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Abstract

Bacillus licheniformis 189 is a non-pathogenic, Gram-positive bacterifnequently
found in soil. It has several biotechnological amions as producer of valuable
compounds such as proteases, amylases, surfacéaatdantibiotics. Herein, it is
reported the identification of the polar lipidomé B licheniformis 189 during the
different growth phases (lag, exponential and ctaty) at 37 °C. The analytical
approach relied on hydrophilic interaction liquichrematography coupled to
electrospray ionization mass spectrometry (HILICHB&S), accurate mass
measurements and tandem mass spectrometry (MS/MSthe lipidome ofB.
licheniformis 189 were identified four phospholipid classes:
phosphatidylethanolamine, phosphatidylglycerol, ylyghosphatidylglycerol, and
cardiolipin; two  glycolipid classes: monoglycosydylglycerol and
diglycosyldiacylglycerol; and two phosphoglyceraglipid classes: mono-alanylated
lipoteichoic acid primer and the lipoteichoic apidmer. The same lipid species were
identified at the different growth phases, but ¢heere significant differences on the
relative abundance of some molecular species. Thasea significant increase in the
30:0 lipids species and a significant decreasehe 32:0 lipid species, between
exponential and stationary phases, when compartd)tphase. No differences were
observed between exponential and stationary phaseslipidomic-based approach
used herein is a very promising tool to be employethe study of bacterial lipid
composition, which is a requirement to understaadmetabolism and response to

growth conditions.

Keywords. phospholipid; glycolipid; mass spectrometry; dipmics; Gram-positive

bacteria
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1. Introduction

Bacterial membranes are composed mainly by glygedsl such as
phospholipids (PL) and glycolipids (GL) which haae important role in membrane
properties and function and are the main lipid etayin signalling and regulation
events in these organisms [1]. The regulation amddostasis of membrane lipids is
essential to the bacterial growth, differentiatiamability and proliferation [1,2].
Furthermore, lipid metabolism is involved in bioicg membrane synthesis and
energy homeostasis during pathogen replication eesistance [3], since both
bacterial lipid composition and lipid organizatiamo domains are important for
signalling, secretion, normal physiology, viruleneed antibiotic resistance [1].
Despite the importance of lipids in bacterial meam®s, many studies focus only on
the fatty acid (FA) composition of the membrandatteria [4—6]. However, most of
the FA in bacteria are esterified to other lipidamely polar lipids, as PL and GL,
that have been mostly overlooked.

Only a few studies reported the lipidome of baetefihis is possibly due to
complexity and distinct types of polar lipids ticain be found in different bacteria [7].
Also, the most common analytical methods to stupigld in bacteria, such as thin-
layer chromatography (reviewed by [8]), nuclear nedgz resonance [9,10], and gas
chromatography (GC) [11], provide limited inforn@ati More recently, mass
spectrometry (MS)-based approaches have been asdidef detailed analysis of the
membranes lipidome [12]. These approaches inclbdalirect analysis of the lipid
extracts by electrospray ionization (ESI) and madssisted laser
desorption/ionization (MALDI) or liquid chromatogray (LC) coupled to MS. These
lipidomic LC-MS-based approaches have been suadbssised to identify a high

number of lipids in both Gram-positive and Gram-ateg bacteria [13—-16].
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Direct analysis by ESI-MS of the total lipid extte@f the Gram-positive
bacteriumListeria monocytogenes identified phosphatidylglycerols (PG), cardiolipin
(CL), lysyl-cardiolipins (lys-CL), and diglycosylacylglycerols (DGDG) [16].
DGDG and monoglycosyldiacylglycerols (MGDG) wererdified in Streptococcus
pneumoniae [17], and phosphatidic acid (PA), phosphatidylatiamines (PE), PG
and phosphatidylserines (PS)Bacillus subtilis SDB206 [18]. MALDI-MS was also
used to study the lipid composition Bf subtilis which allowed for the identification
of PL and GL classes (PG, PE, lys-PG and DGDG). [AB]LC-MS-based approach
was used for characterizing the lipidome of GramHpee bacteria includingB.
subtilis [15,18], Saphylococcus [14,20] andClostridium [21,22]. LC-MS was used to
taxonomically discriminate bacteria from differerdtrains of Bacillus and
Brevibacillus, showing that this can be a promising tool forteaa classification
[23]. Nonetheless, only a few species of PE, lysogphatidylinositol (lyso-Pl), and
PA were identified [23]. Hydrophilic interactiongliid chromatography coupled to
electrospray ionization mass spectrometry (HILIO-ES) was used to profile the
phospholipidome oftaphylococcus warneri [14] but, so far, there are no studies
using HILIC-ESI-MS in the lipidome analysis Bécillus species.

Bacillus licheniformis is a Gram-positive, endospore-forming bacterium, a
non-pathogenic member of the gemagillus, that belongs to thB. subtilis group. It
is commonly found in soil and has many biotechnigi@gapplications. It produces
valuable compounds, such as proteases, amylasgactants, immunosuppressors,
antimicrobials €.g., lichenicidin, bacitracin, surfactin), lipids, amg others [24,25].
B. licheniformis 189 has been described as a lantibiotic (licheéimgiproducer [25].
Lanthipeptides (lanthionine-containing peptidesg¢ aibosomally synthesized and

posttranslationally modified peptides (RiPPs). Ehae natural products with diverse
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biological activities, namely antibacterial actwif26]. Considering the potential
biotechnological applications d. licheniformis 189, the lipidome of this bacterial
strain was characterized by HILIC-ESI-MS at thefeddnt growth phases (lag,

exponential and stationary) at 37 °C.

2. Materialsand methods
2.1. Bacteria and growth conditions

B. licheniformis 189 was isolated from a hot spring environmentfrthe
Azores islandf27]. Liquid cultures were prepared in M medium:d.@* of NaCl, 10
g L™ of tryptone, 5 g [! of yeast extract, 10 g'Lof KH.PQ,, with a final pH of 6.5,
adjusted with NaOH [28]. An overnight pre-inoculumas prepared to inoculate the
medium for total lipid extraction, as follows: angie colony was inoculated in 10 mL
of M medium in a 50 mL falcon tube, the culturesevallowed to grow overnight at
37 °C, at 200 rpm, until the QB reached 0.9. Then, 1 mL of this culture was used t
inoculate 100 mL of fresh M medium, in 500 mL Enresyers. Bacterial cells were
allowed to grow at 37 °C at 200 rpm, until theyateed the lag phase (3 - 4 h
incubation, Oy 0.5), the exponential phase (16 h incubation, OD-12.0) and the
stationary phase (24 h incubation, OD 1.9 — 2.S}erAgrowth, the cells were
harvested at 8000 rpm for 5 min, at room tempeeatdihe supernatants were
discarded, and the cellular pellets were stored2at °C until further use. The

procedure was done in triplicate for each growthgehat 37 °C.

2.2.  Lipid extraction
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The total bacterial lipids were extracted from pa#lets previously stored at -
20 °C, as described in Alves and co-workers (20f3l]. Briefly, 6.5 mL of
chloroform/methanol (2:1, by volume) were addedhe bacterial cells previously
suspended in 2 mL of milli-Q water, in glass cdage tubes. The mixture was well
homogenized by inverting vigorously the tubes saiviimes and incubated on ice for
210 min. The samples were centrifuged at 58far 10 min (Mixtasel, JP Selecta
S.A., Barcelona, Spain) at room temperature to re¢pahe phases: the aqueous
(upper) phase and the organic (lower) phase fronthwthe lipids were obtained.
After transferring the organic phase to a clearetube extraction was repeated twice
from the tube containing the bacterial pellet. Ex&acts were dried under a nitrogen
stream, dissolved in chloroform, transferred to R amber glass vials and stored

under a nitrogen atmosphere at -20 °C until use.

2.3.  Quantification of phospholipids by phosphorus assay

The quantification of PL was performed by measuthgphosphorus amount
in the total lipid extracts (adapted from [29]).idly, lipid hydrolysis was performed
by adding 125uL of 70% perchloric acid to the samples and photgplstandards
(100 ug mL* of sodium phosphate dibasic dihydrate, rangingnfp10 to 2.0Qug of
phosphorus) in glass tubes. The samples incubdiechié at 180 °C in a heating
block (Block Heater SBH200D/3, Stuart, Bibby ScigntlLtd., Stone, UK), and
cooled down to room temperature. Milli-Q water (8§25, ammonium molybdate
(125 4L, 25 g Lt in water), and ascorbic acid (125, 100 g L* in water) were then
added to the samples and standards, homogenizitigbhe®veen each addition.

Samples and standards were, then, incubated fanidCat 100 °C in a water bath
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(Precisterm, JP Selecta S.A., Barcelona, Spaing dltsorbance of standards and
samples was measured at 797 nm, at room temperatuige microplate UV-Vis

spectrophotometer (Multiskan GO, Thermo Scientiiadson, NH, USA).

24. Hydrophilic interaction liquid chromatography - electrospray ionization -

mass spectrometry (HILIC-ES-MYS)

Polar lipids were analyzed by HILIESI-MS on a Thermo Scientific Accélh
HPLC system with an autosampler online coupled toQ&Exactiv€ mass
spectrometer with Orbitr&p technology (Thermo Fisher, Scientific, Bremen,
Germany). The solvent system consisted of two reghllases: mobile phase A was
acetonitrile/methanol/water, 50:25:25 per volumghw mM ammonium acetate, and
mobile phase B was acetonitrile/methanol, 60:40vpdume, with 1mM ammonium
acetate. Initially, 0% of mobile phase A was hadcratically for 8 min, followed by
a linear increase to 60% of A within 7 min and aintenance period of 15 min,
returning to the initial conditions in 10 min. A luone of 5 pL of each sample
containing 5 pg of lipid extract and 95 pL of mebghase B was introduced into the
Ascenti€ Si column (15 cm x 1 mm, 3 um, Sigma-Aldrich) wétllow rate of 40 pL
min™® and at 30 °C. The mass spectrometer was operatedtaneously in positive
(electrospray voltage 3.0 kV) and negative (elesgiray voltage —2.7 kV) ion modes,
with a resolution of 70 000 (FWHM) and automatiéngeontrol (AGC) target of 1 x
10°. The capillary temperature was 250 °C and thetkhgas flow was 15 U. In
MS/MS experiments, a resolution of 17 500 and A@@et of 1 x 1®were used.
The cycles consisted in one full scan mass specanunten data-dependent MS/MS

scans and were repeated continuously throughougxperiments with the dynamic
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exclusion of 60 seconds and intensity thresholdL of 10". Normalized collision
energy™ (CE) ranged between 25, 30 and 35 eV. Beqaisition was carried out
using the Xcalibur data system (V3.3, Thermo FisBeientific, USA). Three
bacterial cultures were analyzed independentlyetrh of the three growth phases.
The identification of molecular species of polaids was based on the assignment of
the molecular ions observed in LC-MS spectra andth®y identification of the
fragmentation pattern of each class observed iMBAMS spectrum of each ion [30].
To confirm the identification of molecular specigsass accuracy (Qual Browser)

was determined witk 5 ppm.

2.5. Dataand Satistical analysis

The raw data were processed using the MZmine sogt®z82 [31]. First, the
mass list was filtered, followed by peak detectaord peak processing. During the
processing of the raw data, acquired in full MS moohly peaks with raw intensity
upper than 1e4 and with mass tolerance of 5 ppre wensidered. Peak assignment
and ion identification based on mass accuracy weréormed against an in-house
database. Data integration was expressed by thgebkaf the relative abundance of
molecular species of all classes. Variation inlihilome of B. licheniformis 189 was
measured in triplicate in three different conditoftag, exponential and stationary
phases). Results were expressed as mean + SD arstngzay analysis of variance
(ANOVA) followed by Bonferroni multiple comparisaests to compare the growth
phases, after checking for assumptions. Significhffierences were determined in

relative percentages of molecular species per ¢t&ssp < 0.001, *p < 0.01, *p <
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0.05). Statistical analysis was performed usingpBiPad Prism 5.0 for Windows

(GraphPad Software, San Diego, CA, USA).

3. Results

The polar lipid profile ofB. licheniformis 189 was characterized at the
molecular level by high-resolution HILIC-ESI-MS, ssaaccuracy measurements and
MS/MS in positive and negative ion modes. The Hildllbwed the separation of
several lipid classes (Fig. 1) including PL, GL gisphoglyceroglycolipids (PGL)
(Fig. 2). The lipid species were identified by exatass measurement and their
structural features, as polar head compositionlemgth of the fatty acyl chains, were

confirmed by MS/MS spectra interpretation.

3.1.  Phospholipid profile

Several classes of PL were identifiedBnlicheniformis 189: PG, lys-PG, CL
and PE (Tablel).

PG were identified in negative ion mode, as [M — kdhs (Fig. 3a), and in
positive ion mode, as [M + NJf ions (Fig. S1a). The most abundant ions seenein th
MS spectra of PG, in negative mode (Fig. 3a), weumd atm/z 721.5, 693.5, and
707.5, corresponding to PG (32:0), PG (30:0), aBd(®1:0). The MS/MS spectra of
the [M — HJ ions (Fig. 3b) showed the typical product iomét 171.0, assigned as
ionized glycerol phosphate polar head, that cordithe presence of a PG molecular
species. The MS/MS spectra, in negative mode, geavinformation about the fatty
acyl composition by the identification of the caxplate anions (RCOQ. The
MS/MS spectrum of PG (15:0/17:0) shows the prodoics atnvVz 241.2 and 269.2

corresponding to the carboxylate anions of the CEnd C17:0 FA, respectively

10
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(Fig. 3b). These FA were confirmed, as well, by phesence of low abundant product
ions atm/z 497.3, arising from loss of C15:0 as ketene (-ROLHL6]. Theiso and
anteiso C15 and C17 are characteristic FARzcillus spp. [16] and were previously
found in the FA profile of these samples analyzgd5iE—MS [32]. However, it is not
possible to distinguish the linear C15 and C17 ftheir branched isomers by LC-MS
and MS/MS analysis. PG were also identified inltGeMS/MS data, as [M + Ni§*
ions (Fig. S1a). The MS/MS of PG (32:0) assigne®@s(15:0/17:0) atvz 740.5 is
given as an example (Fig. S1b), showing the condbimeutral loss of NKI(-17 Da)
and the glycerol phosphate polar head (17+ 172 @d) the formation of the
product ion at/z 551.5.

Lys-PG were identified in both negative and position modes, as [M — H]
and [M + HJ ions, respectively. In the LC-MS spectra, in nagaton mode, the
most abundant species were foundr&t 849.6, 821.6, and 835.6, corresponding to
lys-PG (32:0), lys-PG (30:0), lys-PG (31:0), respety. The analysis of the MS/MS
spectra of the [M — H]ions (Fig. 3a) showed the characteristic prodant atnvz
145.1, assigned to the deprotonated lysine. Ty &at/l composition was confirmed
by the [M — HJ ions that showed the typical carboxylate anion€@® ). The
MS/MS spectrum of lys-PG (32:0), assigned as lys(P%0/17:0) (Fig. 3d) showed
the product ions atyz 241.2 and 269.2 assigned as the RC@0s of the FA C15:0
and C17:0, respectively. Lys-PG were also confirfmg®1S/MS of the [M + HJ ions
(example of lys-PG (32:0) in Fig. S1d) that showheeltypical neutral loss of 300 Da,
formed by loss of the polar head group. In thiscipeen, it is seen the product ion at
m/z 301.1, typical of lys-PG class, that correspondsthe protonated lysyl-

glycerolphosphate head group.

11
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CL were identified in the LC-MS spectra in negatieea mode as mono-
charged ions ([M — H] Fig. 3e) and double-charged ions ([M — ZHJFig. Sle).
Several molecular species of CL were identifiedMs- H] ions (Fig. 3e), being the
most abundant found a¥z 1323.9, 1351.9, 1337.9 and 1309.9, corresponair{gt
(62:0), CL (64:0), CL (63:0) and CL (61:0), respeelty. The typical fragmentation of
CL, as [M — HJ ions (Fig. 3f), is presented for the MS/MS spettrof the
deprotonated molecule atz 1323.9, which corresponds to CL (15:0/17:0/15:@L5
This spectrum showed the iongnalz 619.4 and 647.5 that correspond to the anions of
the PA fragments, [PA-(30:0)-Hand [PA(32:0)-H] respectively (Fig. 3f). The fatty
acyl composition was confirmed by the identificatiof the RCOO product ions at
m/z 241.2 and 269.2 corresponding to the FA C15:0 @hd:0, respectively. The
MS/MS spectrum of the [M — 2H] ions (Fig. S1f ) of the same CL, miz 661.5
showed ions atn/z 241.2 and 269.2, corresponding to the RC@ds mentioned
above.

PE molecular species were identified both in pesiand negative ion modes,
as [M + HJ and [M — HJ ions, respectively (Fig. 3g and Fig. S1g). Severalecular
species of PE were identified in positive mode (Big) and the most abundant ones
were found atn/z 692.5, 678.5 and 664.5, corresponding to PE (32B)(31:0), and
PE (30:0), respectively. They were confirmed by dnalysis of the MS/MS spectra
of the [M + HJ ions by the identification of the typical neuttass of 141 Da. The
MS/MS spectrum of PE (15:0/17:0) (Fig. 3h) showeg@raduct ion atm/z 551.5,
formed by the loss of the phosphatidylethanolaniead group (-141 Da) from the
precursor [M + HJ ion atnvz 692.3. The fatty acyl composition was confirmedtosy

analysis of the MS/MS spectra of the [M — Hpns that showed the typical

12
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carboxylate anions (RCOD Fig. S1h shows the RCO@tnvz 241.2 and 269.2, that

correspond to the FA C15:0 and C17:0, respectively.

3.2.  Glycolipid profile

Two glycolipid classes were assigned in the lipidoofB. licheniformis 189:
MGDG and DGDG (Table 2).

MGDG were identified as [M + NJ" (Fig. 4a). The most abundant MGDG
species were found atz 748.6, 734.6 and 720.6, assigned to MGDG (32:@D\%
(31:0), and MGDG (30:0), respectively. These lipidsre confirmed by MS/MS
analysis in positive ion mode (Fig. 4b) by the idfeation of the typical neutral loss
of 197 Da, corresponding to the combined loss leéxose (-180 Da) and the loss of
NH; (-17 Da). Fig. 4b shows, as an example of thenfixgation of this class of GL,
the MS/MS spectrum of MGDG (15:0/17:0),rafz 748.6, that showed a product ion
at m/z 551.5 formed by the loss of hexose combined withloss of NH. The fatty
acyl composition was confirmed by the presence midpct ions atm/z 299.3,
corresponding to the ion C15:0 (242 Da) plus thealol moiety (57 Da). Also, at
m/'z 327.3 corresponding to the C17:0 plus 57 Da, dissignated [RCO+74]ions
[33].

DGDG were identified (Fig. 4c). The most abunda@> molecular species
were seen in the LC-MS data @tz 910.6, 896.6 and 882.6 that corresponded to
DGDG (32:0), DGDG (30:0) and DGDG (31:0), respesiyv They were confirmed
by MS/MS analysis by the identification of the ty@i neutral loss of 359 Da arising
from the loss of two hexoses (loss of 162+180 [eplwned with the loss of N{-

17 Da). This typical fragmentation pathway can bseoved in Fig. 4d, showing the

13
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MS/MS spectrum of DGDG (17:0/15:0) mz 910.6, that led to the formation of the
product ion atm/z 551.5. The fatty acyl composition was confirmedtbg presence
of the acylium ions plus 74 ([RCO+7%] as described for the MGDG class. In the
case of DGDG (17:0/15:0) (Fig. 4d), these prodansican be seen @iz 299.3 that
corresponds to [RCO+74pf C15:0, and atv/z 327.3 that corresponds to [RCO+74]
of C17:0.

Neutral glycolipids MGDG and DGDG were also detdcia LC-MS in
negative ion mode as [M + GBHOOQOYT ions (Fig. S2a and S2c). They were confirmed
by mass accuracy (Table 2) and by MS/MS analysisghowed only the carboxylate

anions RCOQ and not the loss of the sugar moieties (Fig. &&bS2d).

3.3.  Phosphoglyceroglycolipid profile

PGL, well known glycolipid anchors of lipoteichcacid [34], were identified
in B. licheniformis 189 as mono-alanylated lipoteichoic acid primeTAP-Ala) and
the lipoteichoic acid primer (LTAP) (Table 3).

LTAP were identified in negative ion mode as [M ¥ kbns (Fig. 5a). The
most abundant molecular species wévand atm/z 1045.6, 1031.6 and 1017.6,
assigned as LTAP (32:0), LTAP (31:.0), LTAP (30:0@spectively. The MS/MS
spectra of this class (Fig. 5b) showed the typmalduct ions: atm/z 79.0, that
corresponds to deprotonate ion of the phosphateluess at m/z 153.0, that
corresponds to the glycerolphosphate residue; amadzal71.0, that corresponds to
glycerolphosphate. These product ions can be oedemthe MS/MS spectrum of the
[M — H] ion of LTAP (15:0:/15:0) atw/'z 1017.6 (Fig. 5b). FA were identified by the

presence of the RCOGns atm/z 241.2 corresponding to C15:0.

14
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LTA-Ala were identified in negative ion mode, as fvVH] ions (Fig. 5¢) and
confirmed by MS/MS analysis (Fig. 5d). The molecpecies identified were found
at m/’z 1116.6, 1088.6 and 1102.6, assigned as LTAP-AIQj32.TAP-Ala(30:0),
LTAP-Ala(31:0), respectively. This class was id&ad by the typical neutral loss of
alanine (-89 Da), and the product iomalk 88.0 that corresponds to the anion of the
terminal ester linked alanine [34]. The productsi@im/z 79.0 and atn/z 153.0 were
also observed and confirmed the presence of phtesptiad glycerophosphate
moieties, respectively. The FA composition was torgd by the identification of the
RCOO ions atm/z 241.2 and 269.2 that matched with the expected RI&A-

(15:0/17:0) composition.

3.4. Lipid profileis growth phase-dependent

The lipid profile was analyzed in the three gropttases: lag, exponential and
stationary, at 37 °C. The same lipid classes anigcutar species were identified in
all growth phases, but there were changes in tlaive abundances of the lipid
species in all PL classes. Significant differenaesPG molecular species were
observed for PG (30:0) and PG (32:0)(0.001, ANOVA) and PG (31:0p(< 0.05,
ANOVA) (Fig. 6a). PG (30:0) significantly increasatbng the growth phases while
PG (32:0) decreased from the lag to the exponeantidlstationary phase. PG (31:0)
decreased in stationary phase (Fig. 6a). As for §i@hificant differences in the
relative abundance of lys-PG (32:0) and lys-PG QB@vere observedp(< 0.001,
ANOVA) (Fig. 6b). Lys-PG (30:0) increased over thp@wth phases, while lys-PG
(32:0) decreased from the lag to the stationarys@haSignificant differences in CL

molecular species were observed for CL (64:0) (B). The CL (64:0) decreased
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from the lag to the exponential phase and incredsmd the exponential to the

stationary phase. The differences in the relativendance of PE occurred in PE
(30:0) and PE (32:0) (Fig. 6d). PE (30:0) increaseag the growth phases, while PE
(32:0) decreased throughout the growth phases.

For the GL, significant differences in the relataeundance of MGDG were
observed in MGDG (30:0) which increased from thgepaase to the stationary phase
(Fig. 6e). Significant differences were observedha relative abundance of DGDG
(30:0) and DGDG (32:0) (Fig. 6f). DGDG (30:0) inased throughout the growth
phases the lag to stationary growth phases, wid®0 (32:0) decreased (Fig. 6f).

Regarding PGL classes, the differences in theivelabundances occurred in
LTAP (32:0) (Fig. 69), that decreased from the tagthe exponential phase and
increased from the exponential to the stationasphThe differences in LTAP-Ala
class occurred in LTAP-Ala (30:0p < 0.001, ANOVA) and LTAP-Ala (32:0)p(<
0.05, ANOVA) (Fig. 6h). LTAP-Ala (30:0) increaseldroughout the growth phases

and LTAP-Ala (32:0) decreased throughout the phases

4. Discussion

Membrane lipid homeostasis and adaptation to chagnginvironmental
conditions are essential for bacterial survival [lipid metabolism and lipid profile
can change depending on growth conditions, sud¢braperature [35]. Modifications
in the lipid composition of bacterial membrane wassociated with changes in the
profile of FA or the ratio ofso to anteiso chains [35]. Also, it is known that changes
in the lipid composition, not only at the FA leuslt also in the PL and GL profiles,
can affect membrane properties, bacterial sunaval pathogenicity [36]. However,

the lipidome of most bacteria is still unknown [1].
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The polar lipidome oB. licheniformis 189 was studied herein. Polar lipids
were extracted and analyzed, both in negative asdiye ion modes, by means of an
LC-MS-based lipidomic platform. This approach alemvfor the identification of
several classes of polar lipids providing a mormglete lipidomic signature of this
bacterial strain. Previous studies performeaaillus spp. could identify only three
PL classes (PG, PE and lys-PG) and one GL clas®d19]. In this study, four
PL classes, two GL classes, and two PGL classes wentified. The PL classes
identified in B. licheniformis 189 were PG, PE, lys-PG, and CL. These lipid &ass
were already reported in other studieBa¢illus spp. and also of other Gram-positive
bacteria. However, CL and PE classes have never rieperted in the lipidome d.
licheniformis, contrarily to PG and lys-PG [23]. CL is a uniargomponent of
energy generating membranes, it plays an impoftenation in diverse physiological
processes, including stability and localization ppbteins and protein complexes,
formation of membrane microdomains and the prodactf membrane potential
[37]. Besides, CL exhibits a cone-shaped architecthat locates at regions of
negative membrane curvature [38,39] responsible foodulating membrane
properties and function, and protein location ia ¢ellular membrane.

Lys-PG are aminoacylated PG commonly present irtebat cytoplasmic
membranes and have a key role in the stabilizadiothe membranes [40]. I&.
aureus, they seem to play a role in the resistance tmmat antimicrobial peptides
and to the lipopeptide antibiotic daptomycin. Teffect seems to be related with the
decreased susceptibility of the membrane to thesepounds due to the partial
neutralization of the cellular membrane by the arat headgroup of lys-PG [41].
These membrane lipids also provide protection agdacitracin, aminoglycosides,

and somé-lactams [42].
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DGDG were already identified in members of tBacillus spp. and other
Gram-positive bacteria [19,43,44]. MGDG were repdrtin other Gram-positive
bacteria [17] but not in the lipidome Bf licheniformis or anotheBacillus spp.

Lipoteichoic acid (LTA) and alanyl-lipoteichoic aci(Ala-LTA) classes,
identified in this study, were already reported@nam-positive bacteria, including
Bacillus spp. Aminoacylated lipids were shown to play a role sarface charge
modulation of Gram-positive bacteria [45]. LTA argecognized as
immunomodulating effector molecules and can indaicén vitro pro-inflammatory
response in immune cells [46]. This response ocduesto D-alanyl substitution of
the LTA backbone, its glycolipid anchor [47,48].ud) the absence of functional LTA
in the bacterial membrane improves the bacterigliatemmatory ability [46,49].

The polar lipid profile described in this study #rlicheniformis 189 agrees
with data reported previously for Gram-positive teai@ and for someBacillus
species, but those works reported only few grodpsids in the bacteria [16,19,50].
Gram-positive bacteria are known to contain PL ibgaamino acids in the head
group, such as lysine, alanine and ornithine [BX3DG and MGDG were reported
for otherBacillus spp., identified by TLC or by direct MS analysi$[23].

The identification of the polar lipidome of bacteris important to provide
information about their adaptation mechanisms, man@ developing antibiotic
resistance. Previous studies reported a correldigtween lipid composition and
antibiotic resistance in bacteria [50,52]. Enterococcus faecalis, a Gram-positive,
opportunistic, pathogenic bacterium [50], antimatesistance was correlated with a
decrease in PG and lys-PG levels which, most ptgbplovide resistance to cationic
antimicrobial peptides [50]. Changes in PL profere also observed in MG1655,

DPB635 and DPB63E. coli strains, after exposure to the antibiotic norflirawith
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up regulation of FA and down regulation of glycdroppholipids [52]. Other works
reported that the susceptibility to different aiiles in the pathogenic bacteria
Saphylococcus haemolyticus and Staphylococcus epidermidis depends on the

variations of the lipidome induced by nutrition ¢ton [53].

5. Conclusions

The profiling of the polar lipidome oBacillus species and other Gram-
positive bacteria by LC-MS is still in its infancin the lipidome ofB. licheniformis
189, one hundred and fourteen molecular speciepotdr lipids by LC-MS were
identified and structurally characterized, commgsphospholipids (PG, lys-PG, PE,
and CL), glycolipids (MGDG, DGDG), and phosphogiyagycolipids (LTAP, LTA-
Ala). Membrane lipid composition of this strainsgnificantly modified during the
different growth phases. Thus, the results in ttesgnt work obtained through LC-
MS with high resolution MS are promising to undanst the adaptation of the lipid
metabolism ofBacillus, under different growth conditions, that can befuiséo

understand mechanisms of resistance and alsoxondany classification.
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Tables

Table 1. Molecular species of phospholipids frBmicheniformis 189 identified by

650 LC-MS in positive and negative ion modes

Mass spectrometry data

Lipid Group Observedvz value Calculatednwz value Mass deviation [ppm]Fatty acid chains

Phosphatidylglycerols [M — H]

PG (28:0) 665.4394 665.4394 0.0556 13:0/15:0; 14:0/

PG (29:0) 679.4543 679.4550 -1.0494 15:0/14:0;/18:0

PG (30:0) 693.4703 693.4707 -0.5235 15:0/15:0;/16:0

PG (31:1) 705.4687 705.4707 -2.7825 15:0/16:1

PG (31:0) 707.4860 707.4863 -0.4424 15:0/16:0;/1Z:0

PG (32:1) 719.4844 719.4863 -2.6588 15:0/17:1;/13:0; 16:1/16:0
PG (32:0) 721.5019 721.5020 -0.0859 15:0/17:0;/16:0

PG (33:0) 735.5170 735.5176 -0.8334 18:0/15:0;/18:0; 19:0/14:0
PG (34:1) 747.5140 7475176 -4.8333 16:1/18:0;/17:0; 16:0/18:1
PG (34:0) 749.5327 749.5333 -0.7511 19:0/15:0;/17:0

PG (35:0) 763.5484 763.5489 -0.6719 18:0/17:0;/25:0

Lysyl phosphatidylglycerols [M — H]

lys-PG (29:0) 807.5502 807.5500 0.2774 14:0/15:0

lys-PG (30:0) 821.5659 821.5656 0.3335 15:0/15400/1.6:0

lys-PG (31:1) 833.5662 833.5656 0.6886 15:0/16:1

lys-PG (31:0) 835.5812 835.5813 -0.0910 15:0/16700/14:0

lys-PG (32:1) 847.5810 847.5813 -0.3256 15:0/17:1

lys-PG (32:0) 849.5965 849.5969 -0.5002 15:0/17800/16:0

lys-PG (33:0) 863.6123 863.6126 -0.3196 16:0/17500/18:0

lys-PG (34:0) 877.6277 877.6282 -0.5993 17:0/17%00/19:0
Phosphatidylethanolamines [M —H]

PE (28:0) 634.4456 634.4448 1.2893 15:0/13:0; 14:0/

PE (29:0) 648.4606 648.4604 0.2591 15:0/14:0

PE (30:1) 660.4609 660.4604 0.7086 15:1/15:0; 16:0f 14:1/16:0
PE (30:0) 662.4766 662.4761 0.7819 15:0/15:0; 16:0/

PE (31:1) 674.4759 674.4761 -0.2698 15:0/16:1

PE (31:0) 676.4916 676.4917 -0.1951 15:0/16:0;/1Z:0

PE (32:1) 688.4918 688.4917 0.0988 15:0/17:1; 16:0/

PE (32:0) 690.5073 690.5074 -0.1188 15:0/17:0;/16:0

PE (33:2) 700.4920 700.4917 0.3826 15:0/18:2
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PE (33:1) 702.5063 702.5074 -1.5402 15:0/18:1;/18:Q; 17:0/16:1

PE (33:0) 704.5224 704.5230 -0.8971 15:0/18:0;/18:0

PE (34:1) 716.5206 716.5230 -3.3942 18:1/16:0;/18:0

PE (34:0) 718.5385 718.5387 -0.2533 17:0/17:0;/18:0; 16:0/18:0

Cardiolipins [M — HT

CL (60:0) 1295.8987 1295.9018 -2.3968 15:0/15:@M1%:0

CL (61:0) 1309.9151 1309.9175 -1.7986 15:0/15:@/M6:0

CL (62:0) 1323.9309 13239331 -1.6662 S LI T:0; 1o WIDILS:016:0;

CL (63:0) 1337.9466 1337.9488 -1.6114 15:0/15:@MG-0

CL (64:0) 1351.9622 1351.9644 -1.6317 17:0/17:@M7-0

Cardiolipins [M — 2Hf"

CL (30:0) 647. 4475 15:0/15:0; 14:0/16

CL (32:0) 661.4632 15:0/15:0; 15:0/17:0

CL (33:0) 667.9647 15:0/15:0; 16:0/17:0

CL (34:0) 675.4785 17:0/17:0; 15:0/19:0; 16:0/18:0

Phosphatidylglycerols [M + NJ*

PG (30:0) 712.5103 7125123  -2,8070 15:0/15:0

PG (31:0) 726.5256 726.5285  -4,0081 15:0/16:0

PG (32:0) 740.5412 740.5436 -3.2409 15:0/17:0

Phosphatidylethanolamines [M + H]

PE (28:0) 636.4575 636.4604 -4.6240 15:0/13:0;/14:0

PE (29:0) 650.4742 650.4761 -2.8933 15:0/14:0

PE (30:1) 662.4766 662.4761 0.7819 15:1/15:0; 16:Q/ 14:1/16:0

PE (30:0) 664.4901 664.4917 -2.4560 15:0/15:0;/16:0

PE (31:1) 676.4917 676.4917 -0.0473 15:0/16:1

PE (31:0) 678.5055 678.5074 -2.7737 15:0/16:0;/12:0

PE (32:1) 690.5074 690.5074 0.0261 15:0/17:1; 16:0/

PE (32:0) 692.5208 692.5230 -3.2230 15:0/17:0;/16:0

PE (33:2) 702.5063 702.5074 -1.5402 15:0/18:2

PE (33:1) 704.5225 704.5230 -0.7551 15:0/18:1;/16:Q;17:0/16:1

PE (33:0) 706.5362 706.5387 -3.5129 15:0/18:0;/18:0

PE (34:1) 718.5384 718.5387 -0.3925 18:1/16:0;/18:0

PE (34:0) 720.5520 720.5543 -3.2350 17:0/17:0;/18:0; 16:0/18:0
651
652 The iso and anteiso C15 and C17 are the most ahtui@s ofB. licheniformis 189.
653 Itis not possible to distinguish the linear C18 &1i7 from their branched isomers by
654 LC-MS and MS/MS analysis.
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Table 2. Molecular species of glycolipids frdnlicheniformis 189 identified by LC-

MS in positive and negative ion modes

Mass spectrometry data

Lipid Group Observedvz value Calculatednwzvalue Mass deviation [ppmJatty acid chain

Diglycosyldiacylglycerols [M + NH|*

DGDG (29:0) 868.5975 868.5997 -2.5892 14:0/15:0
DGDG (30:0) 882.6130 882.6154 -2.7181 15:0/15:@/Mm4:0
DGDG (31:1) 894.6130 894.6154 -2.6816 15:0/16:1
DGDG (31:0) 896.6283 896.6310 -3.0659 15:0/16:@M#:0
DGDG (32:1) 908.6270 908.6310 -4.4562 15:0/17:1
DGDG (32:0) 910.6430 910.6467 -4.0619 15:0/17:0
DGDG (33:0) 924.6590 924.6623 -3.6219 15:0/18:@MB:0;19:0/14:0
DGDG (34:0) 938.6750 938.6780 -3.1949 17:0/17.@/Mm%:0
Diglycosyldiacylglycerols [M + CECOOT

DGDG (29:0) 909.5792 909.5787 0.5717 14:0/15:0
DGDG (30:0) 923.5946 923.5943 0.2923 15:0/15:0;/16:0
DGDG (31:0) 937.6101 937.6100 0.1280 15:0/16:0/14:0
DGDG (32:0) 951.6251 951.6256 -0.5569 15:0/17:0
DGDG (33:0) 965.6408 965.6413 -0.4971 16:0/17:0
Monoglycosyldiacylglycerols [M + N§*

MGDG (29:0) 706.5442 706.5469 -3.8554 14:0/15:0
MGDG (30:0) 720.5600 720.5620 -2.7756 15:0/15:0
MGDG (31:0) 734.5754 734.5777 -3.1311 15:0/16:0
MGDG (32:0) 748.5917 748.5933 -2.1373 15:0/17:0
MGDG (33:0) 762.6069 762.6095 -3.4408 16:0/17:0
MGDG (34:0) 776.6214 776.6252 -4.8595 17:0/17:0
Monoglycosyldiacylglycerols [M + CECOOT

MGDG (29:0) 747.5257 747.5259 -0.2074 14:0/15:0
MGDG (30:0) 761.5408 761.5415 -0.9258 15:0/15:0
MGDG (31:0) 775.5568 775.5572 -0.4577 15:0/16:0
MGDG (32:0) 789.5723 789.5728 -0.6396 15:0/17:0
MGDG (33:0) 803.5880 803.5885 -0.5662 16:0/17:0

The iso and anteiso C15 and C17 are the most ahufatty acids oB. licheniformis
189. It is not possible to distinguish the lineat53Cand C17 from their branched

isomers by LC-MS and MS/MS analysis.
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663 Table 3. Molecular species of phosphoglyceroglyids from B. licheniformis 189

664 identified by LC-MS in negative ion modes.

Mass spectrometry data

Lipid Group Observedvzvalue Calculatedvzvalue Mass deviation [ppm] Fatty acid chain

Diglycosyldiacylglycerols - Phospho- Glycerol [MH}™

LTAP (29:0) 1003.5607 1003.5607 0.0369 14:0/15:0
LTAP (30:0) 1017.5760 1017.5763 -0.3076 15:0/15:0
LTAP (31:0) 1031.5915 1031.5920 -0.4488 15:0/16:0
LTAP (32:0) 1045.6083 1045.6076 0.6570 15:0/17:0
Diglycosyldiacylglycerols - Phospho- Glycerol - Ald [M — H]~

LTAP-Ala (30:0) 1088.6089 1088.6134 -4.1585 15:0015
LTAP-Ala (31:0) 1102.6263 1102.6291 -2.5185 15:0016
LTAP-Ala (32:0) 1116.6445 1116.6447 -0,2033 15:0017

665
666 The iso and anteiso C15 and C17 are the most abufatty acids oB. licheniformis
667 189. It is not possible to distinguish the lineat3Cand C17 from their branched

668 isomers by LC-MS and MS/MS analysis.
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Figure captions

Fig. 1. HILIC-ESI-MS chromatograms of total lipidteacts ofB. licheniformis I89 in
(a) negative ion mode and (b) positive ion mode tredretention time (RT) of each
polar lipid class. PG: Phosphatidylglycerol, RT éhih; CL: Cardiolipin, RT 2.3 min;
LTAP: Lipoteichoic acid primer, RT 2.5 min; DGDG:iddlycosyldiacylglycerol, RT
3.0 min; MGDG: Monoglycosyldiacylglycerol, RT 3.0imp LTAP-Ala: Mono-
alanylated lipoteichoic acid primer, RT 4.0 min;:FEhosphatidylethanolamine, RT

5.1 min; lys-PG: lysyl-phosphatidylglycerol, RT I5nin.

Fig. 2. Chemical structures of the polar lipidsntiieed in B. licheniformis 189.

Fig. 3. LC-MS spectra of the phospholipid classksiified inB. licheniformis 189
lipidome in the negative ion mode: PG (a), lys-Rs CL (e) and in positive ion
mode for PE (g). LC-MS/MS spectra and fragmentagiatiern of one of the possible
isomers of the [M - HJions of PG (17:0/15:0) atvz 721.5 (b), lys-PG (17:0/15:0) at
m'z 849.6 (d), CL (15:0/15:0/15:0/17:0) miz 1323.9 (f) and of the [M + Hlion of

PE (17:0/15:0) at/z692.3 (h).

Fig. 4. LC-MS spectra of glycolipids identified . licheniformis 189 lipidome:
MGDG (a) and DGDG (c). LC-MS/MS spectra acquiredpositive ion mode and
fragmentation pattern of one of the possible isen@dr MGDG (17:0/15:0) atn/z

748.6 (b) and DGDG (17:0/15:0) iz 910.6 (d).
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Fig. 5. LC-MS spectra of phosphoglyceroglycolipidentified in B. licheniformis
I189: LTAP (a) and LTAP-Ala (c). LC-MS/MS spectracaired in negative ion mode
and fragmentation pattern of one of the possileners of the [M - H]ions LTAP

(15:0/15:0) atv/z 1017.6 (b) and LTAP-Ala (17:0/15:0) sz 1116.6 (d).

Fig. 6. Comparison of the polar lipid speciesBoficheniformis 189 between the lag,
exponential (Exp) and stationary (Sta) growth phage37 °C: (a) PG, (b) lys-PG, (c¢)
CL (d) PE, (e) DGDG, (f) MGDGD, (g) LTAP and (h) BP-Ala. Values are means

* standard deviation, py < 0.05, *** p < 0.01 and ***p < 0.001.
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a) HILIC-ESI-MS — Negative ion mode

&
100 Qe\o\r 51
23
80
60
40
©
20 \*9
15.7
121 "™ 203 220 253 27.0
0 | T T T T | 1 I I T | T T T | | I 1 T T ] T 1 T T
10 15 20 25
Time (min)
b) HILIC-ESI-MS - Positive ion mode
&
100~ 5.2
80
60—
] <)
] RO
401 W
1 9©3.0 2°
. 23 )
20 15.7
110 10.6 20.0 21.7 235 267
0 T T T | | | T | T ] T T T | | | T I T ] T T T T ] ] T I |
0 5 10 15 20 25

Time (min)



j)J\
R Yo7 2 o~
o H
2\[(
o)

PG- phosphatidylglycerol

X

Lysyl-PG - phosphatidylglycerol

o]

0
RT 07N N l_o
i S\, To—p—o
Rz\[/o |
0

o H

"1

o

o
R#O/\(\o—%}—o
&

CL- cardiolipin

PE- posphatidylethanolamine

Ry
)—0
Rp O HO OH
27{ O\ZiOH
o] (o] HO
DGDG- diglycosyldiacylglycerol

Ry

o” ©
R, O
14

HO OH
O\Z¢OH
OH
MGDG- monoglycosyldiacylglycerol

R4

3

O

Rz\”/o HO OH HO
o) OH
o \Z@ HO OH HO
0—k—0
OH
LTAP- lipoteichoic acid primer

R4

P

RZ\H/O%— HO OH HO HzN
OH
o O\Z@ HO OH I
(o]
o
Il
|

H
LTAP-Ala- alanyl-lipoteichoic acid primer

CH,



ACCEPTED MANUSCRIPT

a LC-MS[PG-H]- b MS[PG-H|-

7215 2412 mv/z 551 5o
- - L 100 ‘o P
(5} E
5 60 5 60 = o 189 Da
3 075 |o0s 2 171.0
g 40 6945 g % 202 -
E 20 6955 7085 7235 E 20 15§0
¢ 7005 F 1 4052 4973 paqq 7215

0 T LA S B S S s s e
200 400 600
c d  MS[lys-PG—H]-
o o
8 g '@ b s j\/\/\/mx
g 2 R1 o’P|\o
g g 80 H OH
c 2
3 58 m/z 145.1
E¢ g 212
o o 40
2 2 M—H]-
@ 82 2602
¢ ¢ [ 4052 5495 i 8496
C T | L | LI T | T
200 400 00 80
miz R
rR—4 °
€ LCMS[CL-H]- 0TI oo
[CL-H] f MS?[CL-H]- o H o mazears

|
R,X
HO H
1323.93 1351.96 2412 o ° \%
100
133795 < i

100
3 3
£ w £ & I T me
o 1339.95 be] o H ) 619.4
c 405.2 R
5 60 5 60 2_\g
PA
3 1309.91 1306.94 S 40 619-15:0 075
H 1295.90 2 0 61‘;“4 M-H]-
T 20 L i
3 h 1307.90 |1312-92 |1345.91 g 1| /35 13239
c 1 I l I 0 Il 1
T T T T | T T T | T T T T T T T T T
1300 1320 1340 500 1000
miz miz
m/z 5515
g LCMS[PE+H]* Rfﬁ\o o 0~ N0 ~—NH2
6925 RZ\n/ OH
o100 ' h MS?[PE+H]* 1 141 Da
= 55150
g 80 » 100
g g o
o
g g
g ¥ 2 40
= o
g 2 E 20 %09 21700 [M+H]*
"o 2 i, | [28% s | e
LI IR S S B BN B B R B R
200 400 600

mz



ACCEPTED MANUSCRIPT

a  LC-MS[MGDG +NH,]*
7486
100
g
g
3 60
2 749.6
PRSI 7346
S 207 (7216 7305 7367.275 7506
€ o llo Lo JNEET M4l
720 730 740 750
mz

C LC-MS[DGDG + NH,]*
9106

Relative Abundance

Ry

)—o 197 Da NHa
042_0 HO OH

H

LT

OH

o
Rz
b MS?[MGDG + NH,]* \g/

29926
o100 212
E m/z551.5
=
= 1.
2 5150 [M+NH4]+
®
=
= 1 748.6
= o, oorre |
600

28

Ry

o)_o 359 Da ’ NH4
Ra. OH
T v
d MS[DGDG+NHJ* o\h\ou
m/z551.5
2003 327.3 OH
o100
o
£ 5515
§ e
g 60
g 40
L [M+NH4] *
2 2713 501.4 7652 9106
ok L
20 40



ACCEPTED MANUSCRIPT

74 Da
a LC-MS[LTAP-H]~ b MS?[LTAP-H]- ‘" M—-H]-
1017,
o100 10456 L0 0176
2 2 153
§ 80 8 80
Se 10176 10316  [10466 g 60
<
e e |06 | $ "
2 10156 .
S 20 = 20
2 10036 L 0196 ﬁ,@m 10486 10616 ¢ /éo 4771 7013 7754 M35
el]llll|lllll|lrll‘|'l c |||||||]|||||||||
1000 1020 1040 1060 1000
miz mlz m/110276

%li %1

d Ms? [LTAP -Ala — H]-

C LCMS [LTAP-Ala —H]- 89 Da

o 100 11166 8100 e M—H]-
s 5 § 8 11656
g 603 10886 11026 e § 2

¢ £ & 3402 - 6178 A 9535

1090 1100 110 1120
mz mz



a
PG molecular species lys-PG molecular species
60+
60-
g g
2 3
< 8
8 £
2 5 204
5 201 4
5]
4
04
0 n\ 0 A0 (2 o (32:0) 2 \\ 3:0), -0)
B0 0 oD 1 N N o e PO eret 5’?(’@ PO srol et raticeat
BT ¥ o BV o o BT BT o ool
0 Lag @ Exp . sta 0O Lag B Exp . sta
c d
CL molecular species PE molecular species
40 . 60
= 30 .
g ®
g
3 g Y
S 20 8
2
3 3
° 8
£ °
= £
& 10 5 2
¢ Diop
° -
600) 1O 620 @39 )
o = o i . PE89 5 30 P IL 1 pe32 ez e IO 32 ped® oA
El sta
O Lag - B O Lag = e - sa
e f
MGDG molecular species DGDG molecular species
80 100+
= 60 . = 801
g g
2 g o1
34 2
< S 0
® 404
2 H
s 20 §
) N |l.
o
0) : 0) -0} 0) -0} % 0) \\ 0 0 0
MGDG(E WDG@U.U\ NGOG(M Memm.. N@DG\33 MGDG('% o e 0;)6 30 066"\ oee ) 96\32 ) pe@'l 006\33 :0) DGDGGA
3 Lag @ Exp El Sta 3 Lag B Exp Bl Sta
9 LTAP molecular species h LTAP-Ala molecular species
60
|
= =
@
g a0
s s
S 3
|5 S
| |
% % 20
e &
0
. y - a0 N0 320
= P29 0) -« AP0 -0) -« AP 0) = P32 0) TR el = po-Ral = pp-Rat

3 Lag &3 Exp Em Sta 3 Lag | Exp Ml Sta



Highlights

B. licheniformis 189 lipidome was characterized by HILIC-ESI-MS, smaccuracy and
MS/MS.

Phospholipids included phosphatidylethanolamindssphatidylglycerols, lysyl-PG and
cardiolipins.

Glycolipids included monoglycosyldiacylglycerolsdadiglycosyldiacylglycerols.

Phosphoglyceroglycolipids comprised lipoteichoicidagrimer (LTAP) and mono-
alanylated LTAP.

The polar lipidome changed significantly amongdhewth phases at 37 °C.



