
A shotgun lipidomics approach in Sinorhizobium meliloti
as a tool in functional genomics

Libia Saborido Basconcillo,* Rahat Zaheer,† Turlough M. Finan,† and Brian E. McCarry1,*

Departments of Chemistry* and Biology,† McMaster University, Hamilton, Ontario, Canada

Abstract A shotgun lipidomics approach that allowed the
analysis of eight lipid classes directly from crude extracts of
the soil bacterium Sinorhizobium meliloti is presented. New
MS-MS transitions are reported for the analysis of mono-
methylphosphatidylethanolamines, dimethylphosphatidyletha-
nolamines, and three bacterial non-phosphorus-containing
lipid classes [sulfoquinovosyldiacylglycerols, ornithines, and
diacylglyceryl-(N,N,N-trimethyl)-homoserines]. Unique MS-
MS transitions allowed the analysis of isomeric species from
various lipid classes without chromatography. Analyses re-
quired small sample amounts and minimal preparation; thus,
this methodology has excellent potential to be used as a
screening tool for the analysis of large numbers of samples
in functional genomics studies. FA distributions within lipid
classes of S. meliloti are described for the first time, and the
relative positions of fatty acyl substituents (sn-1, sn-2) in phos-
pholipids are presented. FA distributions in diacylglyceryl-(N,
N,N-trimethyl)-homoserines were identical to those of phos-
pholipids, indicating a common biosynthetic origin for these
lipids. The method was applied to the analysis of mu-
tants deficient in the PhoB regulator protein. Increased
lipid cyclopropanation was observed in PhoB-deficient
mutants under Pi starvation.—Basconcillo, L. S., R. Zaheer,
T. M. Finan, and B. E. McCarry. A shotgun lipidomics ap-
proach in Sinorhizobium meliloti as a tool in functional geno-
mics. J. Lipid Res. 2009. 50: 1120–1132.
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Sinorhizobium meliloti is a soil bacterium that transforms at-
mospheric nitrogen into a form utilizable by leguminous
plants such as alfalfa while establishing a beneficial relation-
ship in a process called nitrogen fixation (1, 2). The com-
plete genome of S. meliloti has been annotated; however, the
function of more than 40% of genes remains unknown (3,
4). In the past decade, numerous efforts have been directed
toward understanding gene function (functional genomics)
and the mechanisms by which symbiosis and nitrogen fix-
ation occur (5–8). Our research focuses on the study of

genes in S. meliloti that are hypothesized to participate in
lipid biosynthesis. Assignments of gene function have been
made in most cases by comparing S. melilotiʼs genome
with the genomes of other well-studied organisms, such
as Escherichia coli.

Comprehensive lipid profiling, also known as lipidomics,
has been proposed as a strategy to improve our under-
standing of lipid metabolism and gene function (9–11).
Our approach to understanding gene function employs
comparisons of lipid and FA profiles of knockout mutants
with those of wild-type strains. Thus, a rapid and compre-
hensive method for the analysis of lipids in S. meliloti was
needed. Analytical methods for comprehensive lipid analy-
sis must provide information regarding: i) lipid classes; ii)
molecular species within lipid classes caused by variations
of the fatty acyl chains; and iii) the relative locations of the
fatty acyl chains in individual lipids (sn-1 vs. sn-2).

Typically, methods for intact lipid analysis involve lipid
extraction followed by chromatographic separation of lipid
classes and their detection by MS. TLC and HPLC (12, 13)
are the most common chromatographic techniques, al-
though capillary electrophoresis has also been employed
(14). Two-dimensional high-performance TLC (2D-HPTLC)
procedures have been used to separate crude lipid extracts
into lipid classes (15). Obtaining FA distributions within
each lipid class requires removal of TLC spots, extraction
into an organic solvent, and analysis of the extract by elec-
trospray mass spectrometry (ESI-MS) or GC-MS. TLC-based
methodologies also suffer from losses due to lipid oxidation
on the TLC plates, poor extraction recoveries from the sil-
ica gel, and slow throughput, making them inconvenient
for high-throughput analyses (12, 16). On the other hand,
HPLC-based methodologies separate lipids by classes or
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into their molecular constituents using normal-phase HPLC
(NP-HPLC) or reverse-phase HPLC (RP-HPLC), respec-
tively (12). When complete chromatographic separation
of both lipid classes and their individual molecular species
is desired, a combination of NP-HPLC followed by RP-HPLC
has been applied (13, 17, 18). The separation of isomeric
species of different lipid classes and chromatographic co-
elution present major analytical challenges (12).

Chromatographic procedures for intact lipid analysis
tend to be laborious; moreover, chromatographic methods
often suffer from poor lipid recoveries and changes to the
distribution of molecular species (16). While HPLC-ESI-
MS analysis is currently the most common approach in lipid
analysis, Han and Gross (19) demonstrated that phospho-
lipids can be analyzed directly by the infusion of crude lipid
extracts under ESI conditions; this approach has been
termed “shotgun lipidomics.” Shotgun lipidomics uses a com-
bination of MS-MS techniques to differentiate lipid classes
by their fragmentation patterns under collision-induced dis-
sociation (CID) (20, 21). This methodology requires small
sample amounts and minimal sample preparation, features
well suited to functional genomics applications. Tandem
mass spectrometric analyses of lipids can provide informa-
tion regarding not only the nature of the fatty acyl chains
but also their relative positions (sn-1 vs. sn-2) in individual
lipids (22–24). Therefore, we sought to develop a shotgun
lipidomics procedure for the analysis of intact lipids in
crude extracts of S. meliloti as a tool for functional genomics
studies. Although analyses of intact lipids in S. meliloti have
been reported using TLC procedures, FA distributions
within lipid classes and the location of FAs in lipids (sn-1 vs.
sn-2) have not been reported in S. meliloti.

Cell membranes in S. meliloti are composed of phospho-
lipids that include phosphatidylcholines (PCs, ?60%),
phosphatidylethanolamines and monomethylphosphatidyl-
ethanolamines (PEs 1 MMPEs, ?20%), dimethylphospha-
tidylethanolamines (DMPEs, ?2%), phosphatidylglycerols
(PGs, ?9%), and cardiolipins (CLs, ?5%) (25). Non-
phosphorus-containing lipids such as sulfoquinovosyldiacyl-
glycerols (SLs) and ornithine lipids (OLs) are also present
but comprise less than 5% of total lipids under normal
growth conditions (25). Under inorganic phosphate (Pi)-
limiting conditions, non-phosphorus-containing lipids
[SLs, OLs, and 1,2-diacylglyceryl-3-O-4′-(N,N,N-trimethyl)-
homoserine lipids (TMHSs)] become the major membrane
components, often representing up to 70% of total lipids
(25). Shotgun lipidomics approaches have been developed
for the analysis of lipids encountered in eukaryotic cells
(phospholipids and sphingolipids). However, there are no
reports of the use of this approach for the analysis of
bacterial lipids such as MMPEs, DMPEs, SLs, TMHSs, or
OLs. Therefore, major goals of this work were to develop
a shotgun lipidomics method suitable for the analysis of
minor lipids such as MMPEs, DMPEs, and non-phosphorus-
containing lipids in S. meliloti and to provide detailed FA
distributions within each of these lipid classes. These FA
data were to be compared with the overall FA profile ob-
tained for the crude lipid fraction. In order to test the
value of our approach, the methodology was used to exam-

ine changes in the lipidome of S. meliloti (both intact lip-
ids and FAs) under two different scenarios: in phosphate-
containing (Pi) and Pi-limiting conditions using a wild-type
strain and a phoBmutant strain. PhoB was selected because
it is a well-studied global regulator known to modulate the
expression of genes during stress induced in the bacterium
by low levels of phosphate (8, 26).

EXPERIMENTAL PROCEDURES

Reagents
N-methyl-N-(trimethylsilyl)trifluoroacetamide and ethyl dodeca-

noate were obtained from Sigma-Aldrich (St. Louis, MO). All
solvents used were HPLC grade (Caledon Labs, Caledon, ON).
Phospholipid standards, 1,2-diheneicosanoyl-sn-glycero-3-phos-
phocholine [PC(21:0/21:0)], 1,2-dimyristoyl-sn-glycero-3-phos-
phoethanolamine [(PE(14:0/14:0)], and 1,2-dilauroyl-sn-glycero-
3-phospho-rac-(1-glycerol) [(PG(12:0/12:0), sodium salt] were
purchased from Avanti Polar Lipids (Alabaster, AL).

Bacterial strains and growth conditions
Wild-type S. meliloti (RmP110) and phoB mutant RmH838 con-

taining phoB3::Tn5 (27) were grown in MOPS-buffered minimal
media (28) containing 10 ng/ml CoCl2, 0.5 mg/ml biotin, and
glucose (15 mM) as the carbon source in the presence (2 mM)
or absence of Pi. Wet cell pellets obtained from 500 ml of culture
(Optical Density5 0.3–0.6) by centrifugation were resuspended in
2.5 ml of MOPS medium with no phosphate present and divided
into 250 ml aliquots in microfuge tubes (equivalent to 50 ml of
orginal cell culture). Each tube was then centrifuged, the super-
natant was discarded, and the wet pellets were stored at 280°C
following flash freezing in liquid nitrogen. The wet pellets (equiva-
lent to 50 ml of culture) with 2 mM Pi and without Pi, weighed
32.7 6 2.3 mg (n 5 6) or 20.9 6 3.1 mg (n 5 6), respectively.

Lipid extraction
Wet cell pellets (equivalent to 50 ml of bacterial culture) were

resuspended in distilled water (1 ml) and extracted with a mix-
ture of CHCl3-MeOH (1 ml, 2:1, v/v). The CHCl3 phase contain-
ing the lipids was separated, and the aqueous phase was extracted
twice more with CHCl3-MeOH (1 ml, 2:1, v/v). The chloroform
phases from each extraction were pooled and dried through a
small column packed with anhydrous sodium sulfate (?1 g).
The eluent was evaporated using a stream of nitrogen gas, and
the dried lipid residue was either analyzed immediately or stored
at 280°C.

Fatty acid methyl ester analysis by GC-MS
FAs in crude lipid extracts were analyzed as their fatty acid

methyl esters (FAMEs) by GC-MS. FAMEs were prepared from
dried lipid extracts using a one-vial method that employed sodium
methoxide in methanol as the transmethylation reagent (29).

Chromatography
Dried lipid extracts (corresponding to 50 ml of bacterial cul-

ture) were dissolved in CHCl3-MeOH (100 ml, 1:1, v/v) and applied
to columns packed with silica gel (1 g, 35–75 mm). Glycolipids
were eluted with acetone as described by Christie (15). The frac-
tion containing the glycolipids was dried under nitrogen stream
and stored at 280°C for mass spectrometric analysis.

Shotgun lipidomics in Sinorhizobium meliloti 1121
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MS
Dried lipid extracts obtained from 50 ml of bacterial culture

were dissolved in 200 ml MeOH-CHCl3 (1:1, v/v). For analyses
in the positive-ionization mode, aliquots (20 ml) were diluted
5-fold with MeOH (80 ml) containing PC(21:0/21:0) (32 mmol),
PE(14:0/14:0) (28 mmol), and lithium chloride (2.5 mM). For
analyses in the negative-ion mode, aliquots (20 ml) of the lipid ex-
tract were diluted 5-fold with methanol (80 ml) containing PG
(12:0/12:0) (3 mmol) as the internal standard. A Waters Quattro
Ultima triple quadrupole mass spectrometer equipped with a
microelectrospray ionization source and operating under the
MassLynx software was used for the analysis of bacterial lipid
extracts. The collision gas (N2) pressure was 2 3 1023. Bar and
collision energies (CEs) ranged between 25 eV and 50 eV. Lipid
extracts were continuously infused at 1 ml/min using a Harvard
syringe pump.

PCs, DMPEs, MMPEs, and PEs were simultaneously analyzed
as their lithiated adducts in the positive-ionization mode using
neutral-loss scans of 189 (30), 175, 161, and 147 (22) mass units
with a CE of 35 eV. TMHSs and OLs were also analyzed as [M1Li]1

ions using neutral-loss scan of 74 mass units (CE 40 eV) and pre-
cursor ion scan of m/z 115 (CE 35 eV), respectively. PGs and SLs
were analyzed as their [M-H]2 ions in the negative-ionization
mode, using precursor ion scans of m/z 153 (21, 31) and 225, re-
spectively (CE 50 eV). One hundred mass spectra were averaged
in each mass spectrometry experiment. Peak areas obtained from
each MS-MS spectrum were corrected for the 13C isotope effect
when the pseudomolecular ion peak overlapped with the M12
isotopic peak of other lipids (21), then normalized using the peak
area of an internal standard. Relative percentage compositions of

individual lipid species were obtained for each lipid class using
the peak areas normalized to the internal standard in precursor
ion or neutral-loss spectra.

High-resolution mass spectra were obtained using a Global
Ultima Quadrupole Time of Flight Mass Spectrometer (Waters,
Manchester, UK). Lipid extracts (CHCl3-MeOH, 1:1, v/v) were
infused continuously (1–5 ml/min) via a microelectrospray ioni-
zation source. Argon was used as the collision gas.

Statistical analyses
All data are reported as mean values 6 standard deviation. A

statistical package (SPSS, version 15.0; SPSS, Inc., Chicago, IL)
was used for statistical analyses. Studentʼs t-test was used (P #
0.05) to evaluate two groups of data. Principal component anal-
yses (PCAs) were performed using the SPSS software and the
Multivariate Analysis Add-in for Excel, version 1.3 (Bristol Chemo-
metrics, Inc., Bristol, UK).

RESULTS

Analysis of PGs: FA substituents, and their relative
positions in lipids

A typical profile of a crude lipid extract of S. meliloti in
negative electrospray ionization in the full-scan mode is pre-
sented in Fig. 1A. An internal standard, PG(12:0/12:0), was
added to lipid mixtures. The full-scan mode spectrum
showed [M-H]2 ions corresponding to nine PGs, with major

Fig. 1. Electrospray ionization mass spectra in the negative-ionization mode of crude lipid extracts of Sinorhizobium meliloti P110 grown in
MOPS medium. A: Full-scan mode; insert shows an expanded view of m/z 700–760. B: Precursor ion scan of m/z 153. C: Precursor ion scan
of m/z 225. I.S., internal standard; PG, phosphatidylglycerol; SL, sulfoquinovosyldiacylglycerol.
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ions at m/z 747.6, 773.6, and 787.6. In addition, other minor
peaks that corresponded to four SLs were detected. The
CID spectra of the nine PGs (m/z 719.5, 721.5, 745.5,
747.5, 759.5, 761.5, 773.5, 787.5, and 801.6) afforded prod-
uct ion spectra typical of PGs. All mass spectra showed frag-
ment ions corresponding to carboxylate ions due to losses
of the fatty acyl substituents and a weak ion at m/z 153 cor-
responding to the polar head group, [HO3POCH2C(OH)
CH2]

2 (31). These m/z values were identified as [M-H]2

ions of PGs with FA compositions corresponding to PG-
32:1, PG-32:0, PG-34:2, PG-34:1, PG-35:2, PG-35:1, PG-36:2,
PG-37:2, and PG-38:2, respectively.

UponCID, [M-H]2 ions of PGs typically produce [RCOO]2

ions from the loss of FAs in the sn-2 position, which are
more abundant than [RCOO]2 ions originated from losses
of FAs in the sn-1 position (23). Thus, this feature of the
product ion spectra of PGs was used to determine the na-
ture of the fatty acyl chains and their relative positions (Ta-
ble 1). Previous studies of total FA composition in S. meliloti
by GC-MS analysis (29) greatly facilitated the identification
of possible FA combinations for each lipid. The product
ion spectra of anionic lipids that contain nonadecenoic
acid (19:1) or methyleneoctadecanoic acid (19:0cyclo)
yield a [RCOO]2 ion at m/z 295.2637, with the same elemen-
tal composition of C19H35O2. GC-MS analysis determined
that S. meliloti contained methyleneoctadecanoic acid and
not nonadecenoic acid (29). The assigments of FAs to the
sn-1 or sn-2 position for some minor lipids were ambiguous.

Precursor ion scans of m/z 153 were used to provide
complete profiles of PGs in crude lipid extracts of S. meliloti
(Fig. 1B). Upon CID fragmentation of [PG-H]2 ions, the
polar head group ion at m/z 153 was of low abundance.
To improve the sensitivity of this MS-MS transition, precur-
sor ion scans of m/z 153 were conducted at CEs of 50 eV. In
addition, 100 spectra were routinely collected to improve

the S/N ratios, especially for minor PGs; detection limits
were in the low picomole range [0.5 pmol/ml for PG(12:0/
12:0)]. Although other researchers have also employed
precursor ion scans of m/z 153 to profile PGs in crude lipid
extracts (21), most methodologies employ chromato-
graphic separations (32–34). We believe that precursor
ion scan of m/z 153 is a simpler and faster strategy to pro-
file PGs in bacterial extracts in comparison with chromato-
graphic methods.

Analysis of PCs, PEs, MMPEs, and DMPEs: FA substituents
and their relative positions in lipids

PCs and PEs were detected as a mixture of [M1H]1 and
[M1Na]1 ions upon infusion of crude extracts in positive
electrospray ionization conditions (Fig. 2A). Under CID
conditions, the product ion spectra of [M1H]1 adducts
of PCs and PEs showed fragments typical of the polar
head groups at m/z 184 ([H2PO4(CH2)2N(CH3)3]

1) for
PCs, or a neutral loss of 141 mass units ([(OH)2(PO)
OCH2CH2NH2]

1) for PEs (31, 35). The CID spectra of
[M1H]1 and [M1Na]1 ions of PCs and PEs are rather un-
informative regarding the nature and position of the fatty
acyl substituents in lipids (30). Table 2 shows the m/z
values of [M1H]1 and [M1Na]1 adducts formed by PCs
and PEs of various FA compositions detected in S. meliloti.

In the presence of lithium salts, PCs and PEs form
[M1Li]1 ions, which upon CID, produce product ion spec-
tra that contain diagnostic fragment ions for both the polar
head group and the fatty acyl groups (22, 24, 30). The lipid
profiles of extracts of S. meliloti in the positive-ionization
mode in the presence of lithium salts are shown in Fig. 2B;
two internal standards were included, PC(21:0/21:0) and PE
(14:0/14:0). The addition of lithium significantly simplified
lipid profiles by converting the mixture of [M1H]1 and
[M1Na]1 ions to [M1Li]1 ions. This can be appreciated

TABLE 1. Fatty acyl chains and their relative positions (sn-1/sn-2) in individual lipids in four lipid classes in
Sinorhizobium meliloti

Fatty Acyl Chains in Lipids sn-1/sn-2

Lipid PG SL PC OL

32:1 16:1-16:0 16:1-16:0
32:0 16:0/16:0 16:0/16:0
33:1 16:0/17:0cyclo
33:0 17:0-16:0
34:2 18:1/16:1 18:1-16:1 16:1/18:1
34:1 18:1/16:0 18:1-16:0 18:1/16:0 3OH-16:0/18:1a

3OH-18:0/16:1a

35:2 18:1/17:0cyclo 18:1-17:0cyclo 18:1/17:0cyclo
16:1-19:0cyclo 16:1-19:0cyclo 16:1-19:0cyclo

35:1 19:0cyclo/16:0 19:0cyclo-16:0 19:0cyclo/16:0 3OH-16:0/19:0cycloa

3OH-18:0/17:0cycloa

36:2 18:1/18:1 18:1/18:1 18:1/18:1 3OH-16:0/22:2a

3OH-18:0/18:2a

36:1 18:1-18:0 3OH-18:0/18:1
37:2 19:0cyclo/18:1 19:0cyclo-18:1 19:0cyclo/18:1 3OH-18:1/19:0cycloa

37:1 3OH-18:0/19:0cyclo
38:2 19:0cyclo/19:0cyclo 19:0cyclo/19:0cyclo 19:0cyclo/19:0cyclo 3OH-18:0/20:2a

39:2 3OH-18:0/21:2a

FAs are separated by a hyphen when their assignment to the sn-1 and sn-2 positions was ambiguous. OL, ornithine
lipid; PC, phosphatidylcholine; PG, phosphatidylglycerol; SL, sulfoquinovosyldiacylglycerol.

a Possible FA combinations for ornithine lipids.
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when comparing the high number of lipid adducts de-
tected in crude extracts (Table 2), relative to the signifi-
cantly reduced number of species detected when Li1 was
added (Table 3).

Product ion spectra of [PC1Li]1 contained unique frag-
ment ions atm/z [PC1Li-59]1 and [PC1Li-189]1 due to neu-
tral losses of N(CH3)3 and [N(CH3)31LiOPO3(CH2)2],
respectively (24). Fatty acyl groups in lipids were deter-
mined using fragment ions at m/z [PC1Li-59-RCOOH]1,
whereas their relative positions in the glycerol backbone
(sn-1, sn-2) were determined by their intensities, because
fragment ions originated from the loss of FAs in sn-1 are
more intense than those of the sn-2 position (24, 30). The
fatty acyl chains and their relative positions in lipids (sn-1
and sn-2) are listed in Table 1. Similarly, product ion spectra
of [PE1Li]1 adducts afforded fragment ions of the types

[PE1Li-43]1 and [PE1Li-147]1, characteristic of the polar
head group of PEs (22). Fragment ions at m/z [PE1Li-43-
RCOOH]1 determine fatty acyl groups, and their relative
positions in lipids is given by their relative intensities (sn-
1 . sn-2) (22). Neutral-loss scans of 189 and 147 mass
units, corresponding to the losses of the lithiated polar head
groups of PCs and PEs respectively, afforded individual pro-
files for each lipid class (Fig. 2B, F). Lipid analysis method-
ologies commonly require either TLC or NP-HPLC followed
by RP-HPLC in order to eliminate the coelution of isomeric
species of PCs and PEs with various FA compositions (18).

MMPEs and DMPEs are typically analyzed using TLC-
based methodologies (25). Upon lithium addition to lipid
extracts, MMPEs and DMPEs were detected as [M1Li]1,
given their chemical structures similar to those of PEs.
The characteristic fragment ion of lithiated PEs at m/z

Fig. 2. Electrospray ionization mass spectra in the positive-ion mode of crude lipid extracts of S. meliloti
P110. A: Full-scan mode. B: Full-scan mode, 10 mM LiCl added. C: Neutral-loss scan of 147 mass units. D:
Neutral-loss scan of 161 mass units. E: Neutral-loss scan of 175 mass units. F: Neutral-loss scan of 189 mass
units. DMPE, di-methylphosphatidylethanolamine; MMPE, monomethylphosphatidylethanolamine; PC,
phosphatidylcholine; PE, phosphatidylethanolamine.

1124 Journal of Lipid Research Volume 50, 2009
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[PE1Li-147]1 originates due to the sequential neutral losses
of HN(CH2)2 and LiOP(O)(OH)2 (22). Under CID con-
ditions, the lithiated adducts of MMPEs and DMPEs frag-
mented similarly to [PE1Li]1, a logical result given their
chemical structures. [MMPE1Li]1 and [DMPE1Li]1 af-
forded unique fragment ions at m/z [MMPE1Li-161]1

and [DMPE1Li-175]1, respectively. Most likely, these neu-
tral losses were the result of sequential losses of [CH3N
(CH2)21LiOP(O)(OH)2] and [CH3N(CH2)31LiOP(O)
(OH)2], respectively. Thus, neutral losses of 161 and
175 mass units can be related to the lithiated polar head
groups of MMPEs and DMPEs, respectively. Unfortunately,
analytical standards of MMPEs and DMPEs are not com-
mercially available to confirm these MS-MS transitions.
Neutral-loss scans of 141 and 175 mass units afforded com-
plete lipid profiles of lithiated MMPEs and DMPEs, respec-
tively (Fig. 2D, E).

Isomeric species of MMPEs, DMPEs, PEs, and PCs of
various FA compositions were present in S. meliloti [e.g.,
PC-35:2, DMPE-36:2, MMPE-37:2, and PE-38:2 at m/z
778.6 (Table 3)]. Isomeric species cannot be differentiated
using high mass resolution MS; additionally, the analysis of
isomeric species of PEs, MMPEs, and DMPEs based on
chromatographic separation would be challenging. The
use of unique MS-MS transitions for lithiated PCs, PEs,

MMPEs, and DMPEs originated from differences in their
polar head groups provided FA distributions within each
lipid class without the need for chromatography.

Analysis of bacterial non-phosphorus-containing lipids:
SLs, TMHSs, and OLs

SLs were readily detected as [M-H]2 ions in negative elec-
trospray ionization when crude lipid extracts were infused
(Fig. 1A, insert). The most abundant molecular species cor-
responded to SL-32:0, SL-34:1, SL-36:2, and SL-37:2 de-
tected at m/z 793.6, 819.7, 845.7, and 859.7, respectively.
Product ion spectra of these ions afforded [RCOO]2 ions
that matched SLs with FA combinations of 16:0/16:0,
18:1/16:0, 18:1/18:1, and 19:0cyclo/18:1 for SL-32:0, SL-
34:1, SL-36:2, and SL-37:2, respectively. Additionally, the
product ion spectra of all SLs afforded a fragment ion at
m/z 225.0. When Cedergren and Hollingsworth (36) char-
acterized SLs in S. meliloti for the first time, they reported a
fragment ion at m/z 225.0, identified as the dehydrosulfo-
glycosyl anion. To confirm that these ions corresponded to
SLs, we prepared a glycolipid fraction from lipid extracts
using silica gel flash chromatography (15); glycolipid frac-
tions were analyzed using a triple quadrupole mass spec-
trometer and a quadrupole-time-of-flight tandem mass
spectrometer. Accurate mass measurements of fragment

TABLE 2. Nominal m/z values for [M1H]1 and [M1Na]1 adduct ions of PEs, MMPEs, DMPEs, PCs,
and TMHSs species observed in lipid extracts of S. meliloti

m/z [M1H]1 [M1Na]1

716.5 PE-34:2
718.5 PE-34:1
730.5 PE-35:21 MMPE-34:2
732.6 PE-35:11 MMPE-34:1
736.6 TMHS-34:2
738.5a PE-34:2
738.6a TMHS-34:1
740.5 PE-34:1
744.6 PE-36:21 MMPE-35:21 DMPE-34:2
746.6 MMPE-35:11 DMPE-34:1
750.6 TMHS-35:2
752.5a PE-35:21 MMPE-34:2
752.6a TMHS-35:1
754.5 PE-35:11 MMPE-34:1
758.6 PE-37:21 MMPE-36:21 DMPE-35:21 PC-34:2 (758.5700)b TMHS-34:2 (758.5911)b

760.6 DMPE-35:11 PC-34:1 (760.5856)b TMHS-34:1 (760.6067)b

764.6 TMHS-36:2
766.5 PE-36:21 MMPE-35:21 DMPE-34:2
768.6 MMPE-35:11 DMPE-34:1
772.6 PE-38:21 MMPE-37:21 DMPE-36:21 PC-35:2 (772.5856)b TMHS-35:2 (772.6067)b

774.6 PC-35:1 (774.6013)b TMHS-35:1 (774.6224)b

778.7 TMHS-37:2
780.6 PE-37:21 MMPE-36:21 DMPE-35:21 PC-34:2
782.6 MMPE-36:11 DMPE-35:11 PC-34:1
786.6 MMPE-38:21 DMPE-37:21 PC-36:2 (786.6013)b TMHS-36:2 (786.6224)b

792.6 TMHS-38:2
794.6 PE-38:21 MMPE-37:21 DMPE-36:21 PC-35:2
796.6 PC-35:1
800.6 DMPE-38:21 PC-37:2 (800.6169)b TMHS-37:2 (800.6380)b

808.6 MMPE-38:21 DMPE-37:21 PC-36:2
814.6 PC-38:2 (814.6326)b TMHS-38:2 (814.6537)b

822.6 DMPE-38:21 PC-37:2
836.6 PC-38:2

MMPE, monomethylphosphatidylethanolamine; DMPE, dimethylphosphatidylethanolamine; TMHS, 1,2-diacylglyceryl-3-O-4′-(N,N,N-trimethyl)-
homoserine lipid. Accurate mass values for lipid adduct ions with the same nominal m/z value are included in brackets.

a Resolution of [M1H]1 and [M1Na]1 adducts with the same nominal mass value would require mass resolutions of ?6,300.
b Resolution of [M1H]1 and [M1Na]1 adducts with the same nominal mass value would require mass resolutions of ?39,000.
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ions at m/z 80.9655 and 225.0076 in the product ion spec-
tra of [M-H]2 ions of major SLs confirmed elemental com-
positions of HSO3 (80.9655) and C6H9O7S (225.0076),
respectively. These fragment ions are typical of SLs, and
therefore these peaks were identified as SLs (36, 37). Pre-
cursor ion scans of m/z 225.0 provided profiles of SLs di-
rectly from crude lipid extracts of S. meliloti; 10 molecular
SL species were detected (Fig. 1C). To improve the S/N
ratios, CEs of 50 eV were used to favor fragmentation of
[M-H]2 ions, and 100 spectra were averaged.

OLs contain two amino functions and one carboxylic
group; thus [M-H]2, [M1H]1, or [M1Na]1 ions can be ob-
served in electrospray ionization. Geiger and coworkers
(25) isolated OLs from lipid extracts of S. meliloti using
an HPTLC-based method; two OLs were detected as
[M1H]1 ions at m/z 679 and 693, which contained 3-
hydroxyoctadecanoic acid with the hydroxyl group esteri-
fied to octadecenoic acid or methyleneoctadecanoic acid,
respectively (25, 38). The product ion spectra of proton-
ated ornithines typically contain an abundant fragment ion
at m/z 115, which is characteristic of ornithine-containing
lipids (25, 38, 39). In this study, when crude lipid extracts
of S. meliloti were directly infused, we detected peaks of
low-abundance ions at m/z 679.4 and 693.5 (Fig. 3A, B).
The product ion spectra of these peaks contained abun-
dant fragment ions at m/z 115; thus peaks at m/z 679.4
and 693.5 were identified as OLs.

Because a fragment ion at m/z 115 is common to the
MS-MS spectra of OLs, we employed precursor ion scans
of m/z 115 to investigate crude lipid extracts (Fig. 3D).
In addition to the major OLs at m/z 679.7 and 693.7 iden-
tified by Geiger, we detected another six OLs at m/z 651.7,
665.7, 677.7, 691.7, 705.6, and 719.9. These ions corre-
sponded to protonated OLs with FA compositions of 34:1,
35:1, 36:2, 37:2, 38:2, and 39:2. The FA compositions of

low-abundance OLs could not be determined, because
these ions were only observed in precursor ion spectra.
Because three hydroxy FAs (3-hydroxytetradecanoic acid,
3-hydroxyhexadecanoic acid, and 3-hydroxyoctadecanoic
acid) (29) can be found in S. meliloti, these OLs could be
amides of either of these 3-hydroxy FAs. For example,
peaks at m/z 651.7 (OL-34:1) and 665.7 (OL-35:1) could
correspond to amides of 3-hydroxyhexadecanoic acid with
the hydroxyl function esterified to 18:1 and 19:0cyclo,
respectively. However, these OLs could also possibly be
amides of 3-hydroxyoctadecanoic acid with the hydroxyl
function esterified to 16:1 (OL-34:1) and 17:0cyclo (OL-
35:1) FAs, respectively. OLs at m/z 705.6 (OL-38:2) and
719.9 (OL-39:2) most likely are amides of 3-hydroxyocta-
decanoic with FAs 20:2 and 21:2, respectively (Table 1).

TMHSs are ether-linked glycerolipids with a quaternary
ammonion group that resemble PCs (40). TMHSs can be
detected as mixtures of [M1H]1 or [M1Na]1 ions similarly
to PCs and PEs in positive electrospray ionization. Geiger
and coworkers, using a TLC-based procedure, detected
two TMHSs in lipid extracts of S. meliloti as their [M1H]1

ions at m/z 764 and 778; these lipids were identified as
TMHS-36:2 and TMHS-37:2, respectively (25, 41). When
crude lipid extracts of S. meliloti grown under Pi starvation
were directly infused, [M1H]1 ions at m/z 764 and 778
for TMHS-36:2 and TMHS-37:2, respectively, were not de-
tected (Fig. 3A). However, other peaks were detected at
the expected m/z values for the [M1Na]1 adducts of
TMHS-36:2 (m/z 786.6) and TMHS-37:2 (m/z 800.5) (Ta-
ble 2 and Fig. 3A). Ions at m/z 786.6 and 800.5 could also
correspond to [M1H]1 adducts of PC-36:2, DMPE-37:2,
MMPE-38:3, PC-37:2, and DMPE-38:2 lipids, which were
also detected in lipid extracts of S. meliloti (Table 2). If
TMHSs exhibited FA distributions similar to those ob-
served in phospholipids (PCs, PEs, etc.), then considerable
mass overlap would occur due to the coexistence of [M1H]1

and [M1Na]1 ions (Table 2). Note that mass resolutions
of up to 38,600 would be required to resolve [M1H]1 and
[M1Na]1 ions of [PCs1PEs1MMPEs1DMPEs] and TMHSs.

Upon addition of lithium to lipid extracts, peaks were
detected at the expected m/z values of [M1Li]1 adducts
of TMHS-36:2 (m/z 770.7) and TMHS-37:2 (m/z 784.7)
lipids (Table 3 and Fig. 3B, insert). Lithium addition elim-
inated the presence of sodiated TMHSs, which would co-
elute with protonated species of phospholipids (Table 2);
thus, lithiated TMHSs can be easily detected in the pres-
ence of lithiated PCs, PEs, MMPEs, and DMPEs without
the need for high mass resolution (Table 3). Additionally,
the product ion spectra of peaks at m/z 770.7 and 784.7
showed neutral losses of 74 and 87 mass units; therefore,
we decided to explore the use of neutral-loss scans of
74 mass units. This MS-MS transition revealed an inter-
esting pattern formed by ions at m/z 742.6, 744.6, 756.6,
758.6, 770.6, 784.6, and 798.7 (Fig. 3C). These ions matched
the calculated m/z values for [M1Li]1 ions of TMHSs with
FA compositions of 34:2, 34:1, 35:2, 35:1, 36:2, 37:2, and
38:2, respectively (Table 3).

In summary, this work applied for the first time the prin-
ciples of shotgun lipidomics to the analysis of three non-

TABLE 3. Nominal m/z values for [M1Li]1 adducts of lipid species
observed in S. meliloti

Lipids Observed as Their [M1Li]1 Adducts

m/z NL 74 NL 147 NL 161 NL 175 NL 189

722.5 PE-34:2
724.5 PE-34:1
736.5a PE-35:2 MMPE-34:2
738.6a PE-35:1 MMPE-34:1
742.6 TMHS-34:2
744.6 TMHS-34:1
750.6a PE-36:2 MMPE-35:2 DMPE-34:2
752.6a MMPE-35:1 DMPE-34:1
756.6 TMHS-35:2
758.6 TMHS-35:1
764.6a PE-37:2 MMPE-36:2 DMPE-35:2 PC-34:2
766.6a DMPE-35:1 PC-34:1
770.6 TMHS-36:2
778.6a PE-38:2 MMPE-37:2 DMPE-36:2 PC-35:2
780.6 PC-35:1
784.7 TMHS-37:2
792.6a MMPE-38:2 DMPE-37:2 PC-36:2
798.7 TMHS-38:2
806.6a DMPE-38:2 PC-37:2
820.6 PC-38:2

a Isomeric species of different lipid classes were detected using
neutral-loss scans unique to each lipid class.
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phosphorus-containing lipid classes. This approach provided
for the first time complete FA distributions for these lipid
classes using a simple and rapid strategy that did not re-
quire chromatography.

FA distributions within lipid classes in S. meliloti: effects of
Pi starvation

The FA distributions for eight lipid classes in S. meliloti,
including phospholipids and non-phosphorus-containing
lipids, were obtained directly from crude extracts under
normal conditions (2 mM Pi) and under Pi starvation (Ta-
ble 4). Analytical and biological variances were of 2–4%
for abundant lipids (e.g., PC-36:2 and PG-36:2) when three
cultures were analyzed, each one in triplicate, over a pe-
riod of 1 year. The detection limits for PC, PE, and PG
in the MS-MS mode were in the low picomole range
(0.5–1.3 pmol/ml). Note that detection limits for a given
lipid class will be a function of the MS-MS transition and
CEs used for their analysis.

The relative percentage compositions of individual molec-
ular species within lipid classes were obtained using peak
areas normalized to the peak area of the internal standard
in precursor ion or neutral-loss spectra. The accurate quan-
titation of phospholipids by ESI-MS is not a simple task, be-
cause response factors vary among lipid classes and depend

on the type of MS-MS transition used (42). Additionally, re-
sponse factors vary within a given lipid class with the length
of the fatty acyl chains and number of double bonds (43).
The use of diluted lipid solutions and the inclusion of two
or more internal standards per lipid class have been rec-
ommended to minimize the variability of response factors
across lipid classes and within lipid classes (21, 43). We used
one internal standard per lipid class, which is acceptable for
most applications (44). Our technique is appropriate as a
screening method for large volumes of samples when con-
trol samples (wild type) are compared with treated samples
(wild type in different growth conditions or mutants).

This is the first work to describe FA distributions within
lipid classes in S. meliloti, for both phospholipids and non-
phosphorus-containing lipids. The FA profiles of PEs,
MMPEs, DMPEs, and PCs were very similar where 36:2 lip-
ids were the most abundant components (45–60%). Lipids
with FA composition 36:2 contained two fatty acyl chains of
cis-11-octadecenoic acid, which is the most abundant FA in
S. meliloti membranes (29). The similarity in the FA distri-
butions in these lipid classes is not surprising, because they
are closely related biosynthetically (45). SLs on the other
hand, showed different FA distributions given by the pres-
ence of abundant species that contained hexadecanoic and
hexadecenoic acid (32:1 and 32:0). Lipids with FA compo-

Fig. 3. Positive-ion electrospray ionization mass spectra of crude lipid extracts of S. meliloti P110 grown under Pi-starvation conditions. A: Full-
scan mode spectrum with no LiCl added. B: Full-scan mode spectrum with 10 mM LiCl added. C: Neutral-loss scan of 74 mass units selective for
TMHSs. D: Precursor ion scan of m/z 115 selective for OLs. OL, ornithine lipid; PE, phosphatidylethanolamine; PC, phosphatidylcholine;
TMHS, 1,2-diacylglyceryl-3-O-4′-(N,N,N-trimethyl)-homoserine lipid.
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sitions of 32:1 and 32:0 were not detected for phospholipids
(PEs, MMPEs, DMPEs, PCs). Overall, lipids that contained
either 16:1(9) or 16:0 FAs (34:2 and 34:1) were not abun-
dant in phospholipids. PGs are most likely the closest lipid
class to SLs from a biosynthetic and biological point of view
(46). Lipids that contained 16:1(9) and 16:0 were detected
in PGs; however, these species were minor components
(2%). Interestingly, hexadecanoic acid was also the most
abundant FA found in SLs in other organisms (47, 48).

PCA of FA distributions in lipid classes showed from a
schematic point of view a biosynthetic relationship among

lipid classes (Fig. 4A). SLs were a distinctive class, whereas
phospholipids were spatially arranged following their biosyn-
thetic order as PGs, PEs, MMPEs, DMPEs, and PCs. PCA of
FA distributions in lipid classes under Pi starvation condi-
tions also showed an interesting pattern (Fig. 4B). The FA
distributions in OLs were strikingly different from those
of all other lipid classes; this was not unexpected, because
of the different biosynthetic origin of OLs (38). However,
TMHSs, a distinctive lipid class synthesized exclusively un-
der Pi starvation, showed profiles that were highly similar
to those of phospholipids (Fig. 4B).

Fig. 4. Principal component analysis of relative percentage composition in lipids of S. meliloti P110 under
normal growth conditions (A) and under Pi-starvation conditions (B). Lipid classes are represented by num-
bers: 1, PGs; 2, PEs; 3, MMPEs; 4, DMPEs; 5, PCs; 6, SLs; 7, TMHs; 8, OLs.

TABLE 4. FA distributions in eight lipid classes in S. meliloti under normal growth conditions (with 2 mM Pi)
and under Pi-starvation conditions (with 0 mM Pi)

Lipid PCs PEs MMPEs DMPEs PGs SLs TMHSs OLs

With 2 mM Pi
32:1 0.5 6 0.3 3.2 6 0.9
32:0 1.5 6 0.3 17.8 6 0.8
34:2 0.8 6 0.2 2.8 6 1.2 1.8 6 0.4 2.9 6 1.5 1.9 6 0.3 1.5 6 0.4
34:1 8.0 6 1.2 19.5 6 2.9 13.9 6 1.7 8.7 6 3.1 28.9 6 2.8 33.6 6 2.0 1.2 6 0.2
35:2 2.5 6 0.4 2.7 6 1.6 2.9 6 0.9 2.1 6 0.4 1.4 6 0.5
35:1 3.0 6 0.3 3.8 6 1.8 3.4 6 0.8 2.6 6 0.4 4.9 6 0.6 3.1 6 0.8
36:2 45.6 6 2.1 59.0 6 2.6 56.8 6 3.4 59.0 6 2.6 55.5 6 2.4 17.9 6 1.5 3.0 6 0.8
36:1 9.8 6 2.0 37.0 6 2.4
37:2 36.0 6 0.6 11.8 6 2.0 19.7 6 1.4 23.2 6 1.6 6.8 6 0.6 9.7 6 1.3 5.3 6 0.3
37:1 49.6 6 1.2
38:2 4.2 6 0.6 0.2 6 0.3 1.6 6 0.4 6.1 6 1.8 0.2 6 0.2 0.2 6 0.3 0.6 6 0.2
39:2 0.2 6 0.2

With 0 mM Pi
32:1 3.4 6 0.8
32:0 12.6 6 3.0
34:2 0.5 6 0.4 2.4 6 1.3 0.8 6 0.9 1.9 6 2.2 1.1 6 0.5 0.9 6 0.3 1.0 6 1.1
34:1 4.9 6 1.8 11.0 6 4.5 8.6 6 4.3 3.3 6 4.5 15.8 6 4.3 25.5 6 2.9 12.8 6 2.9 1.0 6 0.1
35:2 2.6 6 0.6 3.7 6 1.0 3.4 6 1.1 3.2 6 0.9 2.5 6 0.1 1.6 6 2.0
35:1 5.3 6 1.2 3.5 6 1.5 5.1 6 1.3 3.9 6 0.9 12.2 6 1.3 2.0 6 2.4 3.6 6 0.2
36:2 24.1 6 2.8 49.9 6 2.5 45.0 6 2.5 39.3 6 3.2 55.2 6 1.5 7.5 6 0.6 55.7 6 6.9 2.9 6 0.5
36:1 5.2 6 0.3 23.3 6 0.4
37:2 49.1 6 1.8 23.1 6 7.0 33.3 6 7.8 41.1 6 8.8 19.6 6 4.9 26.9 6 5.1 25.2 6 5.0 8.3 6 0.2
37:1 60.2 6 0.2
38:2 13.5 6 3.7 0.9 6 1.0 3.5 6 1.1 14.4 6 1.9 1.2 6 0.5 3.3 6 1.3 1.6 6 2.1 0.4 6 0.1
39:2 0.4 6 0.1

Data are given as mean 6 SD (n 5 6).
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Under Pi starvation, a significant increase in lipids that
contained cyclopropane FAs in all lipid classes was ob-
served (49). Lipids that contained cis-9,10-methylenehexa-
decanoic acid and cis-11,12-methyleneoctadecanoic acid
(35:2, 35:1, 37:2, 38:2) increased considerably (Table 4).
OLs with FA compositions of 37:2 and 37:1 increased sig-
nificantly under Pi starvation; therefore it is most likely that
these lipids contain cyclopropane FAs.

FA distributions within lipid classes in
PhoB-deficient mutants

The regulator PhoB protein is only expressed under Pi-
limiting conditions (8); thus, not surprisingly, the lipid
profiles of cultures of phoB mutant and wild type were
identical under normal (Pi excess) growth conditions
(data not shown). Analysis of total FAs was conducted as
a technique complementary to intact lipid analyses (29).
Total FA composition of phoB mutant and wild type was
also identical under normal growth conditions (Table 5).
The increased cyclopropanation of lipids observed in the
wild type under Pi starvation was reflected in total FA com-
position by a significant increase of cis-11,12-methylene-
octadecanoic acid (Table 5). Furthermore, a dramatic
(73–80%) increase in poly(3-hydroxybutyrate) (PHB)
was detected under Pi-starvation conditions in the wild
type (data not shown). However, the increased levels of
PHB were not a PhoB-dependent response, inasmuch as
mutants deficient in the PhoB regulator protein also
showed increased levels of PHB (data not shown). The cel-
lular role of PHB is not clear, although it has been shown
to protect the cell from a diversity of stressors (50, 51).

Under Pi-limiting conditions, the lipid profiles of phoB
mutants were different from those of the wild type, as ex-
pected (Fig. 5). The biosynthesis of TMHSs in S. meliloti is
PhoB-regulated, inasmuch as PhoB-deficient mutants failed
to produce these lipids (25). Using the shotgun lipidomics
methodology presented in this work, TMHSs were not de-
tected in PhoB-deficient mutants grown under Pi starvation
(Fig. 5). Peaks detected at m/z 770.5 and 784.6 for lithiated
TMHS-36:2 and TMHS-37:2 lipids, respectively, were not
observed in lipid extracts of PhoB mutants. Furthermore,

neutral-loss scans of 74 or 87 mass units did not provide
the TMHS profiles that were observed in wild-type cultures
grown under Pi starvation (Fig. 3C).

The increased cyclopropanation of lipids observed un-
der Pi starvation in the wild type was more accentuated
in PhoB-deficient mutants (see PC-38:2 in Fig. 5). This
phenomenon was also observed in total FA composition
of PhoB-deficient mutants (Table 5). Under Pi starvation,
cyclopropane FAs increased an additional 12% in phoB
mutants in comparison with the wild type. Cyclopropane
FAs comprised 50% of total FAs in phoB mutants under Pi
starvation. Total cyclopropane FAs have also been observed
to increase significantly in S. meliloti as a result of increased
acidity (49). The extent of lipid cyclopropanation in phoB
mutants with Pi starvation was more pronounced than in
the wild type under acidic conditions. Increased cyclo-
propanation of lipids is a stress response observed with Pi
starvation and acidity; however, this effect was intensified
in PhoB-deficient mutants with Pi starvation.

DISCUSSION

Most methods for lipid analysis employ HPLC separa-
tion schemes (33, 52–55), and when the separation of lipid
classes and their molecular components is desired, a com-
bination of NP-HPLC followed by RP-HPLC is needed
(12). The research presented here allowed the analysis
of eight lipid classes in crude lipid extracts of S. meliloti
using a shotgun lipidomics approach. The collection of
mass spectrometric techniques described allowed the de-
tection of 58 molecular lipids with little sample prepara-
tion and no chromatography. This is the first report to
describe FA distributions in lipids and the relative positions
of fatty acyl substituents (sn-1, sn-2) in phospholipids in S.
meliloti. We also report new mass spectrometric transitions
for the analysis of two phospholipid classes (MMPEs and
DMPEs) and three nonphospholipid classes (SLs, TMHSs,
and OLs). The addition of lithium salts for analyses in pos-
itive electrospray ionization afforded simplified lipid profiles
by producing only [M1Li]1 ions and provided unique MS-

TABLE 5. Percentage compositions of total FAs in S. meliloti wild type and phoB knockout mutant under normal
growth conditions and under Pi starvation

FA Percentage Compositions

2 mM Pi 0 mM Pi

FAs Wild Type phoB Knockout Wild Type phoB Knockout

14:0 0.33 6 0.03 0.30 6 0.02c 0.29 6 0.06a 0.43 6 0.04a,c

16:0 1.1.9 6 1.1 1.1.8 6 1.5 1.0.2 6 1.0 1.0.9 6 1.0
17:0 .0.2 6 0.1 0.23 6 0.02c 0.25 6 0.03a 0.43 6 0.05a,c

18:0 .3.5 6 0.3 .4.0 6 1.0 .1.7 6 0.3a .3.8 6 0.9a

16:1(9) .0.9 6 0.2 0.89 6 0.05c .0.6 6 0.1 .0.5 6 0.2c

18:1(11) 5.8.7 6 2.9b 5.7.5 6 4.1c 4.8.8 6 2.6a,b 3.3.4 6 2.3a,c

17:0cyclo(9,10) .1.7 6 0.2 .1.8 6 0.3c .1.7 6 0.1a .2.6 6 0.1a,c

19:0cyclo(11,12) 2.2.6 6 3.9b 2.3.5 6 1.7c 3.6.5 6 2.7a,b 4.7.9 6 2.5a,c

Data are given as mean 6 SD (n 5 3).
a At 0 mM Pi, mean values of wild type are significantly different from phoB mutant (P # 0.05).
b Mean values of wild type with 0 mM Pi are significantly different from wild type with 2 mM Pi (P # 0.05).
c Mean values of phoB mutant with 0 mM Pi are significantly different from phoB with 2 mM Pi (P # 0.05).
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MS transitions for each lipid class, which allowed the anal-
ysis of isomeric species (PCs, PEs, MMPEs, and DMPEs)
with no chromatography. The sensitivity and specificity
of these techniques revealed FA distributions for low-
abundance lipid classes such as MMPEs, DMPEs, SLs,
and OLs in crude bacterial extracts.

This is the first report to use shotgun lipidomics for the
analysis of bacterial non-phosphorus-containing lipids
such as SLs, TMHSs, and OLs. Normally, the analysis of
these lipids requires their isolation via column chromatog-
raphy or TLC (25, 37, 48, 56–59) and HPLC (60) prior to
mass spectrometric detection. FA distributions in these lipid
classes are obtained by GC-MS analysis of a chromato-
graphic fraction or TLC spots (47, 48, 56, 61). Typically,
these procedures are labor intensive and require milligram
amounts of lipids. We demonstrated that profiles for these
lipid classes can be obtained from crude extracts using pre-
cursor ion scans of m/z 225, m/z 115, and neutral-loss scans
of 74 mass units. However, more work needs to be con-
ducted to understand the fragmentation of [M1Li]1 adducts
of TMHSs and [M1H]1 adducts of OLs in electrospray
ionization. This might require the isolation of these lipids
by traditional chromatographic techniques due to the un-
availability of analytical standards.

Previous lipid analyses of S. meliloti using an HPTLCmeth-
odology identified nine lipid classes (25). However, com-
plete FA distributions within lipid classes were not revealed
using this methodology, inasmuch as only the most abun-
dant molecular components in a lipid class were detected.
This is probably a result of poor recoveries of lipids and
differential migration of molecular components in TLC
plates (16). In our experience, the recoveries of analytical

standards of phospholipids from TLC plates and silica gel
columns were lower than when standards or lipid mixtures
were infused directly. In contrast to TLC-based protocols
that only detected the most abundant molecular species,
shotgun lipidomics revealed complete FA distributions within
lipid classes, even for low-abundance lipid classes such as
OLs and DMPEs (,2%).

Because FA biosynthesis and intact lipid biosynthesis are
related and highly coordinated processes, knowledge of FA
distributions within lipid classes can provide important
clues regarding the biosynthetic origin of lipid classes. The
complete FA distributions within lipid classes in S. meliloti
provided interesting insights into the biosynthetic origin of
phospholipids and non-phosphorus-containing lipids. For
example, the similarities in FA distributions in TMHSs and
phospholipids suggested that TMHSs and phospholipids
are synthesized from a common precursor, most likely phos-
phatidic acid. This was not the case for SLs, which exhibited
distinct FA distributions. Therefore, SLs might not be syn-
thesized from the same biochemical precursor as phospho-
lipids and TMHSs. In algae, interestingly, TMHSs and SLs
shared the same FA distributions, formed mostly by hexa-
decanoic acid (48). In contrast, in S. meliloti, TMHSs were
closer to phospholipids such as PEs rather than to SLs.

Shotgun lipidomics analysis of PhoB-deficient mutants
under Pi starvation confirmed the absence of TMHSs, as
demonstrated previously using traditional TLC protocols.
Additionally, we found that lipid cyclopropanation in-
creased in PhoB-deficient mutants under Pi starvation, in-
dicated by a 25% increase in total cyclopropane FAs. The
mechanism for the observed increase in cyclopropanation
is not clear, because gene expression studies did not show

Fig. 5. Positive electrospray ionization mass spectra in the full-scan mode of crude lipid extracts of wild type (A) and phoB knockout mutant
(B) under Pi-starvation conditions.
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increased expression of the cyclopropane fatty acyl synthase
genes when the cells were grown under Pi-limiting condi-
tions (49). It appears that lipid cyclopropanation is a gen-
eral stress response, and in the absence of the PhoB
regulator, cells are unable to manage stress caused by Pi
limitation and therefore are under increased stress.

The shotgun lipidomics approach presented here is a
rapid and simple strategy for the screening of large vol-
umes of samples in functional genomics studies. Lipid ex-
tracts were prepared from 50 ml of bacterial cultures;
however, only 1/20 of samples (≈1–2 mg of wet cells,
equivalent to 3 ml of bacterial culture) were used for anal-
yses. Furthermore, good signal-to-noise ratios were obtained
when 10-fold less material was used (0.3 ml of culture).
Thus, complete analyses can be conducted with small sam-
ple amounts. The analysis time per sample (about 60 min)
was shorter than the time required by most HPLC proce-
dures (52, 55).

The absolute quantitation of lipids was not achieved in
this research. However, this method is suitable for those
studies in which a stressed (mutant strain) sample is com-
pared with a control (wild-type strain) sample. The absolute
quantitation of lipids remains a future objective of this work,
and, therefore, more efforts are required in this area. The
quantitation of bacterial non-phosphorus-containing lipids
using shotgun lipidomics remains a challenge, inasmuch
as analytical standards of these lipids are not available.

One disadvantage of the shotgun lipidomics methodol-
ogy presented here is that CLs were not detected in crude
extracts of S. meliloti. CLs have been successfully analyzed
as their [M-2H]22 ions with shotgun lipidomics approaches
using precursor ion scans of m/z 153; no evidence of ion sup-
pression was observed (21, 62, 63). We were not able to de-
tect these lipids in crude lipid extracts using precursor ion
scans of m/z 153. Because CLs are a minor lipid class in
S. meliloti, it is possible that these lipids coeluted with PEs
or PGs in negative electrospray ionization.
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