
Accepted Manuscript

Lipidomic signature of Bacillus licheniformis I89 during the different growth phases
unravelled by high-resolution liquid chromatography-mass spectrometry

Celestina Lopes, Joana Barbosa, Elisabete Maciel, Elisabete da Costa, Eliana Alves,
Pedro Domingues, Sónia Mendo, M. Rosário M. Domingues

PII: S0003-9861(18)30839-7

DOI: https://doi.org/10.1016/j.abb.2018.12.024

Reference: YABBI 7899

To appear in: Archives of Biochemistry and Biophysics

Received Date: 17 October 2018

Revised Date: 4 December 2018

Accepted Date: 21 December 2018

Please cite this article as: C. Lopes, J. Barbosa, E. Maciel, E. da Costa, E. Alves, P. Domingues, Só.
Mendo, M.Rosá.M. Domingues, Lipidomic signature of Bacillus licheniformis I89 during the different
growth phases unravelled by high-resolution liquid chromatography-mass spectrometry, Archives of
Biochemistry and Biophysics (2019), doi: https://doi.org/10.1016/j.abb.2018.12.024.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

https://doi.org/10.1016/j.abb.2018.12.024
https://doi.org/10.1016/j.abb.2018.12.024


M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 1 

Lipidomic signature of Bacillus licheniformis I89 during the different growth 1 

phases unravelled by high-resolution liquid chromatography-mass spectrometry 2 

 3 

Celestina Lopes1,2,3, Joana Barbosa2, Elisabete Maciel1,2,3, Elisabete da Costa1,3, 4 

Eliana Alves1, Pedro Domingues1, Sónia Mendo2, M. Rosário M. Domingues1,3,* 5 

 6 

1 Centro de Espectrometria de Massa, Departamento de Química & QOPNA, 7 

Universidade de Aveiro, Campus Universitário de Santiago, 3810-193 Aveiro, 8 

Portugal 9 

2 Departamento de Biologia & CESAM, Universidade de Aveiro, 3810-193 Aveiro, 10 

Portugal 11 

3 Departamento de Química & CESAM & ECOMARE, Universidade de Aveiro, 12 

3810-193 Aveiro, Portugal 13 

 14 

* Author to whom correspondence should be addressed: M. Rosário M. Domingues; 15 

E-mail: mrd@ua.pt 16 

Phone: +351 234 370 698 17 

Fax: +351 234 370 084 18 

  19 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 2 

Abstract 20 

Bacillus licheniformis I89 is a non-pathogenic, Gram-positive bacterium, frequently 21 

found in soil. It has several biotechnological applications as producer of valuable 22 

compounds such as proteases, amylases, surfactants, and lantibiotics. Herein, it is 23 

reported the identification of the polar lipidome of B. licheniformis I89 during the 24 

different growth phases (lag, exponential and stationary) at 37 ºC. The analytical 25 

approach relied on hydrophilic interaction liquid chromatography coupled to 26 

electrospray ionization mass spectrometry (HILIC–ESI–MS), accurate mass 27 

measurements and tandem mass spectrometry (MS/MS). In the lipidome of B. 28 

licheniformis I89 were identified four phospholipid classes: 29 

phosphatidylethanolamine, phosphatidylglycerol, lysyl-phosphatidylglycerol, and 30 

cardiolipin; two glycolipid classes: monoglycosyldiacylglycerol and 31 

diglycosyldiacylglycerol; and two phosphoglyceroglycolipid classes: mono-alanylated 32 

lipoteichoic acid primer and the lipoteichoic acid primer. The same lipid species were 33 

identified at the different growth phases, but there were significant differences on the 34 

relative abundance of some molecular species. There was a significant increase in the 35 

30:0 lipids species and a significant decrease in the 32:0 lipid species, between 36 

exponential and stationary phases, when compared to lag phase. No differences were 37 

observed between exponential and stationary phases. The lipidomic-based approach 38 

used herein is a very promising tool to be employed in the study of bacterial lipid 39 

composition, which is a requirement to understand its metabolism and response to 40 

growth conditions. 41 

 42 

Keywords: phospholipid; glycolipid; mass spectrometry; lipidomics; Gram-positive 43 

bacteria 44 
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1. Introduction 46 

Bacterial membranes are composed mainly by glycerolipids such as 47 

phospholipids (PL) and glycolipids (GL) which have an important role in membrane 48 

properties and function and are the main lipid players in signalling and regulation 49 

events in these organisms [1]. The regulation and homeostasis of membrane lipids is 50 

essential to the bacterial growth, differentiation, viability and proliferation [1,2]. 51 

Furthermore, lipid metabolism is involved in biological membrane synthesis and 52 

energy homeostasis during pathogen replication and resistance [3], since both 53 

bacterial lipid composition and lipid organization into domains are important for 54 

signalling, secretion, normal physiology, virulence and antibiotic resistance [1]. 55 

Despite the importance of lipids in bacterial membranes, many studies focus only on 56 

the fatty acid (FA) composition of the membrane of bacteria [4–6]. However, most of 57 

the FA in bacteria are esterified to other lipids, namely polar lipids, as PL and GL, 58 

that have been mostly overlooked. 59 

Only a few studies reported the lipidome of bacteria. This is possibly due to 60 

complexity and distinct types of polar lipids that can be found in different bacteria [7]. 61 

Also, the most common analytical methods to study lipids in bacteria, such as thin-62 

layer chromatography (reviewed by [8]), nuclear magnetic resonance [9,10], and gas 63 

chromatography (GC) [11], provide limited information. More recently, mass 64 

spectrometry (MS)-based approaches have been used for the detailed analysis of the 65 

membranes lipidome [12]. These approaches include the direct analysis of the lipid 66 

extracts by electrospray ionization (ESI) and matrix-assisted laser 67 

desorption/ionization (MALDI) or liquid chromatography (LC) coupled to MS. These 68 

lipidomic LC-MS-based approaches have been successfully used to identify a high 69 

number of lipids in both Gram-positive and Gram-negative bacteria [13–16]. 70 
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Direct analysis by ESI-MS of the total lipid extracts of the Gram-positive 71 

bacterium Listeria monocytogenes identified phosphatidylglycerols (PG), cardiolipins 72 

(CL), lysyl-cardiolipins (lys-CL), and diglycosyldiacylglycerols (DGDG) [16]. 73 

DGDG and monoglycosyldiacylglycerols (MGDG) were identified in Streptococcus 74 

pneumoniae [17], and phosphatidic acid (PA), phosphatidylethanolamines (PE), PG 75 

and phosphatidylserines (PS) in Bacillus subtilis SDB206 [18]. MALDI–MS was also 76 

used to study the lipid composition of B. subtilis which allowed for the identification 77 

of PL and GL classes (PG, PE, lys-PG and DGDG) [19]. An LC–MS-based approach 78 

was used for characterizing the lipidome of Gram-positive bacteria including B. 79 

subtilis [15,18], Staphylococcus [14,20] and Clostridium [21,22]. LC–MS was used to 80 

taxonomically discriminate bacteria from different strains of Bacillus and 81 

Brevibacillus, showing that this can be a promising tool for bacteria classification 82 

[23]. Nonetheless, only a few species of PE, lyso-phosphatidylinositol (lyso-PI), and 83 

PA were identified [23]. Hydrophilic interaction liquid chromatography coupled to 84 

electrospray ionization mass spectrometry (HILIC-ESI-MS) was used to profile the 85 

phospholipidome of Staphylococcus warneri [14] but, so far, there are no studies 86 

using HILIC-ESI-MS in the lipidome analysis of Bacillus species. 87 

Bacillus licheniformis is a Gram-positive, endospore-forming bacterium, a 88 

non-pathogenic member of the genus Bacillus, that belongs to the B. subtilis group. It 89 

is commonly found in soil and has many biotechnological applications. It produces 90 

valuable compounds, such as proteases, amylases, surfactants, immunosuppressors, 91 

antimicrobials (e.g., lichenicidin, bacitracin, surfactin), lipids, among others [24,25]. 92 

B. licheniformis I89 has been described as a lantibiotic (lichenicidin) producer [25]. 93 

Lanthipeptides (lanthionine-containing peptides) are ribosomally synthesized and 94 

posttranslationally modified peptides (RiPPs). These are natural products with diverse 95 
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biological activities, namely antibacterial activity [26]. Considering the potential 96 

biotechnological applications of B. licheniformis I89, the lipidome of this bacterial 97 

strain was characterized by HILIC–ESI–MS at the different growth phases (lag, 98 

exponential and stationary) at 37 ºC. 99 

 100 

2. Materials and methods 101 

2.1. Bacteria and growth conditions 102 

B. licheniformis I89 was isolated from a hot spring environment from the 103 

Azores islands [27]. Liquid cultures were prepared in M medium: 10 g L-1 of NaCl, 10 104 

g L-1 of tryptone, 5 g L-1 of yeast extract, 10 g L-1 of KH2PO4, with a final pH of 6.5, 105 

adjusted with NaOH [28]. An overnight pre-inoculum was prepared to inoculate the 106 

medium for total lipid extraction, as follows: a single colony was inoculated in 10 mL 107 

of M medium in a 50 mL falcon tube, the cultures were allowed to grow overnight at 108 

37 °C, at 200 rpm, until the OD600 reached 0.9. Then, 1 mL of this culture was used to 109 

inoculate 100 mL of fresh M medium, in 500 mL Erlenmeyers. Bacterial cells were 110 

allowed to grow at 37 °C at 200 rpm, until they reached the lag phase (3 - 4 h 111 

incubation, OD600 0.5), the exponential phase (16 h incubation, OD 1.7 – 2.0) and the 112 

stationary phase (24 h incubation, OD 1.9 – 2.5). After growth, the cells were 113 

harvested at 8000 rpm for 5 min, at room temperature. The supernatants were 114 

discarded, and the cellular pellets were stored at -20 ºC until further use. The 115 

procedure was done in triplicate for each growth phase at 37 ºC. 116 

 117 

2.2. Lipid extraction 118 
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The total bacterial lipids were extracted from the pellets previously stored at -119 

20 °C, as described in Alves and co-workers (2013) [14]. Briefly, 6.5 mL of 120 

chloroform/methanol (2:1, by volume) were added to the bacterial cells previously 121 

suspended in 2 mL of milli-Q water, in glass centrifuge tubes. The mixture was well 122 

homogenized by inverting vigorously the tubes several times and incubated on ice for 123 

210 min. The samples were centrifuged at 568 x g for 10 min (Mixtasel, JP Selecta 124 

S.A., Barcelona, Spain) at room temperature to separate the phases: the aqueous 125 

(upper) phase and the organic (lower) phase from which the lipids were obtained. 126 

After transferring the organic phase to a clean tube, the extraction was repeated twice 127 

from the tube containing the bacterial pellet. The extracts were dried under a nitrogen 128 

stream, dissolved in chloroform, transferred to 2 mL amber glass vials and stored 129 

under a nitrogen atmosphere at -20 °C until use. 130 

 131 

2.3. Quantification of phospholipids by phosphorus assay 132 

The quantification of PL was performed by measuring the phosphorus amount 133 

in the total lipid extracts (adapted from [29]). Briefly, lipid hydrolysis was performed 134 

by adding 125 µL of 70% perchloric acid to the samples and phosphate standards 135 

(100 µg mL-1 of sodium phosphate dibasic dihydrate, ranging from 0.10 to 2.00 µg of 136 

phosphorus) in glass tubes. The samples incubated 60 min at 180 ºC in a heating 137 

block (Block Heater SBH200D/3, Stuart, Bibby Scientific Ltd., Stone, UK), and 138 

cooled down to room temperature. Milli-Q water (825 µL), ammonium molybdate 139 

(125 µL, 25 g L-1 in water), and ascorbic acid (125 µL, 100 g L-1 in water) were then 140 

added to the samples and standards, homogenizing well between each addition. 141 

Samples and standards were, then, incubated for 10 min at 100 °C in a water bath 142 
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(Precisterm, JP Selecta S.A., Barcelona, Spain). The absorbance of standards and 143 

samples was measured at 797 nm, at room temperature, in a microplate UV-Vis 144 

spectrophotometer (Multiskan GO, Thermo Scientific, Hudson, NH, USA). 145 

 146 

2.4. Hydrophilic interaction liquid chromatography - electrospray ionization - 147 

mass spectrometry (HILIC-ESI-MS) 148 

Polar lipids were analyzed by HILIC-ESI-MS on a Thermo Scientific AccelaTM 149 

HPLC system with an autosampler online coupled to a Q-Exactive® mass 150 

spectrometer with Orbitrap® technology (Thermo Fisher, Scientific, Bremen, 151 

Germany). The solvent system consisted of two mobile phases: mobile phase A was 152 

acetonitrile/methanol/water, 50:25:25 per volume, with 1 mM ammonium acetate, and 153 

mobile phase B was acetonitrile/methanol, 60:40 per volume, with 1mM ammonium 154 

acetate. Initially, 0% of mobile phase A was held isocratically for 8 min, followed by 155 

a linear increase to 60% of A within 7 min and a maintenance period of 15 min, 156 

returning to the initial conditions in 10 min. A volume of 5 µL of each sample 157 

containing 5 µg of lipid extract and 95 µL of mobile phase B was introduced into the 158 

Ascentis® Si column (15 cm × 1 mm, 3 µm, Sigma-Aldrich) with a flow rate of 40 µL 159 

min-1 and at 30 ºC. The mass spectrometer was operated simultaneously in positive 160 

(electrospray voltage 3.0 kV) and negative (electrospray voltage –2.7 kV) ion modes, 161 

with a resolution of 70 000 (FWHM) and automatic gain control (AGC) target of 1 x 162 

106. The capillary temperature was 250 ºC and the sheath gas flow was 15 U. In 163 

MS/MS experiments, a resolution of 17 500 and AGC target of 1 x 105 were used. 164 

The cycles consisted in one full scan mass spectrum and ten data-dependent MS/MS 165 

scans and were repeated continuously throughout the experiments with the dynamic 166 
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exclusion of 60 seconds and intensity threshold of 1 x 104. Normalized collision 167 

energy™ (CE) ranged between 25, 30 and 35 eV. Data acquisition was carried out 168 

using the Xcalibur data system (V3.3, Thermo Fisher Scientific, USA). Three 169 

bacterial cultures were analyzed independently for each of the three growth phases. 170 

The identification of molecular species of polar lipids was based on the assignment of 171 

the molecular ions observed in LC–MS spectra and by the identification of the 172 

fragmentation pattern of each class observed in the MS/MS spectrum of each ion [30]. 173 

To confirm the identification of molecular species, mass accuracy (Qual Browser) 174 

was determined with ≤ 5 ppm. 175 

 176 

2.5. Data and Statistical analysis 177 

The raw data were processed using the MZmine software 2.32 [31]. First, the 178 

mass list was filtered, followed by peak detection and peak processing. During the 179 

processing of the raw data, acquired in full MS mode, only peaks with raw intensity 180 

upper than 1e4 and with mass tolerance of 5 ppm were considered. Peak assignment 181 

and ion identification based on mass accuracy were performed against an in-house 182 

database. Data integration was expressed by the changes of the relative abundance of 183 

molecular species of all classes. Variation in the lipidome of B. licheniformis I89 was 184 

measured in triplicate in three different conditions (lag, exponential and stationary 185 

phases). Results were expressed as mean ± SD using one-way analysis of variance 186 

(ANOVA) followed by Bonferroni multiple comparison tests to compare the growth 187 

phases, after checking for assumptions. Significant differences were determined in 188 

relative percentages of molecular species per class (*** p < 0.001, ** p < 0.01, * p < 189 
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0.05). Statistical analysis was performed using GraphPad Prism 5.0 for Windows 190 

(GraphPad Software, San Diego, CA, USA). 191 

 192 

3. Results 193 

The polar lipid profile of B. licheniformis I89 was characterized at the 194 

molecular level by high-resolution HILIC-ESI-MS, mass accuracy measurements and 195 

MS/MS in positive and negative ion modes. The HILIC allowed the separation of 196 

several lipid classes (Fig. 1) including PL, GL and phosphoglyceroglycolipids (PGL) 197 

(Fig. 2). The lipid species were identified by exact mass measurement and their 198 

structural features, as polar head composition and length of the fatty acyl chains, were 199 

confirmed by MS/MS spectra interpretation.  200 

3.1. Phospholipid profile 201 

Several classes of PL were identified in B. licheniformis I89: PG, lys-PG, CL 202 

and PE (Table1). 203 

PG were identified in negative ion mode, as [M – H]− ions (Fig. 3a), and in 204 

positive ion mode, as [M + NH4]
+ ions (Fig. S1a). The most abundant ions seen in the 205 

MS spectra of PG, in negative mode (Fig. 3a), were found at m/z 721.5, 693.5, and 206 

707.5, corresponding to PG (32:0), PG (30:0), and PG (31:0). The MS/MS spectra of 207 

the [M – H]− ions (Fig. 3b) showed the typical product ion at m/z 171.0, assigned as 208 

ionized glycerol phosphate polar head, that confirms the presence of a PG molecular 209 

species. The MS/MS spectra, in negative mode, provided information about the fatty 210 

acyl composition by the identification of the carboxylate anions (RCOO–). The 211 

MS/MS spectrum of PG (15:0/17:0) shows the product ions at m/z 241.2 and 269.2 212 

corresponding to the carboxylate anions of the C15:0 and C17:0 FA, respectively 213 
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(Fig. 3b). These FA were confirmed, as well, by the presence of low abundant product 214 

ions at m/z 497.3, arising from loss of C15:0 as ketene (-R=C=O) [16]. The iso and 215 

anteiso C15 and C17 are characteristic FA of Bacillus spp. [16] and were previously 216 

found in the FA profile of these samples analyzed by GC–MS [32]. However, it is not 217 

possible to distinguish the linear C15 and C17 from their branched isomers by LC-MS 218 

and MS/MS analysis. PG were also identified in the LC-MS/MS data, as [M + NH4]
+ 219 

ions (Fig. S1a). The MS/MS of PG (32:0) assigned as PG (15:0/17:0) at m/z 740.5 is 220 

given as an example (Fig. S1b), showing the combined neutral loss of NH3 (-17 Da) 221 

and the glycerol phosphate polar head (17+ 172 Da), with the formation of the 222 

product ion at m/z 551.5. 223 

Lys-PG were identified in both negative and positive ion modes, as [M – H]− 224 

and [M + H]+ ions, respectively. In the LC-MS spectra, in negative ion mode, the 225 

most abundant species were found at m/z 849.6, 821.6, and 835.6, corresponding to 226 

lys-PG (32:0), lys-PG (30:0), lys-PG (31:0), respectively. The analysis of the MS/MS 227 

spectra of the [M – H]− ions (Fig. 3a) showed the characteristic product ion at m/z 228 

145.1, assigned to the deprotonated lysine. The fatty acyl composition was confirmed 229 

by the [M – H]− ions that showed the typical carboxylate anions (RCOO−). The 230 

MS/MS spectrum of lys-PG (32:0), assigned as lys-PG (15:0/17:0) (Fig. 3d) showed 231 

the product ions at m/z 241.2 and 269.2 assigned as the RCOO– ions of the FA C15:0 232 

and C17:0, respectively. Lys-PG were also confirmed by MS/MS of the [M + H]+ ions 233 

(example of lys-PG (32:0) in Fig. S1d) that showed the typical neutral loss of 300 Da, 234 

formed by loss of the polar head group. In this spectrum, it is seen the product ion at 235 

m/z 301.1, typical of lys-PG class, that corresponds to the protonated lysyl-236 

glycerolphosphate head group. 237 
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CL were identified in the LC–MS spectra in negative ion mode as mono-238 

charged ions ([M – H]−, Fig. 3e) and double-charged ions ([M − 2H]2−, Fig. S1e). 239 

Several molecular species of CL were identified as [M – H]− ions (Fig. 3e), being the 240 

most abundant found at m/z 1323.9, 1351.9, 1337.9 and 1309.9, corresponding to CL 241 

(62:0), CL (64:0), CL (63:0) and CL (61:0), respectively. The typical fragmentation of 242 

CL, as [M – H]− ions (Fig. 3f), is presented for the MS/MS spectrum of the 243 

deprotonated molecule at m/z 1323.9, which corresponds to CL (15:0/17:0/15:0/15:0). 244 

This spectrum showed the ions at m/z 619.4 and 647.5 that correspond to the anions of 245 

the PA fragments, [PA-(30:0)-H]- and [PA(32:0)-H]-, respectively (Fig. 3f). The fatty 246 

acyl composition was confirmed by the identification of the RCOO– product ions at 247 

m/z 241.2 and 269.2 corresponding to the FA C15:0 and C17:0, respectively. The 248 

MS/MS spectrum of the [M − 2H]2− ions (Fig. S1f ) of the same CL, at m/z 661.5 249 

showed ions at m/z 241.2 and 269.2, corresponding to the RCOO– ions mentioned 250 

above. 251 

PE molecular species were identified both in positive and negative ion modes, 252 

as [M + H]+ and [M – H]− ions, respectively (Fig. 3g and Fig. S1g). Several molecular 253 

species of PE were identified in positive mode (Fig. 3g) and the most abundant ones 254 

were found at m/z 692.5, 678.5 and 664.5, corresponding to PE (32:0), PE (31:0), and 255 

PE (30:0), respectively. They were confirmed by the analysis of the MS/MS spectra 256 

of the [M + H]+ ions by the identification of the typical neutral loss of 141 Da. The 257 

MS/MS spectrum of PE (15:0/17:0) (Fig. 3h) showed a product ion at m/z 551.5, 258 

formed by the loss of the phosphatidylethanolamine head group (-141 Da) from the 259 

precursor [M + H]+ ion at m/z 692.3. The fatty acyl composition was confirmed by the 260 

analysis of the MS/MS spectra of the [M – H]− ions that showed the typical 261 
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carboxylate anions (RCOO–). Fig. S1h shows the RCOO– at m/z 241.2 and 269.2, that 262 

correspond to the FA C15:0 and C17:0, respectively. 263 

 264 

3.2. Glycolipid profile 265 

Two glycolipid classes were assigned in the lipidome of B. licheniformis I89: 266 

MGDG and DGDG (Table 2). 267 

MGDG were identified as [M + NH4]
+ (Fig. 4a). The most abundant MGDG 268 

species were found at m/z 748.6, 734.6 and 720.6, assigned to MGDG (32:0), MGDG 269 

(31:0), and MGDG (30:0), respectively. These lipids were confirmed by MS/MS 270 

analysis in positive ion mode (Fig. 4b) by the identification of the typical neutral loss 271 

of 197 Da, corresponding to the combined loss of a hexose (-180 Da) and the loss of 272 

NH3 (-17 Da). Fig. 4b shows, as an example of the fragmentation of this class of GL, 273 

the MS/MS spectrum of MGDG (15:0/17:0), at m/z 748.6, that showed a product ion 274 

at m/z 551.5 formed by the loss of hexose combined with the loss of NH3. The fatty 275 

acyl composition was confirmed by the presence of product ions at m/z 299.3, 276 

corresponding to the ion C15:0 (242 Da) plus the glycerol moiety (57 Da). Also, at 277 

m/z 327.3 corresponding to the C17:0 plus 57 Da, also designated [RCO+74]+ ions 278 

[33]. 279 

DGDG were identified (Fig. 4c). The most abundant DGDG molecular species 280 

were seen in the LC-MS data at m/z 910.6, 896.6 and 882.6 that corresponded to 281 

DGDG (32:0), DGDG (30:0) and DGDG (31:0), respectively. They were confirmed 282 

by MS/MS analysis by the identification of the typical neutral loss of 359 Da arising 283 

from the loss of two hexoses (loss of 162+180 Da) combined with the loss of NH3 (-284 

17 Da). This typical fragmentation pathway can be observed in Fig. 4d, showing the 285 
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MS/MS spectrum of DGDG (17:0/15:0) at m/z 910.6, that led to the formation of the 286 

product ion at m/z 551.5. The fatty acyl composition was confirmed by the presence 287 

of the acylium ions plus 74 ([RCO+74]+), as described for the MGDG class. In the 288 

case of DGDG (17:0/15:0) (Fig. 4d), these product ions can be seen at m/z 299.3 that 289 

corresponds to [RCO+74]+ of C15:0, and at m/z 327.3 that corresponds to [RCO+74]+ 290 

of C17:0. 291 

Neutral glycolipids MGDG and DGDG were also detected in LC-MS in 292 

negative ion mode as [M + CH3COO]− ions (Fig. S2a and S2c). They were confirmed 293 

by mass accuracy (Table 2) and by MS/MS analysis that showed only the carboxylate 294 

anions RCOO–, and not the loss of the sugar moieties  (Fig. S2b and S2d). 295 

 296 

3.3. Phosphoglyceroglycolipid profile  297 

PGL, well known glycolipid anchors of lipoteichoic acid [34], were identified 298 

in B. licheniformis I89 as mono-alanylated lipoteichoic acid primer (LTAP-Ala) and 299 

the lipoteichoic acid primer (LTAP) (Table 3). 300 

LTAP were identified in negative ion mode as [M – H]– ions (Fig. 5a). The 301 

most abundant molecular species were found at m/z 1045.6, 1031.6 and 1017.6, 302 

assigned as LTAP (32:0), LTAP (31:0), LTAP (30:0), respectively. The MS/MS 303 

spectra of this class (Fig. 5b) showed the typical product ions: at m/z 79.0, that 304 

corresponds to deprotonate ion of the phosphate residue; at m/z 153.0, that 305 

corresponds to the glycerolphosphate residue; and at m/z 171.0, that corresponds to 306 

glycerolphosphate. These product ions can be observed in the MS/MS spectrum of the 307 

[M – H]– ion of LTAP (15:0:/15:0) at m/z 1017.6 (Fig. 5b). FA were identified by the 308 

presence of the RCOO– ions at m/z 241.2 corresponding to C15:0. 309 
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LTA-Ala were identified in negative ion mode, as [M – H]– ions (Fig. 5c) and 310 

confirmed by MS/MS analysis (Fig. 5d). The molecular species identified were found 311 

at m/z 1116.6, 1088.6 and 1102.6, assigned as LTAP-Ala(32:0), LTAP-Ala(30:0), 312 

LTAP-Ala(31:0), respectively. This class was identified by the typical neutral loss of 313 

alanine (-89 Da), and the product ion at m/z 88.0 that corresponds to the anion of the 314 

terminal ester linked alanine [34]. The product ions at m/z 79.0 and at m/z 153.0 were 315 

also observed and confirmed the presence of phosphate and glycerophosphate 316 

moieties, respectively. The FA composition was confirmed by the identification of the 317 

RCOO– ions at m/z 241.2 and 269.2 that matched with the expected LTA-Ala 318 

(15:0/17:0) composition. 319 

 320 

3.4. Lipid profile is growth phase-dependent 321 

The lipid profile was analyzed in the three growth phases: lag, exponential and 322 

stationary, at 37 °C. The same lipid classes and molecular species were identified in 323 

all growth phases, but there were changes in the relative abundances of the lipid 324 

species in all PL classes. Significant differences in PG molecular species were 325 

observed for PG (30:0) and PG (32:0) (p < 0.001, ANOVA) and PG (31:0) (p < 0.05, 326 

ANOVA) (Fig. 6a). PG (30:0) significantly increased along the growth phases while 327 

PG (32:0) decreased from the lag to the exponential and stationary phase. PG (31:0) 328 

decreased in stationary phase (Fig. 6a). As for PG, significant differences in the 329 

relative abundance of lys-PG (32:0) and lys-PG (30:0) were observed (p < 0.001, 330 

ANOVA) (Fig. 6b). Lys-PG (30:0) increased over the growth phases, while lys-PG 331 

(32:0) decreased from the lag to the stationary phases. Significant differences in CL 332 

molecular species were observed for CL (64:0) (Fig. 6c). The CL (64:0) decreased 333 
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from the lag to the exponential phase and increased from the exponential to the 334 

stationary phase. The differences in the relative abundance of PE occurred in PE 335 

(30:0) and PE (32:0) (Fig. 6d). PE (30:0) increased along the growth phases, while PE 336 

(32:0) decreased throughout the growth phases. 337 

For the GL, significant differences in the relative abundance of MGDG were 338 

observed in MGDG (30:0) which increased from the lag phase to the stationary phase 339 

(Fig. 6e). Significant differences were observed in the relative abundance of DGDG 340 

(30:0) and DGDG (32:0) (Fig. 6f). DGDG (30:0) increased throughout the growth 341 

phases the lag to stationary growth phases, while DGDG (32:0) decreased (Fig. 6f). 342 

Regarding PGL classes, the differences in the relative abundances occurred in 343 

LTAP (32:0) (Fig. 6g), that decreased from the lag to the exponential phase and 344 

increased from the exponential to the stationary phase. The differences in LTAP-Ala 345 

class occurred in LTAP-Ala (30:0) (p < 0.001, ANOVA) and LTAP-Ala (32:0) (p < 346 

0.05, ANOVA) (Fig. 6h). LTAP-Ala (30:0) increased throughout the growth phases 347 

and LTAP-Ala (32:0) decreased throughout the phases. 348 

 349 

4. Discussion 350 

Membrane lipid homeostasis and adaptation to changing environmental 351 

conditions are essential for bacterial survival [1]. Lipid metabolism and lipid profile 352 

can change depending on growth conditions, such as temperature [35]. Modifications 353 

in the lipid composition of bacterial membrane were associated with changes in the 354 

profile of FA or the ratio of iso to anteiso chains [35]. Also, it is known that changes 355 

in the lipid composition, not only at the FA level but also in the PL and GL profiles, 356 

can affect membrane properties, bacterial survival and pathogenicity [36]. However, 357 

the lipidome of most bacteria is still unknown [1]. 358 
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The polar lipidome of B. licheniformis I89 was studied herein. Polar lipids 359 

were extracted and analyzed, both in negative and positive ion modes, by means of an 360 

LC-MS-based lipidomic platform. This approach allowed for the identification of 361 

several classes of polar lipids providing a more complete lipidomic signature of this 362 

bacterial strain. Previous studies performed in Bacillus spp. could identify only three 363 

PL classes (PG, PE and lys-PG) and one GL class (DGDG) [19]. In this study, four 364 

PL classes, two GL classes, and two PGL classes were identified. The PL classes 365 

identified in B. licheniformis I89 were PG, PE, lys-PG, and CL. These lipid classes 366 

were already reported in other studies of Bacillus spp. and also of other Gram-positive 367 

bacteria. However, CL and PE classes have never been reported in the lipidome of B. 368 

licheniformis, contrarily to PG and lys-PG [23]. CL is a universal component of 369 

energy generating membranes, it plays an important function in diverse physiological 370 

processes, including stability and localization of proteins and protein complexes, 371 

formation of membrane microdomains and the production of membrane potential 372 

[37]. Besides, CL exhibits a cone-shaped architecture that locates at regions of 373 

negative membrane curvature [38,39] responsible for modulating membrane 374 

properties and function, and protein location in the cellular membrane. 375 

Lys-PG are aminoacylated PG commonly present in bacterial cytoplasmic 376 

membranes and have a key role in the stabilization of the membranes [40]. In S. 377 

aureus, they seem to play a role in the resistance to cationic antimicrobial peptides 378 

and to the lipopeptide antibiotic daptomycin. This effect seems to be related with the 379 

decreased susceptibility of the membrane to these compounds due to the partial 380 

neutralization of the cellular membrane by the cationic headgroup of lys-PG [41]. 381 

These membrane lipids also provide protection against bacitracin, aminoglycosides, 382 

and some β-lactams [42]. 383 
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DGDG were already identified in members of the Bacillus spp. and other 384 

Gram-positive bacteria [19,43,44]. MGDG were reported in other Gram-positive 385 

bacteria [17] but not in the lipidome of B. licheniformis or another Bacillus spp. 386 

Lipoteichoic acid (LTA) and alanyl-lipoteichoic acid (Ala-LTA) classes, 387 

identified in this study, were already reported in Gram-positive bacteria, including 388 

Bacillus spp. Aminoacylated lipids were shown to play a role in surface charge 389 

modulation of Gram-positive bacteria [45]. LTA are recognized as 390 

immunomodulating effector molecules and can induce an in vitro pro-inflammatory 391 

response in immune cells [46]. This response occurs due to D-alanyl substitution of 392 

the LTA backbone, its glycolipid anchor [47,48]. Thus, the absence of functional LTA 393 

in the bacterial membrane improves the bacterial anti-inflammatory ability [46,49]. 394 

The polar lipid profile described in this study for B. licheniformis I89 agrees 395 

with data reported previously for Gram-positive bacteria and for some Bacillus 396 

species, but those works reported only few groups of lipids in the bacteria [16,19,50]. 397 

Gram-positive bacteria are known to contain PL bearing amino acids in the head 398 

group, such as lysine, alanine and ornithine [51]. DGDG and MGDG were reported 399 

for other Bacillus spp., identified by TLC or by direct MS analysis [18,23]. 400 

The identification of the polar lipidome of bacteria is important to provide 401 

information about their adaptation mechanisms, namely to developing antibiotic 402 

resistance. Previous studies reported a correlation between lipid composition and 403 

antibiotic resistance in bacteria [50,52]. In Enterococcus faecalis, a Gram-positive, 404 

opportunistic, pathogenic bacterium [50], antibiotic resistance was correlated with a 405 

decrease in PG and lys-PG levels which, most probably, provide resistance to cationic 406 

antimicrobial peptides [50]. Changes in PL profile were also observed in MG1655, 407 

DPB635 and DPB636 E. coli strains, after exposure to the antibiotic norfloxacin, with 408 
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up regulation of FA and down regulation of glycerophospholipids [52]. Other works 409 

reported that the susceptibility to different antibiotics in the pathogenic bacteria 410 

Staphylococcus haemolyticus and Staphylococcus epidermidis depends on the 411 

variations of the lipidome induced by nutrition depletion [53]. 412 

 413 

5. Conclusions 414 

The profiling of the polar lipidome of Bacillus species and other Gram-415 

positive bacteria by LC-MS is still in its infancy. In the lipidome of B. licheniformis 416 

I89, one hundred and fourteen molecular species of polar lipids by LC-MS were 417 

identified and structurally characterized, comprising phospholipids (PG, lys-PG, PE, 418 

and CL), glycolipids (MGDG, DGDG), and phosphoglyceroglycolipids (LTAP, LTA-419 

Ala). Membrane lipid composition of this strain is significantly modified during the 420 

different growth phases. Thus, the results in the present work obtained through LC-421 

MS with high resolution MS are promising to understand the adaptation of the lipid 422 

metabolism of Bacillus, under different growth conditions, that can be useful to 423 

understand mechanisms of resistance and also for taxonomy classification. 424 
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Tables 647 

 648 

Table 1. Molecular species of phospholipids from B. licheniformis I89 identified by 649 

LC-MS in positive and negative ion modes 650 

Mass spectrometry data 

Lipid Group Observed m/z value Calculated m/z value Mass deviation [ppm]  Fatty acid chains 

Phosphatidylglycerols [M – H]–  

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

PG (29:0) 679.4543 679.4550 -1.0494 15:0/14:0; 13:0/16:0 

PG (30:0) 693.4703 693.4707 -0.5235 15:0/15:0; 14:0/16:0 

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; 14:0/17:0 

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

PG (32:0) 721.5019 721.5020 -0.0859 15:0/17:0; 16:0/16:0 

PG (33:0) 735.5170 735.5176 -0.8334 18:0/15:0; 16:0/17:0; 19:0/14:0 

PG (34:1) 747.5140 747.5176 -4.8333 16:1/18:0; 17:1/17:0; 16:0/18:1 

PG (34:0) 749.5327 749.5333 -0.7511 19:0/15:0; 17:0/17:0 

PG (35:0) 763.5484 763.5489 -0.6719 18:0/17:0; 15:0/20:0 

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 15:0/15:0; 14:0/16:0 

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

lys-PG (31:0) 835.5812 835.5813 -0.0910 15:0/16:0; 17:0/14:0 

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

lys-PG (32:0) 849.5965 849.5969 -0.5002 15:0/17:0; 16:0/16:0 

lys-PG (33:0) 863.6123 863.6126 -0.3196 16:0/17:0; 15:0/18:0 

lys-PG (34:0) 877.6277 877.6282 -0.5993 17:0/17:0; 15:0/19:0 

Phosphatidylethanolamines [M – H]–  

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

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; 14:0/16:1; 14:1/16:0 

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

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; 14:0/17:0 

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

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

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; 16:0/17:1; 17:0/16:1 

PE (33:0) 704.5224 704.5230 -0.8971 15:0/18:0; 17:0/16:0 

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

PE (34:0) 718.5385 718.5387 -0.2533 17:0/17:0; 15:0/19:0; 16:0/18:0 

Cardiolipins [M – H]–  

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

CL (61:0) 1309.9151 1309.9175 -1.7986 15:0/15:0/16:0/15:0 

CL (62:0)  1323.9309 1323.9331 -1.6662 
15:0/15:0/15:0/17:0; 15:0/16:0/15:0/16:0; 
14:0/17:0/16:0/15:0 

CL (63:0) 1337.9466 1337.9488 -1.6114 15:0/15:0/16:0/17:0 

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

Cardiolipins [M – 2H]2– 

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 + NH4]
+ 

PG (30:0) 712.5103 712.5123 -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; 14:0/14:0 

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; 14:0/16:1; 14:1/16:0 

PE (30:0) 664.4901 664.4917 -2.4560 15:0/15:0; 14:0/16:0 

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; 14:0/17:0 

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

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

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; 16:0/17:1;17:0/16:1 

PE (33:0) 706.5362 706.5387 -3.5129 15:0/18:0; 17:0/16:0 

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

PE (34:0) 720.5520 720.5543 -3.2350 17:0/17:0; 15:0/19:0; 16:0/18:0 

 651 

The iso and anteiso C15 and C17 are the most abundant FAs of B. licheniformis I89. 652 

It is not possible to distinguish the linear C15 and C17 from their branched isomers by 653 

LC-MS and MS/MS analysis. 654 
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Table 2. Molecular species of glycolipids from B. licheniformis I89 identified by LC-657 

MS in positive and negative ion modes 658 

Mass spectrometry data 

Lipid Group Observed m/z value Calculated m/z value Mass deviation [ppm] Fatty acid chain 

Diglycosyldiacylglycerols [M + NH4]
+ 

DGDG (29:0) 868.5975 868.5997 -2.5892 14:0/15:0 

DGDG (30:0) 882.6130 882.6154 -2.7181 15:0/15:0;14:0/16:0 

DGDG (31:1) 894.6130 894.6154 -2.6816 15:0/16:1 

DGDG (31:0) 896.6283 896.6310 -3.0659 15:0/16:0;17:0/14:0 

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 15:0/18:0;17:0/16:0;19:0/14:0 

DGDG (34:0) 938.6750 938.6780 -3.1949 17:0/17:0;19:0/15:0 

Diglycosyldiacylglycerols [M + CH3COO]– 

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;14:0/16:0 

DGDG (31:0) 937.6101 937.6100 0.1280 15:0/16:0,14:0/17:0 

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 + NH4]
+ 

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 + CH3COO]– 

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 

 659 

The iso and anteiso C15 and C17 are the most abundant fatty acids of B. licheniformis 660 

I89. It is not possible to distinguish the linear C15 and C17 from their branched 661 

isomers by LC-MS and MS/MS analysis.  662 
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Table 3. Molecular species of phosphoglyceroglycolipids from B. licheniformis I89 663 

identified by LC-MS in negative ion modes.  664 

Mass spectrometry data 

Lipid Group Observed m/z value Calculated m/z value Mass deviation [ppm] Fatty acid chain 

Diglycosyldiacylglycerols - Phospho- Glycerol [M – H]–  

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 - Alanyl [M – H]–  

LTAP-Ala (30:0) 1088.6089 1088.6134 -4.1585 15:0/15:0 

LTAP-Ala (31:0) 1102.6263 1102.6291 -2.5185 15:0/16:0 

LTAP-Ala (32:0) 1116.6445 1116.6447 -0,2033 15:0/17:0 

 665 

The iso and anteiso C15 and C17 are the most abundant fatty acids of B. licheniformis 666 

I89. It is not possible to distinguish the linear C15 and C17 from their branched 667 

isomers by LC-MS and MS/MS analysis.  668 
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Figure captions 670 

Fig. 1. HILIC-ESI-MS chromatograms of total lipid extracts of B. licheniformis I89 in 671 

(a) negative ion mode and (b) positive ion mode and the retention time (RT) of each 672 

polar lipid class. PG: Phosphatidylglycerol, RT 2.3 min; CL: Cardiolipin, RT 2.3 min; 673 

LTAP: Lipoteichoic acid primer, RT 2.5 min; DGDG: Diglycosyldiacylglycerol, RT 674 

3.0 min; MGDG: Monoglycosyldiacylglycerol, RT 3.0 min; LTAP-Ala: Mono-675 

alanylated lipoteichoic acid primer, RT 4.0 min; PE: Phosphatidylethanolamine, RT 676 

5.1 min; lys-PG: lysyl-phosphatidylglycerol, RT 15.7 min. 677 

 678 

Fig. 2. Chemical structures of the polar lipids identified in B. licheniformis I89. 679 

 680 

Fig. 3. LC-MS spectra of the phospholipid classes identified in B. licheniformis I89 681 

lipidome in the negative ion mode: PG (a), lys-PG (c), CL (e) and in positive ion 682 

mode for PE (g). LC-MS/MS spectra and fragmentation pattern of one of the possible 683 

isomers of the [M - H]- ions of PG (17:0/15:0) at m/z 721.5 (b), lys-PG (17:0/15:0) at 684 

m/z 849.6 (d), CL (15:0/15:0/15:0/17:0) at m/z 1323.9 (f) and of the [M + H]+ ion of 685 

PE (17:0/15:0) at m/z 692.3 (h). 686 

 687 

Fig. 4. LC-MS spectra of glycolipids identified in B. licheniformis I89 lipidome: 688 

MGDG (a) and DGDG (c). LC-MS/MS spectra acquired in positive ion mode and 689 

fragmentation pattern of one of the possible isomers of MGDG (17:0/15:0) at m/z 690 

748.6 (b) and DGDG (17:0/15:0) at m/z 910.6 (d). 691 

 692 
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Fig. 5. LC-MS spectra of phosphoglyceroglycolipids identified in B. licheniformis 693 

I89: LTAP (a) and LTAP-Ala (c). LC-MS/MS spectra acquired in negative ion mode 694 

and fragmentation pattern of one of the possible isomers of the [M - H]- ions LTAP 695 

(15:0/15:0) at m/z 1017.6 (b) and LTAP-Ala (17:0/15:0) at m/z 1116.6 (d). 696 

 697 

Fig. 6. Comparison of the polar lipid species of B. licheniformis I89 between the lag, 698 

exponential (Exp) and stationary (Sta) growth phases at 37 °C: (a) PG, (b) lys-PG, (c) 699 

CL (d) PE, (e) DGDG, (f) MGDGD, (g) LTAP and (h) LTAP-Ala. Values are means 700 

± standard deviation, * p < 0.05, *** p < 0.01 and *** p < 0.001. 701 
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• B. licheniformis I89 lipidome was characterized by HILIC–ESI–MS, mass accuracy and 
MS/MS. 

• Phospholipids included phosphatidylethanolamines, phosphatidylglycerols, lysyl-PG and 
cardiolipins. 

• Glycolipids included monoglycosyldiacylglycerols and diglycosyldiacylglycerols. 

• Phosphoglyceroglycolipids comprised lipoteichoic acid primer (LTAP) and mono-
alanylated LTAP.  

• The polar lipidome changed significantly among the growth phases at 37 °C. 


