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ABSTRACT:

Cell labeling is a preliminary step in multiple biophysical approaches, including the solid-state nuclear magnetic resonance (NMR) study of bacteria in vivo. Deuterium solid-state NMR has been used in the past years to probe bacterial membranes and their interactions with antimicrobial peptides, following a standard labeling protocol. Recent results from our laboratory on a slow-growing bacterium has shown the need to optimize this protocol, especially the bacterial growth time before harvest and the concentration of exogenous labeled fatty acids to be used for both Escherichia coli and Bacillus subtilis. It is also essential for the protocol to remain harmless to cells while providing optimal labeling.

We have therefore developed a fast and facile approach to monitor the lipid composition of bacterial membranes under various growth conditions, combining solution 31 P NMR and GCMS. Using this approach, the optimized labeling conditions of Escherichia coli and Bacillus subtilis with deuterated palmitic acid were determined. Our results show a modification of B. subtilis phospholipid profile as a function of the growth stage, as opposed to E. coli. Our protocol recommends low concentrations of exogenous palmitic acid in the growth medium, and bacteria harvest after the exponential phase.
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GRAPHICAL ABSTRACT

INTRODUCTION

For the past four decades, the 2 H solid-state Nuclear Magnetic Resonance (SS-NMR 1 ) study of living bacteria has intended to better understand bacterial membranes composition, structure, dynamics and interactions with antimicrobial peptides [START_REF] Davis | Study of the cytoplasmic and outer membranes of Escherichia coli by deuterium magnetic resonance[END_REF][START_REF] Pius | 2H solid-state NMR investigation of whole Escherichia coli interacting with antimicrobial peptide MSI-78[END_REF][START_REF] Tardy-Laporte | A 2H solid-state NMR study of effect of antimicrobials on intact Escherichia coli without mutating[END_REF][START_REF] Warnet | In cell solid-state NMR: an emerging technique for the study of biological membranes[END_REF][START_REF] Warnet | A 2H magic-angle spinning solid-state NMR characterisation of lipid membranes in intact bacteria[END_REF][START_REF] Laadhari | Interaction of the antimicrobial peptides caerin 1.1 and aurein 1.2 with intact bacteria by 2H solid-state NMR[END_REF][START_REF] Booth | Recent progress on the application of 2H solid-state NMR to probe the interaction of antimicrobial peptides with intact bacteria[END_REF][START_REF] Bouhlel | Labelling strategy and membrane characterization of marine bacteria Vibrio splendidus by in vivo 2H NMR[END_REF][START_REF] Santisteban | Effect of AMPs MSI-78 and BP100 on the lipid acyl chains of 2H-labeled intact gram positive bacteria[END_REF][START_REF] Bouhlel | Investigating the action of the microalgal pigment marennine on Vibrio splendidus by in vivo 2H and 31P solid-state NMR[END_REF]. In the seminal work of Davis in 1979, deuterium labeling of Escherichia coli membranes was obtained by growing bacteria in the presence of exogenous labeled fatty acids (FAs) at a concentration of 190 mM micellized in Brij® 58, and bacteria were harvested at the mid-log growth phase. Similar parameters were applied by Pius et al. in 2012 [START_REF] Pius | 2H solid-state NMR investigation of whole Escherichia coli interacting with antimicrobial peptide MSI-78[END_REF]. In these works, mutants that cannot synthesize FAs were utilized. In the following years, our group has tested several detergents, and replaced Brij® by either dodecylphosphocholine (DPC) or polyoxyethylene sorbitan monolaurate (also known as Tween® 20) [START_REF] Tardy-Laporte | A 2H solid-state NMR study of effect of antimicrobials on intact Escherichia coli without mutating[END_REF][START_REF] Booth | Recent progress on the application of 2H solid-state NMR to probe the interaction of antimicrobial peptides with intact bacteria[END_REF], and confirmed that nonmutated E. coli supplemented with palmitic acid (PA or C16:0) requires an equal amount of oleic acid (OA or C18:1) to maintain the level of unsaturated lipids in the bacterial membranes [START_REF] Warnet | A 2H magic-angle spinning solid-state NMR characterisation of lipid membranes in intact bacteria[END_REF]. More recently, the study of a slow-growing marine bacterium, Vibrio splendidus, in presence of exogenous FAs has also shown a change in the acyl chain profile as a function of the growth phase [START_REF] Bouhlel | Labelling strategy and membrane characterization of marine bacteria Vibrio splendidus by in vivo 2H NMR[END_REF]. This observation is not surprising since bacteria are known to adapt very quickly to their environment, and for example to change their membrane properties by adjusting their lipid composition, i.e., both their FAs and headgroup profiles, depending on the growth conditions [START_REF] Ianzini | Effects of decreased pH on membrane structural organization of Escherichia coli grown in different fatty acid-supplemented media: a 31P NMR study[END_REF][START_REF] Rietveld | Polymorphic regulation of membrane phospholipid composition in Escherichia coli[END_REF][START_REF] Morein | Wild-type Escherichia coli cells regulate the membrane lipid composition in a ''window'' between gel and non-lamellar structures[END_REF][START_REF] Cybulski | Mechanism of membrane fluidity optimization: isothermal control of the Bacillus subtilis acyl-lipid desaturase[END_REF][START_REF] Romantsov | Cardiolipin and the Osmotic Stress Responses of Bacteria[END_REF][START_REF] Gao | Quantitative Analysis of Cold Stress Inducing Lipidomic Changes in Shewanella putrefaciens Using UHPLC-ESI-MS/MS[END_REF][START_REF] Nickels | Impact of Fatty-Acid Labeling of Bacillus subtilis Membranes on the Cellular Lipidome and Proteome[END_REF][START_REF] Lee | The impact of antibacterial peptides on bacterial lipid membranes depends on stage of growth[END_REF]. In humans as well, alteration 1 B. subtilis: Bacillus subtilis 168; BCFAs: branched chain fatty acids; CDCl 3 : deuterochloroform; CL: cardiolipin; DCM-MeOH: dichloromethane-methanol; DPC: dodecylphosphocholine; E. coli: Escherichia coli BL21; EDTA: ethylenediaminetetraacetic free acid; Egg SM: chicken egg sphingomyelin (mostly N-palmitoyl-D-erythro-sphingosylphosphorylcholine); FAs: fatty acids; FAME mix: fatty acid methyl ester mix C4-C24; GCMS: gas chromatography combined with mass spectrometry; LCMS: liquid chromatography combined with mass spectrometry; LPG: lysyl-phosphatidylglycerol; M 2 : second spectral moment of 2 H SS-NMR spectra; MAS: magic-angle spinning; OA: oleic acid or octadecenoic acid or C18:1; OD 600 : optical density at 600 nm; PA: palmitic acid or hexadecanoic acid or C16:0; PA-d 31 : perdeuterated palmitic acid; PE: phosphatidylethanolamine; PG: phosphatidylglycerol; PhA: phosphatidic acid; POPA: 1palmitoyl-2-oleoyl-sn-glycero-3-phosphate; POPC: 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine; POPE : 1-palmitoyl-2-oleoyl-snglycero-3-phosphoethanolamine; POPG : 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol); POPS: 1-palmitoyl-2-oleoyl-snglycero-3-phospho-L-serine; PS: phosphatidylserine; SS-NMR: solid-state Nuclear Magnetic Resonance; TMCL: 1',3'-bis[1,2dimyristoyl-sn-glycero-3-phospho]-glycerol; TMP: trimethyl phosphate; Tween® 20: polyoxyethylene sorbitan monolaurate; UFAs: unsaturated fatty acids; SFAs: non-branched saturated fatty acids; S/U: saturated/unsaturated. of lipid homeostasis has been linked to many pathologies, and the increasing number of lipid profile studies has given birth to a new field of research called lipidomics [START_REF] Meikle | Clinical Lipidomics: Realizing the potential of lipid profiling[END_REF].

Based on these observations, and on a growing interest for in-cell biophysical approaches, we have undertaken the optimization of bacterial membrane deuteration, of both the Gram-negative E. coli and the Gram-positive Bacillus subtilis, focusing on the growth phase at harvest but also on the concentration of exogenous FAs added in the growth medium. Optimization of bacterial labeling aims for the best possible deuteration yield, but also for the least perturbation of bacterial membrane composition and properties, to preserve the native lipid profile and membrane fluidity as much as possible. In order to follow the lipid metabolism in E. coli and B. subtilis, it is important to characterize the bacterial membranes in a systematic way; therefore, we have optimized a routine protocol to evaluate the lipid composition of bacteria, both their headgroups and FAs, compatible with the highthroughput requirements of growth optimization, implying fast experiments with standard laboratory equipment.

While the determination of the FA profile by gas chromatography combined with mass spectrometry (GCMS) is commonly used to assess cell membrane composition [START_REF] Mavis | The effect of phospholipid fatty acid composition on membranous enzymes in Escherichia coli[END_REF][START_REF] Sey | Canola Produced Under Boreal Climatic Conditions in Newfoundland and Labrador Have a Unique Lipid Composition and Expeller Press Extraction Retained the Composition for Commercial Use[END_REF], headgroup profile investigation has often been neglected, possibly missing out valuable information. The identification of lipid headgroups is usually performed by thin-layer chromatography [START_REF] Lopez | Role of anionic phospholipids in the adaptation of Bacillus subtilis to high salinity[END_REF][START_REF] Fuchs | Lipid analysis by thin-layer chromatography-A review of the current state[END_REF][START_REF] Tan | Discovery of a Cardiolipin Synthase Utilizing Phosphatidylethanolamine and Phosphatidylglycerol as Substrates[END_REF][START_REF] Uttlová | Bacillus subtilis alters the proportion of major membrane phospholipids in response to surfactin exposure[END_REF][START_REF] Nahar | Application of Thin-Layer Chromatography-Flame Ionization Detection (TLC-FID) to Total Lipid Quantitation in Mycolic-Acid Synthesizing Rhodococcus and Williamsia Species[END_REF], but solution 31 P NMR can be used to identify and quantify cell membrane phospholipids, although it has rarely been applied to bacterial samples [START_REF] Meneses | High Resolution 31P NMR of Extracted Phospholipids[END_REF][START_REF] Culeddu | 31P NMR analysis of phospholipids in crude extracts from different sources: improved efficiency of the solvent system[END_REF][START_REF] Flieger | Phospholipase A Secreted by Legionella Pneumophila Destroys Alveolar Surfactant Phospholipids[END_REF][START_REF] Murgia | Quantitative Characterization of Phospholipids in Milk Fat via 31 P NMR Using a Monophasic Solvent Mixture[END_REF][START_REF] Estrada | Influence of Temperature on 31P NMR Chemical Shifts of Phospholipids and Their Metabolites I. In Chloroform-Methanol-Water[END_REF][START_REF] Kaffarnik | Two-dimensional ³¹P,¹H NMR spectroscopic profiling of phospholipids in cheese and fish[END_REF][START_REF] Li | Applications of nuclear magnetic resonance in lipid analyses: An emerging powerful tool for lipidomics studies[END_REF][START_REF] Rehal | The Influence of Mild Acidity on Lysyl-Phosphatidylglycerol Biosynthesis and Lipid 42[END_REF][35][36][37]. More recently, liquid chromatography combined with mass spectrometry (LCMS) provided a much more powerful approach [38][39][40][41][42][START_REF] Demars | Exogenous fatty acids remodel Staphylococcus aureus lipid composition through fatty acid kinase[END_REF], allowing to determine both headgroup and FA composition with very high sensitivity and resolution. Nevertheless, LCMS instruments dedicated to lipid analysis are rare and the experiments are costly. In short, there is no perfect routine protocol currently available to rapidly assess changes in the lipid headgroup and FA chain composition.

The main advantage of the protocol we present here is that it is fast, providing results in less than 24 hours, with several samples possibly running in parallel. In addition, it only requires GCMS and NMR equipment found in standard chemistry or biochemistry laboratories or departments. In the context of lipidomics, this protocol may become handy for a fast and facile phospholipid profile determination. It allowed us to optimize E. coli and B. subtilis membrane isotopic labeling, by reducing the amount of exogenous FAs initially recommended by Davis [START_REF] Davis | Study of the cytoplasmic and outer membranes of Escherichia coli by deuterium magnetic resonance[END_REF], by comparing the efficiency of several detergents, and by selecting the appropriate harvest time for NMR experiments to be reproducible and have a high signal-to-noise ratio. This robust protocol has provided us with ideal labeling conditions, but also a complete lipid profile and membrane lipid order assessment of E. coli and B. subtilis membranes that will serve as a standard for future studies.

EXPERIMENTAL SECTION

Materials

Palmitic acid (hexadecanoic acid), oleic acid (octadecenoic acid), fatty acid methyl ester mix C4-C24 (FAME mix), guanidinium hydrochloride, deuterium-depleted water, trimethyl phosphate (TMP) and HPLC-grade organic solvents were purchased from Sigma Aldrich (St. Louis, MO, USA) while ethylenediaminetetraacetic free acid (EDTA) was purchased from Fisher Scientific (Fair Lawn, NJ, USA). Perdeuterated palmitic acid (PA-d 31 ) and deuterochloroform (CDCl 3 ) were obtained from Cambridge Isotope Laboratories (Tewksbury, MA, USA). Dodecylphosphocholine (DPC) was purchased from Anatrace Products (Maumee, OH, USA), and polyoxyethylene sorbitan monolaurate (Tween® 20) was bought from BioShop (Burlington, ON, Canada). Synthetic lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-racglycerol) (POPG), 1',3'-bis[1,2-dimyristoyl-sn-glycero-3-phospho]-glycerol (TMCL), 1-palmitoyl-2oleoyl-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate (POPA), and chicken egg sphingomyelin rotor, and used as soon as possible. For lipid profile determination, the pellet was washed with deionized water, centrifuged, freeze-dried and stored at -20 °C. For 300 mL of culture, 100-200 mg of wet pellets could be obtained, corresponding to 50-100 mg of dry pellets, depending on the strain and the growth time.

(

Lipid extraction

Cell pellets from B. subtilis and E. coli grown with or without exogenous FAs were extracted by the Folch method [START_REF] Folch | A simple method for the isolation and purification of total lipides from animal tissues[END_REF]. In short, each pellet was solubilized in about 30 mL of 2:1 dichloromethanemethanol (DCM-MeOH), then sonicated for about 10 min at 8W on ice (by alternating 1 min sonication and 1 min sample rest, five times), and transferred to a separating funnel. Then 70 mL of DCM:MeOH (2:1) and 27 mL of KCl aqueous solution (0.88% w/v) were added. After shaking, two phases were separated in about 20 min. The lower organic phase was collected, filtered through Whatman grade 54 filter paper, dried with a rotary evaporator, and freeze-dried for an extra hour. The mass of dry lipids obtained after this procedure was around 3 to 6 mg and, if necessary, lipids were kept at -80°C.

Lipid hydrolysis and fatty acid methylation

After the solution NMR experiments, the lipid solution was retrieved from the NMR tube, dried under a nitrogen gas flow and heated at 40°C. Lipids were then hydrolysed and FAs methylated for GCMS analysis in one step by a standard method described previously [START_REF] Tardy-Laporte | A 2H solid-state NMR study of effect of antimicrobials on intact Escherichia coli without mutating[END_REF]. In short, FAs were resuspended in 2 mL of H 2 SO 4 (2% in MeOH) and 800 μL of toluene, and heated in a sealed vial for 10 min at 100° C. After cooling for 10 min, 4 mL of H 2 O and 800 μL of hexane were added, the vial was vortexed and left to stand until two phases separated. The upper organic phase containing the FAMEs was dried under nitrogen gas at room temperature to preserve the short FAs. The mass of dry FAMEs obtained after this procedure was around 2 to 4 mg. Before GCMS analysis, dry FAMEs were resuspended in hexane at an approximate concentration of 1 mg/mL. The standard FAME mix was also resuspended in hexane at a concentration of 1 mg/mL.

31 P solution NMR

Phospholipids were identified and quantified by 31 P solution NMR by solubilizing dry lipids in an organic solvent solution, placing it in a standard 5-mm solution NMR tube. Two solutions were compared: the biphasic solution composed of 500 μL of CDCl 3 , 200 μL of MeOH, and 50 μL of aqueous EDTA solution [START_REF] Meneses | High Resolution 31P NMR of Extracted Phospholipids[END_REF][START_REF] Flieger | Phospholipase A Secreted by Legionella Pneumophila Destroys Alveolar Surfactant Phospholipids[END_REF][START_REF] Estrada | Influence of Temperature on 31P NMR Chemical Shifts of Phospholipids and Their Metabolites I. In Chloroform-Methanol-Water[END_REF][START_REF] Kaffarnik | Two-dimensional ³¹P,¹H NMR spectroscopic profiling of phospholipids in cheese and fish[END_REF], and the CUBO solution, made of 500 μL of dimethylformamide, 150 μL of triethylamine, and 50 mg of guanidinium hydrochloride [START_REF] Culeddu | 31P NMR analysis of phospholipids in crude extracts from different sources: improved efficiency of the solvent system[END_REF][START_REF] Murgia | Quantitative Characterization of Phospholipids in Milk Fat via 31 P NMR Using a Monophasic Solvent Mixture[END_REF]35].

Note that in the CUBO solution, there is no deuterated compound for locking or shimming. Following Murgia et al. [START_REF] Murgia | Quantitative Characterization of Phospholipids in Milk Fat via 31 P NMR Using a Monophasic Solvent Mixture[END_REF], we referenced our spectra with internal trimethyl phosphate (TMP) at 1 mM, which is soluble both in CDCl 3 and dimethylformamide. TMP 31 P chemical shift in the biphasic solution is 2.01 ppm, while it is 2.42 ppm in the CUBO solution. The aqueous EDTA solution (200 mM at pH 6)

was prepared with EDTA free acid and slowly adding KOH to reach pH 6, without crossing this value.

Solution NMR spectra were recorded on a Bruker Avance III-HD 600 spectrometer (Milton, ON, Canada), operating at a frequency of 242.84 MHz for 31 P and 599.95 MHz for 1 H, and equipped with a 5-mm BBFO double-resonance probe. For quantitative results, 31 P spectra were recorded with a 10 s recycle delay, 1 H inverse gated decoupling, and without NOE enhancement. Typically, spectra were acquired at 25°C, with 128 scans, and a spectral width of 50 ppm, for about 20 min. Each resonance was integrated with the Bruker TopSpin 3.5 software, and areas were corrected to take into account that cardiolipin has two 31 P nuclei while other phospholipids have only one. The standard deviation on resulting lipid proportions are indicated, and fall below 10% of the average value.

2 H solid-state NMR

SS-NMR spectra were recorded on a Bruker Avance III-HD 400 wide bore spectrometer (Milton, ON, Canada), operating at a frequency of 61.4 MHz for 2 H, and equipped with a 4-mm magic-angle spinning (MAS) double-resonance probe. Rotors were spun at the magic angle at a spinning frequency of 10 kHz. 2 H spectra were recorded at 37°C with a Hahn echo sequence using a 100 μs delay (one rotor period) and 1 s recycle delay. A typical spectrum was acquired with 3k to 10k scans, and a spectral width of 1 MHz, for about 1 to 3 hours. A 100 Hz exponential multiplication was used and spectral moments determined as described by Warnet et al. [START_REF] Warnet | A 2H magic-angle spinning solid-state NMR characterisation of lipid membranes in intact bacteria[END_REF].

GCMS

GCMS analyses were performed using a GC 7890A chromatograph (Agilent Technologies, Santa Clara, CA, USA) equipped with an HP-5ms GC column (5% phenyl-methylpolysiloxane) of 30 m length, 0.25-mm inner diameter and 0.25-μm film thickness, and a CombiPAL automated sample injector. The Mass Selective Detector 5975 was used in Electron Impact (EI) mode. Data acquisition and analysis were done with the ChemStation software. A better and faster separation between FAs could be obtained with a 50% cyanopropyl-methylpolysiloxane column, but it was not necessary here.

The carrier gas was helium at a constant flow of 0.52 mL/min. The injection of 1 μL of sample was made in a split mode (50:1) with the injector temperature at 250 °C. The column program was as follows: the initial temperature of 140 °C was held for 5 min, then the temperature was ramped at a rate of 4 °C/min to 300°C. The source temperature was kept at 230 °C, and the transfer line at 280 °C. EI mode was performed at 70 eV. Full-scan type detection was employed in positive mode on an m/z interval of 40-600. Total run time was around 40 min.

Peaks were identified by comparing their retention time to that of the standard FAME mix, and by their mass. The area of each peak was converted into percentage by comparing them to those of the FAME mix. For FAs absent from the FAME mix (cyclopropane, branched or deuterated for example), protonated FAs with the same number of carbons were used. The standard deviations on resulting FA proportions are indicated in Tables 1 and2, and are all below 10% of the indicated average value for the major species.

RESULTS AND DISCUSSION

Native E. coli and lipid profile determination

Bacterial cultures were monitored by measuring the OD 600 every 30 minutes, and the stationary phase was reached after approximately 5.5 hours for E. coli. A total of 300 to 500 mL of E. coli cultures were then prepared and harvested after either 2.5 hours to reach the "mid-log" phase (OD 600 of 1.5), or 5.5 hours to reach the "early stationary" phase (OD 600 of  3). Pellets were washed, freeze-dried and stored at -20 °C until their lipid profile was assessed.

A quasi-complete lipid profile could then be determined in less than 24 hours. Indeed, the lipid extraction (see section 2.3) can be performed the first morning in less than 2 hours, then the lipids are brought to the NMR facility. Each NMR spectrum acquisition lasts 20 minutes, and several runs can be performed before lipids are prepared for GCMS. Hydrolysis followed by methylation can be achieved in less than an hour before chromatography. Finally, GCMS is the longest experiment, taking close to one hour per sample, and is therefore usually carried out overnight as several samples can be analyzed using an auto-sampler, and the results obtained the following morning.

An advantage of NMR for the identification of lipids is that it is a non-destructive method that does not require chemical derivatization; lipids can therefore be recovered intact and further studied.

Several solvent mixtures [START_REF] Meneses | High Resolution 31P NMR of Extracted Phospholipids[END_REF][START_REF] Culeddu | 31P NMR analysis of phospholipids in crude extracts from different sources: improved efficiency of the solvent system[END_REF][START_REF] Flieger | Phospholipase A Secreted by Legionella Pneumophila Destroys Alveolar Surfactant Phospholipids[END_REF][START_REF] Murgia | Quantitative Characterization of Phospholipids in Milk Fat via 31 P NMR Using a Monophasic Solvent Mixture[END_REF][START_REF] Estrada | Influence of Temperature on 31P NMR Chemical Shifts of Phospholipids and Their Metabolites I. In Chloroform-Methanol-Water[END_REF][START_REF] Kaffarnik | Two-dimensional ³¹P,¹H NMR spectroscopic profiling of phospholipids in cheese and fish[END_REF][START_REF] Li | Applications of nuclear magnetic resonance in lipid analyses: An emerging powerful tool for lipidomics studies[END_REF][START_REF] Rehal | The Influence of Mild Acidity on Lysyl-Phosphatidylglycerol Biosynthesis and Lipid 42[END_REF][35] or even detergent aqueous solutions such as cholate micelles [36][37] have been suggested in the literature to study lipids by solution NMR. Despite their interesting properties, detergent micelles have been discarded here because, in order to use the same lipid samples for GCMS, molecules that could be confused with a FA were avoided. After trying several options, we adopted the conditions proposed by Flieger et al. [START_REF] Flieger | Phospholipase A Secreted by Legionella Pneumophila Destroys Alveolar Surfactant Phospholipids[END_REF], which consist in solubilizing the dry lipids in the "biphasic solution" composed of 500 μL of CDCl Since there is no consensus for lipid 31 P NMR chemical shifts in organic solvents, and following Murgia et al. [START_REF] Murgia | Quantitative Characterization of Phospholipids in Milk Fat via 31 P NMR Using a Monophasic Solvent Mixture[END_REF], we have also solubilized the dry lipids in the CUBO solution, and included trimethyl phosphate (TMP) at 1 mM in some samples for internal 31 S1). The lipid structures are presented in Figure S2 and the chemical shifts are summarized in Table S2. Resonances were integrated and the resulting lipid proportions are reported in Table 1. The values obtained in our study are similar to those found in the literature [START_REF] Tan | Discovery of a Cardiolipin Synthase Utilizing Phosphatidylethanolamine and Phosphatidylglycerol as Substrates[END_REF], with PE dominating in E. coli membranes with a proportion of approximately 75%, followed by PG ( 23%), and CL being a minor lipid (1% to 2%).

After lipid hydrolysis and methylation, the FA profile of those bacterial membranes was obtained by GCMS. Values are summarized in Figure 2 and Table S3, and in agreement with other values reported in the literature [START_REF] Warnet | A 2H magic-angle spinning solid-state NMR characterisation of lipid membranes in intact bacteria[END_REF][START_REF] Mavis | The effect of phospholipid fatty acid composition on membranous enzymes in Escherichia coli[END_REF]. The major FAs are the saturated C16:0 (PA), the mono-unsaturated C18:1 (OA) and the cyclopropane FAs cyC17:0 and, to a lesser extent, cyC19:0, for a total of about 55% unsaturated fatty acids (UFAs) (represented in Figure S3). With increasing growth time, the proportion of both cyclopropane FAs increased, at the expense of C18:1. The protocol we present here allows for the precise quantification of both the headgroups and FA chains but, as most protocols, it misses the correlation between the two. In other words, the total amount of each lipid class and of each FA is determined, but not the occurrence of each FA for each lipid class. Table 1. Phospholipid headgroup profile and proportions of saturated fatty acids (SFAs) of E. coli respectively, determined by 31 P NMR and GCMS (see Table S3), as well as 2 H SS-NMR second spectral moment (M 2 ) under MAS reflecting membrane lipid order. Values (with standard deviation) are reported as a function of added PA-d 31 and OA for bacteria harvested at different growth stages (mid-log and early stationary). 31 P NMR and GCMS analyses were performed in triplicates, with three independent bacterial cultures for each condition. S3). The percentage of saturated C16:0 deuterated fatty acids is cross hatched. The molar ratio of [saturated]-to-[cyclopropane and unsaturated] fatty acids in the control experiment is indicated by the dotted horizontal line.

E. coli grown with exogenous fatty acids

To optimize the labeling of E. coli, we assessed the lipid profiles of E. coli membranes grown in the presence of various concentrations of exogenous PA and OA (50 mM, 100 mM, 190 mM) micellized with DPC, harvested either at the mid-log or early stationary phases. These profiles are meant to determine the best conditions for in vivo 2 H SS-NMR analyses, which should preserve the "native" lipid profile, or at least the ratio of saturated/unsaturated (S/U) FAs and membrane fluidity. In addition, since the NMR signal comes from the deuterated PA chains in the lipid membranes, a sufficient amount of labeling has to be reached. Phosphorous-31 solution NMR results are presented in Figure 1, where lipid 31 P chemical shifts and relative proportions are hardly affected by the presence of exogenous FAs (Figure 2 and Table 1).

Previous experiments had shown that incorporating OA in addition to PA was necessary to maintain the level of UFAs at mid-log phase [START_REF] Warnet | A 2H magic-angle spinning solid-state NMR characterisation of lipid membranes in intact bacteria[END_REF], although the result still differed from the native conditions. However, GCMS results shown here reveal that the UFA level is closer to the control at the early stationary stage (Figure 2 and Table 1), consistent with the results obtained with the marine Gram(-) bacterium V. splendidus [START_REF] Bouhlel | Labelling strategy and membrane characterization of marine bacteria Vibrio splendidus by in vivo 2H NMR[END_REF]. In addition, this holds true when the concentration of added FAs is reduced from 190 mM to 100 mM or even 50 mM (Figure 2). As expected, the addition of exogenous PA and OA increases the total level of PA and OA in E. coli. Here again, measured values are closer to the control at the early stationary stage as compared to mid-log. We hypothesize that the increase in OA chains compensates the decrease in cyclopropane FAs to maintain the fluidity of bacterial membranes. It is worth noticing that the level of cyclopropane FAs, while still low, increases at the early stationary stage (Figure 2). The total measured level of PA is divided between natural abundance PA and deuterated PA, and the percentage of deuteration does not seem to be affected by the growth stage (Figure 2 and Table S3).

The labeling is higher in the mid-log phase than in the early stationary phase, and is obviously greater when more exogenous PA-d 31 is incorporated. The deuteration percentage is still high (above 20%) at 100 mM, and only drops at 50 mM of PA-d 31 . Finally, while C14:0 is a relatively minor FA (less than 4%), it is noteworthy that deuterated C14:0 FAs were detected in the early stationary phase, indicating that exogenous deuterated C16:0 could be used in the biosynthesis of C14:0 FA phospholipid chains.

While this is a known process (b-oxydation), and that it only affects ca. 1% of the measured FAs, it is interesting to show that our protocol can reveal such phenomenon, and to observe that there are no other spurious deuterated FAs.

Labeling bacterial membranes with deuterated FAs enables their in vivo study by SS-NMR, to probe their structure, dynamics, and altogether general state, as previously shown by us and other groups [START_REF] Davis | Study of the cytoplasmic and outer membranes of Escherichia coli by deuterium magnetic resonance[END_REF][START_REF] Pius | 2H solid-state NMR investigation of whole Escherichia coli interacting with antimicrobial peptide MSI-78[END_REF][START_REF] Tardy-Laporte | A 2H solid-state NMR study of effect of antimicrobials on intact Escherichia coli without mutating[END_REF][START_REF] Warnet | In cell solid-state NMR: an emerging technique for the study of biological membranes[END_REF][START_REF] Warnet | A 2H magic-angle spinning solid-state NMR characterisation of lipid membranes in intact bacteria[END_REF][START_REF] Laadhari | Interaction of the antimicrobial peptides caerin 1.1 and aurein 1.2 with intact bacteria by 2H solid-state NMR[END_REF][START_REF] Booth | Recent progress on the application of 2H solid-state NMR to probe the interaction of antimicrobial peptides with intact bacteria[END_REF][START_REF] Bouhlel | Labelling strategy and membrane characterization of marine bacteria Vibrio splendidus by in vivo 2H NMR[END_REF][START_REF] Santisteban | Effect of AMPs MSI-78 and BP100 on the lipid acyl chains of 2H-labeled intact gram positive bacteria[END_REF][START_REF] Bouhlel | Investigating the action of the microalgal pigment marennine on Vibrio splendidus by in vivo 2H and 31P solid-state NMR[END_REF]. It also allows assessing the membrane lipid order by monitoring the order parameter of deuterated lipid FA chains. This can be done by measuring the second spectral moment (M 2 ) of 2 H SS-NMR spectra on static samples [START_REF] Davis | Study of the cytoplasmic and outer membranes of Escherichia coli by deuterium magnetic resonance[END_REF][START_REF] Pius | 2H solid-state NMR investigation of whole Escherichia coli interacting with antimicrobial peptide MSI-78[END_REF][START_REF] Tardy-Laporte | A 2H solid-state NMR study of effect of antimicrobials on intact Escherichia coli without mutating[END_REF][START_REF] Santisteban | Effect of AMPs MSI-78 and BP100 on the lipid acyl chains of 2H-labeled intact gram positive bacteria[END_REF]. In biological membranes, such measurements can be long compared to the survival time of bacteria, thus we recently introduced a new, more sensitive, and thereby faster way to evaluate M 2 . To do so, 2 H SS-NMR experiments are carried out under MAS of the sample, thus reducing the total experiment time to an hour [START_REF] Warnet | A 2H magic-angle spinning solid-state NMR characterisation of lipid membranes in intact bacteria[END_REF][START_REF] Laadhari | Interaction of the antimicrobial peptides caerin 1.1 and aurein 1.2 with intact bacteria by 2H solid-state NMR[END_REF][START_REF] Bouhlel | Labelling strategy and membrane characterization of marine bacteria Vibrio splendidus by in vivo 2H NMR[END_REF][START_REF] Bouhlel | Investigating the action of the microalgal pigment marennine on Vibrio splendidus by in vivo 2H and 31P solid-state NMR[END_REF]. Here, we have used this approach to probe the lipid chain ordering of the same bacteria samples that were studied by GCMS.

Representative spectra are shown in Figure 3, and extracted M 2 values are reported in Table 1. 2 H SS-NMR confirms the GCMS results, i.e., the inverse variation of OA and cyclopropane FAs helps maintaining the membrane fluidity. An M 2 value close to 2 10 9 s -2 is common in fluid bacterial membranes [START_REF] Warnet | A 2H magic-angle spinning solid-state NMR characterisation of lipid membranes in intact bacteria[END_REF], and the only measured value that is significantly different is the one at mid-log, for 190 mM of exogenous FAs (around 7 10 9 s -2 ). This condition shows an increased M 2 , indicating a more rigid membrane consistent with being the only case where SFAs exceed UFAs (see Table 1). Another striking difference for this condition is the larger standard deviation, calculated for six different experiments. Actual values were measured between 2 10 9 s -2 (fluid phase) and 12 10 9 s -2 (gel phase), indicating not only that membranes are generally more rigid in this situation, but also that this is an unstable growth stage, where little variations can have a strong effect. 1. All spectra were normalized with respect to the first spinning sideband to better highlight the sideband intensity distribution. Note that the spectra are zoomed in order to show the difference in sideband intensities, the central peak is thus truncated.

Although samples are brought to the NMR spectrometer as soon as the bacterial growth is stopped, the two washing steps and the transfer to the rotor can take between 30 to 60 minutes, during which bacteria are still alive and continue to grow and metabolize FAs, which could explain the observed variability. To test this hypothesis, we took a sample where at mid-log, for 190 mM of exogenous FAs, a rigid M 2 value of 9.3 10 9 s -2 was obtained. The rotor was left for two more hours at 37°C and the 2 H SS-NMR measurement was repeated. Consequently, the M 2 value dropped to 2.6 10 9 s - 2 (see Figure S4). Conversely, at the early stationary stage, repeating the experiment two hours apart provided the same value of M 2 . This confirms that short measurements are essential, but also that the mid-log stage is an unstable stage where reproducibility is difficult to obtain. In summary, our results indicate that optimal E. coli labeling is achieved using a total concentration of 100 mM of exogenous PA-d 31 and OA (1:1) micellized in DPC in the growth medium, and that bacteria should by collected at the early stationary phase. This ensures that over 20% of FAs are deuterated while only the proportion of cyclopropane cyC17:0 FAs is significantly reduced (by a factor of two approximately), compensated by the increase in C18:1 by a similar factor. This also provides a native-like S/U FA ratio and membrane lipid order, as determined by 2 H SS-NMR.

Similarly, in such conditions, the headgroup profile of E. coli is only mildly affected. Last but not least, we have shown that these conditions are also more reproducible than in the mid-log phase where little experimental variations can have strong effects.

Native Bacillus subtilis and lipid profile determination

B. subtilis cultures were monitored by measuring the OD 600 every 30 minutes, and the stationary phase was reached after approximately 6 hours for this bacterium. A total of 300 mL of B. subtilis cultures were thus grown and harvested after either 3.5 hours ("mid-log", OD 600 of 1.5), or 6 hours ("early stationary", OD 600 of ~ 3). Pellets were washed, freeze-dried and stored at -20 °C until their lipid profile was assessed. Using the same protocol as the one described for E. coli, a quasi-complete lipid profile could then be determined in less than 24 hours.

In addition to the same three phospholipid resonances observed with E. coli, 31 P solution NMR of B. subtilis lipids revealed the presence of two more 31 P resonances. While we can clearly identify PG at 0.65 ppm, CL at ca. 0.37 ppm, and PE at 0.14 ppm in the biphasic solution, as shown in Figure 4, we Resonances were integrated, and the resulting lipid proportions listed in Table 2 are very variable depending on the growth stage, but are compatible with other values reported in the literature [START_REF] Lopez | Role of anionic phospholipids in the adaptation of Bacillus subtilis to high salinity[END_REF]39], with PG dominating (especially at the end of the exponential phase), followed by PE and CL, and LPG being the fourth minor lipid, with a stable proportion of ca. 10%. The very small resonance at -0.48 ppm in the biphasic solution (and -0.08 ppm in the CUBO solution) is present on B. subtilis spectra but not on E. coli spectra. It represents less than 3% of the total lipid phosphorous, and has not been assigned yet. 

After hydrolysis and methylation, GCMS provided the FA lipid profile of those bacterial membranes (see Figure 5 and Table S4 for the full quantification), which is in agreement with other values found in the literature [START_REF] Uttlová | Bacillus subtilis alters the proportion of major membrane phospholipids in response to surfactin exposure[END_REF]39]. While the major FAs are the branched ones (BCFAs) C15 and C17, with a predominance of the anteiso form, there are few non-branched SFAs and no UFAs (structures are presented in Figure S3). A similar trend is observed with increasing growth time, except that the proportion of C15 surpasses that of C17. S4). The percentage of non-branched C16:0 deuterated fatty acids is cross hatched. The molar ratio of [branched]-to-[non-branched] fatty acids in the control experiment is indicated by the dotted horizontal line.

B. subtilis grown with exogenous fatty acids

For SS-NMR studies using deuterated PA chains as a probe, our previously published work showed that adding OA was unnecessary for B. subtilis [START_REF] Laadhari | Interaction of the antimicrobial peptides caerin 1.1 and aurein 1.2 with intact bacteria by 2H solid-state NMR[END_REF], and the FA profile determined here confirms that the bacterial membrane does not contain a significant proportion of UFAs. Branched FAs are, on the other hand, abundant, but they are not available commercially at an affordable price. The approach we follow here is to adapt the protocol of Davis [START_REF] Davis | Study of the cytoplasmic and outer membranes of Escherichia coli by deuterium magnetic resonance[END_REF] by using non-mutated bacteria and optimizing the amount of exogenous PA employed in order to modify as little as possible the "native" lipid profile, while at the same time aiming for the best labeling yield. To do so, we assessed the membrane lipid profile of B. subtilis grown either at mid-log or at the early stationary phases, and in presence of exogenous PA-d 31 (solubilized with Tween® 20) at various concentrations, i.e., 20 mM, 50 mM, 100 mM, 190 mM.

Phospholipids were identified according to their headgroups by 31 P solution NMR, and representative spectra are shown in Figure 4. Resonances were integrated and the resulting lipid proportions are reported in Table 2. As opposed to E. coli, the proportion of phospholipids is greatly affected by addition of PA in the growth medium, especially when B. subtilis are harvested at the early stationary phase. As can be seen in Table 2, the amount of CL increases at the expense of PG, which is a manifestation of bacterial stress, as previously observed in various contexts [START_REF] Ianzini | Effects of decreased pH on membrane structural organization of Escherichia coli grown in different fatty acid-supplemented media: a 31P NMR study[END_REF][START_REF] Romantsov | Cardiolipin and the Osmotic Stress Responses of Bacteria[END_REF].

FAs were identified and quantified by GCMS, and the resulting proportions are displayed in Figure 5 (the detailed values are reported in Table S4). Here again, as opposed to E. coli, the FA profile is very much perturbed by the addition of PA in the growth medium, at both growth stages. For the most abundant species, the proportion of branched C17 FAs is more altered than the branched C15 FAs, especially in the mid-log phase. As expected, the proportion of PA detected in B. subtilis membrane increases with increasing concentration of exogenous PA-d 31 , at the expense of all other FAs. Concomitantly, deuterium labeling increases, reaching over 40% labeling at 50 mM PA-d 31 , then leveling over 70% above 100 mM PA-d 31 . We note the presence of a very small amount (less than 1%) of C18:0-d 31 , an elongation of the exogenous deuterated C16:0-d 31 . Altogether, these results indicate that to optimize the 2 H-labeling protocol of B. subtilis, a low concentration of exogenous PA should be used since it will be integrated in the membrane such that it will be detected by SS-NMR, as already observed [START_REF] Laadhari | Interaction of the antimicrobial peptides caerin 1.1 and aurein 1.2 with intact bacteria by 2H solid-state NMR[END_REF]. 2. All spectra were normalized with respect to the first spinning sideband to better highlight the sideband intensity distribution. Note that the spectra are zoomed in order to show the difference in sideband intensities, the central peak is thus truncated.

Labeling B. subtilis membranes with deuterated FAs enables their in vivo study and membrane lipid order assessment by monitoring the M 2 of 2 H SS-NMR spectra under MAS. Representative spectra are shown in Figure 6 and extracted M 2 values are reported in Table 2. 2 H SS-NMR results are consistent with those of GCMS, i.e., an increase in rigidity is measured as the proportion of PA-d 31 is added and incorporated in the phospholipids by the bacteria. This increase is moderate for 20 and 50 mM PA-d 31 , but is very important for concentrations above 100 mM. Finally, the instability in the midlog phase observed for E. coli was not observed in the case of B. subtilis.

To summarize our observations for B. subtilis labeling, a concentration of 50 mM of exogenous PA-d 31 micellized in Tween® 20 should be employed, and bacteria collected at the early stationary phase for in vivo 2 H SS-NMR analysis. This ensures that ca. 40% of FA chains are labeled while branched FAs are reduced by a factor of two approximately. The membrane lipid order can thus be assessed by in vivo 2 H SS-NMR while retaining a fluidity close to the native one. In such conditions, the headgroup profile of B. subtilis is slightly modified, with a doubling of CL at the expense of PG.

Unfortunately, the strong reduction of branched FAs is the price to pay, in order to be able to probe the bacterial membrane lipid order by 2 H SS-NMR. Since SS-NMR often compares different growth conditions, one can expect that even though the starting point has deviated from the native condition, the comparisons still stand. In the case of B. subtilis, we are exploring other labeling strategies in order to circumvent these obstacles.

SUMMARY AND CONCLUSIONS

In vivo SS-NMR has only recently been applied to bacteria; the approach and the growth conditions are therefore still being optimized. The work presented here is a big step forward as we optimized both the concentration of exogenous labeled PA to be used and the bacterial harvest time to ensure an appropriate labeling yield with minimal perturbation of the native membrane lipid profile. This was facilitated by the fast protocol that we have developed to quantify and characterize bacterial membrane lipids at each step of the optimization process. In addition to GCMS, this protocol makes use of 31 P solution NMR, which has allowed confirming the nature of the fourth phospholipid in B. subtilis as lysyl-phosphatidylglycerol. This protocol was developed and optimized for the in vivo study of bacteria by SS-NMR, where phospholipids are usually labeled with deuterated FAs. In the case of other labeling schemes, with nuclei such as 13 C or 19 F, the lipid analysis pipeline proposed here, i.e., solution 31 P NMR followed by GCMS, could also be used to characterize the membrane lipid composition. Finally, since phospholipids are abundant in many eukaryotic membranes, this protocol could also be adapted to a variety of cells.

Studying bacteria at various growth phases has shown that the lipid composition of E. coli was more stable than that of B. subtilis. More importantly, when bacteria are labeled with exogenous deuterated FAs, both their lipid headgroups and FA profiles are perturbed, especially at the mid-log stage. Our protocol has confirmed the necessity to combine PA and OA for E. coli, and shown that a concentration of exogenous PA-d 31 lower than the one used in previous work can be employed. New labeling protocols are suggested: 100 mM of total exogenous PA and OA for E. coli, and 50 mM of exogenous PA for B. subtilis, both collected at the early stationary phase.

Supplementary Materials:

The following are available online. S1 andS2: 31 P solution NMR chemical shifts; Table S1. 31 P solution NMR chemical shifts of various compounds in two organic solvent solutions at 25°C (see Material and Methods).
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  3 , 200 μL of MeOH, and 50 μL of aqueous EDTA solution (200 mM at pH 6). When necessary, the volume of EDTA solution was increased up to 100 μL, and a slight narrowing and shifting of resonances was observed. Although the separation, identification and quantification of the various 31 P NMR lipid headgroup resonances in the lipid samples is straightforward, their linewidths and chemical shifts may slightly vary depending on lipid acyl chains, solvent concentration, temperature and the lipids-to-EDTA molar ratio. For those reasons, it is hard to provide precise and reproducible chemical shifts for each lipid and we estimate the precision of the values to be +/-0.05 ppm.

Figure 1 .

 1 Figure 1. 31 P solution NMR spectra of lipids extracted from E. coli harvested at (A) mid-log or (B) early stationary stages, in 500 μL of CDCl 3 , 200 μL of methanol, and 50 μL of aqueous EDTA solution (200 mM at pH 6). Black: control; Dotted red: E. coli grown with 190 μM of PA-d 31 and OA.

Figure 2 .

 2 Figure 2. Fatty acid chain profile in E. coli harvested at (A) mid-log and (B) early stationary phases, as a function of the concentration of added PA-d 31 and OA (in mM) in the growth medium. The percentage of cyclopropane (red), unsaturated (orange) and saturated fatty acids (yellow) were determined by GCMS (see TableS3). The percentage of saturated C16:0 deuterated fatty acids is cross hatched. The molar ratio of [saturated]-to-[cyclopropane and unsaturated] fatty acids in the control experiment is indicated by the dotted horizontal line.

Figure 3 .

 3 Figure 3. 2 H SS-NMR spectra of E. coli spun at 10 kHz and 37°C. Bacteria were grown with either 100 μM of PA-d 31 and OA (black) or 190 μM of PA-d 31 and OA (dotted red) and collected at (A) mid-log or (B) early stationary stages. The resulting M 2 values for all labeling conditions are reported in Table1. All spectra were normalized with respect to the first spinning sideband to better highlight the sideband intensity distribution. Note that the spectra are zoomed in order to show the difference in sideband intensities, the central peak is thus truncated.

Figure 4 .

 4 Figure 4. 31 P solution NMR spectra of lipids from B. subtilis extracted at (A) mid-log or (B) early stationary stages, in 500 μL of CDCl 3 , 200 μL of MeOH, and 50 μL of aqueous EDTA solution (200 mM at pH 6). Black: control; Dotted red: B. subtilis grown with 190 mM of PA.

Figure 5 .

 5 Figure 5. Fatty acid chain profile in B. subtilis harvested at (A) mid-log and (B) early stationary phases, as a function of the concentration of added PA-d 31 (in μM) in the growth medium. The percentage of branched C15 (red), branched C16 (orange), branched C17 (green) and non-branched (yellow) FAs were determined by GCMS (see TableS4). The percentage of non-branched C16:0 deuterated fatty acids is cross hatched. The molar ratio of [branched]-to-[non-branched] fatty acids in the control experiment is indicated by the dotted horizontal line.

Figure 6 .

 6 Figure 6. 2 H SS-NMR spectra of B. subtilis spun at 10 kHz and 37°C. Bacteria were grown with either 50 mM (black) or 190 mM (dotted red) of PA-d 31 and collected at the (A) mid-log or (B) early stationary stages. The resulting M 2 values for all labeling conditions are reported in Table2. All spectra were normalized with respect to the first spinning sideband to better highlight the sideband intensity distribution. Note that the spectra are zoomed in order to show the difference in sideband intensities, the central peak is thus truncated.

  Figure S4: additional 2 H solid-state NMR spectra; TablesS1 and S2:31 P solution NMR chemical shifts;

Figure S1. 31

 31 Figure S1. 31 P solution NMR spectra of extracted bacterial lipids in organic solvent solutions: (A) E. coli in the biphasic solution; (B) B. subtilis in the biphasic solution; (C) E. coli in the CUBO solution; (D) B. subtilis in the CUBO solution (see Material and Methods). Note that our internal reference is TMP at 2.01 ppm in the biphasic solution, and at 2.42 ppm in the CUBO solution.

Figure S2 .

 S2 Figure S2. Phospholipids cited in this work (fatty acids represented here are C18:1).

Figure S3 .

 S3 Figure S3. Fatty acids cited in this work.

Figure S4. 2

 2 Figure S4. 2 H solid-state NMR spectra of (A) an E. coli pellet grown with 190 mM of PA-d 31 and OA, and collected at mid-log, spinning at 10 kHz and 37°C; (B) the same pellet, two hours later.

  P reference. The chemicals shifts of TMP at 25°C are 3.01 ppm in D 2 O[START_REF] Harris | NMR nomenclature. Nuclear spin properties and conventions for chemical shifts[END_REF], 2.01 ppm in the biphasic solution, 2.42 ppm in the CUBO solution, and 2.53 ppm as a neat liquid. Before analyzing the bacterial lipid pellets, we have assigned the 31 P chemical shifts of several synthetic lipids in both solutions (see TableS1). In E. coli, we could clearly 0.77 ppm; 0.25 ppm and 0.05 ppm in the CUBO solution (see FigureS1). The CUBO solution can be very useful in case of ambiguous assignments (vide infra), but generally speaking the biphasic solution is much more practical since deuterated chloroform enables locking and shimming, which therefore leads to narrower lines. More importantly, as explained by Murgia et al.[START_REF] Murgia | Quantitative Characterization of Phospholipids in Milk Fat via 31 P NMR Using a Monophasic Solvent Mixture[END_REF], triethylamine in CUBO forms adducts that generate extra resonances for PE at ca. -0.31 ppm, and for TMP at ca. 1.92 ppm, as well as for phosphatidylserine (PS, see Table

identify phosphatidylglycerol (PG) at 0.65 ppm, cardiolipin (CL) at ca. 0.38 ppm, and phosphatidylethanolamine (PE) at  0.11 ppm in the biphasic solution, as shown in Figure

1

. Those three peaks appear at

  2 H SS-NMR experiments were repeated six times, with six independent bacterial cultures.

	(10 9 s -2 )			(0.37)	(0.14)	(0.62)	(0.12)	(5.00)	(0.6)
			0 mM		50 mM	100 mM	190 mM
		Mid-log	Early-stat.	Mid-log	Early-stat.	Mid-log	Early-stat.	Mid-log	Early-stat.
	PG	19.9% (0.2)	25.8% (0.6)	19.0% (3.2)	23.3% (1.5)	23.1% (1.9)	24.8% (0.8)	22.3% (1.2)	23.5% (0.5)
	CL	1.8% (0.3)	1.4% (0.4)	2.7% (0.9)	1.0% (0.3)	1.3% (0.3)	1.3% (0.1)	1.8% (0.5)	2.2% (0.4)
	PE	76.9% (2.6)	72.8% (1.0)	78.3% (2.7)	75.7% (1.8)	75.5% (2.2)	73.8% (0.9)	76.0% (1.3)	74.3% (0.1)
	SFA	45%	50%	46%	40%	47%	44%	51%	40%
	M2	-	-	1.90	2.02	1.89	2.19	6.87	2.06

Table 2 .

 2 Phospholipid headgroup profile and proportions of non-branched saturated fatty acids (SFAs) of B. subtilis respectively determined by31 P NMR and GCMS (see TableS4), as well as 2 H SS-NMR second spectral moment (M 2 ) reflecting membrane lipid order. Values (with standard deviation) are reported as a function of added PA-d 31 , for bacteria harvested at different growth stages (mid-log and early stationary). All experiments were performed in triplicates, with three independent bacterial cultures for each condition.

			0 mM	20 mM	50 mM	100 mM	190 mM
		Mid-log	Early-stat.	Mid-log	Early-stat.	Mid-log	Early-	Mid-log	Early-	Mid-log	Early-
							stat.		stat.		stat.
	PG	36.5%	59.9%	36.1%	57.8%	32.9%	44.7%	36.1%	43.6%	29.4%	42.8%
		(2.7)	(1.0)	(1.4)	(4.3)	(2.2)	(5.2)	(3.7)	(7.4)	(6.4)	(2.8)
	CL	21.2%	8.9%	24.9%	11.0%	27.2%	21.3%	29.1%	27.1%	27.8%	25.9%
		(1.8)	(2.2)	(1.7)	(6.2)	(2.9)	(4.5)	(4.8)	(12.5)	(5.0)	(1.0)
	PE	33.8%	21.1%	29.5%	21.3%	28.9%	24.5%	27.5%	19.1%	32.2%	20.5%
		(0.7)	(3.0)	(0.5)	(1.1)	(1.1)	(1.9)	(1.0)	(3.9)	(2.2)	(3.3)
	LPG	8.5%	10.0%	9.5%	9.8%	11.0%	9.5%	7.9%	10.2%	10.7%	10.8%
		(1.5)	(0.5)	(0.3)	(3.7)	(1.1)	(2.3)	(0.8)	(2.3)	(2.9)	(0.4)
	SFA	8%	6%	32%	31%	72%	55%	73%	82%	96%	77%
	M2										
	(										

Table S3 :

 S3 fatty acid profile of E. coli; Table S4: fatty acid profile of B. subtilis. Membrane Physico-Chemical Properties in Methicillin-Resistant Staphylococcus Aureus. Chem. Phys. Lipids, 2017, 206, 60-70. 35. Furse, S.; Jakubec, M.; Rise, F.; Williams, H.E.; Rees, C.E.D.; Halskau, Ø. Evidence That Listeria Innocua Modulates Its Membrane's Stored Curvature Elastic Stress, but Not Fluidity, Through the Cell Cycle. Sci. Rep., 2017, 7, 8012. 36. Schiller, J.; Müller, M.; Fuchs, B.; Arnold, K.; Huster, D. 31P NMR Spectroscopy of Phospholipids: From Micelles to Membranes. Curr. Anal. Chem., 2007, 3, 283-301. 37. Singh, A.; MacKenzie, A.; Girnun, G.; Del Poeta, M. Analysis of Sphingolipids, Sterols, and Phospholipids in Human Pathogenic Cryptococcus Strains. J. Lipid Res., 2017, 58, 2017-2036. 38. Oursel, D.; Loutelier-Bourhis, C.; Orange, N.; Chevalier, S.; Norris, V.; Lange, C.M. Lipid Composition of Membranes of Escherichia Coli by Liquid Chromatography/Tandem Mass Spectrometry Using Negative Electrospray Ionization. Rapid Commun. Mass Spectrom., 2007, 21,
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Table S2 .

 S2 31 P solution NMR chemical shifts of bacterial lipids in two organic solvent solutions at 25°C, with standard deviation indicated (see Material and Methods).

		biphasic solution	In CUBO solution
	TMP	2.01 ppm	2.42 ppm and 1.92 ppm
	POPG	0.63 ppm	0.76 ppm
	POPA	0.50 ppm	4.89 ppm
	TMCL	0.37 ppm	0.29 ppm
	POPE	0.08 ppm	0.03 ppm and -0.33 ppm
	Egg SM	-0.04 ppm	0.34 ppm
	POPS	-0.07 ppm	0.06 ppm and -0.24 ppm
	POPC	-0.81 ppm	-0.48 ppm
	Lipid	E.	

coli in biphasic solution E. coli in CUBO solution B. subtilis in biphasic solution B. subtilis in CUBO solution

  

	PG	0.65 ppm (0.02)	0.77 ppm (0.03)	0.65 ppm (0.02)	0.78 ppm (0.03)
	CL	0.38 ppm (0.03)	0.25 ppm (0.04)	0.37 ppm (0.05)	0.25 ppm (0.04)
	PE	0.11 ppm (0.04)	-0.05 ppm (0.03)	0.14 ppm (0.04)	0.06 ppm (0.03) and
			and		-0.30 ppm (0.05)
			-0.31 ppm (0.05)		
	Lysyl-PG			-0.11 ppm (0.04)	0.38 ppm (0.03)
	unknown			-0.48 ppm (0.03)	-0.08 ppm (0.03)

Table S3 .

 S3 Fatty acid profile of E. coli grown with various concentrations of PA-d 31 and OA, at different growth stages, as determined by GCMS, with standard deviation indicated. Values for C16:0-d 31 indicate the percentage of deuteration of palmitic acid. Deuterated C14:0 and other minor fatty acids have been detected but are not indicated here for simplification.

		0 mM		50 mM	100 mM	190 mM
		Mid-log	Early	Mid-log	Early	Mid-log	Early	Mid-log	Early
		stationary		stationary		stationary		stationary
	C14:0	3.3%	2.1%	1.5%	2.1%	1.3%	3.2%	1.5%	2.0%
		(0.2)	(1.5)	(0.1)	(0.1)	(0.2)	(0.1)	(0.2)	(0.1)
	C16:0	38.6%	45.0%	43.9%	36.9%	44.3%	39.3%	48.1%	37.8%
		(4.0)	(3.6)	(4.0)	(4.1)	(3.6)	(0.1)	(6.3)	(1.1)
	(C16:0-d 31 )			(48%)	(40%)	(56%)	(54%)	(56%)	(54%)
	cyC17:0	17.6%	24.3%	10.7%	16.0%	9.1%	14.1%	7.9%	16.6%
		(0.4)	(3.9)	(3.5)	(2.1)	(2.6)	(0.1)	(1.9)	(1.1)
	C18:0	0.8%	1.6%	1.1%	1.5%	1.0%	0.9%	0.8%	0.4%
		(0.5)	(1.2)	(0.7)	(1.1)	(0.6)	(0.1)	(0.5)	(0.1)
	C18:1	30.9%	4.7%	40.7%	33.6%	42.2%	28.3%	40.4%	29.8%
		(0.8)	(3.0)	(1.1)	(4.1)	(2.2)	(3.1)	(4.9)	(2.1)
	cyC19:0	6.3%	20.5%	2.2%	9.7%	1.9%	13.8%	1.4%	13.3%
		(0.5)	(2.3)	(0.7)	(3.1)	(1.1)	(2.1)	(0.3)	(2.1)
	Total	24%	45%	13%	26%	11%	28%	9%	30%
	cyclopropane								
	Total	31%	5%	41%	34%	42%	28%	40%	30%
	unsaturated								
	Total	45%	50%	46%	40%	47%	44%	51%	40%
	saturated								

Table S4 .

 S4 Fatty acid profile of B. subtilis grown with various concentrations of PA-d 31 , at different growth stages, as determined by GCMS, with standard deviation indicated. Values for C16:0-d 31 indicate the percentage of deuteration of palmitic acid. Deuterated C18:0 and other minor fatty acids have been detected but are not indicated here, for simplification.

		0 mM	20 mM	50 mM	100 mM	190 mM
		Mid-	Early	Mid-	Early	Mid-	Early	Mid-	Early	Mid-	Early
		log	stationary	log	stationary	log	stationary	log	stationary	log	stationary
	isoC15:0	10.9%	18.0%	8.7%	9.0%	2.7%	5.3%	3.3%	2.3%	0.5%	2.9%
		(0.5)	(0.1)	(0.9)	(0.4)	(0.6)	(1.5)	(1.2)	(0.1)	(0.1)	(0.7)
	anteisoC15:0 26.9%	45.6%	32.0%	30.0%	15.3%	21.1%	12.8%	8.8%	2.0%	10.9%
		(1.4)	(0.7)	(3.0)	(0.9)	(3.8)	(1.9)	(4.6)	(0.1)	(0.7)	(3.5)
	isoC16:0	4.4%	3.7%	5,0%	5.3%	1.1%	3.0%	1.5%	1.0%	0.2%	1.3%
		(3.3)	(0.2)	(0.7)	(0.3)	(0.8)	(0.4)	(0.3)	(0.2)	(0.1)	(0.3)
	C16:0	8.4%	5.4%	29.7%	24.2%	70.5%	50.3%	71.9%	79.2%	95.2%	75.1%
		(5.9)	(1.1)	(8.7)	(4.1)	(16.4)	(3.6)	(9.5)	(0.6)	(1.1)	(8.9)
	(C16:0-d 31 )			(70%)	(48%)	(81%)	(75%)	(94%)	(91%)	(98%)	(93%)
	isoC17:0	19.0%	10.8%	8.9%	11.3%	3.2%	6.4%	3.4%	2.6%	0.4%	3.2%
		(3.4)	(0.1)	(1.3)	(0.3)	(1.8)	(1.7)	(1.3)	(0.2)	(0.1)	(1.1)
	anteisoC17:0 29.7%	16.4%	13.2%	12.9%	6.2%	8.5%	5.8%	3.8%	1.3%	4.7%
		(7.0)	(0.1)	(1.6)	(0.4)	(1.2)	(1.7)	(1.8)	(0.1)	(0.2)	(1.4)
	C18:0	0.0%	1.2%	2.8%	7.3%	1.0%	5.4%	1.3%	2.2%	0.6%	2.0%
		(0.0)	(0.0)	(0.3)	(0.6)	(0.7)	(2.7)	(0.1)	(0.3)	(0.2)	(0.3)
	Total	92%	94%	68%	69%	29%	45%	28%	19%	4%	23%
	branched										
	Total non	8%	6%	32%	31%	71%	55%	72%	82%	96%	77%
	branched										
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can also observe a fourth peak at -0.11 ppm, as well as a very small peak at -0.48 ppm. Although some authors have suggested that the fourth lipid could be phosphatidylserine (PS) or phosphatidic acid (PhA) identified by thin-layer chromatography [START_REF] Uttlová | Bacillus subtilis alters the proportion of major membrane phospholipids in response to surfactin exposure[END_REF], the most common hypothesis is that this lipid is lysyl-phosphatidylglycerol (LPG), as suggested by mass spectrometry [39]. To ascertain the nature of this lipid, we have solubilized the dry lipid pellet in a CUBO solution and found PG at 0.78 ppm, CL at 0.25 ppm, PE at 0.06 ppm (and -0.30 ppm), the fourth lipid at around 0.38 ppm, and the very small peak at -0.08 ppm (see Figure S1). Based on our measurement (see Table S1) and comparison to published values [START_REF] Murgia | Quantitative Characterization of Phospholipids in Milk Fat via 31 P NMR Using a Monophasic Solvent Mixture[END_REF][START_REF] Estrada | Influence of Temperature on 31P NMR Chemical Shifts of Phospholipids and Their Metabolites I. In Chloroform-Methanol-Water[END_REF], the fourth lipid cannot be ascribed to PhA or PS, but it is compatible with being lysyl-phosphatidylglycerol. We therefore assign this fourth lipid in B. subtilis to LPG, which has a chemical shift of -0.11 ppm in the biphasic solution, and of 0.38 ppm in the CUBO solution (lipid structures are shown in Figure S2 and chemical shifts are summarized in Table S2). 
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