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Lysyl-phosphatidylglycerol (LPG) is a well-known mem-
brane lipid in several gram-positive bacteria but is almost 
unheard of in gram-negative bacteria. In Staphylococcus 
aureus, the gene product of mprF is responsible for LPG 
formation. Low pH-inducible genes, termed lpiA, have 
been identified in the gram-negative α-proteobacteria 
Rhizobium tropici and Sinorhizobium medicae in screens for 
acid-sensitive mutants and they encode homologs of MprF. 
An analysis of the sequenced bacterial genomes reveals 
that genes coding for homologs of MprF from S. aureus are 
present in several classes of organisms throughout the bac-
terial kingdom. In this study, we show that the expression 
of lpiA from R. tropici in the heterologous hosts Escherichia 
coli and Sinorhizobium meliloti causes formation of LPG. A 
wild-type strain of R. tropici forms LPG (about 1% of the 
total lipids) when the cells are grown in minimal medium 
at pH 4.5 but not when grown in minimal medium at neu-
tral pH or in complex tryptone yeast (TY) medium at 
either pH. LPG biosynthesis does not occur when lpiA is 
deleted and is restored upon complementation of lpiA-defi-
cient mutants with a functional copy of the lpiA gene. 
When grown in the low-pH medium, lpiA-deficient rhizo-
bial mutants are over four times more susceptible to the 
cationic peptide polymyxin B than the wild type. 

Rhizobia are soil bacteria able to form a symbiosis with leg-
ume plants that leads to the formation of nitrogen-fixing root 
nodules. Recently it was demonstrated that adequate levels of 
certain bacterial membrane lipids, e.g., phosphatidylcholine 
(PC), are also required in order to allow the formation of a 
fully functional symbiosis between Bradyrhizobium japonicum 
and its host plant soybean (Minder et al. 2001). It is thought 
that symbiotic and pathogenic bacteria share similar strategies 
to avoid responses of the host’s immune system (Sohlenkamp 
et al. 2003). This hypothesis is consistent with the finding that 
phosphorylcholine epitopes and PC as a membrane lipid are 
found frequently in prokaryotic organisms closely interacting 

with eukaryotic hosts in a symbiotic or pathogenic relationship 
(Sohlenkamp et al. 2003). Interestingly, Brucella abortus mu-
tants, deficient in the pcs pathway for PC biosynthesis, were 
shown to lack PC in their membranes and displayed a virulence 
defect in mice (Comerci et al. 2006; Conde-Alvarez et al. 2006), 
supporting a role for PC in interactions between symbiotic or 
pathogenic bacteria and eukaryotic hosts. 

Lysyl-phosphatidylglycerol (LPG) is a well-known membrane 
lipid in several gram-positive bacteria (firmicutes) like Staphy-
lococcus aureus, Bacillus subtilis, and Lactococcus plantarum. 
The staphylococcal MprF gene product (encoded by the 
mprF/fmtC gene) is required for LPG biosynthesis (Oku et al. 
2004; Staubitz et al. 2004). In addition to LPG, esters of phos-
phatidylglycerol (PG) with the amino acids alanine or ornithine 
have been described in other gram-positive bacteria (O’Leary 
and Wilkinson 1988). In contrast, in gram-negative bacteria, 
LPG has only been described in one strain of Pseudomonas 
aeruginosa (Kenward et al. 1979). 

LPG or MprF have been shown to be pathogenicity factors 
in Staphylococcus aureus, in which they confer on the bacteria 
a higher level of resistance to cationic peptides of the host’s 
immune system (Peschel et al. 2001). This protective effect of 
LPG was proposed to be due to its net positive charge. Mem-
branes of S. aureus mutants deficient in LPG formation contain 
only the anionic phospholipids PG and cardiolipin. The pres-
ence of LPG, therefore, dramatically changes the charge prop-
erties of the membrane surface, thereby interfering with charge-
based interactions between cationic antimicrobial peptides and 
the anionic bacterial surface. 

Interestingly, homologs of mprF from S. aureus can be 
found in the genomes of many other bacteria, most of which 
are able to interact with eukaryotic hosts as pathogens, symbi-
onts, or commensals (Vinuesa et al. 2003; Fig. S1). This find-
ing implies that LPG might play a role in interactions between 
bacteria and eukaryotic hosts. For some of the bacteria in 
which lpiA/mprF homologs are present, e.g., Lactobacillus 
plantarum, the formation of LPG has been described, whereas 
for others, such as Agrobacterium tumefaciens, Sinorhizobium 
meliloti (Geiger et al. 1999), Sinorhizobium medicae (Reeve et 
al. 2006), or Rhizobium tropici (Rojas-Jiménez et al. 2005), 
LPG has not been described to form part of the membrane. 

During a screen for R. tropici mutants deficient in acid toler-
ance, Vinuesa and associates (2003) have identified the lpiA 
(low pH-inducible A) gene whose product is homologous to 
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MprF from S. aureus. In the R. tropici genome, the lpiA gene 
probably forms an operon with atvA (acid tolerance and viru-
lence A). R. tropici mutants deficient in lpiA show a sevenfold 
reduction in nodulation competitiveness when compared with 
the wild type (Vinuesa et al. 2003). 

Here, we describe the functional characterization of the R. 
tropici lpiA gene. We show that lpiA causes the formation of 
LPG and that the presence of LPG confers increased resistance 
to polymyxin. Analysis of the rhizobial R. tropici bacteroid 
membranes shows that LPG might be present in minor amounts. 

RESULTS 

mprF/lpiA homologs occur  
in several gram-negative bacteria and form an operon  
with a gene coding for a putative serine lipase. 

LPG and other amino acylesters of PG, such as alanyl-PG 
(APG) or ornithyl-PG (OPG), have long been known to be 
major membrane lipids in several firmicutes (O’Leary and 
Wilkinson 1988), such as S. aureus (LPG) (Nahaie et al. 
1984), B. subtilis (LPG) (Op den Kamp et al. 1969), Listeria 
monocytogenes (LPG) (Fischer and Leopold 1999), Bacillus 
cereus (APG and OPG) (Houtsmuller and van Deenen 1963; 
Lang and Lundgren 1970), and Clostridium perfringens (APG) 
(MacFarlane 1961) but are not generally known as membrane 
lipids in other classes of bacteria (O’Leary and Wilkinson 
1988). However, for one strain of Pseudomonas aeruginosa, 
Kenward and associates (1979) reported the presence of LPG 
under certain growth conditions. 

Analyses of the sequenced genomes available in public data-
bases reveal that several lpiA/mprF homologs can be found in 
organisms outside the firmicutes. Specifically, such homologs 
can be identified in α-, β-, γ-, and δ-proteobacteria, actinomy-
cetales, planctomycetales, flavobacteriales, and archaea but are 
absent in eukaryotes. Often mprF/lpiA homologs occur in bac-
teria interacting with or closely associated with eukaryotic 
hosts, be it as symbionts, pathogens, or commensals. However, 

for some mprF/lpiA homolog-carrying prokaryotes (archaea 
Methanosarcina barkeri, Bacillus subtilis, Kineococcus radio-
tolerans, or Lactobacillus plantarum), no such association 
with a eukaryotic organism has been described. Remarkably, 
the similarity between MprF/LpiA-like open reading frames 
from firmicutes and their homologs from other classes of bac-
teria is restricted to the C-terminal 600 amino acids of the pro-
teins. The identity at the amino-acid level between MprF from 
S. aureus, for which the enzyme activity is known, and the 
LpiA homolog from R. tropici is 28% for the C-terminal part 
of the protein (600 of about 850 amino acids). 

In most gram-negative organisms whose genomes contain a 
gene coding for an MprF homolog, this gene forms an operon 
with a homolog of acvB/atvA/virJ. Such an organization in 
which lpiA/mprF and atvA/acvB homologs form an operon can-
not be observed in gram-positive bacteria (Vinuesa et al. 2003). 
The atvA/acvB genes encode proteins that are homologous to 
VirJ, a component of the type IV secretion system from Agro-
bacterium tumefaciens that associates with exported substrates 
in the periplasm but whose exact function is not known (Pantoja 
et al. 2002). The type IV secretion system is required for patho-
genesis in such gram-negative bacteria as those found in genera 
Agrobacterium, Bordetella, Brucella, Helicobacter, Legionella, 
and Rickettsia (Lee and Schneewind 2001). 

Expression of lpiA/mprF homologs  
from Bacillus subtilis, Rhizobium tropici, and 
Staphylococcus aureus in Escherichia coli or  
in Sinorhizobium meliloti leads to LPG formation. 

Formation of LPG in gram-negative bacteria has only been 
described for a strain of P. aeruginosa (Kenward et al. 1979). 
However, the one or more genes responsible for LPG forma-
tion in gram-negative bacteria have not been identified to date. 
We suspected that lpiA/mprF homologs of gram-negative bac-
teria were responsible for LPG formation and, therefore, ex-
pressed the lpiA homolog from R. tropici, using heterologous 
overexpression of lpiA under an inducible promoter in E. coli. 

 

Fig. 1. Expression of MprF/LpiA homologs from Staphylococcus aureus, Rhizobium tropici, and Bacillus subtilis in Escherichia coli. A, Lipids of E. coli
BL21(DE3)/pLysS or DH5α strains containing different plasmids were radiolabeled with [32P]phosphate or B, [14C]lysine during growth in complex medium 
and were separated by one-dimensional thin-layer chromatography. The following strains were analyzed: DH5α/pBAD24 (lane 1), DH5α/pBADmprF (lane 
2), BL21(DE3)/pLysS/pCCS49 (lane 3), BL21(DE3)/pLysS/pCCS51 (lane 4), and BL21(DE3)/pLysS/pET16b (lane 5). The organism from which the 
lpiA/mprF homolog expressed in E. coli were derived are indicated in the figure. – = No lpiA/mprF homolog present; S.a. = S. aureus mprF; R.t = R. tropici 
lpiA; B.s. = B. subtilis mprF. The lipids cardiolipin (CL), phosphatidylglycerol (PG), phosphatidylethanolamine (PE), and lysyl-phosphatidylglycerol (LPG) 
are indicated. 
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E. coli does not possess genes homologous to lpiA/mprF and, 
therefore, can potentially be used for studying the functionality 
of lpiA/mprF gene products. Expression of S. aureus mprF in 
E. coli DH5α (Oku et al. 2004) or of the mprF homolog of B. 
subtilis (Reeve et al. 2006) in E. coli BL21(DE3)/pLysS leads 
to the formation of LPG (Fig. 1) as described in earlier reports. 
Upon expression of the R. tropici lpiA gene in E. coli 
BL21(DE3)/pLysS, a compound with the same relative mobil-
ity as LPG produced by MprF from S. aureus or MprF from B. 
subtilis was formed. In contrast, in E. coli strains not express-
ing an lpiA/mprF homolog, only the major membrane lipids 
phosphatidylethanolamine (PE), PG, and cardiolipin (CL) 
were observed when the lipids were labeled with [32P]phos-
phate (Fig. 1A) or [14C]acetate (data not shown). 

Large amounts of LPG were formed when mprF from S. 
aureus (Fig. 1, lane 2) and mprF from B. subtilis (Fig. 1, lane 
4) were expressed in E. coli. In contrast, only a minor amount 
of a LPG-like compound was formed when lpiA from R. trop-
ici was expressed in E. coli (Fig. 1A, lane 3). In the case of the 
expression of S. aureus mprF, in addition to LPG formation, a 
clear change in the relative amounts of PG, CL, and PE was 
observed (Fig. 1A, lane 2). Apparently, the accumulation of 
the cationic membrane lipid LPG leads to a relative increase in 
the anionic membrane lipids PG and CL and a relative de-
crease in the amount of the zwitterionic PE. 

To obtain further evidence for the identity of LPG, we labeled 
the different E. coli strains with [14C]lysine. Incorporation of 
radiolabeled lysine into lipids was observed in E. coli strains 
expressing either one of the three lpiA/mprF homologs (Fig. 1B, 
lanes 2, 3, and 4), whereas no lysine incorporation into lipids 
was observed in the E. coli strains carrying empty plasmids 
(Fig. 1B, lanes 1 and 5). 

As LPG formation was not very efficient when lpiA from R. 
tropici was expressed in E. coli, we suspected that this ineffi-
cient LPG formation might be overcome by expressing lpiA 
from R. tropici in the more closely related bacterium Sinorhi-
zobium meliloti, which has an lpiA/mprF homolog but for 
which LPG formation has never been described, although its 
membrane lipid composition has been thoroughly studied in 
recent years (de Rudder et al. 1999, 2000; Geiger et al. 1999; 
López-Lara et al. 2003, 2005; Sohlenkamp et al. 2000, 2004). 

The lpiA/mprF homolog from R. tropici was subcloned into 
a broad-host-range plasmid, and the plasmids carrying lpiA 
from R. tropici or mprF from B. subtilis were mobilized into 
Sinorhizobium meliloti. Strains were grown in tryptone yeast 
(TY) medium, lipids were labeled with [14C]acetate and were 
analyzed by two-dimensional thin-layer chromatography (2D-
TLC). In a Sinorhizobium meliloti strain harboring an empty 
plasmid, the formation of PC, PE, CL, PG, ornithine-contain-
ing lipids, and dimethyl-PE (DMPE) was observed (Fig. 2A). 
When the lipids from Sinorhizobium meliloti expressing the 
mprF homolog from B. subtilis (Fig. 3B) or lpiA from R. tropici 
(Fig. 2C) were analyzed, the formation of an additional lipid 
was detected. In both cases, this lipid was ninhydrin-positive 
and showed a similar mobility to LPG in the 2D-TLC system. 
To demonstrate that the new lipid is indeed LPG, Sinorhizo-
bium meliloti strains constitutively expressing lpiA from R. 
tropici (1021/pCCS76) or the mprF homolog from B. subtilis 
(1021/pCCS57) were grown in large cultures and bacterial 
lipid extracts were analyzed. Using electrospray ionization 
(ESI)-mass spectrometry (MS) in the positive ion mode, in 
samples of both lipids, protonated molecules with m/z of 903.6 
and 877.6 (data not shown) were detected that were absent in 
the lipid sample extracted from the vector control 
(1021/pCCS81). Upon collision-induced dissociation of these 
ions, product ion mass spectra were obtained (Fig. 3A and B) 
in which, in both cases, ions deriving from the neutral loss of 

300.1 Th were observed, corresponding to loss of the lysyl-
glycerophosphate head group from LPG and leading to the for-
mation of the major fragment ions at m/z 603.5 and m/z 577.5, 
respectively. In addition, fragment ions were observed in both 
spectra at m/z 301.1, corresponding to the protonated lysyl-

 

Fig. 2. Separation of [14C]acetate-labeled lipids from Sinorhizobium
meliloti 1021 harboring A, plasmid pCCS81 (empty), B, pCCS57 (Bacil-
lus subtilis mprF), or C, pCCS76 (Rhizobium tropici lpiA) by two-dimen-
sional thin-layer chromatography. The lipids phosphatidylethanolamine 
(PE), monomethyl-PE (MMPE), dimethyl-PE (DMPE), ornithine-contain-
ing lipid (OL), phosphatidylglycerol (PG), cardiolipin (CL), phosphatidyl-
choline (PC), and lysyl-phosphatidylglycerol (LPG) are indicated. 
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Fig. 3. Collision-induced dissociation mass spectra of lysyl-phosphatidylglycerols detected in lipid extract of Sinorhizobium meliloti constitutively expressing
lpiA from Rhizobium tropici. A, and B, Positive ion collision-induced dissociation mass spectra of [M+H]+ ions at m/z 903.7 (A) and 877.6 (B). C, and D,
Negative ion collision-induced dissociation mass spectra of [M-H]– ions at m/z 901.7 (C) and 875.6 (D). 
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glycerophosphate head group (Fig. 3). In the negative-ion 
mode, the corresponding ions for deprotonated molecules at 
m/z 901.6 and 875.6 were detected, which, upon collision-
induced fragmentation, both yield a product ion at m/z 145.1, 
corresponding to deprotonated lysine (Fig. 3). Fragmentation 
of the ion at m/z 901.6 yields an intense fragment ion at m/z 
281.2 (Fig. 3C), corresponding to the C18:1 fatty acyl anion, 
whereas fragmentation of m/z 875.6 yields fragment ions at 
both m/z 281.2 (C18:1 fatty acyl anion) and at 255.2, corre-
sponding to a C16:0 fatty acyl anion (Fig. 3D). Therefore, 
when mprF from B. subtilis or lpiA from R. tropici were ex-
pressed in Sinorhizobium meliloti, two major LPG molecules, 
one bearing two C18:1 fatty acyl residues and another bearing 
one C16:0 and one C18:1 fatty acyl residue, were identified. 

R. tropici CIAT899 wild type forms LPG when grown  
on minimal medium under acidic conditions. 

When expressing R. tropici lpiA in E. coli, formation of LPG 
was observed, indicating that LpiA is able to catalyze formation 
of LPG, similarly to what has been described for MprF from S. 
aureus. The lpiA/atvA operon is induced upon acid shock in Si-
norhizobium medicae (Reeve et al. 1999, 2006) and R. tropici 
CIAT899 (Vinuesa et al. 2003), and it has been reported that the 
relative amounts of LPG increase in S. aureus and B. subtilis 
when grown in acidic conditions (Houtsmuller and van Deenen 
1964; Op den Kamp et al. 1969). Therefore, R. tropici CIAT899 
wild type was grown in TY medium adjusted to a pH of 4.5, 5.5, 
6.8, or 8.0, and lipids were labeled with [14C]acetate. Membrane 
lipids formed under these growth conditions were the phosphol-
ipids PC, PE/monomethyl-PE, DMPE, PG, and CL, and the or-
nithine-containing lipids S1, S2, P1, and P2 (Rojas-Jimenez et 
al. 2005). No LPG formation was detected under any of these 
growth conditions (data not shown). 

Kenward and associates (1979) had described LPG forma-
tion in one strain of Pseudomonas aeruginosa (NCTC 6750) 
when grown in a specific minimal medium at neutral pH. 
Upon growth of P. aeruginosa PAO1 (Holloway et al. 1979) 
under the same conditions as described by Kenward and asso-
ciates (1979) for NCTC 6750, LPG formation was not observed 
(data not shown). As the PAO1 genome contains an lpiA/mprF 
homolog, apparently the regulation of LPG formation must be 
quite different in these two P. aeruginosa strains. A modified 
version of the minimal medium described by Kenward and asso-
ciates (1979) was adjusted to pH 6.8 or 4.5 and was used to 
grow R. tropici. In the low pH medium, formation of a ninhy-
drin-positive lipid migrating in 2D-TLC like LPG was detected 
(Fig. 4B) that was not formed when R. tropici was grown at 
neutral pH (Fig. 4A). The relative amount of LPG formed un-
der acidic growth conditions amounted to 1.2 ± 0.6% of total 
lipids. When R. tropici wild type was grown in minimal me-
dium at pH 4.5 in the presence of [14C]lysine, a preferential 
incorporation of radiolabeled lysine into LPG (Fig. 4D) was 
observed, suggesting that this rhizobial lipid formed in mini-
mal medium under acidic conditions contained lysine. 

As Kenward and associates (1979) had shown an effect of the 
magnesium concentration on LPG formation in P. aeruginosa 
NCTC 6750, R. tropici was grown at two different magnesium 
concentrations (1 mM and 8.23 μM) at neutral or acidic pH. In 
the case of R. tropici CIAT899, no effect of the magnesium 
concentration on LPG formation was observed (data not shown). 

R. tropici CIAT899 mutants deficient in lpiA lack LPG. 
LPG formation was observed when R. tropici wild-type 

CIAT899 was grown at pH 4.5 in the modified minimum me-
dium after Kenward and associates (1979) (Fig. 4B). In con-
trast, when the lpiA-deficient mutant 899-lpiAΔ1 was grown at 
pH 4.5 in such a minimal medium, no LPG formation was ob-

served (Fig. 4C), showing that inactivation of lpiA causes a de-
fect in LPG biosynthesis. Upon complementation of R. tropici 
899-ΔlpiA1 mutants with the plasmid pCCS76, expressing lpiA 
from R. tropici under the control of a constitutive promoter, 
formation of LPG was observed (data not shown), demon-
strating that the formation of LPG in R. tropici depends on a 
functional copy of lpiA. 

R. tropici mutants deficient in LPG formation  
are more susceptible to polymyxin B than  
the wild type when grown at acidic pH. 

The membrane lipid LPG has been described as a patho-
genesis factor in S. aureus (Peschel et al. 2001). S. aureus mu-
tants deficient in LPG formation or with a reduced amount of 
LPG show increased susceptibility to cationic peptides of the 
human innate immune response (Peschel et al. 2001) and to 
the antibiotics moenomycin, vancomycin, and gentamicin (Nishi 
et al. 2004). Growth of R. tropici CIAT899 and the lpiA-defi-
cient mutant was studied on agar containing modified Kenward 
medium and 20E medium, either one adjusted to pH 6.8 or 4.5, 
in the presence of various antibiotic-containing filter disks 
(Oxoid, Hampshire, U.K.). The lpiA-deficient mutant was 
more sensitive than was the wild type to tobramycin and to po-
lymyxin at pH 4.5, whereas no difference with respect to the 
susceptibility of the two strains to either antibiotic was observed 
when the strains were grown at pH 6.8. The minimal inhibitory 
concentration (MIC) of polymyxin B was determined for both 
strains under both growth conditions in liquid media. At neu-
tral pH, the MIC for CIAT899 and the mutant 899-lpiAΔ1 
were around 62.5 to 125 and 62.5 μg/ml, respectively. When 
grown at acidic pH, the wild type lost its susceptibility to po-
lymyxin B and showed a MIC of 250 μg/ml, whereas the mu-
tant showed a MIC of 31.5 to 62.5 μg/ml. We also analyzed 
the mutant 899-lpiAΔ1 harboring the empty plasmid pCCS81 
or the plasmid pCCS76 containing the lpiA gene under control 
of a constitutive promoter. Surprisingly, the mutant containing 
the empty plasmid was about four times more sensitive to po-
lymyxin B than the mutant without plasmid. A comparison of 
the MIC of both plasmid-containing strains showed that the 
presence of a functional lpiA gene caused a two- to fourfold 
increase of the MIC when compared with the strain harboring 
an empty plasmid. At neutral pH, strains lacking and strains 
containing lpiA showed similar MIC, whereas at pH 4.5, the 
strains containing lpiA were about four times more resistant to 
polymyxin B than the strains lacking lpiA. 

Bacteroid membranes of R. tropici CIAT899 isolated  
from bean nodules might contain LPG. 

In the late stages of symbiosis when the bacteroids are en-
gulfed inside the symbiosome inside plant cells, they are ex-
posed to acidic conditions, as the peribacteroid space is about 
two pH units more acidic than the plant cytosol (Udvardi and 
Day 1997; Udvardi et al. 1991). The low pH growth conditions 
under which R. tropici was shown to form LPG therefore, to 
some extent, mimic the conditions inside symbiosomes. We 
therefore speculated that the bacteroid membrane might con-
tain LPG. Nodules were harvested from bean plants inoculated 
with R. tropici CIAT899 wild-type bacteria 21 days postinocu-
lation. Bacteroids were isolated as described by Romanov and 
associates (1994). Lipids were extracted from bacteroids ac-
cording to Bligh and Dyer (1959). When analyzing the complex 
mixture of unlabeled bacteroid lipids by liquid chromatography 
(LC)/MS, signals for protonated molecules at m/z 903.6 and 
877.6 were observed. Upon collision-induced dissociation of 
these ions, a fragment was observed at m/z 603.6 and 577.6, 
respectively (data not shown). This neutral loss of 300 Th is 
consistent with loss of the lysylglycerophosphate group, as 
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observed on product ion analysis of LPG in the Sinorhizobium 
meliloti lipid extracts already described (Fig. 3). However, a 
fragment ion at m/z 301 corresponding to the protonated lysyl-
glycerophosphate head group was not observed in this positive 
ion fragmentation spectrum, nor was a fragment at m/z 145 
(for deprotonated lysine) in the negative-ion product ion spec-
trum. This is probably due to the small amounts of sample; the 
bacteroid extracts yielded smaller amounts of overall lipid, and 
the proportion of LPG in these total extracts was also less than 
in the Sinorhizobium meliloti mutant lipid extracts expressing 
lpiA from R. tropici. It is not surprising that the only detectable 
fragment ion was that arising by neutral loss of the headgroup, 
as this ion was the base peak in the positive ion product ion 
spectra obtained from the mutant extracts (Fig. 3A and B). 

DISCUSSION 

LPG is a well-known lipid in the membrane of gram-posi-
tive bacteria like S. aureus or B. subtilis but was not thought to 
be a common membrane lipid in gram-negative bacteria 

(O’Leary and Wilkinson 1988). Recently, MprF has been 
shown to be responsible for LPG formation in S. aureus (Oku 
et al. 2004; Staubitz et al. 2004). MprF homologs, called LpiA, 
have been identified in R. tropici and Sinorhizobium medicae 
in screens for mutants with increased acid sensitivity (Reeve et 
al. 1999; Vinuesa et al. 2003). Further homologs of mprF from 
S. aureus can be found in the genomes of bacteria from differ-
ent phyla, most of which interact as symbionts, pathogens, or 
commensals with eukaryotic hosts. When we initiated this 
work, it was not known whether the gene products encoded by 
mprF homologs of gram-negative bacteria would catalyze the 
formation of LPG. The lpiA gene from R. tropici was cloned 
and expressed in the same way as the mprF homolog from B. 
subtilis, and mprF from S. aureus in a heterologous E. coli 
system (Oku et al. 2004; Reeve et al. 2006). Our data show 
that the expression of lpiA from R. tropici in E. coli leads to 
the formation of LPG. However, much less LPG is formed in 
E. coli when lpiA from R. tropici is expressed as compared 
with when the mprF counterparts from the gram-positives S. 
aureus or B. subtilis are expressed. The reason why less LPG 

 

Fig. 4. Lysyl-phosphatidylglycerol formation in Rhizobium tropici CIAT899. A, Cells grown in minimal medium with low magnesium at pH 6.8 or B, C, and 
D, in minimal medium with low magnesium at pH 4.5. Separation of [14C]acetate- (A, B, C) and [14C]lysine (D)-labeled lipids from Rhizobium tropici
CIAT899 (A, B, D) and R. tropici 899-ΔlpiA1 (C). The membrane lipids phosphatidylethanolamine (PE), dimethyl-PE (DMPE), ornithine-containing lipids 
(S1, S2, P1, P2), phosphatidylcholine (PC), phosphatidylglycerol (PG), cardiolipin (CL), and lysyl-PG (LPG) are indicated. 
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is formed upon LpiA expression than upon expression of the 
gram-positive MprF homologs is not known but might be due 
to reduced expression of LpiA or to a reduced specific activity 
of the encoded LpiA enzyme. 

We have shown that Rhizobium tropici wild type forms mi-
nor amounts of LPG (around 1% of total lipids) when grown 
on minimal medium at pH 4.5. However, LPG formation is not 
observed when R. tropici is cultivated at neutral pH or on com-
plex TY medium. An lpiA-deficient mutant of R. tropici is un-
able to form LPG on minimal medium at pH 4.5, whereas the 
mutant complemented with a functional copy of rhizobial lpiA 
regains the ability to form LPG. Therefore, we report here for 
the first time on a gene (lpiA) required for LPG formation in 
gram-negative bacteria. 

In S. aureus, MprF and LPG have been described as patho-
genesis factors. LPG is a major membrane lipid in S. aureus 
comprising 14 to 38% of total membrane lipids. Absence of 
LPG in S. aureus leads to a hypersensitivity of the bacteria to 
cationic peptides of the innate immune response of the human 
host (Peschel et al. 2001). S. aureus membranes lacking LPG 
are composed only of the anionic membrane lipids PG and CL. 
In the model proposed, the strong attraction between the ani-
onic membrane surface of mutant cells and the cationic peptides 
causes a very high affinity of the peptides for the bacterial 
membrane of the mutant. However, it is difficult to imagine a 
model similar to that described for S. aureus for rhizobia such 
as R. tropici. The rhizobial membrane lipid composition is 
more complex than that of S. aureus. In R. tropici, about 80% 
of its membrane lipids are zwitterionic (PE and PC) and only 
20% are anionic lipids (PG and CL) (López-Lara et al. 2003). 
Therefore, one would not expect that the introduction of 1% of 
the cationic membrane lipid LPG would dramatically change 
the overall charge of the membrane. 

Nevertheless, R. tropici mutants deficient in LpiA show 
clear phenotypes. An lpiA-deficient R. tropici mutant is seven-
fold less competitive than the wild type when nodulating bean; 
if LPG is present in the bacteroid membrane, it might protect 
the rhizobia against cationic peptides involved in plant defense 
(Vinuesa et al. 2003). In support of this idea, we have shown 
that an lpiA-deficient mutant is several times more sensitive 
than the wild type to the cationic peptide polymyxin B at low 
pH. Therefore, although R. tropici does not accumulate large 
amounts of LPG in its membranes, a role for LPG in the inter-
actions with its host is quite possible. However, other explana-
tions than a simple charge-based model need to be considered 
for the functions of LPG or LPG-derived molecules in gram-
negative bacteria. 

In contrast to mprF homologs in gram-positive bacteria, 
genes encoding for MprF homologs in gram-negative bacteria, 
such as lpiA in rhizobia are usually encountered in an operon 
preceding a second gene, atvA (Vinuesa et al. 2003). Often 
genes in the same operon encode proteins that interact or that 
act in the same metabolic pathway (Dandekar et al. 1998; 
Overbeek et al. 1999). The levels of LPG in gram-negative 
bacterial membranes are low, and AtvA might contribute to a 
low steady-state level of LPG by degrading it, for example, by 
acting on it as a lipase. Such a lipase activity efficiently de-
grading LPG might be an explanation why accumulation of 
LPG has not been described in gram-negative bacteria, although 
several well-studied gram-negative bacteria have lpiA/mprF 
homologs in their genomes. 

If LPG indeed protects gram-negative bacteria against cati-
onic peptides, this protection could only be conferred by a 
more specific mechanism. The anionic membrane lipid CL has 
been described to form domains in bacterial membranes 
(Kawai et al. 2004). Such anionic membrane domains could be 
targets for cationic peptides that have penetrated beyond the 

outer membrane. The presence of LPG might interfere with the 
formation of such domains, or it might neutralize the negative 
charge of the membrane surface to some extent. The different 
cell-wall structures of gram-positive and gram-negative bacte-
ria also have to be taken into account. The model described for 
the MprF-mediated protection of the gram-positive bacteria 
against cationic peptides would have to be modified in the case 
of gram-negative bacteria due to the presence of the outer 
membrane. Gram-negative bacteria such as E. coli, P. aerugi-
nosa, and Salmonella typhimurium have been shown to modify 
their lipid A structures as a protective mechanism against cati-
onic peptides (Raetz and Whitfield 2002). No other modifica-
tions of the lipidic parts of the inner or outer membranes are 
known that are related to resistance of the bacteria against cati-
onic peptides. 

The low pH conditions under which LPG is formed mimic 
the conditions that R. tropici encounters inside nodules. We 
have, therefore, investigated whether LPG might be present in 
membranes obtained from the symbiotic bacteroid form. Mass 
spectrometric results suggest that small amounts of LPG might 
indeed be present in bacteroid membranes. 

MATERIALS AND METHODS 

Bacterial strains, media and growth conditions. 
The bacterial strains and plasmids used and their relevant 

characteristics are shown in Table 1. Rhizobium tropici and Si-
norhizobium meliloti strains were grown at 30°C in complex 
TY medium containing 4.5 mM CaCl2 (Beringer 1974). R. 
tropici was also grown in a modified version of the minimal 
medium described by Kenward and associates (1979) or in 
20E medium (Werner et al. 1975). The modified Kenward me-
dium used for growth of R. tropici contained 39.04 mM 
(NH4)2HPO4, 0.96 mM (NH4)H2PO4, 0.2 mM (NH4)2SO4, 1.0 
mM NaCl, 1.0 mM KCl, 8.95 μM FeSO4, 164.5 μM CaCl2, 12 
mM glucose, and either 1 mM or 8.23 μM MgSO4. Vitamins 
(biotin, 0.2 mg/ml; calcium pantothenate, 0.1, thiamine, 0.1) 
were added to the final concentrations indicated. The pH of the 
medium was adjusted to 6.8 using 40 mM HEPES (N-[hy-
droxyethyl]piperazine-N′-[2-ethanesulfonic acid]) or to 4.5 by 
using 20 mM HOMO-PIPES (homopiperazine-N,N′-bis-2-
ethanesulfonic acid). 

For determination of the MIC of polymyxin B (Sigma, St. 
Louis), wild-type CIAT899 and the lpiA-deficient mutant 899-
lpiAΔ1 were cultivated in 20E medium (Werner et al. 1975), 
adjusted to pH 6.8 (20E, 6.8) using 40 mM HEPES (Sigma) or 
to pH 4.5 (20E, 4.5) using 50 mM HOMO-PIPES (Research 
Organics, Cleveland, OH, U.S.A.). R. tropici strains were 
grown for 3 days on TY medium agar plates. Precultures inocu-
lated from cells grown on solid media were cultivated overnight 
in liquid 20E, 6.8 medium. Using aliquots of these preculture 
cultures of 20E, 4.5 and 20E, 6.8 medium were inoculated and 
grown for a further 24 h. Cultures were diluted in 20E medium 
adjusted to the respective pH to approximately 2 × 105 
CFU/ml, and 1 ml of these cultures was mixed with 1 ml poly-
myxin solution (dissolved in 20E) at concentrations between 1 
mg/ml and 2 μg/ml. Cultures were incubated for 96 h, and 
optical densities were determined at 48, 72, and 96 h. MIC 
was taken as the lowest concentration of polymyxin B that 
reduced growth by more than 90%. When plasmid-harboring 
strains were analyzed, we observed that the presence of gen-
tamicin used to select for the presence of the plasmids was inter-
fering with the determination of the MIC. Therefore, gentamicin 
was omitted in the precultures at the specific pH and in the 
cultures in which polymyxin B was present. 

Escherichia coli strains were cultured on Luria-Bertani (LB) 
medium at 37°C. Antibiotics were added to the medium at the 
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following final concentrations when required (μg ml–1): 70, 
gentamicin for Sinorhizobium meliloti; 100, carbenicillin; 10, 
gentamicin; and 20, chloramphenicol for E. coli. 

Plasmids were mobilized into R. tropici and Sinorhizobium 
meliloti strains by triparental mating using the mobilizing plas-
mid pRK2013 as described previously (Ruvkun and Ausubel 
1984). 

DNA manipulations. 
Recombinant DNA techniques were performed according to 

standard protocols (Sambrook and Russell 2001), using Esche-
richia coli DH5α as a host strain (Hanahan 1983). 

Cloning of the lpiA gene of R. tropici  
for complementation and expression studies. 

The R. tropici lpiA coding sequence was polymerase chain 
reaction (PCR)-amplified using the XL PCR kit (Rtrop_lpiA5: 
5′-AcgTCATATgTCgagCCCAATCgATCTggAAAg-3′; Rtrop_ 
lpiA3: 5′-ACgTggATCCTCATTTCCTCACgACCCCCTTAAg 
TC-3′; Applied Biosystems, Foster City, CA, U.S.A.) introduc-
ing NdeI/KpnI restriction sites. The PCR product was cloned 
into pCR-Blunt II-TOPO (Invitrogen, Carlsbad, CA, U.S.A.). 
The resulting plasmid was digested with the corresponding 
enzymes to liberate the coding sequence, and the R. tropici 
lpiA gene was cloned as an NdeI/KpnI fragment into plasmid 
pET17b to obtain pCCS49. The mprF homolog from Bacillus 

subtilis (Reeve et al. 2006) and the lpiA gene from R. tropici 
were expressed in E. coli BL21(DE3)/pLysS under the control 
of the T7 promoter (Studier et al. 1990) from pCCS51 and 
pCCS49, respectively. As a positive control for LPG formation, 
we used the S. aureus mprF gene expressed in E. coli DH5α 
under the control of the arabinose-inducible ara promoter 
(Guzman et al. 1995; Oku et al. 2004). For expression of mprF/ 
lpiA homologs in Sinorhizobium meliloti, pCCS51, pCCS49, 
and pET9a were linearized with BamHI and were cloned into 
the BamHI site of pBBR1-MCS5, similarly to an earlier descrip-
tion (Gao et al. 2004). 

In vivo labeling of Escherichia coli strains expressing  
the mprF/lpiA homologs  
with [14C]acetate, [32P]phosphate, or [14C]lysine. 

For detection of LPG formation after overexpression of lpiA 
from R. tropici, mprF from B. subtilis, or mprF from S. aureus 
in E. coli, derivatives of strains BL21(DE3)/pLysS or DH5α 
were cultivated in LB medium. At densities of 4 × 108 cells/ml, 
0.1 mM isopropyl-β-D-thiogalactoside or 1% L-arabinose 
(wt/vol) was added, and 1-ml aliquots were labeled in the pres-
ence of 1 μCi [1-14C]acetate (57 mCi/mmol; Amersham, Pis-
cataway, NJ, U.S.A.), 1 μCi L-[U-14C]lysine (304 mCi/mmol; 
Amersham), or 1 μCi [32P]phosphate (10 mCi/ml; Amersham) 
for 3 h at 37°C. Subsequently, lipids were extracted and ana-
lyzed as described below. 

In vivo labeling of Rhizobium tropici and  
Sinorhizobium meliloti strains  
with [14C]acetate and [14C]lysine.  

The lipid compositions of Sinorhizobium meliloti and R. 
tropici strains were determined following labeling with [1-
14C]acetate (57 mCi/mmol; Amersham). Cultures (1 ml) of 
wild type and mutant strains in TY medium (Beringer 1974) or 
minimal medium were inoculated from precultures grown in 
the same medium. After addition of 1 μCi [14C]acetate to each 
culture, the cultures were incubated for 16 h, in the case of R. 
tropici, and 8 h, in the case of Sinorhizobium meliloti. In order 
to see whether lysine was preferentially incorporated into LPG, 
R. tropici was grown in modified Kenward minimal medium, 
which had been previously adjusted to pH 4.5 as described 
above, and cultures were labeled with [14C]lysine for 8 h. 

The cells were harvested by centrifugation, were washed 
with 500 μl of water, and were resuspended in 100 μl of water. 
The lipids were extracted according to Bligh and Dyer (1959). 
The chloroform phase was used for lipid analysis on TLC 
plates (HPTLC aluminum sheets, silica gel 60; Merck, Haw-
thorne, NY, U.S.A.). After one-dimensional separation using 
the solvent system chloroform/methanol/glacial acetic acid, 
130:50:20, or two-dimensional separation using the solvent 
systems described by de Rudder and associates (1997) (first 
dimension, chloroform/methanol/water, 140:60:10; second di-
mension, chloroform/methanol/glacial acetic acid, 130:50:20), 
the individual lipids were quantified. TLC plates were exposed 
to Kodak MXB film and the lipids were visualized by iodine 
staining. Quantification of the labeled lipids was done by scrap-
ing off the iodine-stained material and counting in scintillation 
vials with 3 ml of nonaqueous scintillation fluid (Amersham). 
Alternatively, lipids were quantified using a Storm 820 phos-
phorimager (Molecular Dynamics, Sunnyvale, CA, U.S.A.), as 
described earlier (Sohlenkamp et al. 2004). 

Isolation of bacteroids and labeling of bacteroid lipids.  
Phaseolus vulgaris seeds were surface-sterilized with 1.2% 

sodium hypochlorite and were germinated on 1% water agar as 
described by Vinuesa and associates (1999). Seedlings were 
transferred to pots filled with vermiculite and a nitrogen-free 

Table 1. Bacterial strains and plasmids used in this study 

Strain or plasmid Relevant characteristicsa Reference 

Rhizobium tropici    
CIAT899 (Phaseolus vulgaris/ 

Colombia); Smr 
Martínez-Romero 

et al. 1991 
899-lpiAΔ1 CIAT899 carrying a 1173 

bp-long nonpolar deletion 
in lpiA; Smr; poor 
competitor for bean nodule 
occupancy 

Vinuesa et al. 
2003 

Sinorhizobium meliloti   
1021 SU47 str-21 Meade et al. 1982 

Pseudomonas aeruginosa  
PAO1 Wild type Holloway et al. 

1979 
Escherichia coli   

DH5α recA1, Φ80 lacZΔM15 Hanahan 1983 
BL21(DE3)/pLysS Expression strain Studier et al. 1990 

Plasmids   
pBAD24 Expression vector, Cbr, 

arabinose-inducible 
Guzman et al. 

1995 
pBADmprF S. aureus mprF cloned into 

pBAD24 
Oku et al. 2004 

pET9a Expression vector, Kanr Studier et al. 1990 
pET16b Expression vector, Cbr Studier et al. 1990 
pET17b Expression vector, Cbr Studier et al. 1990 
pCCS49 R. tropici lpiA cloned as a 

NdeI/KpnI fragment into 
pET17b 

This study 

pCCS51 B. subtilis mprF cloned as a 
NcoI/BamHI fragment into 
pET16b 

Reeve et al. 2006 

pBBR1-MCS5 Broad-host-range plasmid Kovach et al. 1995
pCCS81 pET9a cloned as a BamHI 

fragment into pBBR1-
MCS5 

This study 

pCCS57 pCCS51 cloned as a BamHI 
fragment into pBBR1-
MCS5; Gmr; Cbr 

Reeve et al. 2006 

pCCS76 pCCS49 cloned as a KpnI 
fragment into pBBR1-
MCS5; Gmr; Cbr 

This study 

a Smr, Cbr, Kanr, Gmr = streptomycin-, carbenicillin-, kanamycin-, and 
gentamicin-resistant. 
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nutrient solution (Fahraeus 1957) and were inoculated with 
about 105 bacteria per plant. Plants were grown in a controlled 
growth chamber (28°C, 12-h day and 12-h night) and were 
harvested 21 days postinoculation. Nodules were harvested and 
the bacteroids were isolated using a Percoll gradient centrifu-
gation, essentially as described earlier (Romanov et al. 1994). 
Membrane lipids were extracted directly from bacteroids ac-
cording to Bligh and Dyer (1959) when used for mass spectro-
metric investigations. The lipid mixture was analyzed using 
LC coupled to MS/MS for the presence of LPG. 

ESI-MS/MS analysis of rhizobial membrane lipids. 
Cultures (500 ml) of Sinorhizobium meliloti 1021 harboring 

pCCS57, pCCS76, or pCCS81 were grown in TY medium to 
an optical density at 620 nm of 1.0, and lipids were extracted 
according to a modified Bligh-and-Dyer procedure. Bacteroids 
were isolated from bean nodules as described above and lipids 
were isolated according to a modified Bligh-and-Dyer proce-
dure. 

All mass spectra were acquired on a QSTAR XL quadrupole 
time-of-flight mass spectrometer (ABI/MDS-Sciex, Toronto, 
Canada) equipped with a Triversa nanospray ionization source 
(Advion, Ithaca, NY, U.S.A.). Spectra were acquired in nega-
tive and positive ion mode and were the accumulation of 60 
scans from m/z 200 to 2,000. The nanospray (using Triversa 
system) MS settings were: nanospray voltage, –1,100 (nega-
tive ion mode) and +1,200 V (positive ion mode); declustering 
potential, 55 V; focusing potential, 265 V. 

Samples were diluted 1:100 or 1:1,000 in buffer A/buffer B 
(vol/vol, 1:1). The composition of buffer A was methanol/aceto-
nitrile/1 mM ammonium acetate (vol/vol/vol, 60:20:20), and the 
composition of buffer B was 100% ethanol and 1 mM am-
monium acetate. Collision-induced dissociation tandem mass 
spectra were obtained using collision energy offsets of –80 V 
(laboratory frame of reference) in the negative ion mode and 
+50 V (laboratory frame of reference) in the positive ion mode. 
Nitrogen was used as the collision gas. Data acquisition and 
analysis were performed using Analyst QS software version 1.1. 

LC/MS/MS.  
LC/MS/MS analysis was performed using a Shimazu LC 

system (comprising a solvent degasser, two LC-10A pumps, and 
a SCL-10A system controller) coupled to a QSTAR XL quad-
rupole time-of-flight tandem mass spectrometer (as above). LC 
was operated at a flow rate of 200 μl/min with a linear gradient 
as follows: 100% A was held isocratically for 2 min and then 
linearly increased to 100% B over 14 min and held at 100% B 
for 4 min. Mobile phase A consisted of methanol/acetonitrile/ 
aqueous 1 mM ammonium acetate (60:20:20, vol/vol/vol). Mo-
bile phase B consisted of 100% ethanol containing 1 mM am-
monium acetate. A Zorbax SB-C8 reversed-phase column (5 
μm, 2.1 × 50 mm) was obtained from Agilent (Palo Alto, CA, 
U.S.A.). The post-column split diverted approximately 10% of 
the LC flow to the ESI source of the mass spectrometer. The 
MS settings were as follows: electrospray voltages, +5,500 V 
(positive ion mode) and –4,400 V (negative ion mode); declus-
tering potential, 55 V; focusing potential, 265 V; nebulizer gas, 
18 psi. The collision-induced dissociation tandem mass spectra 
were obtained with collision energy of +52 V (laboratory frame 
of reference) in the positive ion mode or –75 V (laboratory 
frame of reference) in the negative ion mode. Nitrogen was 
used as the collision gas. 
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