF using the Q5 site-directed

499  mutagenesis kit (NEB Cat. No. E0554S) following the manufacturer’s instructions, yielding
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500 the final recombineering template pAA032. DH50 competent E. coli cells were used for both
501 cloning steps and primers 0AA038-039 were used for screening clones by colony PCR.
502  Correct clones were confirmed by Sanger sequencing (Microsynth GmbH) and whole plasmid
503  sequencing (Plasmidsaurus). After successful clones were obtained in E. coli DH5a., the
504 plasmid was transformed to the methyltransferase-deficient E. coli strain EC135 to improve

505 transformation efficiency in L. plantarum WCFSL [78].

506  Transformation of plasmidsto L. plantarum WCFS1

507  Transformation of plasmidsinto L. plantarum WCFS1 was performed as described previously
508 [79]. Briefly, to make electrocompetent cells for transformation, 1 mL of an overnight culture
509 grown in MRS broth at 37 °C without shaking was used to inoculate 25 mL of fresh MRS
510 supplemented with 2.5% glycine and was grown at 37 °C without shaking in 50 mL falcon
511  tube until ODey reached 0.6-0.8. Then, cells were washed twice with 5 mL ice-cold MgCl,
512 (10 mM) and twice more with 5 mL ice-cold SacGly solution. Cells were resuspended in 500
513 ulL ice cold SacGly and aliquoted at 60 uL to be used immediately. Plasmid DNA (1 mg
514  suspended in water) and 60 uL of electrocompetent cells were added to a pre-cooled 1-mm
515  electroporation cuvette and transformed with the following conditions: 1.8 kV, 200 U
516 resistance, and 25 mF capacitance. Following electroporation, cells were recovered in MRS
517  broth for 3 hours at 37 °C and then plated on MRS agar containing appropriate antibiotics for
518  2-3 days. Chloramphenicol and erythromycin concentrations were both 10 mg/mL in MRS

519 liquid and solid medium.

520 Genome editing

521  To delete the mprF gene, electrocompetent L. plantarum WCFSL cells were transformed with
522 pAAO032 (recombineering template). Transformants were plated on MRS agar plates
523  containing chloramphenicol. L. plantarum WCFS1 harboring the pAA032 were made
524  electrocompetent again and transformed with pAAOO9 (containing Cas9 and the genome-
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525 targeting sgRNA). Transformants were plated on MRS agar containing erythromycin and
526  chloramphenicol for the selection of pAA009 and pAA032. Surviving colonies were screened
527  for the desired genomic deletion using colony PCR with primers c0AA036-037, and the PCR
528 products were subjected to gel electrophoresis, PCR clean-up (Macherey-Nagel Cat. No.
529  740609.250S), and Sanger sequencing (Microsynth GmbH) with primers 0AA047-130, which
530 attach to the genome of L. plantarum WCFSL outside of the homology arms to validate the
531 deletion of mprF (Supplementary Figure 2). Both plasmids were cured from the mutant L.
532  plantarum WCFS1 AmprF strain by performing a cycle of culturing it in non-selective MRS
533  liquid medium and plating on non-selective MRS solid medium. Then, after each round of
534 non-selective growth, cultures were plated on MRS agar supplemented with either
535  chloramphenicol or erythromycin. This cycle was repeated until the mutant strain was

536  sensitiveto both antibiotics.
537  Quantification of pathogen load

538 Flies were infected with bacteria a the indicated OD as described above and alowed to
539 recover. At the indicated time points post-infection, flies were anesthetized using CO2 and
540  surface sterilized by washing them in 70% ethanol. Flies were homogenized using a Precellys
541 TM bead beater a 6,500 rpm for 30 s in LB broth, with 200 uL for pools of 5 flies. These
542  homogenates were serially diluted and plated on LB agar. Bacteria plates were incubated

543  overnight, and colony-forming units (CFUs) were counted manually.

544  Female flies were used to perform CFU record and gene expression assays. Survival tests

545  were always performed in maleflies.
546  Generation of germ-freeflies

547  Embryos laid by females over a 12 hours period on grape juice plates were rinsed in 1x PBS

548 and transferred to 1.5 mL Eppendorf tube. All subsequent steps were performed in a sterile
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549  hood. After embryos sedimented to the bottom of the tube, PBS was removed and 3% sodium
550  hypochlorite solution was added. After 10 min, the bleach was discarded, and dechorionated
551  embryos were rinsed three times in sterile PBS followed by one wash with 70% ethanal.
552  Embryos were transferred by pipette to tubes with antibiotics-supplemented food and kept at

553 25 °C. Emerged germ-free adult flies were used for subsequent experiments.

554  Estimating L. plantarum load in Drosophila after infection, priming, and genetic immune

555  activation

556  We performed colonization and priming following previously published protocol (Arias-Rojas
557  2023). Briefly, germ-free flies were (@) mono-colonized with either L. plantarum wild-type or
558  AmprF for 48 hours. After the colonization, infection with Eccl5 was perform and L.
559  plantarum load was estimated by plating fly homogenates on MRS agar plates. (b) Germ-free
560 flies were primed with Eccl5 for 3 hours and mono-colonized with either L. plantarum wild-
561 typeor AmprF. CFUs were recorded in by plating fly homogenates on MRS plates. (c) Germ-
562 free flies with overactivated Imd pathway and their controls were monocolonized with L.
563  plantarum wild-type or AmprF. and kept at 29 °C till the CFUs recording. Flies were flipped
564 into conventional vias 48 hours post-treatment. L. plantarum was used a ODgpo=50 and
565 Eccl5 at ODgyo=200. Bacteria were mixed 1:1 with 5% sucrose. 2.5% sucrose was use as
566  control treatment in the infection or priming. For al the mixtures, 150 puL were placed onto
567  paper filter disks covering the fly food surface. Once the solution was absorbed, flies were

568  flipped to these vias for colonization or infection.

569 RNA extraction and RT-qPCR

570 In systemic infection 5 flies per sample were collected at indicated time points. For
571  colonization or oral infection 20 guts were collected at indicated time points. Total RNA was
572  isolated using TRIzol reagent according with the manufactures protocol. After quantification

573  in NanoDrop ND-1000 spectrophotometer, 500 ng of total RNA were used to perform cDNA
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574  synthesis, using PrimeScript RT (TAKARA) and random hexamers. gPCR was performed on
575  LightCycler 480 (Roche) in 384-well plates using SYBR Select Master Mix from Applied
576  Biosystems. Expression values were normalized to RP49. Primer sequences are listed in the

577  Supplementary Table $4.

578  Lipid extraction

579 Bacteria cultures were growth from ODgyo=0.1 till they reached ODgpo=5. Cultures were
580 pelleted in 2 mL Eppendorf tubes for 5 min at max speed at room temperature. Pellets were
581  resuspended in 1 mL of 0.9% NaCl. The cells were pelleted again by centrifugation for 5 min
582 at max speed. 5 yL of internal standard was added to each pellet followed by the addition of
583 120 pL of H,O, 150 uL of chloroform and 300 uL of MeOH. The mixture was incubated 10
584  min on cold shaker at 4 °C. 150 uL of chloroform and 150 pL 0.85% KCI in H,O were added
585  after the incubation. The biomass was separated by centrifugation for 5 min at max speed. The
586 lower phase was harvest using a glass inlet. The isolated phase was dried under a nitrogen

587  stream and stored at —20°C.

588  The relative quantification and lipid annotation were performed by using HRES-LC-MSMS.
589  The chromatographic separation was performed using an Acquity Premier CSH C18 column
590 (2.1 x 100 mm, 1.7 um particle size, Water) with a constant flow rate of 0.3 mL/min with
591  mobile phase A being 10 mM ammonium formate in 6:4 acetonitrile:water and phase B being
592 9:1 isopropanol:acetonitrile (Honeywell, Morristown, New Jersey, USA) at 40 °C. The
593 injection volume was 5 pL. The mobile phase profile consisted of the following steps and
594  linear gradients: 0 — 5 min constant at 5% B; 5 — 20 min from 5 to 98% B; 20 — 27 min
595  constant at 98% B; 27 — 27.1 min from 98 to 5% B; 27.1 — 30 min constant at 5% B. For the
596 measurement, a Thermo Fischer Scientific ID-X Orbitrap mass spectrometer was used.
597 lonization was performed using a high-temperature electrospray ion source at a static spray

598  voltage of 3,500 V (positive) and a static spray voltage of 2,800 V (negative), sheath gas at 50
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599  (Arb), auxiliary gas at 10 (Arb), and ion transfer tube and vaporizer at 325 °C and 300 °C,

600  respectively.

601  Data-dependent MS”* measurements were conducted by applying an orbitrap mass resolution
602  of 120,000 using quadrupole isolation in a mass range of 200-2,000 and combining it with a
603  high energy collision dissociation (HCD). HCD was performed on the ten most abundant ions
604  per scan with a relative collision energy of 25%. Fragments were detected using the orbitrap
605 mass analyzer at a predefined mass resolution of 15,000. Dynamic exclusion with an
606  exclusion duration of 5 seconds after 1 scan with a mass tolerance of 10 ppm was used to

607  increase coverage.

608  Due to database limitations in annotating the Lysyl-PG lipids, we used a lipid standard (18:1
609  Lysyl-PG, Avanti) to identify the fragmentation pattern and possible unique fragments. We
610 found two individual fragments that are lipid class-specific, and with the help of these two
611 fragments, we identified all the Lysyl-PG species present in our measurement. The two
612  fragments are 301.1159 [M+H]" for the positive mode and 145.0982 [M-H] for the negative
613  mode. Compound Discoverer v3.3.2.31 (Thermo Fisher Scientific) was used to annotate the
614  Lysyl-PG lipids in the sample. We added the two unique fragments in the “Compound
615 Classes’ library and applied a workflow seeking for MS/MS spectra in which the two
616 fragments are present. Skyline v22.2.0.255 (MacCoss Lab, University of Washington) was
617 used to get the relative abundance of the different annotated Lysyl-PG species, and the
618 normalized area was extracted and used for further analysis and plotting. The data were

619 normalized by the total ion current defined by Skyline software.
620  Antibiotic Inhibition Assay (AlA)

621  Overnight bacteria cultures were adjusted to ODsy=0.1, and 50 pL of culture were pipetted
622 into flat bottom 96 well plates prefilled with ranging dilutions of either Polymyxin B (Fischer

623  Scientific), Gentamicin (Sigma), Defensin (Alfa Aesar) or Cecropin B (Sigma). After 6h
25
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624  incubation, bacterial growth was recorded to determine antibiotic inhibition values. Reads

625  were performed in Infinite 200 Pro plate reader (Tecan).

626  To determine the kinetics of bacterial growth in presence of antimicrobial in vitro (Fig. S3),
627  overnight cultures were adjusted to ODgy=0.05 and grew 20 hours in 96 well plates in a plate
628 reader a 37 °C in MRS medium supplemented with tested antibiotics. Bacterial growth was

629  estimated by measuring ODeggo in Infinite 200 Pro plate reader (Tecan).

630 Cytochrome C and 5-FAM-L C-LL 37 binding

631 Bacteria cultures were grown to ODgy=0.6, washed once with 1x PBS and resuspended in
632 Buffer A (1 M KHyPO,, pH 7.0, BSA 0.01%) and Cytochrome C (Sigma) solution (0.5
633  mg/mL), the cells were incubated 15 min a RT. Supernatants were obtained by centrifugation
634 and measured in 96 well plates at 440 nm. Overnight cultures were adjusted to ODgg 0.1 in
635 PBS 1x, and 5-FAM-LC-LL37 (Eurogentec) solution (14 pM) was added to each sample and
636 incubated 1 hour at 37 °C, 590 rpm. Supernatants were obtained by centrifugation and
637  transferred to 96 well plates to measure the Huorescence (absorbance 494 nm and emission

638 521 nm). Reads were performed in Infinite 200 Pro plate reader (Tecan).

639  Scanning electron microscopy

640 Bacteria cells were fixed with 2.5% glutaraldehyde and 20 pL drops of bacterial suspension
641  were spotted onto polylysine-coated round glass coverslips place into the cavities of a 24-well
642  cell culture plate. After 1 h of incubation in a moist chamber, PBS was added to each well,
643  and the samples were fixed 2.5% glutaraldehyde for 30 min. Sample were washed and post-
644  fixed using repeated incubations with 1% osmium tetroxide and 1% tannic acid, dehydrated
645 with a graded ethanol series, critica point dried and coated with 3 nm platinum/carbon.

646  Specimens were analysed in a Leo 1550 field emission scanning electron microscope using
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647  the in-lens detector at 20 kV. For quantification, images were recorded at a magnification of

648  2000x and analysed with the Volocity 6.5.1 software package.

649  Peptidoglycan release assay and peptidoglycan isolation

650  Overnight cultures were set to ODgpo=0.1 and grown to ODggo=2 stationary in MRS media
651  Lysozyme (10 mg/mL) was added during the ODgy0=0.5. Bacterial cultures were centrifuged
652  and supernatants were heated in the thermoblock at 95 °C for 20 min. 69 nL of supernatants
653  were injected into the thorax of flies. Peptidoglycan isolation was performed as described in
654 (Arias-Rojas et al., 2023). 9.2 nL of isolated purified peptidoglycan was injected into the
655  thorax of the flies. For peptidoglycan feeding, 150 pL of 15 mg/mL of isolated peptidoglycan
656  solutionin LAL water (Invivogen) was mixed 1:1 with 5% sucrose and fed to flies from filter
657  discsto test the expression of Dpt in the gut upon PNG ingestion. Batches of 20 females flies
658 (10 days old), per sample were use. Either after injection or ingestion flies were kept at 29 °C
659  for 4 hours. Drummond scientific Nanoject 11 was use to inject flies (Drummond, Broomall,

660 PA).

661  Generation of complemented L. plantatum AmprF mutant

662 For complementation, we used Gram-positive/Gram-negative shuttle vector pSIP409 [80]
663  offering inducible expression in Lactobacilli. mprF gene was PCR amplified with proof-
664  reading Phusion polymerase (Thermo Fisher Scientific) using genomic DNA of L. plantarum
665 WCFSL as template and mprF Ncol F/ mprF Xhol R primers containing restriction digest
666  sites. PCR product and pSIP409 plasmid were digested with Ncol and Xhol enzymes (NEB),
667  gel purified with Monarch DNA Gel Extraction Kit (NEB), and ligated with T4 DNA ligase
668 (Thermo Fisher Scientific). Ligation products were transformed into chemically competent
669 TOP10 E. coli and positive transformant were selected on LB agar with 150 pg/mL
670  erythromycin. After sequence verification, the obtained plasmid pSIP409-Lp-mprF was

671  electroporated into the L. plantarum AmprF mutant as described above to generate
27
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672 complemented mutant strain L. plantatum AmprF pSP409-Lp-mprF. The complemented
673  strain was grown overnight stationary in MRS at 37 °C. Next day cultures were diluted to
674  ODgpo=0.1 and grown to ODgp=0.3. At this OD, MprF expression was induced using 12.5
675 ng/mL of the peptide pheromone IP-673. Uninduced culture was used as a control. Cultures
676  were grown for another 3 hours, harvested by centrifugation (3,600 rpm for 15 min) and

677  finaly adjusted to ODgy=0.5 before being fed to female flies.

678  Generation of E. coli expressing L. plantatum MprF

679  For expression in E. coli, we cloned the L. plantarum mprF gene into pBAD18 expression
680  vector using restriction digest with BamHI/Sall and ligation. The obtained plasmid pBAD18-
681 LpMprF was sequence verified and transformed into E. coli TOP10 generating E. coli-
682  pPBAD18-LpMprF strain. Considering that pBAD18 is an arabinose-inducible vector, E. coli-
683 pBAD18-LpMprF grown in LB without arabinose was used as a control, while the same strain

684  raised in the presence of 0.2% of arabinose was studied as an MprF producer.

685 L TA analysis by western blot

686  Crude extract preparation

687  Bacteria were grown stationary in 50 mL MRS at 37 °C overnight. After homogenizing, 20
688  mL were harvested and pelleted at 3,200 x g for 10 min. The pellets were then washed in 200
689 ML of 50 mM citric buffer (pH 4.7) and the optical density of both solutions was normalized
690  to the same ODgy. After centrifugation, the pellets were resuspended in 600 pL of solution B
691 (equa volume of citric buffer and 2x LDS Buffer), heated at 90 °C for 30 min, and then
692  cooled on ice for 3 min. The samples were incubated with 100 U of benzonase for 30 min at
693 37 °C and then centrifuged at 4 °C and 3,000 x g for 20 min. After centrifugation, the

694  supernatants were heated at 70 °C for 10 min.

695 Western Blot
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696 12 pL of supernatants were separated on a Bolt 4-12% Bis-Tris Plus Gel (Invitrogen) for 25
697 minat 200 V. After migration, the samples were transferred onto a membrane using an iBlot 2
698 NC Mini Stack device (Invitrogen) and the following protocol: 1 min a 20 V, 4 min a 23V,
699 and 2 min at 25 V. The membrane was then blocked on a shaking board at room temperature
700  for one hour using 5% non-fat milk in PBS-T (PBS 1X + 0.1% TWEEN 20). After washing in
701 PBS-T (3 x 5 min), the membrane was incubated in primary antibody solution (Gram-positive
702 LTA monoclonal antibody (MA1-7402, Thermo Fischer Scientific) diluted 1:1000) at 4 °C
703  overnight on a rolling board. After washing in PBS-T (3 x 5 min), the membrane was
704  incubated in secondary antibody (anti-mouse HRP-linked secondary antibody (P0447,
705  Agilent/Dako) diluted 1:10,000) at room temperature for two hours. The membrane was
706 washed in PBS-T (3 x 5 min) one last time before by chemiluminescent detection and
707  imaging. Western blot analysis of purified LTA was performed in the same way, with the

708  exception that defined amounts of purified LTA were separated on agel.
709  LTA purification, de-O-acylation, and analysis by NM R and Tris-tricine-PAGE

710 LTA isolation and purification were performed as described elsewhere [81]. For de-O-
711 acylation, LTA preparations were dissolved 5 pg/uL in 1 M hydrazine (N2H4) in THF (Sigma
712 Aldrich, 433632) and 20 uL Millipore-water were added for better solubility. After mixing,
713 samples were incubated for 1 hour a 37 °C under stirring. The reaction was quenched by
714  careful adding of ice-cold acetone (same volume as the NoH4/ THF-solution) and subsequently
715  dried under a stream of nitrogen. The latter step was repeated twice. For desalting, the de-O-
716  acylated LTA was dialyzed against water (MWCO: 500-1000 Da) including three water

717 exchanges and one overnight dialysis.

718  NMR spectroscopic measurements were performed in D,O (purchased from Deutero GmbH
719  (Kastellaun, Germany)) at 300 K on a Bruker Avance!"' 700 MHz (equipped with an inverse 5

720  mm quadruple-resonance Z-grad cryoprobe). Acetone was used as an external standard for
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721 cdlibration of *H (84 = 2.225) and **C (8¢ = 30.89) NMR spectra[82] and 85% of phosphoric
722 acid was used as an external standard for calibration of *'P NMR spectra (5 = 0.00). All data
723 were acquired and processed by using Bruker TOPSPIN V 3.0 or higher. 'H NMR
724  assignments were confirmed by 2D *H,"H-COSY and total correlation spectroscopy (TOCSY)
725  experiments. *C NMR assignments were indicated by 2D *H,"*C-HSQC, based on the 'H
726 NMR assignments. Interresidue connectivity and further evidence for **C assignment were
727  obtained from 2D *H,*C-heteronuclear multiple bond correlation and *H,"*C-HSQC-TOCSY.
728  Connectivity of phosphate groups were assigned by 2D *H,**P-HMQC and *H,**P-HMQC-

729 TOCSY.

730 De-O-acylated LTA were subjected to native Tris-tricine-PAGE analysis essentially following
731 a published protocol [63]. First, aliquots of the de-O-acylated LTA were dissolved in
732 Millipore-water in a concentration of 5 pg/pL. Portions of appr. 80 uL were then applied to
733  benzonase and subsequent proteinase K digestion. For this, the respective portion was mixed
734  with an equal volume of a mixture of Millipore-water/100 mM Tris-HCI (pH 8.0)/20 mM
735  MgCl./benzonase (25 U/uL) 0.8/1.0/0.5/0.2 (v/viviv). The 25 U/uL benzonase solution was
736  freshly prepared by mixing the commercial 250 U/pL benzonase solution (1.01695.0001,
737 Merck) with 100 mM Tris-HCI (pH 8.0)/20 mM MgCl./Millipore-water in a 1:2:1:6 (v/v/viv)
738  ratio. After an incubation for 2 hours at 37 °C, a proteinase K solution (20 mg/mL; AM 2548,
739  Ambion) was added in a volume equivalent to 1/32 of this mixture and the resulting mixture
740  further incubated for 2 hours at 50 °C. The final solutions of such enzymatic digests have an
741  LTA concentration of 2.42 mg/mL. The treated samples were stored at —20 °C until they were
742  applied to Tris-tricine PAGE. 15 pug material in 25 pL solution [7.4 uL enzymatic digest, 15.1
743 pL Millipore-water, 7.5 pL 4x loading dye (according to [63])] were loaded on the PAGE.
744  Electrophoresis was performed at 14 mA (gel dimension: 16 cm x 14 cm x 0.75 mm) and 4 °C

745  for 877 min in a Hoefer SE600 Gel Electrophoresis Unit (Hoefer Inc., Halliston, MA, USA).
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746  Subsequent sequential alcian blue [63] and silver staining [83] were performed as described,

747  respectively.

748  Statistical analysis

749  Statistical test was conducted using R version 4.3.2. Survival analysis was carried with the
750 Kaplan-Meier method, and the Log Rank test, using R package survminer. Statistical
751  parameters and tests are shown in the figure legends. The interquartile range from the first to
752 third quartiles, with whiskers representing the tenth and ninetieth percentiles are shown in the
753  dot plots. Pairwise comparisons were executed and plotted collectively. Data visualization

754  was performed with the R packages ggplot2, dplyr, reshape2, and tidyverse.

755  Availability of data and materials

756  All data generated or analysed during this study are included in this published article and its

757  supplementary information files.
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1007 Figure 1. MprF isrequired for S. aureus virulence and resistance to Drosophila AMPs.
1008 (@) Surviva rates of Drosophila wild-type strains infected with wild-type S. aureus or S.
1009  aureus AmprF mutant (n=3, independent experiments). (b) Measurement of S. aureus wild-

1010  type(nl) or S aureus AmprF burden (n2) in wild-type (yw) and PGRP-SA¥™ flies. Number of
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1011 samples (n) in yw a Oh (n1=17, n2=18), 3h (n1=12, n2=12), 6h (n1=18, n2=16) and 21h
1012 (n1=32, n2=17). PGRP-SA¥™ at Oh (n1=19, n2=20), 3h (n1=12, n2=12), 6h (n1=16, n2=20)
1013 and 21h (n1=27, n2=33). (c) Survival rates of yw and PGRP-SA™" flies infected with S
1014  aureuswild-type or S. aureus AmprF mutant. (d) Survival rates of w8 iso and AAMP flies
1015 infected with S aureuswild-type or S aureus AmprF mutant. (€) S. aureuswild-type (nl1) and
1016 S aureus AmprF mutant (n2) load in w***® iso and AAMPs flies. Number of samples (n) in
1017 w8 iso a Oh (n1=12, n2=12), 3h (n1=12, n2=12), 6h (n1=12, n2=12) and 21h (n1=12,
1018  n2=12). AAMPs at Oh (n1=12, n2=12), 3h (n1=12, n2=12), 6h (n1=12, n2=12) and 21h
1019 (n1=12, n2=12). (f) Drosomycin (Drs) gene expression in yw and PGRP-SA™" flies infected
1020  with S aureuswild-type (n1) and S. aureus AmprF mutant (n2). Number of samples (n) in yw
1021 at Oh (n1=9, n2=9), 3h (n1=8, n2=8), 6h (N1=8, n2=9) and 21h (n1=9, n2=8). PGRP-SA™" at
1022 Oh (n1=8, n2=9), 3h (n1=8, n2=8), 6h (N1=9, n2=9) and 21h (n1=8, n2=8). Each sample
1023  contains 5 animals. Single dots in the bar plot show gene expression from pools of n=5
1024 animals. Single dots are mean CFU values from pools of n=5 animals in the logl0 scale.
1025  Black rounded dots show the median. Whiskers show either lower or upper quartiles. Each
1026  survival graph shows cumulative results of three independent experiments. In all figures, *p <
1027  0.05, **p < 0.01, ***p < 0.001. Kruskal-Wallis and Bonferroni post hoc tests were used for
1028  the statistical analysis.

1029  Figure2. L. plantarum MprF mediates lipid lysylation and resistance to AMPs

1030 (@) Scanning electron microscopy images of L. plantarumwild-type and AmprF mutant. (b)
1031  Cdll length and (c) cell diameter of L. plantarum wild-type (n= 1372) and L. plantarum
1032 AmprF mutant (n=1927). Individual dots show single cell record. Violin dot plots show
1033  median and interquartile ranges. (d, €) Binding of L. plantarum wild-type and L. plantarum
1034  AmprF mutant cells to Cytochrome C (d) and to fluorescently labeled antimicrobial peptide
1035 LL37 (e) (n=3 independent experiments). Data show quantity of remaining cytochrome C
1036  (quantified by measuring OD440) or fluorescently labelled antimicrobial peptide LL37
1037  (quantified by measuring fluorescence and expressed as Relative Fluorescent Units, (RFU) in
1038  the solution after incubation with indicated bacteria. Bar plots show mean and SEM. (f-h)
1039  Antibiotic Inhibitory Assay (AlA) of L. plantarum wild-type and L. plantarum AmprF mutant
1040  in MRS media supplemented with Polymyxin B (g), Gentamicin (h), and Defensin (i) (n =3
1041  independent experiments). (i) Heat map showing quantification of lysylated phospholipids in
1042 L. plantarum wild-type and L. plantarum AmprF mutant by LC-MS (n=3 independent

1043  experiments with 3 replicates each). Blue color illustrates high abundance, red color —
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1044  absence/low abundance or a particular lipid. *P < 0.05, **P < 0.01, ***P< 0.001, ****P <
1045  0.0001. Kruskal-Wallis and Bonferroni post hoc tests were used for the statistical analysis.
1046

1047 Figure 3. MprF mediates L. plantarum persistence in the Drosophila gut during
1048 inflammation. (a) Experimental design for monocolonization and infection protocol. (b) L.
1049  plantarum wild-type and AmprF loads in wild-type, Relish™°, and AAMPs flies at 6h and 24h
1050  after infection with Ecc15 (n=14 independent samples per treatment with 5 flies per sample).
1051  (c) Experimental design for oral priming protocols (d) L. plantarum wild-type (n1) and
1052 AmprF (n2) loads in flies primed or not with Ecc15 at 8h and 24h in wild-type, Relish®™, and
1053  AAMPs flies. Number of samples (n): 8h wild-type flies (n1=20, 20; n2=20, 16), Relish®®°
1054  (n1=8, 8; n2=7, 8) AAMPs (n1=19, 22; n2=20, 20)., 24h wild-type (n1=20, 20; n2=20, 17)
1055  Relish®™ (n1=6, 10; n2=7, 10), AAMPs (n1=21, 24; n2=21, 19). () L. plantarum wild-type
1056  (n1) and AmprF (n2) loads in MyolA-GAL4>UAS GFP, MyolA-GAL4>UASRelish, and
1057  MyolA-GAL4>UASIMD flies at 6h, 24h and 48h after colonization. Number of samples (n):
1058  MyolA- GAL4>UASGFP (n1=26, 34, 14; n2= 22, 35, 14), MyolA-GAL4>UASRelish
1059  (n1=12, 16, 5, n2=10, 33, 5) and MyolA-GAL4>UASIMD (n1=9, 9, 10, n2=10, 10, 9), three
1060 time points are shown in the n sample. (f) Rescue of L. plantatum AmprF persistence by the
1061  overexpression of wild-type mprF. Loads of L. plantarum wild-type (nl1), AmprF (n2),
1062 AmprF-pSIP409-Lp-mprF (n3), and AmprF-pSIP409-Lp-mprF + [P-673 peptide (n4).
1063  Number of samples (n): MyolA-GAL4>UASGFP (n1=10, n2=10, n3=10, n4=8), MyolA-
1064 GAL4>UASRelish (n1=10, n2=10, n3=10, n4=8). Individua dots show bacterial load per 5
1065 femaleflies. Lines show median and interquartile ranges (IQR). *P < 0.05, **P < 0.01, ***P<
1066  0.001, ****P < 0.0001. Kruskal-Wallis and Bonferroni post hoc tests were used for the
1067  statistical analysis.

1068

1069 Figure 4. L. plantarum mprF confers Lys-lipid synthesis and antibiotic resistance in E.
1070  coli. (a) Heat map showing quantification of lysylated phospholipids in E. coli expressing (E.
1071 coli-pBAD-mprF+Ara) and not expressing LpMprF (E. coli-pBAD-mprF). Blue color
1072 illustrates high abundance, red color — absence/low abundance or a particular lipid. (b, c)
1073  Binding of E. coli cells expressing and not expressing LpMprF to Cytochrome C (b) and to
1074  fluorescently labeled antimicrobial peptide LL37 (c) (n=3 independent experiments). Data
1075  show quantity of remaining cytochrome C (quantified by measuring OD440) or fluorescently
1076  labeled antimicrobial peptide LL37 (quantified by measuring fluorescence and expressed as
1077  Relative Fuorescent Units, RFU) in the solution after incubation with indicated bacteria. Bar
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1078  plots show mean and SEM. (d) Antibiotics Inhibition Assay (AlA) on E. coli cells expressing
1079  and not expressing LpMprF in LB media supplemented with Polymyxin B, Gentamicin, and
1080  Cecropin B (n = 3 independent experiments). (€) Survival rates of w'*® iso, AAMP and
1081  Relish® flies infected with E. coli expressing (E. coli-pBAD-mprF+Ara) and not expressing
1082  LpMprF (E. coli-pBAD-mprF). (f) Loads of E. coli expressing (E. coli-pBAD-mprF+Ara, n2)
1083  and not expressing LpMprF (E. coli-pBAD-mprF, nl) in w**8 iso (n1=9, 9, 9, n2=8, 8, 9),
1084  Relish®°(n1=9, 9, 9, n2=9, 9, 9), and AAMP flies (n1=9, 9, 9, n2=9, 9, 9). Three time points
1085 per bacteria are shown in the n sample. LpMprF expression in E. coli-pBAD-mprF was
1086  induced with L-arabinose 0.2%. In dot plots, median and interquartile ranges are shown
1087  (IQR); whiskers show either lower or upper quartiles or ranges. Mean and SEM are shown. *P
1088 < 0.05, **P < 0.01, ***P< 0.001, ****P < 0.0001. Kruskal-Wallis and Bonferroni post hoc
1089  testswere used for the statistical analysis.

1090 Figure 5. MprF affects bacterial immunostimulatory properties by limiting the release
1091  of PGN fragments. (a) Intestina Diptericin A gene expression 5 days post colonization with
1092 L. plantarum wild-type (n1) and AmprF mutant (n2) or treatment with sucrose 2.5% only (n3)
1093 in wild-type (n1=9, n2=9, n3=3) and Relish® flies (n1=3, n2=3, n3=3). (b) Systemic DptA
1094  gene expression 4h after injection of supernatants from L. plantarum wild-type (n1), AmprF
1095 mutant (n2) or MRS (n3) without chicken egg lysozyme treatment in wild-type (n1=5, n2=5,
1096  n3=5) and Relish®™ flies (n1=3, n2=3, n3=3), or after treastment with chicken egg lysozyme,
1097  in wild-type (n1=5, n2=5, n3=5) and Relish™® flies (n1=3, n2=3, n3=3). (c) Systemic DptA
1098 gene expression 4h after injection (n1=3, n2=4) and intestinal DptA expression 4h after
1099  ingestion (n1=3, n2=3) of purified PGN from L. plantarum wild-type (n1) or AmprF mutant
1100 (n2). (d) Systemic Pirk and PGRP-LB gene expression after systemic infection with E. coli
1101  expressing (E. coli-pBAD-mprF+Ara, n2) and not expressing LpMprF (E. coli-pBAD-mprF,
1102 nl) at 3h (n1=3, n2=3), 6h (n1=3, n2=3) and 21h (n1=3, n2=3) post infection. (e) Systemic
1103  DptA gene expression 4h after injection of supernatants from E. coli expressing (E. coli-
1104  pBAD-mprF+Ara, n2) and not expressing LpMprF (E. coli-pBAD-mprF, nl) in wild-type
1105 (n1=8, n2=11) and Relish™ flies (n1=4, n2=4). LpMprF expression in E. coli-pBAD-mprF
1106  was induced with 0.2% L-arabinose. Individual dots show gene expression per 20 female guts
1107  (intestinal expression) or 5 whole female flies (systemic expression). Bar plots show mean
1108 and SEM. *P < 0.05, **P < 0.01, ***P< 0.001, ****P < 0.0001. Kruskal-Wallis and
1109  Bonferroni post hoc tests were used for the statistical analysis.
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1111 Figure 6. LTA chain length is partially reduced in the L. plantarum AmprF mutant. (a)
1112 LTA profile of L. plantarum wild-type and AmprF mutant detected with Western blot and
1113  anti-LTA MAb at a 1:1,000 dilution. (b) Profile of de-O-acyl LTA visualized by Tris-tricine-
1114  PAGE with combined alcian blue and silver staining (full length gel is shown in Fig. S5). (c,
1115  d) *H NMR analysis of native (c) and de-O-acyl (d) LTA. Shown are *H NMR spectra (Sy
1116  6.0-0.0 ppm (native) or oy 5.5-2.5 ppm (de-O-acyl)) recorded in D,O at 300 K. (€) Chemical
1117  structure of LTA isolated from L. plantarum WCFS1 (NCIMB 8826). Position of the third
1118  fatty acid (R’’") was adopted from ref. [66].
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