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Glycolipids are found mainly in photosynthetic organisms (plants, algae, and cyanobacteria), Gram-positive bacteria, and a few
other bacterial phyla. They serve as membrane lipids and play a role under phosphate deprivation as surrogates for phospholip-
ids. Mesorhizobium loti accumulates different di- and triglycosyl diacylglycerols, synthesized by the processive glycosyltrans-
ferase Pgt-Ml, and two so far unknown glycolipids, which were identified in this study by mass spectrometry (MS) and nuclear
magnetic resonance (NMR) spectroscopy as O-methyl-digalactosyl diacylglycerol (Me-DGD) and glucuronosyl diacylglycerol
(GlcAD). Me-DGD is a novel glycolipid, whose synthesis depends on Pgt-Ml activity and the involvement of an unknown meth-
yltransferase, while GlcAD is formed by a novel glycosyltransferase encoded by the open reading frame (ORF) mlr2668, using
UDP-glucuronic acid as a sugar donor. Deletion mutants lacking GlcAD are not impaired in growth. Our data suggest that the
different glycolipids in Mesorhizobium can mutually replace each other. This may be an adaptation mechanism to enhance the
competitiveness in natural environments. A further nonphospholipid in Mesorhizobium was identified as a hydroxylated form of
an ornithine lipid with the additional hydroxy group linked to the amide-bound fatty acid, introduced by the hydroxylase OlsD.
The presence of this lipid has not been reported for rhizobia yet. The hydroxy group is placed on the C-2 position of the acyl
chain as determined by NMR spectroscopy. Furthermore, the isolated ornithine lipids contained up to 80 to 90% D-configured
ornithine, a stereoform so far undescribed in bacteria.

Glycerolipids represent the main building blocks for biological
membranes. Based on their head groups, they can be classi-

fied into different groups, with the phospho- and glycolipids as the
predominant representatives. While phospholipids are wide-
spread and found in almost all organisms, glycolipids are re-
stricted mainly to photosynthetic organisms (plants, algae, and
cyanobacteria), Gram-positive bacteria, and a few members of
other bacterial phyla, including some representatives of Gram-
negative bacteria (Proteobacteria) (1). An important group of bac-
teria with high ecological and economical significance are the Rhi-
zobiales (Alphaproteobacteria), with many members being capable
of fixing atmospheric nitrogen in symbiosis with legumes. These
bacteria often contain the charged glycolipid sulfoquinovosyl di-
acylglycerol (SQD), as shown for Sinorhizobium and Rhizobium
(2, 3). A further important bacterium is the plant pathogen and
model organism Agrobacterium tumefaciens (Rhizobiaceae), which
accumulates four different glycolipids under phosphate depriva-
tion (4). These lipids were identified as digalactosyl diacylglycerol
(DGD) and glucosylgalactosyl diacylglycerol (GGD), with all sug-
ars in these two lipids bound in �-anomeric configuration, and as
monoglucosyl diacylglycerol (MGlcD) and glucuronosyl diacyl-
glycerol (GlcAD), with �-anomeric configuration of the sugars.
GGD and DGD in Agrobacterium are synthesized by the processive
glycosyltransferase Pgt-Atum (4, 5), while MGlcD and GlcAD are
formed by a recently described single �-glycosyltransferase (6).
These glycolipids in Agrobacterium serve as surrogates for phos-
pholipids under phosphate deprivation, as shown for other organ-
isms (plants, cyanobacteria, and bacteria) (1). The nodule bacte-
rium Mesorhizobium loti (Phyllobacteriaceae, Rhizobiales), a
symbiont of Lotus japonicus, shows a similar lipid composition
and response to phosphate deprivation as observed for Agrobacte-
rium. Mesorhizobium contains a processive glycosyltransferase,
Pgt-Ml, with homology to Pgt-Atum. Pgt-Ml synthesizes DGD,

GGD, and different triglycosyl diacylglycerols (TGDs) with galac-
tose and/or glucose in their head groups (5, 7). Mesorhizobium
further accumulates two unknown glycolipids, U1 and U2 (7),
with U1 depending on Pgt-Ml activity. U2 seems to be similar to
GlcAD detected in Agrobacterium, as concluded from the similar
chromatographical behavior of the two lipids (4, 6).

Despite the high diversity of bacterial glycolipids, the number
of glycosyltransferases isolated so far is much lower (1). Two of the
best-studied glycosyltransferases are the MGlcD and diglucosyl
diacylglycerol (DGlcD) synthase from the cell wall-lacking bacte-
rium Acholeplasma laidlawii (Mollicutes) (8, 9). The two enzymes
are classified in glycosyltransferase family 4 (GT4) in the Carbo-
hydrate Active Enzymes database (http://www.cazy.org/), a com-
prehensive collection of glycosyltransferases (10, 11). The sugars
in MGlcD and DGlcD are bound in �-anomeric configuration.
Additional well-characterized glycosyltransferases are Pgt-Atum
and Pgt-Ml and the processive glycosyltransferases from different
Gram-positive bacteria (4, 5, 7, 12, 13). Pgt-Atum and Pgt-Ml are
members of GT21, while the processive glycosyltransferases from
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Gram-positive bacteria belong to GT28. Enzymes in both GT21
and GT28 are �-glycosyltransferases.

Besides glycolipids, different organisms (bacteria and algae)
accumulate additional phosphate-free membrane lipids (14),
such as diacylglyceryl trimethylhomoserine (DGTS) and orni-
thine lipid (OL). The ornithine head group of OL is directly linked
via an amide bond to a hydroxy fatty acid. A second fatty acid is
esterified to the hydroxy group of this amide-bound fatty acid.
There are several modifications of OL with respect to hydroxyla-
tion of different positions in the molecule. The inserted hydroxy
group can be found at one of the two fatty acids and/or the orni-
thine head group (4, 15, 16). The position of the hydroxy group of
the ester-linked fatty acid was resolved with gas chromatography-
mass spectrometry (GC-MS) at C-2 (16), while there are no struc-
tural details available on the positions of the hydroxy groups in-
serted at the amide-bound fatty acid or at the head group. Like
glycolipids, DGTS and OL serve as surrogates for phospholipids,
as shown for Sinorhizobium, Agrobacterium, and Mesorhizobium
(4, 7, 14).

The elucidation of the head group structures of the unknown
glycolipids U1 and U2, the identification of the glycosyltransferase
synthesizing U2, and the structural analysis of ornithine lipids
from M. loti are the subjects of this study.

(Part of the research concerning O-methyl-digalactosyl diacyl-
glycerol [Me-DGD] from Mesorhizobium was presented at the
FEBS Workshop on Microbial Lipids: Diversity in Structure and
Formation, Bern, Switzerland, 16 to 19 May, 2013).

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. If not otherwise in-
dicated, M. loti strain R7a was used in this study. Mesorhizobium was
grown as described previously (7) with slight changes. M. loti �agt was
grown in the presence of gentamicin at a final concentration of 20 mg
liter�1. For growth curve experiments, M. loti wild type and the �agt
mutant were cultivated first in yeast extract-tryptone (YT) medium. After
3 days the cells were harvested by centrifugation, including a washing step
of the cells with sterile distilled water. The cells were transferred to AB
minimal medium [12.5 mM N-tris(hydroxymethyl)methyl-2-aminoeth-
anesulfonic acid (TES) buffer] with high (1.25 mM) or low (0.5 �M)
phosphate (with most of the phosphate replaced with 10 mM KCl and 5
mM NaCl). The growth was started at an A600 of 0.05 and stopped after
about 60 h. A simplified protocol was used to harvest cell material for lipid
analyses. For this purpose, cells grown on YT medium were harvested by
centrifugation and transferred to a 5-fold volume of AB minimal medium
lacking phosphate (phosphate was replaced with 10 mM KCl and 5 mM
NaCl). To grow cells under phosphate-replete conditions, AB minimal
medium containing 1.25 mM phosphate was inoculated with 1 ml liter�1

of a Mesorhizobium culture grown in YT medium. All cultures in AB
minimal medium were incubated for 6 days. Escherichia coli strain
BL21(DE3) (Novagen) was used as an expression host for the Agt open
reading frame (ORF) mlr2668. Expression cultures were induced with 500
�M isopropyl-�-D-thiogalactopyranoside (IPTG) at an A600 of 0.6, incu-
bated for 4 h at 37°C, and used for lipid analyses or enzyme assays. Rhizo-
bium tropici was grown in YT medium. Agrobacterium tumefaciens C58
was grown in yeast extract-peptone (YEP) as described previously (4).
Agrobacterium expression cultures were grown in the presence of kana-
mycin (50 mg/liter).

Cloning of Agt and OlsD expression vectors. Complete genome se-
quence data are available only for M. loti MAFF303099 and not for R7a
(17). Therefore, all of the DNA sequences used in this study were retrieved
from strain MAFF303099. DNA used as the template for PCR was ex-
tracted from strain R7a. The ORF mlr2668 was amplified with the primers
BN900 (CCTAGGTATGCGCATATTGATGGTCACC) and BN901

(GGATCCTCAGGCCGCCAGCTTGCGCG) containing XmaJI and
BamHI restriction sites (underlined) and cloned in pGEM-T Easy (Pro-
mega). The fragment mlr2668 was released and inserted into the bacterial
expression vector pTnVagro (5) after excision of the former ORF by di-
gestion with XmaJI/BamHI, resulting in the new expression vector pTnV-
mlr2668. E. coli BL21(DE3) (Novagen) was used as the expression host.
The ORF mll1937 was amplified with the primers BN1535 (CCTAGGTA
TGTCCCGCACCTACGATCTTG) and BN1231 (GGATCCTCAGCCGC
TGAACGACACGC). The cloning strategy was similar to that described
for ORF mlr2668, with pJet1.2 (Thermo Scientific) as the cloning vector.
The resulting expression vector was pTnV-mll1937 used for expression in
A. tumefaciens.

Construction of the M. loti �agt and �olsD deletion mutants by
disruption of the mlr2668 and mll1937 loci, respectively, using a Gmr

cassette. With respect to the �agt mutant, the 5= and 3= sequences (flank-
ing the gentamicin resistance [Gmr] cassette) used for homologous re-
combination were amplified with the primer pair BN946 (TGATCAAGG
TTCCAGCCTAGG) and BN947 (CCATGGGAAAGGTCATCGGCGAG
CGA) and the pair BN948 (ACGCGTAAGCTCAAGTCCCGCTACCC)
and BN949 (GCAAGCACCGTCAGACAGAG), respectively. NcoI and
MluI restriction sites are underlined. The two PCR products were cloned
in pGEM-T Easy. For further cloning, the 5= sequence was released by
digestion with NcoI and NsiI, which is a restriction site of the cloning
vector. The vector containing the 3= sequence was linearized with MluI
and NsiI. The Gmr cassette (4) was released by digestion with MluI/NcoI.
All three restricted fragments were ligated in one step with the Gmr cas-
sette cloned in antisense orientation to the flanking sequences. The result-
ing vector was used to transform M. loti (R7a). The correct disruption of
the mlr2668 locus was confirmed by PCR with the following primer com-
binations: P1 (GGAAGTCAGCGCCGATCATG) and P2 (AGTGGCTCT
CTATACAAAGTTG); P3 (TTTGCCATACGGTCGAGAACG) and P4 (T
TCGGTCAAGGTTCTGGACC); and P1 and P4. The strategy for deletion
of mll1937 was similar to that described for the �agt mutant. However, the
3= sequence was released by digestion with MluI and PsiI, which is a
restriction site of the cloning vector. The vector containing the 5= se-
quence was linearized with NcoI and PsiI. The 5= and 3= sequences were
amplified before cloning with the primer pair BN1236 (TGAATGCATC
GAAGCAACGTCC) and BN1237 (CCATGGACGAGATCGCGGCCGA
TTTG) and the pair BN1238 (ACGCGTGAAACGCGCATAGCCCTG
TTG) and BN1239 (GTCAGGCTTTCGTGCAGGAAC), respectively
(restriction sites are underlined). The correct disruption of the mll1937
locus was confirmed by PCR with the following primer combinations: P5
(AATGCCGATGTCGAATGCAACC) and P2; P6 (AGGCAAACCTCA
GCGTCAAG) and P4; and P5 and P6.

Lipid isolation, separation, and analysis by GC-MS and Q-TOF MS.
Lipids were isolated, separated, and analyzed as described by Geske et al.
(4). Glycolipids from Mesorhizobium and E. coli (expressing mlr2668)
were separated by preparative one-dimensional thin-layer chromatogra-
phy (TLC). Purification of GlcAD from Mesorhizobium required two steps
due to comigrating lipids. In the first step total lipid extracts from Me-
sorhizobium were separated on TLC plates pretreated with ammonium
sulfate (0.15 M) and activated by heat (120°C for 2.5 h) prior to use. In this
system U2 is protonated and migrates clearly above monogalactosyl diac-
ylglycerol (MGD) (4). U2 and comigrating lipids were scraped off and
extracted from the silica material with chloroform-methanol (2:1) in an
ultrasonic bath for 30 min. The extracted lipid mixture was subjected to a
second TLC step using nontreated plates to obtain pure U2 lipid, which
migrates similarly to DGD in this TLC system (this study). The hydroxy-
lated ornithine lipid (OL-OH) from Mesorhizobium (R7a) as well as OL
from Mesorhizobium (R7a and MAFF303099), R. tropici, and Agrobacte-
rium were separated by preparative one-dimensional TLC in the solvent
chloroform-methanol-H2O (65:25:4). In the event that OL-OH and OL
were not sufficiently separated from other lipids, a second purification
step was necessary using the solvent chloroform-methanol-acetic acid-
H2O (90:15:10:3.5). For quadrupole time of flight mass spectrometry
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(Q-TOF MS), the fragmentation energy was 30 V for OL-OH, 20 V for
GlcAD/U2, and 12 V for MGlcD and Me-DGD/U1.

NMR spectroscopy. All nuclear magnetic resonance (NMR) spectro-
scopic measurements were performed at 27°C using 3-mm or 5-mm tubes
on a Bruker Avance III 700 MHz NMR instrument (equipped with an
inverse 5-mm quadruple-resonance Z-gradient cryoprobe). Deuterated
solvents were purchased from Deutero GmbH (Kastellaun, Germany).
Prior to NMR analysis, MGlcD was per-O-acetylated with acetic anhy-
dride in pyridine (1:2) and further purified as described previously (16).
Prior to the measurement in CDCl3, this purified per-O-acetylated glyco-
lipid was evaporated twice with CDCl3 under a stream of nitrogen to
reduce residual water. Chemical shifts were referenced to internal chloro-
form (�H 7.26; �C 77.16). Samples which were not per-O-acetylated
(GlcAD, OL, and OL-OH) were exchanged twice from methanol
(MeOH)-d4 under a stream of nitrogen and were measured in CDCl3–
MeOH-d4–D2O (40:53:7). Chemical shifts were referenced to external
tetramethylsilane (�H 0.0, �C 0.0) in the same solvent mixture. NMR spec-
troscopy of Me-DGD was performed on the O-deacylated sample after
treatment with absolute hydrazine at 37°C for 30 min. The sample was
measured in D2O, and chemical shifts were reported according to an
external standard of acetone (�H 2.225, �C 31.45). All data were acquired
and processed by using Bruker Topspin, version 3.0 and higher. 1H NMR
assignments were confirmed by two-dimensional 1H,1H-COSY (where
COSY is correlation spectroscopy) and 1H,1H-TOCSY (total correlation
spectroscopy) experiments. 13C NMR assignments were indicated by two-
dimensional 1H,13C-heteronuclear single quantum correlation (HSQC),
based on the 1H NMR assignments. Interresidue connectivity and further
evidence for 13C assignment were obtained normally from two-dimen-
sional 1H,13C-heteronuclear multiple bond correlation (HMBC) and
1H,13C-HSQC-TOCSY.

Absolute configuration of ornithine in ornithine lipids. The deter-
mination of the absolute configuration of ornithine was performed by
acidic butanolysis with (R)-2-butanol as described previously (18). The
acetylated butyl derivatives were measured by gas chromatography-mass
spectrometry, and the configuration was determined by using L-ornithine
as a reference. GC-MS analysis was performed on an Agilent 5975 inert XL
mass-selective detector (MSD) instrument equipped with an HP-5ms
capillary column (30 m by 0.25 mM; film thickness, 0.25 �M) and apply-
ing a temperature gradient of 150°C (kept for 3 min) to 320°C at 5°C/min.

Enzyme assays. For enzyme assays E. coli BL21(DE3) cultures con-
taining the expression vector pTnV-mlr2668 were harvested by centrifu-
gation. The pellet was resuspended in 1 ml of buffer 1 (5, and cells were
disrupted with glass beads using a Precellys homogenizer (Peqlab). Cell debris
was removed by centrifugation at 70 � g for 1 min. The assays were per-
formed in a final volume of 205 �l with 100 �l of buffer 2 (15 mM Tricine-
KOH, pH 7.2, 30 mM MgCl2, 3 mM dithiothreitol [DTT]), 50 �l UDP-
glucuronic acid or UDP-glucose (40 pmol/�l), 50 �l of E. coli protein
extract, and 5 �l of 18:2/18:2-diacylglycerol [DAG(18:2/18:2)] (10
nmol/�l in ethanol). After incubation for 60 min at 28°C, the assays were
terminated by the addition of 3 ml of chloroform-methanol (2:1) and 0.5
ml NaCl solution (0.9%). The lipids were extracted as described previ-
ously (4, 7) and separated by TLC. MGD and DGD were used as reference
lipids to identify the positions of MGlcD and GlcAD on the TLC plate.
Corresponding bands were scraped off the silica plate and extracted for 30
min with chloroform-methanol (2:1) in an ultrasonic bath. The extracted
reaction products were analyzed with the Q-TOF mass spectrometer (Agi-
lent) by direct nanospray infusion in the positive mode as described pre-
viously (4, 7) using fragmentation energies of 12 V for MGlcD and 20 V
for GlcAD.

RESULTS
Identification of a new glycosyltransferase (ORF mlr2668) from
M. loti synthesizing MGlcD and GlcAD after expression in E.
coli. As shown in an earlier study, Mesorhizobium accumulates
two unknown glycolipids, U1 and U2, when grown under phos-

phate starvation (7). A glycolipid with the same chromatographi-
cal characteristics as the mesorhizobial U2 was also described for
Agrobacterium (4, 6). The presence of similar glycolipids in the
two organisms indicated the existence of glycosyltransferases with
homologous sequences in Agrobacterium and Mesorhizobium. To
identify the glycosyltransferase responsible for the synthesis of U2,
we performed database searches and identified 14 candidate se-
quences present in the two organisms. The ORF mlr2668 showed
high sequence similarity to atu2297 from Agrobacterium, an ORF
investigated in a parallel study (6). Expression of mlr2668 led to
the accumulation of two novel glycolipids in E. coli (Fig. 1). One
of the lipids migrating slightly above MGD was expected to be
�-MGlcD, deduced from its chromatographical behavior (6, 19). The
anomeric configuration of this lipid can be further inferred from the
sequence of mlr2668, which shows that it is a member of GT4 (20),
coding for an �-glycosyltransferase. The second glycolipid migrating
similarly to DGD showed chromatographic characteristics similar to
those of U2 (4, 7). For further analyses, the two glycolipids were sub-
jected to NMR spectroscopy. The identity of the first lipid could be
confirmed as MGlcD, with the NMR data in accordance with previ-
ously reported values (19), and the second was identified as GlcAD
(see Table S1 in supplemental material). The sugars in the two lipids
are bound in �-anomeric configuration. Therefore, the ORF mlr2668
codes for an �-glycosyltransferase (named Agt) synthesizing MGlcD
and GlcAD. However, the accumulation of MGlcD in Mesorhizo-
bium has never been described (7). Possible explanations for the
absence of MGlcD in Mesorhizobium may be (i) that this lipid is
not synthesized in detectable amounts by Agt in Mesorhizobium,
(ii) that MGlcD is an intermediate, which is below the detection
limit, or (iii) that its synthesis depends on other conditions than
phosphate starvation.

The glycolipids U1 and U2 from Mesorhizobium contain O-
methyl-digalactose and glucuronic acid in their head groups,
respectively. The structural determination of the head groups of
the unknown glycolipids U1 and U2 from Mesorhizobium may
reveal details about the enzymes involved in the synthesis of these
lipids. For this purpose the lipids were separated via TLC and
analyzed with Q-TOF MS and NMR spectroscopy. The analysis
with Q-TOF MS enables the identification of molecules by their
masses and fragmentation patterns, but it does not distinguish
between different epimeric and anomeric configurations of the
sugars. Figure 2 shows the Q-TOF tandem MS (MS/MS) spectra

FIG 1 TLC showing the accumulation of two new glycolipids in E. coli ex-
pressing Agt from Mesorhizobium. The two glycolipids were further analyzed
by subsequent NMR spectroscopy and identified as MGlcD and GlcAD. No
glycolipids were observed in the empty vector control. Glycolipids were
stained with �-naphthol–H2SO4 at 137°C.
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and illustrates the head group structures of U1 and U2. The frag-
mentation of glycolipids with Q-TOF MS/MS leads to a neutral
loss of the sugar head group and to the detection of fragments
representing DAG and monoacylglycerol (MAG). The neutral loss

of 373.1578 u (Fig. 2A) was consistent with the loss of a methylated
dihexose as an ammonia adduct, while the neutral loss of 211.0760
u derived from hexuronic acid as ammonia adduct (Fig. 2B).
Therefore, U1 could be identified as methylated dihexosyl diacyl-
glycerol (Fig. 2A), and U2 was identified as hexuronosyl diacyl-
glycerol (Fig. 2B). The head group structures of the two lipids were
further analyzed by NMR. Thus, U1 was identified as �-D-Galp-
(1¡6)-(3-O-Me)-�-D-Galp-(1¡3)-1,2-di-O-acyl-sn-Gro (NMR
data of de-O-acylated Me-DGD are shown in Fig. S1 in the sup-
plemental material; see also Table S2 in the supplemental
material), and U2 was identified as �-GlcAD. NMR shifts of U2
were congruent with the ones reported for GlcAD isolated from
Agt expressing E. coli (see Table S1 in the supplemental material).
These results suggest that Me-DGD is synthesized by a �-glycosyl-
transferase, probably Pgt-Ml, since the presence of this lipid de-
pends on Pgt-Ml activity (7), with involvement of an unknown
O-methyltransferase. The formation of GlcAD in Mesorhizobium
depends on an �-glycosyltransferase because of the �-anomeric
configuration of the sugar.

Deletion of mlr2668 leads to the loss of GlcAD in Mesorhizo-
bium. The characterization of the deletion mutant of Agt (�agt
strain) may reveal a possible function of Agt in glycolipid biosyn-
thesis in Mesorhizobium. Therefore, we disrupted the mlr2668 lo-
cus by insertional mutagenesis (confirmed by PCR [data not
shown]) and analyzed the lipids of the wild type and the �agt
strain grown under phosphate starvation. Separation of the lipid
extracts via two-dimensional TLC showed the lack of GlcAD in the
mutant (Fig. 3B), while this lipid was present in the wild type (Fig.
3A). The absence of GlcAD in the �agt strain suggests the involve-
ment of Agt in the biosynthesis of this lipid, as shown for the
homologous enzyme encoded by ORF atu2297 synthesizing
GlcAD in Agrobacterium (6). All of the other glycolipids in Me-
sorhizobium (DGD, GGD, TGD, and Me-DGD) were unaffected
by the disruption of mlr2668.

Heterologous expression of Agt in Agrobacterium leads to
the synthesis of GlcAD but not of MGlcD in detectable amounts.
To reveal further details about the role of Agt in glycolipid biosyn-
thesis in Mesorhizobium, expression experiments were performed
with Agt from Mesorhizobium and the MGlcD synthase from
Acholeplasma (alMGS), which was shown to synthesize only
MGlcD after expression in different hosts (9). Agrobacterium was
chosen as an appropriate expression host for these two glycosyl-
transferases because this organism provides the metabolic equip-
ment to synthesize both GlcAD and MGlcD (6). The enzymes
were expressed in a glycolipid-free Agrobacterium double-knock-
out mutant with disruption of the Pgt-Atum locus and of atu2297
(6). The cells were grown under phosphate starvation. These con-
ditions are necessary to enhance the accumulation of glycolipids
in Agrobacterium (4). The lipids were analyzed via TLC and Q-
TOF MS/MS. The cells expressing Agt from Mesorhizobium accu-
mulate GlcAD when MGlcD is absent, as shown in Fig. 4 (see also
Fig. S2 in the supplemental material). The line expressing alMGS
from Acholeplasma accumulates MGlcD but lacks GlcAD. These
experiments show that the metabolic equipment allows the syn-
thesis of the two lipids in Agrobacterium. Therefore, the lack of
MGlcD in Agrobacterium cells expressing Agt from Mesorhizo-
bium may indicate a higher activity of Agt with respect to the
synthesis of GlcAD toward MGlcD under the tested conditions.

FIG 2 Q-TOF MS/MS spectra of U1 identified as O-methyl-dihexosyl diacyl-
glycerol (A) and U2 identified as monohexuronosyl diacylglycerol (B). Each
spectrum shows one abundant representative molecular species. The ions were
selected as ammonium adducts with the calculated masses 1,004.7240 u (U1)
and 842.6353 u (U2) and fragmented. The fragments with m/z 631.5640 or
631.5630 represent DAG with 18:1-Me and/or 19:0c fatty acids as a protonated
form after loss of H2O. 18:1-Me and 19:0c fatty acids are isobaric and thus not
distinguishable with respect to their masses. The neutral loss of 373.1578 u
(1,004.7218 u minus 631.5640 u) is derived from dihexose with an O-methyl
group (as an ammonia adduct); the neutral loss of 211.0760 u (842.6393 u
minus 631.5630 u) is derived from hexuronic acid (as an ammonia adduct).
The ions m/z 353.3041 and 353.3017 represent MAG-18:1-Me and/or MAG-
19:0c (each as a protonated form after loss of H2O). COO-R1 and COO-R2
represent 18:1-Me and/or 19:0c fatty acyl residues bound to the glycerol back-
bone. The head group structures of U1 and U2 were further determined by
NMR, with U1 identified as a methylated form of DGD (Me-DGD) with the
O-methyl group linked to the C-3 position of the innermost galactose and U2
as �-GlcAD, as illustrated in the figure.
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Enzyme assays with recombinant Agt protein confirm the
synthesis of MGlcD and GlcAD by Agt with UDP-glucose and
UDP-glucuronic acid as sugar donors. Enzyme assays were per-
formed with protein extracts prepared from E. coli cells expressing
Agt or the empty vector as a control. UDP-glucose or UDP-glucu-
ronic acid was used as a sugar donor, and DAG(18:2/18:2) was

used as a sugar acceptor. Such DAG species are not detectable in E.
coli. The formation of MGlcD and GlcAD, each with 18:2 fatty
acids, was analyzed via Q-TOF MS/MS. We could detect
MGlcD(18:2/18:2) and GlcAD(18:2/18:2) in the assays supple-
mented with the respective sugar donors (Fig. 5). In contrast to
bacterial glycolipids with low desaturation degrees, these in vitro-
synthesized glycolipids with higher desaturation degrees showed a
slightly deviant fragmentation pattern, with two different frag-
ment ions, both representing DAG. Ions with m/z 617.4981 (Fig.
5) are derived from protonated DAG(18:2/18:2), while ions with
m/z 599.4812 represent protonated DAG(18:2/18:2) characterized

FIG 3 Two-dimensional TLC of lipid extracts from Mesorhizobium wild type
(A) or the �agt strain (B) grown under phosphate deprivation, with GlcAD
absent in the mutant. MMPE, monomethyl-phosphatidylethanolamine;
DMPE, dimethyl-phosphatidylethanolamine; PG, phosphatidylglycerol; CL,
cardiolipin. Pgt-GL, glycolipids synthesized by Pgt-Ml; OL-OH (this study);
question mark, unknown lipid.

FIG 4 TLC showing the accumulation of MGlcD and GlcAD in a glycolipid-
free Agrobacterium strain (6) as an expression host transformed with the empty
vector, the MGlcD synthase alMGS from Acholeplasma, or Agt from Mesorhi-
zobium. Expression of alMGS leads to the synthesis of MGlcD and that of Agt
leads to the synthesis of GlcAD. The lipid extracts were separated on TLC plates
pretreated with ammonium sulfate. This acidification leads to the protonation
of GlcAD. Due to decreased polarity, GlcAD migrates above MGlcD. Glyco-
lipids were stained with �-naphthol–H2SO4 at 137°C.

FIG 5 Q-TOF MS/MS spectra of MGlcD and GlcAD synthesized in enzyme
assays with protein extracts from E. coli cells expressing Agt from Mesorhizo-
bium or harboring the empty vector as a control. The assays were supple-
mented with DAG(18:2/18:2) as a sugar acceptor and UDP-glucose (UDP-
Glc) or UDP-glucuronic acid (UDP-GlcUA) as sugar donors. Parental ions
with m/z 796.5934 or 810.5727 representing ammonium adducts of MGlcD or
GlcAD, respectively, were selected in the positive-ion mode. The fragment ions
with m/z 617.4981 (or 617.4910) represent the protonated form DAG(18:2/18:
2), while fragment ions with m/z 599.4812 (or 599.4814) represent the proto-
nated form of DAG(18:2/18:2) after loss of H2O; fragment ions with m/z
337.2701 (or 337.2727) represent the protonated form of MAG(18:2) after loss
of H2O. The respective fragments were absent in the spectra of the control
assays. The neutral losses of 197.1131 u (796.5945 u minus 599.4814 u) or
211.0908 u (810.572 u minus 599.4812 u) represent the ammonia adducts
derived from glucose or glucuronic acid, respectively. These spectra prove the
formation of both MGlcD and GlcAD (by supplementation of UDP-Glc or
UDP-GlcUA, respectively) by Agt.
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by the loss of H2O. The higher desaturation degree in glycolipids
obviously supports the enhanced generation of the higher mass
fragment ions with m/z 617.4981 at the expense of ions with m/z
599.4812 (Fig. 5). The empty vector controls did not show any
formation of the expected glycolipids. These results demonstrate
that Agt is able to form MGlcD and GlcAD. Furthermore, the lack
of MGlcD in Agt-expressing Agrobacterium cells or in Mesorhizo-
bium indicates different substrate specificities of Agt for UDP-
glucuronic acid and UDP-glucose.

Identification of novel ornithine lipids in Mesorhizobium.
Mesorhizobium is characterized by a very complex lipid composi-
tion when grown under phosphate starvation. Many of the lipids
accumulating under these conditions were analyzed recently (7),
but there are still some unidentified spots visible on TLC plates, as
shown in Fig. 3. Therefore, we investigated an unknown lipid,
which migrated slightly more slowly than OL; thus, this lipid was
of a higher polarity. Analyses by Q-TOF MS/MS revealed a new
hydroxylated form of OL (OL-OH) with the hydroxy group
bound to the amide-linked fatty acid, as shown in Fig. 6.

For positional determination of the hydroxy group, the me-
sorhizobial OL-OH lipid was subjected to NMR spectroscopy.
The NMR analysis clearly revealed the presence of the additional
hydroxy function at the C-2 position of the amide-bound fatty
acid, thus indicating the presence of 2,3-dihydroxy fatty acids in
mesorhizobial OL-OH. The presence of such types of fatty acids in
bacteria has rarely been reported, with examples so far in bacterial
galactosylceramides or sulfonolipids (21) or in lipopolysaccha-

rides isolated from some Legionella strains (22, 23). Interestingly,
the NMR spectra of OL-OH (Fig. 7; see also Fig. S3 and S4 in the
supplemental material) contained four different sets of signals for
this OL-OH. The complete 1H and 13C NMR chemical shift data
are given in Table S3 in the supplemental material. The NMR
analysis showed that the heterogeneity is caused in part by two
different acylation variants. The major compounds were found to
be OL-OH with an amide-linked 2-OH,3-O-acyl-dihydroxy fatty
acid (Fig. 8C); the minor compounds are OL-OH containing an
amide-linked 2-O-acyl,3-OH-dihydroxy fatty acid (Fig. 8B). Ad-
ditional experiments indicated that the 2-O-acyl,3-OH species are
most likely artifacts of acid-catalyzed acyl migration and do not
result from a targeted biological transfer (see the supplemental
material). Acyl migration is also described for glycerolipids (24).
To determine whether the occurrence of isoforms is a common
phenomenon in mesorhizobial ornithine lipids, we investigated
the mesorhizobial OL (the most likely biosynthetic precursor of
OL-OH) by NMR as well (its structure is shown in Fig. 8A). The
respective 1H,13C-HSQC NMR is depicted in Fig. 9A; the com-
plete 1H and 13C NMR chemical shift data are given in Table S4 in
the supplemental material. As previously analyzed by mass spec-
trometry (data not shown), this OL consists of ornithine with an
amide-bound 3-OH-fatty acid which is, in turn, esterified. Inter-
estingly, in the HSQC spectrum two sets of signals for �- and
�-protons (2-H=/2=-H= and 3-H=) of the 3-OH-fatty acid could be
observed as well (Fig. 9B and C), indicating that two isoforms of
the OL are present. A detailed discussion of the NMR spectra of
mesorhizobial OL and OL-OH can be found in the supplemental
material.

To clarify the reason for the two sets of signals in mesorhizobial
OL as well as the two different sets of signals within one acylation
variant of OL-OH, we determined the absolute configuration of
ornithine by acidic butanolysis with (R)-2-butanol and subse-
quent GC-MS analysis. As a standard, we used commercially avail-
able L-ornithine (see Fig. S5 in the supplemental material); as a
biological control we used the OL of R. tropici, isolated under
conditions analogous to those used for the mesorhizobial OL. This
analysis revealed that the two isoforms, indeed, are caused by the
presence of both stereoconfigurations of ornithine. In OL and
OL-OH of M. loti R7a we could detect 80 to 85% D-ornithine and
15 to 20% L-ornithine, respectively (see Fig. S6B and C in the
supplemental material), whereas the OL from R. tropici contained
only L-ornithine (see Fig. S6A). To the best of our knowledge, this
is the first description of naturally occurring ornithine lipids con-
taining D-ornithine. Integration of selected signals in 1H NMR
spectra further corroborated the GC-MS results (see the supple-
mental material).

The first step in OL formation in different bacteria (such as
Sinorhizobium meliloti) is catalyzed by the acyltransferase OlsB
condensing ornithine with a fatty acid to form lyso-OL (25). OlsB
from these organisms may be selective for L-ornithine, as sug-
gested by the presence of L-ornithine-containing OL in R. tropici
(see Fig. S6A in the supplemental material). We included OL from
A. tumefaciens C58 in our studies to get more insights in the dis-
tribution of D-/L-ornithine lipids in different bacteria, with the
result that A. tumefaciens was also found to synthesize exclusively
L-ornithine-containing OL (see Fig. S7A in the supplemental ma-
terial), catalyzed by the involvement of an agrobacterial OlsB ho-
molog (26). As there are no genome sequence data available for
the Mesorhizobium strain R7a used in this study, it is not clear

FIG 6 Q-TOF MS/MS spectrum of OL-OH analyzed in the positive-ion
mode. The fragment pattern represents a main molecular OL-OH species with
a 16:0 fatty acid esterified to the primary hydroxy group of an amide-bound
dihydroxy-18:1 fatty acid. The exact position of the secondary hydroxy group
cannot be determined by Q-TOF MS/MS. The protonated form of this species
(parental ion) yields a mass of m/z 667.5456 (calculated mass is 667.5618 u).
The neutral loss of 256.2276 u (667.5456 u minus 411.3180 u) is derived from
16:0 as an ester-linked fatty acid. The fragment ion m/z 411.3180 represents the
lyso form of this ornithine lipid containing the additional hydroxy group
linked to the amide-bound 18:1-hydroxy fatty acid. The low-mass fragment
ion at m/z 115.0852 is consistent with the presence of ornithine in this lipid
(45), forming a ring structure with loss of a water molecule (COO-R1 repre-
sents a 16:0 acyl chain).
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whether this organism contains OlsB, which might be responsible
for the synthesis of the D-ornithine-containing OL. Therefore, we
analyzed OL from the strain M. loti MAFF303099, which contains
the ORF mlr3216 coding for a putative OlsB. The analyses re-
vealed, that similar to R7a, OL from the MAFF303099 strain con-

tains mainly D-ornithine (	93%) and, to a minor, extent L-orni-
thine (	7%) (see Fig. S7C). These results may indicate that
D-ornithine-containing OL is synthesized by the mesorhizobial
OlsB homolog (mlr3216), exhibiting a regioselectivity for the syn-
thesis of D-ornithine-containing OL. In addition, sequence align-

FIG 7 Section (�H 5.6 to 1.5; �C 80 to 10) of the 1H,13C-HSQC NMR spectrum (700 MHz) obtained from mesorhizobial OL-OH (acidic isolation procedure)
including assignment of signals. Four different sets of signals were obtained due to the mixed presence of D- and L-ornithine as well as two different acylation
species (2-O-acyl,3-OH and 2-OH,3-O-acyl) combined with each ornithine configuration. Orn, ornithine; FA, fatty acid.

FIG 8 Chemical structures of the ornithine lipids isolated from M. loti, as indicated.
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ments of different OlsB homologs (including A. tumefaciens, R.
tropici, M. loti MAFF303099, S. meliloti, Rhodobacter sphaeroides,
and Burkholderia cenocepacia) were performed to get any insights
that might allow us to infer conclusions about the regioselec-
tivity of the different homologs for D- or L-ornithine. However,
these alignments revealed no obvious differences (see Fig. S8 in
the supplemental material). Further detailed sequence analyses

and investigations of the role of OlsB from Mesorhizobium in the
formation of D-ornithine-containing OL will be part of a future
study.

The hydroxylated OL in Mesorhizobium is synthesized by the
hydroxylase OlsD. Mesorhizobium contains the ORF mll1937
with homology of its deduced amino acid sequence to the hydrox-
ylase OlsD from Burkholderia cenocepacia that introduces a hy-

FIG 9 (A) Section (�H 5.5 to 1.4; �C 75 to 15) of the 1H,13C-HSQC NMR spectrum (700 MHz) obtained from mesorhizobial OL including assignment of
signals. The magnified regions for positions 3 (B) and 2 (C) of the 3-OH-fatty acid clearly indicate the presence of two sets of signals, caused by the mixed
presence of D- and L-ornithine. Orn, ornithine; FA, fatty acid.
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droxy group to the amide-bound fatty acid of OL (15). To confirm
that mll1937 codes for a functional OlsD, responsible for the syn-
thesis of OL-OH in Mesorhizobium under phosphate deprivation,
we generated a �olsD deletion mutant, and we further expressed
mll1937 in A. tumefaciens C58 as host, providing OL as the sub-
strate (4). The Mesorhizobium �olsD mutant and wild type (as
positive control) were grown under phosphate deprivation, the
condition required for OL-OH accumulation. The lipid extracts
of the two cultures were analyzed via two-dimensional TLC. In
contrast to the wild type (Fig. 3A), OL-OH was not detectable in
the �olsD mutant (Fig. 10A), showing that mll1937 is required for
OL-OH formation in Mesorhizobium. The Agrobacterium strain
expressing mll1937 was grown under phosphate-replete condi-
tions. The gene was expressed under the control of an inducible
promoter; therefore, it does not require phosphate deprivation.
Furthermore, the native agrobacterial OlsE activity, which is re-
sponsible for the hydroxylation of the ornithine head group of OL,
is low under these conditions (4), avoiding a competitive situation
for the substrate OL. Expression of mll1937 in Agrobacterium re-
sulted in the formation of two novel lipid compounds separated
via two-dimensional TLC (Fig. 10B). One of these lipids was iden-
tified with Q-TOF MS/MS as OL-OH (see Fig. S9A in the supple-
mental material) with the hydroxy group linked to the amide-
bound fatty acid. The ion with m/z 681.5762 represents the main
molecular OL-OH species (protonated form) with 19:0c as the
ester-linked fatty acid, indicated by the neutral loss of 296.2717 u.
The fragment with m/z 385.3045 corresponds to the lyso-form of
OL-OH, where the amide-bound 16:0-hydroxy fatty acid carries
the additional hydroxyl group. The fragment m/z 115.0856 repre-
sents the ornithine head group. The second lipid was identified as
an ornithine lipid with two hydroxy groups [OL-(OH)2] with the

ion m/z 697.5728 as the main molecular species (see Fig. S9B). The
lyso form of this lipid contains two additional hydroxy groups as
derived from the fragment ion m/z 401.2985. One of the hydroxy
groups is linked to the amide-bound fatty acid (16:0 derivative),
and the second one is linked to the ornithine head group, indi-
cated by the fragment ion m/z 131.0806. The neutral loss of
296.2743 u represents 19:0c as an ester-linked fatty acid. These
results confirm that the ORF mll1937 coding for a functional OlsD
enzyme in Mesorhizobium is active under phosphate deprivation.

The loss of GlcAD in the �agt mutant is compensated for by
a strong accumulation of DGD/GGD. The loss of GlcAD may
affect the composition of the remaining lipids in the �agt mutant.
Therefore, we quantified the lipids of the Mesorhizobium wild type
and the �agt strain to reveal details about the relations between
the different membrane lipids. The two lines were grown under
phosphate-replete and -depleted conditions, and the lipids were
quantified by measuring their fatty acid methyl (Me) esters via
GC-MS. As expected, we observed no differences in the lipid pat-
terns between the wild type and mutant grown under full nutri-
tion (Fig. 11). Under phosphate starvation, the wild type and �agt
strain responded with the accumulation of different glycolipids,
DGTS and OL-OH, accompanied by the reduction of the amounts
of phospholipids (Fig. 11). OL-OH accumulated to about 12%
both in the wild type and the mutant, while it was not detectable

FIG 10 Characterization of OlsD as the responsible enzyme for OL-OH for-
mation in Mesorhizobium. (A) Two-dimensional TLC of a lipid extract from
Mesorhizobium �olsD grown under phosphate deprivation lacking OL-OH.
(B) Separated lipid extract from Agrobacterium as a host for heterologous
expression of OlsD grown under phosphate-replete conditions with accumu-
lation of two novel hydroxylated ornithine lipids, OL-OH and OL-(OH)2.

FIG 11 Lipid composition of Mesorhizobium wild type and the �agt strain
grown under phosphate-replete (
P) or -depleted (�P) conditions. The bars
represent mean values � standard deviations of three independent measure-
ments. MMPE, monomethyl phosphatidyl ethanolamine; DMPE, dimethyl
phosphatidyl ethanolamine; PG, phosphatidyl glycerol; CL, cardiolipin.
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under conditions of full nutrition. Apart from OL-OH, the two
lines show distinct differences in their responses. The loss of
GlcAD in the �agt strain affects different lipids, especially GGD/
DGD and phosphatidylcholine (PC). The proportion of GGD/
DGD is strongly increased from 6% in the wild type to 15% in the
�agt mutant. This strong increase in neutral glycolipids consider-
ably exceeded the loss of GlcAD, which was about 2% in the wild
type. Me-DGD and DGTS were only slightly increased in the mu-
tant. On the other hand, the phospholipid PC was strongly de-
creased from 20% in the wild type to 8% in the �agt strain. Phos-
phatidylglycerol (PG) was the only phospholipid which was
increased, from 11% (wild type) to 14% (�agt strain). The re-
maining membrane lipids were hardly affected by the loss of
GlcAD. These data suggest an interconnection of GlcAD, DGD/
GGD, PC, and possibly PG metabolism and a redistribution of the
membrane lipids to compensate for the loss and a possible func-
tion of the charged glycolipid GlcAD.

Agt is not required for growth under phosphate deprivation.
As shown in a previous study (7), the Pgt-Ml-dependent glycolip-
ids (DGD, GGD, TGD, and Me-DGD) are not important for
growth of Mesorhizobium under phosphate starvation. In this
study, we analyzed the growth of the �agt strain to reveal effects
originating from the lack of GlcAD. Therefore, the wild-type and
the mutant lines were grown in minimal medium with high (25
mM) or low (15 �M) phosphate. As expected, growth of the two
lines was reduced under phosphate deprivation, but there was no
difference between the wild type and �agt mutant (Fig. 12).
Therefore, these data suggest that GlcAD is not required for
growth of Mesorhizobium under normal and phosphate-deficient
conditions.

DISCUSSION

In a previous study Mesorhizobium was shown to accumulate a
series of different glycolipids under phosphate starvation, with
GGD, DGD, TGD, and U1 depending on Pgt-Ml activity, while
the enzyme synthesizing U2 remained unknown (7). In this study,
we could determine the head group structures of U1 (Me-DGD)
and U2 (GlcAD), and we identified the responsible glycosyltrans-
ferase (encoded by the ORF mlr2668) synthesizing GlcAD in Me-
sorhizobium. Further, we describe for the first time novel ornithine

lipids in Mesorhizobium with D-ornithine and hydroxylation at
C-2 of the amide-bound fatty acid.

Me-DGD is a novel glycolipid which has never been described
before for any organism. The synthesis of this lipid depends, on
the one hand, on Pgt-Ml activity because this lipid is absent in the
Pgt-Ml deletion mutant (7). On the other hand, the methyl group
of this lipid is probably introduced by an unknown O-methyl-
transferase acting on the C-3 of galactose with (S)-adenosylme-
thionine as a likely methyl donor. Methyl groups on sugars are
found mainly in lipopolysaccharides or in some other glycans of
bacteria, but they have never been observed in bacterial glycolipids
(27). Organisms of medical relevance, like mycobacteria or rhizo-
bia, have been well investigated, but little information is available
about the function of the methyl group in the glycans of these
organisms or about methyltransferases acting on sugars. It is not
even completely clear whether the methylation occurs on the gly-
can or on the sugar donor (27). The most probable scenario for
Me-DGD synthesis in Mesorhizobium would be the methylation
on the level of DGD. The presence of the methyl group leads to a
reduced polarity of Me-DGD compared to DGD (7). Further-
more, methylation may have a strong effect on the head group
hydration and the physicochemical properties of Me-DGD, as
shown for a synthetic methyl-MGlcD (28). Therefore, reduced
head group hydration of Me-DGD may lead to a slightly decreased
ability to form bilayer structures in comparison to DGD, which is
a bilayer-stabilizing glycolipid. Depending on the growth condi-
tions, Acholeplasma can regulate its lipid composition by modifi-
cation of the glycolipid head group. This organism contains
MGlcD and DGlcD as main membrane lipids, with MGlcD as a
non-bilayer- and DGD as bilayer-forming lipid. To regulate the
ratio of bilayer-forming to non-bilayer-forming lipids, DGlcD
can be converted into a non-bilayer-forming lipid by incorpora-
tion of a fatty acid into its head group in ester linkage (29). It is not
known whether Mesorhizobium shows a similar response (i.e., by
methylation of DGD), but it is possible that membrane properties
are adjusted by changing the ratios of DGD and Me-DGD.

GlcAD is a rare glycolipid found in only a few bacterial species,
such as in the cauliform bacteria (Caulobacterales) and relatives
belonging to the Alphaproteobacteria (1). In addition to GlcAD,
these organisms contain different glycolipids, such as MGlcD and
SQD (30–33). These glycolipids represent mainly bulk membrane
lipids, while a function as surrogate for phospholipids was re-
ported for only a few species (34, 35). With respect to rhizobia, the
anaerobic phototrophic bacterium Blastochloris viridis (Rhizobia-
les) was the only member accumulating GlcAD, which is synthe-
sized independently of the phosphate supply (36). Therefore,
Mesorhizobium is, besides Agrobacterium (4, 6), one of the first
members of nonphototrophic Rhizobiales synthesizing GlcAD ex-
clusively as a response to phosphate starvation. The accumulation
of GlcAD was recently described for Arabidopsis thaliana, in which
this lipid also plays a role under phosphate deprivation. The plant
GlcAD is not synthesized by a novel glycosyltransferase, but its
formation partly shares the pathway of SQD synthesis by involve-
ment of the SQD synthase SQD2 probably transferring glucuronic
acid onto DAG (37).

Although Agt is able to synthesize MGlcD (this study), this
lipid has never been detected in Mesorhizobium. One explanation
may be that its substrate specificity is much lower for UDP-glu-
cose than for UDP-glucuronic acid under physiological condi-
tions in Mesorhizobium or in Agrobacterium (used as expression

FIG 12 Growth curves of Mesorhizobium wild type (wt) and the �agt strain
grown with 1.25 mM (
P) or 0.5 �M (�P) phosphate show no differences
under the respective conditions. Mean values � standard deviations were cal-
culated from three independent measurements.
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host). The lack of MGlcD may also be explained by a greater ac-
cessibility of UDP-glucuronic acid to Agt or a higher concentra-
tion of UDP-glucuronic acid than UDP-glucose in Mesorhizobium
cells. A further reason may be that the synthesis of MGlcD de-
pends on conditions not tested in this study.

Glycolipids with one sugar in their head groups, like MGlcD,
are non-bilayer-forming lipids (38), but due to its carboxy group,
GlcAD is suggested to be a bilayer-forming lipid, as shown for the
synthetic glucuronosyl dialkylglcerol (39). With a pK of about 5.5
determined for this synthetic glycolipid, GlcAD may become de-
protonated with increasing pH and thus become a charged lipid at
neutral pH. For a more detailed discussion about bilayer-forming
properties of membrane lipids and a possible role of GlcAD, see
Semeniuk et al. 6). Another important charged glycolipid is SQD,
found in many phototrophic organisms (1). It also occurs in some
nonphotosynthetic bacteria, especially in Gram-negative bacteria
(1, 30, 31). With respect to rhizobia, different members contain
either SQD (Rhizobium and Sinorhizobium) or GlcAD (Blastochlo-
ris and Agrobacterium) (1, 4, 6). Therefore, GlcAD in Mesorhizo-
bium may play a role similar to that of SQD in other rhizobia.

A main function of SQD is the replacement of phospholipids,
especially of PG, during phosphate deprivation (1). Because of its
charged nature, GlcAD may be a counterpart of SQD, suggesting
that the two lipids may have similar functions. The loss of GlcAD
in the �agt mutant (which is 2% in wild type) led to an increase in
PG (11% in wild type; 14% in �agt) (Fig. 11). This increase in the
charged phospholipid PG during phosphate deprivation suggests
that PG is required to compensate for loss of GlcAD and, further-
more, that GlcAD can serve as a surrogate for PG, as shown
for SQD.

The deletion of mlr2668 has a strong effect on the lipid com-
position in the �agt strain. The loss of small amounts of GlcAD
seems to be overcompensated by accumulation of large amounts
of GGD/DGD, accompanied by a strong reduction of PC. The loss
of GlcAD may be further compensated for by increased
amounts of the charged phospholipid PG. These data suggest an
interconnection of GlcAD, DGD/GGD, PC, and PG and a com-
pensation for the loss of a probable unknown function of the
charged glycolipid GlcAD. A similar response was observed for
Agrobacterium with deletion of atu2297, which is the homolog of
mlr2668 (6). Moreover, the complete loss of all glycolipids in the
glycolipid-free Agrobacterium double-knockout mutant (deletion
of Pgt-Atum and atu2297) (6) led to a strong accumulation of
DGTS. A similar response may be expected for a Mesorhizobium
double-knockout mutant (deletion of Pgt-Ml and Agt), with
DGTS compensating for the loss of glycolipids without further
effect on growth under different conditions. The formation of
Me-DGD seems not to be coupled to the levels of DGD as its
precursor, probably due to different regulation mechanisms of
Pgt-Ml and the unknown methyltransferase. As also shown for
Sinorhizobium, the loss of one or two of the nonphosphorous lip-
ids SQD, DGTS, or OL can be compensated for by increased ac-
cumulation of the remaining ones (4, 7, 40). Only the loss of
DGTS and OL or the complete loss of all nonphosphorous lipids
affects the growth and the plant-microbe interactions of Sinorhi-
zobium. A mutual replacement of the different glycolipids may
explain why the growth of the �agt mutant is not affected under
phosphate starvation compared to growth of the wild type. This
ability may reflect the adaptability of these organisms to compete
and survive in changing natural environments.

A glycolipid-free double-knockout mutant of Mesorhizobium
may have no effects on growth and plant-microbe interactions, as
shown for Agrobacterium (6). Therefore, only a triple knockout
leading to the loss of all glycolipids and of DGTS may have conse-
quences for the growth of Mesorhizobium and its symbiotic inter-
actions with Lotus japonicus, as shown for Sinorhizobium (40).
DGTS deletion mutants do not yet exist for Mesorhizobium. DGTS
is formed in different organisms in two steps by involvement of
the enzymes BtaA and BtaB (41), with homologs (mlr1574 and
mlr1575, respectively) also found in Mesorhizobium. The mesorhi-
zobial BtaA and BtaB homologs are not yet characterized, but a
deletion of mlr1574 should abolish the complete DGTS biosynthe-
sis pathway in Mesorhizobium. Moreover, a mutant reduced in the
amount of PG or an Agt overexpression line accumulating GlcAD
may give more insights into a possible interconnection of the
phospholipid PG and GlcAD. This would mean that reduction of
PG in the mutant should lead to the accumulation of GlcAD or
that increased amounts of GlcAD by overexpression should lead
to a reduction in PG.

The interconnection of GlcAD with different membrane lipids
and its specific functions for growth under different conditions,
for photosynthesis, and in plant-microbe interactions will be in-
vestigated in a later study.

In addition to glycolipids and DGTS, Mesorhizobium accumu-
lates a new hydroxylated OL when grown under phosphate depri-
vation. The detection of this lipid in this study may be the result of
changed culture conditions. Mesorhizobium was grown for 6 days
under phosphate deprivation instead of 3 days as described earlier
(7). Three genes are known to be responsible for hydroxylation of
OL. OlsC and OlsE are found in Rhizobium and Agrobacterium
hydroxylating the C-2 position of the ester-linked fatty acid and
the ornithine head group, respectively (4, 16). A recently discov-
ered hydroxylase, OlsD, forms OL-OH with the OH-group linked
to the amide-bound fatty acid (15). This lipid, described for the
first time for the pathogen Burkholderia cenocepacia (Betaproteo-
bacteria) (15), may be the equivalent to OL-OH from Mesorhizo-
bium (Alphaproteobacteria). However, the position of the hydroxy
group was not determined. Therefore, this is the first report prov-
ing the position of the additional hydroxy group to be linked to the
C-2 of the amide-bound fatty acid. Furthermore, Mesorhizobium
is the first member of rhizobia containing this form of OL-OH. In
contrast to Burkholderia, in which the hydroxylated form of OL is
hardly synthesized (�1%) under acidic stress conditions, OL-OH
accumulated in Mesorhizobium in large amounts (12%) as a re-
sponse to phosphate deprivation (Fig. 11). Finally, our data sug-
gest that OL-OH in Mesorhizobium serves as a surrogate for phos-
pholipids under these conditions. In addition, hydroxylated
forms of OL play a role in the response to other stress conditions
(low pH or heat stress) in Rhizobium, where these lipids are also
important for symbiosis (16, 42). The function of hydroxylated
OL as a stress lipid was also speculated for Agrobacterium (4).
Therefore, further functions of OL-OH in Mesorhizobium cannot
be excluded, especially in symbiosis with Lotus japonicus. Even
more interesting, our structural analysis showed that the ornithine
lipids of Mesorhizobium comprise a mixture of D- and L-ornithine
in the approximate ratio of 4:1 (or 9:1 in MAFF303099). As far as
we know, this is the first description of naturally occurring orni-
thine lipids containing D-ornithine, while different bacteria inves-
tigated so far synthesize OL only with L-ornithine (43, 44). The
accumulation of D-ornithine-containing OL may be explained by
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a higher specificity of the mesorhizobial OlsB for D- than for L-or-
nithine. However, it may not be excluded that the synthesis of
D- or L-ornithine-containing OL might be regulated also on a sub-
strate availability level adjusted to a certain ratio of D- and L-orni-
thine in the different organisms. It is also possible that
D-ornithine-containing OL is synthesized by an unknown acyl-
transferase.
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