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Anti-Lactobacillus johnsonii (LJ) antisera generated by
immunization of rabbits with LJ reacted with glycero-
glycolipids in LJ, i.e. dihexaosyl diacylglycerol
(DH-DG), trihexaosyl DG (TH-DG) and tetrahexaosyl
DG (TetH-DG), whose reactivities with antisera
increased proportionally with longer carbohydrate
chains of glycolipids. Structural analyses of glycolipids
from LJ revealed that DH-DG was Gala1-
2Glca1-30DG, and TH-DG and TetH-DG were novel
derivatives of it with a-Gal at the non-reducing termin-
al, i.e. Gala1-6Gala1-2Glca1-30DG and Gala1-6Gala1-
6Gala1-2Glca1-30DG, respectively. DH-DG was com-
monly present in several lactobacilli examined, but
TetH-DG was restricted to LJ, L. intestinalis and
L. reuteri, while the TH-DGs from L. casei were
Glc1-6Gala1-2Glca1-30DG and an esterified derivative
of it, Glc1-6Gala1-2Glc(6-fatty acid)a1-30DG, as re-
ported in the literature. Anti-LJ antisera reacted with
TH-DG and esterified TH-DG from L. casei to lesser
extents, but not at all with gentibiosyl DG from
Staphylococcus epidermidis or kojibiosyl DG from
Streptococcus salivalis or sphingoglycolipids containing
a-Gal residues. The major molecular species of glyco-
lipids obtained from lactobacilli were 11-octadecenoic
and 11,12-methylene-octadecanoic acids-containing
ones. Also, human IgM antibodies against TH-DG
and TetH-DG from LJ were detected in human sera,
with various antibody titres, indicating that an immune
reaction to symbiotic lactobacilli occurs against their
glycolipid antigens, TH-DG and TetH-DG.

Keywords: antigenic determinants/carbohydrate
structure/glycoglycerolipids/Gram-positive bacteria/
human antibodies.

Abbreviations: CL, cardiolipin; DG, diacyl glycerol;
Gal, galactose; Glc, glucose; GalU, galacturonic acid;
GlcU, glucuronic acid; Man, mannose; PG,
phosphatidylglycerol; MH-DG, monohexaosyl
diacylglycerols; DH-DG, dihexaosyl diacylglycerols;
TH-DG, trihexaosyl diacylglycerols; TetH-DG,
tetrahexaosyl diacylglycerols; TEA, triethanolamine;
TMS, trimethylsilyl.

Gg4Cer in the murine digestive tract has been revealed
to be selectively distributed in the small intestine,
where it provides a receptor structure for the forma-
tion of bacterial flora including symbiotic bacteria, e.g.
Lactobacillus johnsonii (LJ), in the intestinal epithelia
(1). During the course of exploration of the receptor
function of epithelial glycolipids, we prepared anti-
Lactobacillus antisera by immunization of rabbits
with a murine intestinal Lactobacillus, LJ, and found
that the antisera contained anti-Gg4Cer antibodies due
to the presence of a Gg4Cer-mimicking structure in the
protein, but not the lipid fraction of LJ, suggesting that
an epitope structure common to both lactobacilli and
the host is used for evading immunological surveillance
by the host for symbiosis (1, 2). The major antigens,
other than the Gg4-mimicking structure, recognized by
anti-LJ antisera were glycolipids, which were present
in equivalent amounts to those of phospholipids in LJ
(1, 2). In the case of Gram-positive bacteria, the cell
wall is constructed from peptidoglycan and teichoic
acids, which are essential for the bacteria to adapt to
severe circumstances, including as to temperature, pH,
ionic strength, superoxide, and attack by enzymes and
immunocytes (3). Teichoic acids, whose major struc-
ture is poly-1,5-ribitol phosphate, poly-1,3-glycerol
phosphate, poly-1,2-glycerolphosphate, or poly-
trihexaosylphosphate, are anchored on glyceroglycoli-
pids as lipoteichoic acid in the cytoplasmic membrane
(4). For instance, the structures of lipoteichoic acid
in the cell wall of Streptococcus species have been
characterized as poly-1,3-glycerol phosphate-6Glca1-
2Glca1-30 diacylglycerol and poly(6Gala1-6Gala1-
300,Gala1-200,glycerol-100-phosphate)-6Glca1-2Glc
(6-fatty acid)a1-30diacylglycerol (5, 6). In general,
dihexaosyl diacylglycerols (DH-DGs) are the major
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lipid constituents of several Gram-positive bacteria,
but their structures are bacterial species-characteristic,
i.e. Glca1-2Glca1-30DG for Streptococcus and
Acholeplasma, Glcb1-6Glcb1-30DG for Staphylococcus
and Mycoplasma, Galb1-2Galb1-30DG for Bifidobacter-
ium, Gala1-2Glca1-30DG for Lactobacillus, Glcb1-
4GlcUa1-30DG for Pseudomonas, Gala1-4Gal
Ua1-30DG for Streptomyces, Mana1-3Mana1-30DG
for Micrococcus, and Galb1-6Galb1-30DG for Arthro-
bacter (5, 7). Antibodies produced on immunization of
rabbits with bacteria have been shown to frequently
react with bacterial specific DH-DG, and has been
applied as a probe to discriminate bacterial species
for serological classification, indicating that glycolipids
are exposed on the bacterial cell wall and function as
bacterial antigens, probably for mutual recognition
among bacteria and immune recognition by the host
animals (8, 9). In this connection, an immune reaction
toward symbiotic or infecting bacteria in humans has
been shown to contribute to the production of natural
antibodies including anti-blood group ones in human
sera, as well as to the onset of diseases, such as multiple
sclerosis (9, 10). The anti-LJ antisera, as described
above, also reacted with DH-DG Gala1-2Glca1-30DG,
as a Lactobacillus-characteristic glycolipid, in the lipid
fraction of LJ, but additional glycolipids, which
migrated to positions corresponding to tri- and tetra-
hexaosyl diacylglycerols (TH-DG and TetH-DG),
were found to react more strongly than DH-DG
(1, 2). As to glycolipids from Lactobacillus species,
Glcb1-6Gala1-2Glca1-30DG and Glcb1-6Glcb1-
6Gala1-2Glca1-30DG have been isolated from
L. casei, as reported in the literature (11, 12), but
TH-DG and TetH-DG in LJ detected by antisera were
found to be different from them and to have novel
structures, Gala1-6Gala1-2Gla1-30DG and Gala1-
6Gala1-6Gala1-2Glca1-30DG, respectively. In add-
ition, we examined whether or not antibodies toward
them are generated in human sera as a result of immune
reaction to symbiotic bacteria.

Materials and Methods

Bacteria
LJ (JCM No. 1022), L. intestinalis (JCM No. 7548), L. reuteri (JCM
No. 1112), L. casei (JCM No. 1134), L. fermentum (JCM No. 1137),
L. plantarum (JCM No. 1550), L. rhamnosus (JCM No.1561),
S. epidermidis (JCM No. 2414), and S. salivalis (JCM No. 5707)
were purchased from the Japan Collection of Microorganisms
(JCM), RIKEN BioResource Center (Wako, Saitama, Japan).
S. aureus (860) and S. epidermidis (866) and Escherichia coli
(JM109) were obtained from the American Type Culture
Collection (Rockville, MD, USA) and Invitrogen (Carlsbad, CA,
USA), respectively. The culture media for bacteria were as follows:
MRS broth (Beckton-Dickinson, Sparks, MD, USA) for lactobacilli,
tryptic soy broth (Beckton-Dickinson) for S. epidermidis, heart in-
fusion broth (Beckton-Dickinson) for S. salivalis, and LB broth
(Nacalai Tesque, Kyoto) for E. coli.

Materials
Glycolipids, GlcCer, GalCer, LacCer, Gb3Cer, Gb4Cer, Gg4Cer and
IV2Fuca-Gg4Cer (13), were purified in our laboratory (1, 2). Rabbit
polyclonal antisera toward LJ (1) and murine monoclonal anti-
human blood group B antibodies (HEB-29; Exbio, Praha, Czech)
were used in this experiment. Phosphatidylethanolamine (PE) and
phosphatidylglycerol (PG), cardiolipin (CL), and II6NeuAca-lactose
were purchased from Sigma (St Louis, MO, USA). The concentrations

of standard phospholipids in chloroform/methanol (1:1, v/v) were
determined by the phosphomolybdate procedure after decompos-
ition of the lipids with 70% HClO4 and H2O2 (14).

Human blood
Normal human blood, blood groups A, B, AB and O, was obtained
from Keio University Hospital, and used according to the guidelines
of the Committee for Informed Consent. Blood was separated into
erythrocytes and plasma by centrifugation at 2,000 rpm for 10min.
Erythrocytes were haemolysed with 0.1% acetic acid in water and
then centrifuged at 6,000g for 20min to obtain the membrane frac-
tion, which was washed with water until haemoglobin had been
reduced sufficiently. While the plasma was left at 4�C for 6 h and
the fibrin produced was removed to obtain serum.

Quantitation of bacterial lipids
The lipid extracts from bacteria were partitioned by Folch’s proced-
ure (15), and then, aliquots corresponding to 0.5�1.0mg dry weight,
were separated on glass-coated (Merck, Darmstadt, Germany) and
plastic-coated (Macherey-Nagel, Düren, Germany) TLC plates with
chloroform/methanol/water (65:25:4. v/v/v). Detection was per-
formed with cupric acetate�phosphoric acid reagent for all lipids,
Dittmer’s reagent for phospholipids, ninhydrin reagent for aminoli-
pids and orcinol-sulphuric acid reagent for glycolipids, and by TLC-
immunostaining with rabbit anti-LJ antisera (1:500), murine anti-B
antibodies (1:500) and human sera (1:100).

Enzyme-linked immunosorbent assay
A purified glycolipid from LJ was dissolved in ethanol by sonication
(0.5 mg/100ml) and then put in each well of a microtitre plate, which
was left at room temperature until the ethanol had completely eva-
porated off. The plate was blocked with 100ml of bovine serum al-
bumin (BSA) in PBS (1%) at 4�C overnight, and then to the plate,
100 ml of human serum diluted 1:100 and 1:200 with 1% BSA in PBS
was added, followed by reaction at room temperature for 2 h. After
washing the plate with 0.1% Tween-20 in PBS 5�, the antibodies
bound on the plate were detected by reaction with 100 ml of
peroxidase-conjugated anti-human IgG, A and M antibodies diluted
1:2,000 with 1% BSA in PBS at room temperature for 2 h, followed
by reaction with o-phenylenediamine (4.6mM) and H2O2 (0.015%)
in 25mM citrate�phosphate buffer (pH 5.0) as the substrates for
peroxidase at room temperature for 15min. The reaction was termi-
nated by the addition of 4M sulphuric acid (20 ml), and then the
optical density at 490 nm was determined. The background values
obtained on reaction with human sera in wells without glycolipids
under the same conditions, were subtracted from the values obtained
above.

Purification of glycolipids
The neutral and acidic lipid fractions by DEAE-Sephadex (A-25,
acetate form; GE Healthcare Bioscience, Piscatway, NJ, USA)
column chromatography contained glycolipids, and CL and PG,
respectively, and after Folch’s partitioning, they were purified
using a silica gel (Iatrobeads 6RS8060: Iatron Laboratory, Tokyo)
column by gradient elution with chloroform/methanol/water
(85:15:0.2, 70:30:4 and 10:90:4, v/v/v). The purity of purified lipids
was examined by TLC as described above.

Structural analysis of glycolipids
The purified glycolipids were analysed by positive ion FAB�MS
(JMS-700TKM; JEOL, Tokyo) with triethanolamine (TEA) as the
matrix and proton magnetic resonance spectroscopy (JNM-ECP700,
JEOL) with dimethyl sulphoxide-d6/D2O (98:2, v/v). For determin-
ation of the compositions of fatty acids and carbohydrates, they
were methanolized with 5% HCl in methanol at 80�C for 16 h.
The resulting fatty acid methyl esters were extracted with
n-hexane, and 1-O-methyl hexoses in the methanol phase were con-
verted to trimethylsilyl derivatives with pyridine/hexamethyl disila-
zane/trimethylchlorosilane (10:2:1, v/v/v) at 60�C for 5min, followed
by analysis with a GC�MS (GP5050: Shimadzu, Kyoto) equipped
with a DB-1 column (0.25mmø�30m) from 150�C to 250�C at
10�C/min. Also, linkage analysis of carbohydrates was carried out
by conversion of glycolipids to partially methylated aldohexitol acet-
ates, followed by analysis with a GC�MS with a DB-1 column from
150�C to 210�C at 4�C/min (16). Standard partially methylated
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aldohexitol acetates were obtained from the following sources: ter-
minal Glc from GlcCer, 2-linked Glc from kojibiosyl glycerol,
3-linked Glc from nigerosy glycerol, 4-linked Glc from LacCer and
Gb4Cer, 6-linked Glc from 6-glucosyl dextran, terminal Gal from
GalCer, 3- and 4-linked Gal from Gb4Cer, 2-linked Gal from
IV2Fuc-Gg4Cer, and 6-linked Gal from II6NeuAc lactose. In add-
ition, for determination of the carbohydrate sequences and anomeric
configurations, glycolipids were hydrolysed with the following
glycosidases: a-glucosidase (rice: Sigma) in 50mM citrate buffer
(pH 4.5), b-glucosidase (almond: Wako, Tokyo) in 50mM citrate
buffer (pH 6.5), and a-galactosidase (coffee bean: Sigma) in
50mM citrate buffer (pH 4.5). Glycolipids (�2 mg) together with
100mg/ml sodium taurocholate were hydrolysed by incubation with
the enzyme at 37�C for 1�16 h in a final volume of 100ml, and the
products were recovered by solvent partitioning with 100ml of
chloroform and 50 ml methanol, followed by with 100ml of metha-
nol/water (1:1, v/v), and were examined by TLC with chloroform/
methanol/water (65:25:4, v/v/v) and orcinol-sulphuric acid reagent
for glycolipids, and with n-hexane/diethyl ether/acetic acid (80:30:4,
v/v/v) and cupric acetate�phosphoric acid reagent for diacylglycerol.

Results

Bacterial lipids
As shown in Fig. 1, the total lipid extracts from several
bacteria were examined by TLC and TLC-
immunostaining. In accord with previous reports
(17, 18), the amounts of PE (4.8� 0.8 mg/mg dry
weight) and CL plus PG (3.2� 0.7 mg/mg dry weight) in
E. coli, as a Gram-negative bacterium, were exceed-
ingly higher than those in the other Gram-positive bac-
teria, and glycolipids were absent in E. coli. This was
the reason why glycolipids in Gram-negative bacteria
have been characterized as lipooligosaccharides with
lipid A as the hydrophobic moiety in the outer

membrane of the cell wall, and why they can not be
extracted with chloroform/methanol (19). In contrast,
the major phospholipids in Gram-positive bacteria, i.e.
Lactobacillus, Staphylococcus and Streptococcus spe-
cies, were CL and PG, and DH-DG was present in
significantly high amounts (0.34�2.05mg/mg dry
weights), indicating that the cytoplasmic membranes
of Gram-positive bacteria are mainly composed of gly-
cerophospholipids and glyceroglycolipids.

Although PG and DH-DG were present in all
Lactobacilli examined, CL, TH-DG and TetH-DG
were present in relatively high concentrations in the
following strains: CL in LJ, L. reuteri, L. fermentum
and L. plantarum, and TH-DG in LJ, L. intestinalis
(LI), L.casei and L. rhamnosus, and TetH-DG in LJ
and LI (Table I). On TLC-immunostaining with anti-
LJ antisera, DH-DG, TH-DG and TetH-DG in
Lactobacillus species exhibited a positive reaction,
and TH-DG and TetH-DG were detected with sensi-
tivity of more than 10 times higher than that in the case
of DH-DG, but DH-DG in Staphylococcus and
Streptococcus species were not reactive with the anti-
sera at all (Fig. 1). DH-DG was confirmed to be a
common antigenic glycolipid in Lactobacillus species,
and TH-DG and TetH-DG were revealed to exhibit a
restricted distribution in Lactobacillus species.

Glycolipids in LJ
The major glycolipids, DH-DG, TH-DG and TetH-
DG, in LJ were purified by means of DEAE-
Sephadex and Iatrobeads column chromatographies

1 2 3 4 5 6 7 1 2 3 4 5 6 71 2 3 4 5 6 7

CBA

TetH-DG

TH-DG
PG
CL

DH-DG
PE

Fig. 1 TLC and TLC-immunostaining of lipids from several bacteria. Lipids, corresponding to 0.5mg dry weight, were developed on glass-coated
(A and B) and plastic-coated (C) TLC plates with chloroform/methanol/water (65:25:4, v/v/v), and were detected with cupric acetate�phosphoric
acid (A), orcinol-sulphuric acid (B) and anti-LJ antisera (1:500 dilution) (C). 1, LJ; 2, L. casei; 3, S. aureus (ATCC 860); 4, S. epidermidis
(JCM2414); 5, S. epidermidis (ATCC866); 6, S. salivalis; 7, E. coli. Arrows beside each TLC plate indicate the positions of DH-DG, TH-DG and
TetH-DG, from the top, respectively.

Table I. Amounts of lipids in several lactobacilli. (kg/mg dry weight).

Lactobacillus
johnsonii

Lactobacillus
intestinalis

Lactobacillus
reuteri

Lactobacillus
casei

Lactobacillus
fermentum

Lactobacillus
plantarum

Lactobacillus
rhamnosus

Phospholipids
CL 1.14 0.18 1.11 0.10 1.45 0.35 0.05
PG 0.69 0.11 0.58 1.91 0.54 0.30 0.72

Glycolipids
MH-DG 0.15
DH-DG 1.36 0.22 0.99 2.22 1.54 0.93 0.81
TH-DG 1.10 0.17 0.31 0.96 0.63
TetH-DG 0.93 0.15 tr

tr, trace amount,50.01mg/mg dry weight.
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with monitoring of their reactivities with orcinol-
sulphuric acid and anti-LJ antisera (lanes 1, 2 and 3
in Fig. 2). Their carbohydrate compositions, as deter-
mined by GC�MS of 1-O-methyl 2,3,4,6-tetraTMS de-
rivatives, indicated that DH-DG, TH-DG and
TetH-DG in LJ contained Glc and Gal in the ratios
of 1:1, 1:2 and 1:3, respectively (Table II). Hydrolysis
of them with a-galactosidase (coffee bean) yielded
MH-DG, whose carbohydrate was proven to be Glc
by GC�MS, and which was further converted to DG
by subsequent treatment with a-glucosidase (rice)
(Fig. 3). These results indicated that both Glc and
Gal were of the a-configurations, and a-Gal was se-
quentially linked with Glc-DG in DH-DG, TH-DG
and TetH-DG. Then, linkage analysis of the carbohy-
drate moieties was performed by GC�MS of partially
methylated aldohexitol acetates prepared from them.
As shown in Fig. 4, partially methylated aldohexitol
acetates of TetH-DG from LJ gave three peaks,
whose retention times and mass spectra were identical
with those of 1,5-di-O-acetyl, 2,3,4,6-tetra-O-methyl
galactitol (terminal Gal) for peak a, 1,2,5-tri-O-acetyl
3,4,6-tri-O-methylglucitol (2-linked Glc) for peak b,
and 1,5,6-tri-O-acetyl 2,3,4-tri-O-methyl galactitol
(6-linked Gal) for peak c, and their peak ratio com-
pared to that of 2-linked Glc was 1:1:2, respectively
(Table II). Thus, the structure of TetH-DG from LJ
was concluded to be Gala1-6Gala1-6Gala1-2Glca1-
30DG. In a similar way, TH-DG and DH-DG
from LJ were determined to be Gala1-6Gala1-
2Glca1-30DG and Gala1-2Glca1-30DG, respectively
(Table II and Fig. 3). Concerning the fatty acid compos-
itions (Table III), 11-octadecenoic acid (18:1, cis-baccenic
acid) and 11,12-methylene-octadecanoic acid (cyclo-
propane-19:0, c19:0, lactobacillic acid) were found
to be the major ones in all glycolipids from LJ,
and the abundant molecular ions of DH-DG,
TH-DG and TetH-DG were 18:1 and c19:0-containing
ones, m/z 982 for [DH-DGþNa]þ, m/z 1,108 for
[DH-DGþTEA]þ, m/z 1,144 for [TH-DGþNa]þ

and m/z 1,306 for [TetH-DGþNa]þ, respectively
(Fig. 5).

Accordingly, glycolipid antigens detected on TLC-
immunostaining with anti-LJ antisera were found to
carry a common a-Gal residue as the antigenic deter-
minant at the non-reducing terminals of glycolipids,
because no reaction of antisera with Glca1-30DG

(MH-DG) was observed. Also, the binding capacities
of antibodies as to TH-DG and TetH-DG were signifi-
cantly higher than that as to DH-DG, and 42 ng of
TH-DG and TetH-DG, corresponding to 1�106 cells
of LJ, could be detected on TLC-immunostaining
(Fig. 2) (2).

Glycolipids in other bacteria
The major glycolipids in Fig. 1 were also purified as
described above, and their structures were elucidated
by permethylation analysis and exoglycosidase treat-
ment (Table II). DH-DG, TH-DG and TetH-DG
from LI were identical with those from LJ, and
DH-DGs from L. reuteri, L. fermentum, L. plantarum,
L. rhamnosus and L. casei were also proven to be
Gala1-2Glca1-30DG as a common glycolipid in
Lactobacillus species (Table II). However, DH-DG
from L. casei was separated into two bands, one ex-
hibiting identical mobility with that of DH-DG from
LJ and the other migrating above DH-DG, it being
slightly less polar than DH-DG. The less polar glyco-
lipid was demonstrated to be an esterified derivative of
TH-DG with 16:0, 18:0 and c19:0 as the fatty acids and
with terminal non-esterified hexose by positive ion
FABMS (data not shown). As shown in Table II, per-
methylation analyses of TH-DG and esterified TH-DG
revealed that they were Glc1-6Gal1-2Glc1-30DG and
Glc1-6Gal1-2Glc(6-fatty acid)1-30DG, respectively,
which were identical with those reported in the litera-
ture (10, 11).

On the other hand, glucose was the sole carbohy-
drate in the DH-DGs from S. epidermidis and S. sali-
valis, whose oligosaccharide structures were shown to
be Glc1-6Glc1-30DG and Glc1-2Glc1-30DG, respect-
ively, by permethylation analysis (Table II). The
carbohydrate moieties of DH-DGs from S. salivalis
and S. epidermidis were susceptible to a-glucosidase
(rice) and b-glucosidase (almond), DG being yielded,
indicating that the anomers of the two glucose residues
in DH-DG are of the a- and b-configurations, respect-
ively. In addition, 1H NMR spectra of DH-DG from
S. epidermidis contained doublet signals at d¼ 4.26ppm
(J¼ 7.8Hz) and d¼ 4.02 ppm (J¼ 7.7Hz) due to gen-
tibiose. Thus, in accord with previous reports, the
major glycolipids from S. epidermidis and S. salivalis
were Glcb1-6Glcb1-30DG, gentibiosyl DG, and Glca1-
2Glca1-30DG, kojibiosyl DG, respectively (5, 7).

1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7

DCBA

Fig. 2 TLC and TLC-immunostaining of purified glycolipids from LJ and neutral glycolipids from human erythrocytes. DH-DG (1), TH-DG
(2) and TetH-DG (3) purified from LJ, 0.5 mg of each, and neutral glycolipids from human erythrocyte membranes, blood groups A (4), B (5),
AB (6) and O (7), corresponding to 0.5mg of dried membranes, were developed on plastic-coated TLC plates with chloroform/methanol/
water (65:25:4, v/v/v), and were detected with orcinol-sulphuric acid (A) and anti-LJ antisera (1:500 dilution) (B), human blood group O
serum (1:100 dilution)(C) and anti-blood group B antibodies (1:500 dilution) (D). The two bands of DH-DG, TH-DG and TetH-DG, re-
spectively, represent molecular species with different fatty acids.
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The structures determined of glycolipids from
several bacteria in this study are summarized in
Table IV.

On the other hand, the fatty acid compositions of
DH-DG from several bacteria were also found to be
bacterial species-characteristic, c19:0 being prefer-
entially present in those from Lactobacillus species,
and anteiso15:0 and anteiso17:0 in DH-DG from
S. epidermidis (Table III).

Antibodies toward glycolipids from LJ in human sera
Because DH-DG, TH-DG and TetH-DG from LJ ex-
hibited strong antigenicities, antibodies toward them in
human sera were examined by enzyme-linked immuno-
sorbent assay (ELISA) and TLC-immunostaining. On
ELISA, all human sera (36 cases) were revealed to
contain antibodies toward them, with various titres,
and the antibody titer as to TetH-DG in individual
sera was constantly higher than those as to DH-DG

Table II. Carbohydrate compositions determined by GC�MS of TMS derivatives of carbohydrates and partially methylated

aldohexitol acetates of glycolipids from several bacteria.

TMS derivatives Partially methylated aldohexitol acetates

Glc Gal t-Glc t-Gal 2-Glc 6-Glc 2,6-Glc 6-Gal

Lactobacillus johnsonii
DH-DG 1 0.9 nd 1.1 1 nd nd nd
TH-DG 1 1.9 nd 1.2 1 nd nd 1.1
TetH-DG 1 2.8 nd 0.9 1 nd nd 2.2

Lactobacillus intestinalis
DH-DG 1 1.1 nd 1.1 1 nd nd nd
TH-DG 1 1.8 nd 0.9 1 nd nd 1.1
TetH-DG 1 2.8 nd 0.9 1 nd nd 2.0

Lactobacillus casei
DH-DG 1 1.2 nd 1.2 1 nd nd nd
TH-DG 1 0.5 1.1 nd 1 nd nd 1.2
Esterified TH-DG 1 0.5 1.1 nd nd nd 1 1.2

Staphylococcus epidermidis
DH-DG 1 nd 1 nd nd 0.8 nd nd

Streptococcus salivalis
DH-DG 1 nd 1 nd 1.1 nd nd nd

Peak areas of TMS-Gal were compared to that of TMS-Glc. Peak areas of partially methylated aldohexitol acetates were
compared to those of 2-linked Glc for Lactobacillus glycolipids, 2,6-linked Glc for esterified TH-DG from L. casei, and terminal
Glc for glycolipids from S. epidermidis and S. salivalis. Terminal Gal and 2-linked Glc in DH-DGs from L.reuteri, L.fermentum,
L.plantarum and L.rhamnosus were also detected in the ratio of 1:1. t-Glc, terminal Glc (1,5-di-O-acetyl 2,3,4,6-tetra-O-
methylglucitol); t-Gal, terminal Gal (1,5-di-O-acetyl 2,3,4,6-tetra-O-methylgalactitol); 2-Glc, 2-linked Glc (1,2,5-tri-O-acetyl
3,4,6-tri-O-methylglucitol); 6-Glc, 6-linked Glc (1,5,6-tri-O-acetyl 2,3,4-tri-O-methylglucitol); 2,6-Glc, 2,6-linked Glc
(1,2,5,6-tetra-O-acetyl 3,4-di-O-methylglucitol); 6-Gal, 6-linked Gal (1,5,6-tri-O-acetyl 2,3,4-tri-O-methylgalactitol);
nd, not detected.

DH-DG     1        2

A B C

D

TH-DG     1        2 TetH-DG     1        2

* * *

DG     a        b       c

Fig. 3 TLC of the products on treatment with a-galactosidase and a-glucosidase. The products on hydrolysis of DH-DG (A), TH-DG (B) and
TetH-DG (C) by a-galactosidase (coffee bean) (1), followed by a-glucosidase (rice) (2), as described in the text, were developed on TLC plates
with chloroform/methanol/water (65:25:4, v/v/v), and were visualized with orcinol-sulphuric acid reagent. The products of DH-DG (a), TH-DG
(b) and TetH-DG (c) on hydrolysis with a-galactosidase and a-glucosidase were also developed with n-hexane/diethyl ether/acetic acid (80:30:4,
v/v/v), and were visualized with cupric acetate�phosphoric acid reagent (D). Arrows besides plates A�C indicate the positions of DH-DG,
TH-DG and TetH-DG, respectively. Asterisk, MH-DG; filled circle, sodium taurocholate-derived spots.
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and TH-DG, irrespective of the blood group, A, B, AB
or O. The optical densities on ELISA of sera at 1:200
dilution were 0.25 (0.01�0.68) for DH-DG, 0.39
(0.1�1.14) for TH-DG, and 0.64 (0.08�1.96) for TetH-
DG. On TLC-immunostaining with blood group O
serum at 1:100 dilution, antibodies were found to
bind with TH-DG, TetH-DG, and blood group A-
and B-glycolipids, and the density of TetH-DG was
three times higher than that of TH-DG (Fig. 2C).
Since rabbit anti-LJ antiserum reacted with DH-DG,
TH-DG and TetH-DG, but not with B-glycolipids
(Fig. 2B), and Gb3Cer and IV3Gala-nLc4Cer (1), and
reversely anti-blood B antibodies reacted with
B-glycolipids, but not all glycolipids from LJ (Fig. 2D),
the a-Gal residues in glycolipids from LJ seemed not to
cross-react with that of B-glycolipids containing a-Gal
(Fig. 2). Similar to in the cases of A and B-glycolipids,
TetH-DG after reaction with human sera more inten-
sively stained with peroxidase-conjugated anti-human
IgM antibodies than with anti-human IgA and
anti-human IgG ones, indicating that human antibo-
dies against TetH-DG are mainly of the IgM isotype.
Thus, an immune reaction against antigenic glycolipids
in lactobacilli was shown to occur in the human body,
probably as a result of bacterial symbiosis.

Discussion
As reported in this article, glycolipids in both bacteria
and the hosts were revealed to play a role in mutual
recognition. That is, glycolipids in LJ provided the
antigenic determinant for the immune recognition
of host animals, and those in the tissues and cells of
animals provided the receptor for bacterial attach-
ment. In general, molecular functions of glycolipids
are the anchoring of functional carbohydrate chains
on biomembranes through hydrophobic ceramides or
diglycerides, and the exposure of their oligosac-
charide moieties to the extracellular circumstances,
and they have been localized in the raft structure,
being assembled together with several physiological
proteins and intracellular signal transduction systems
(20). In contrast, glycolipids in Gram-positive bacteria
had been thought to be in the cytoplasmic membrane
covered with a thick cell wall, and to play a role by
anchoring teichoic acids to the wall as lipoteichoic acid
without their expression on the surface of the cell
wall (4�6).

However, in the lipid extract from LJ, we were
not able to detect lipoteichoic acid, probably due
to the different extraction and structural character-
ization procedures from those described in the litera-
ture (4�6), or due to removal of hydrophilic materials
from the lipid extract on Folch’s partitioning (15).
As shown in Fig. 1, the major lipids in the Folch’s
lower phase from LJ were phospholipids and glycoli-
pids. In our previous study (1), we determined the
amounts of the major phospholipids, CL and PG, by
TLC-densitometry after visualization with cupric acet-
ate�phosphoric acid, but the densities of CL and PG
from LJ were found to be significantly lower than
those of standard CL and PG in the same molar
amounts, probably due to the difference in their
fatty acid compositions. Accordingly, in this study,
we used Dittmer’s reagent for determination of CL
and PG by TLC-densitometry, for which the plates,
after spraying of the reagent, were kept at 4�C for
more than 4 h to reduce the background. In the
Folch’s lower phase, the amounts of glycolipids,

Fig. 4 GC�MS chromatogram (A) and mass spectra (B) of partially methylated aldohexitol acetates prepared from TetH-DG of LJ. Partially
methylated aldohexitol acetates were prepared from TetH-DG of LJ and were analysed by GC�MS. Mass spectra a�c correspond to peaks a�c,
which were characterized as terminal Gal, 2-linked Glc and 6-linked Gal, respectively.

Table III. Fatty acid compositions of DH-DG from several bacteria.

Lactobacillus
johnsonii

Lactobacillus
casei

Staphylococcus
epidermidis

Streptococcus
salivalis

14:0 0.5 � 2.6 10.9
14:1 � � 0.8 �
15:0 � � � �
a15:0 � � 66.8 �
16:0 2.2 15.5 5.1 50.6
16:1 � � 1.1 9.7
a17:0 � � 19.4 �
18:0 � 7.5 4.2 5.4
18:1 57.7 36.6 � 23.4
18h:0 10.1 7.8 � �
c19:0 29.5 32.6 � �

a, anteiso; c, cyclopropane; h, hydroxy; 18:1, 11-octadecenoic acid;
c19:0, 11,12-methylene-octadecanoic acid.
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DH-DG, TH-DG and TetH-DG, were equivalent to
those of phospholipids, indicating that the majority of
glycolipids are present without teichoic acids as the
membrane constituents in LJ. Also, since anti-
glycolipid antisera have been shown to react with the
respective bacteria, and can be used as probes for bac-
terial classification (9, 10), glycolipids seemed to be
partly expressed on the surface of the cell wall. In
fact, bacterial agglutination with anti-LJ antisera was
inhibited by half of the activity after absorption of
antisera with TetH-DG-containing liposomes accord-
ing to the procedure reported previously (data not
shown) (21).

A common structure of glycolipid antigens in LJ is
a-Gal at their non-reducing terminals, and the ex-
tended structures in DH-DG, TH-DG and TetH-DG
exhibited strong antigenicities in that order. To a lesser
extent, TH-DH and esterified TH-DG, whose
non-reducing terminals are Glc, in L. casei also re-
acted, but Glca1-2Glca1-30DG in S. salivalis and
Glcb1-6Glcb1-30DG in S. epidermidis did not react with
anti-LJ antisera at all, indicating that Gala1-2Glca is a
minimal structure for recognition by anti-LJ antisera
and its modification with Glc at the non-reducing ter-
minal does not significantly affect the reactivity. The
non-reducing terminal Gal extended by an a1-6

Fig. 5 Positive ion FABMS spectra of DH-DG (A), TH-DG (B) and TetH-DG (C) from LJ. Purified glycolipids (5 mg) in 5ml C/M (1:1, v/v)
were mixed with TEA (�5 ml) on a target plate and then analysed by FABMS.

Table IV. Structures of glycolipids from several bacteria.

Bacteria Glycolipids Structures

Lactobacillus johnsonii
Lactobacillus intestinalis

DH-DG Gala1-2Glca1-30DG
TH-DG Gala1-6Gala1-2Glca1-30DG
TetH-DG Gala1-6Gala1-6Gala1-2Glca1-30DG

Lactobacillus reuteri DH-DG Gala1-2Glca1-30DG
Lactobacillus fermentum
Lactobacillus plantarum
Lactobacillus rhamnosus
Lactobacillus casei DH-DG Gala1-2Glca1-30DG

TH-DG Glc1-6Gala1-2Glca1-30DG
Glc1-6Gala1-2Glc(6-fatty acid)a1-30DG

Staphylococcus epidermidis DH-DG Glcb1-6Glcb1-30DG
Streptococcus salivalis DH-DG Glca1-2Glca1-30DG
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linkage in TH-DG and TetH-DG from LJ was found
to enhance the antigenicity of DH-DG, and therefore
the Gala1-6 group is an antigenic determinant for LJ.

As to the glycolipid composition in LI, the relative
amounts of TH-DG and TetH-DG were significantly
higher than those reported previously (Fig. 2C) (1).
Although the glycolipid composition of the original
LI was 92% DH-DG, 6% TH-DG and 52%
TetH-DG, immunization of rabbits with the original
LI generated antibodies that reacted strongly with
TetH-DG in LJ as well as with TetH-DG in LI, indi-
cating that the original LI has TetH-DG. On structural
characterization, DH-DG and TH-DG from the ori-
ginal LI, and DH-DG, TH-DG and TetH-DG from LI
in this study were proven to have the same structures
as those from LJ. Continuous subculture of LI for
more than 1 year seemed to result in a change in gly-
colipids, 40.7% DH-DG, 31.5% TH-DG and 27.8%
TetH-DG, but the change in the lipid compositions in
other bacteria on continuous subculture was estimated
to be510%. To clarify the genetic background of the
differences in glycolipid composition between the ori-
ginal and long-term cultured LI, and among various
bacteria, analysis of sugar transferase genes is now in
progress in our laboratory. In conclusion, TetH-DG
was detected in intestinal lactobacilli, i.e. LJ, LI,
L. reuteri and LJ isolated from the cecal and colonal
contents of mice (2).

The strong antigenicity of TetH-DG was revealed
not only on characterization of antigens for rabbit
anti-LJ antisera, but also from its reactivity with
normal human sera. As described above, antibodies
toward TH-DG and TetH-DG were readily generated
on immunization of rabbits with LJ and LI, even with
50.01 mg/mg dry weight of the original LI, and they
were frequently detected in normal human sera as a
result of an immune reaction against them, probably
for protection from bacterial invasion of human body.
In Peyer’s patches, bacteria bound with receptors were
shown to be incorporated into the M cells in the
follicle-associated epithelium and to be transported
to gut-associated lymphoid tissues, where secretory
IgA was produced and secreted into the mucosal
layer of the digestive tract to prevent bacterial invasion
and irregular diffusion of bacteria in the mucosal layer
(22, 23). Also, production of IgM as an event in
the initial immune reaction was also supposed to
occur for protection from bacterial invasion of the
blood circulation system, because IgM is the major
immunoglobulin with strong agglutination activity in
human sera. Since anti-LJ antisera did not cross-react
with a-Gal containing sphingoglycolipids, i.e. Gb3Cer,
IV3Gala-nLc4Cer and blood group B-antigen, antibo-
dies toward TH-DG and TetH-DG in symbiotic lacto-
bacilli seemed not to react with the tissues or cells of
the host animal (1).

On the other hand, although the Gg4Cer-like struc-
ture was detected in the protein fraction of LJ on
Western blotting and antibodies against it were gener-
ated on immunization of rabbits with LJ (1, 2), it was
not detected in normal human sera even on dilution to
1:32. While, on infection with Campylobacter jejuni
cells containing oligosaccharides mimicking Gg4Cer

and gangliosides, antibodies against them have been
revealed to be produced occasionally and to be closely
associated with the onset of autoimmune diseases such
as Guilain�Barré syndrome (24, 25). Probably, the
whole oligosaccharides profile in individual bacteria
is important for immunocytes to distinguish bacterial
species, even if Gg4Cer is a strong antigenic molecule.
Accordingly, one can suggest that oligosaccharide
profiles recognized by antibodies in normal human
sera reveal the bacterial species with symbiosis or
infection.

Since several bacteria, i.e. LJ, L. reuteri, L. casei,
Bifidobacterium bifidum, Pseudomonous aeruginosa,
Actinomyces maeslundii and Neiseria gonorrhoeae, util-
ize Gg4Cer as a receptor, suppression of competitive or
injurious bacteria through the structural modification
of Gg4Cer seems to be important for establishment of
symbiosis or protection from infection, respectively.
Gg4Cer in the murine digestive tract is known to be
structurally modified in a region-characteristic mode.
Namely, Gg4Cer in the stomach, cecum and colon is
completely converted to its fucosylated derivative by
a1,2-fucosyltransferase from the FUT-2 gene product,
but485% was expressed in the small intestine of con-
ventionally breeding mice (2, 26). The modification of
Gg4Cer to IV2Fuca-Gg4Cer has not been observed in
germ-free mice, but has been revealed to occur on tran-
scriptional induction of the FUT-2 gene on infection
by indigenous filamentous bacteria and wild-type
Bacteroides thethaiotaomicron, indicating that the ex-
pression of the FUT-2 gene is regulated epigenetically
(27, 28). Also, in FUT-2 gene null mice, although
IV2Fuca-Gg4Cer is completely absent in the stomach,
cecum and colon, its synthesis in the small intestine is
maintained through alternative expression of the
FUT-1 gene, indicating that modification of Gg4Cer
by fucosyltransferase in the small intestine is main-
tained in both FUT-1 and FUT-2 null mice, and is
indispensable for regulation of the receptor activity
of Gg4Cer under conventionally breeding conditions
in both FUT-1 and FUT-2 null mice (26). So far, it
is unclear whether the epigenetic expression of the
fucosyltransferase gene in the small intestine is due to
bacteria or the immune response of the host.

In addition, Gg4Cer, corresponding to �20% of the
total amount in the whole digestive tract, was present
in the digestive tract contents and excreted into the
faeces without degradation. The amounts of Gg4Cer
and LJ in the caecal and colonic contents were 37 mg
versus 9.8�107 cells and 49 mg versus 1.4�108 cells,
respectively (2). Consequently, Gg4Cer in the cae-
cal contents corresponded to 1.6�1016 molecules,
which is sufficient for one-to-one binding of 9.8�107

cells of LJ, indicating that Gg4Cer in the contents
might facilitate the discharge of intestinal bacteria by
becoming attached to them to prevent their irregular
diffusion (2). Thus, glycolipids in the tissues of host
animals were revealed to be actively metabolized, and
to participate in the attachment of bacteria to the re-
ceptors and the discharge of bacteria from the body.
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