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The gram-negative bacterium Actinobacillus pleuropneumoniae is the causative agent of porcine fibrinohem-
orrhagic necrotizing pleuropneumonia, a disease that causes important economic losses to the swine industry
worldwide. In general, the initial step of bacterial colonization is attachment to host cells. The purpose of the
present study was to evaluate the binding of A. pleuropneumoniae serotype 1 to phospholipids, which are the
major constituents of biological membranes. Phospholipids serve as receptors for several bacteria, including
respiratory pathogens. To study this effect, we used thin-layer chromatography overlay binding assays to test
commercial phospholipids such as phosphatidic acid, phosphatidylcholine, phosphatidylserine, phosphatidyl-
inositol, phosphatidylglycerol, and phosphatidylethanolamine (PE). Our results indicate that A. pleuropneu-
moniae serotype 1 binds to PE but not to the other phospholipids tested. Serotypes 5b and 7, which, along with
serotype 1, are the most prevalent serotypes of A. pleuropneumoniae in North America, share the ability to bind
PE. Inhibition of binding with a monoclonal antibody against A. pleuropneumoniae serotype 1 O antigen and the
use of isogenic lipopolysaccharide (LPS) mutants of A. pleuropneumoniae serotype 1 showed that the O antigen
seems to be implicated in the binding to PE, at least for A. pleuropneumoniae serotype 1. A. pleuropneumoniae
was also shown to bind to a phospholipid extracted from swine lungs by using the method of Folch. Chemical
staining with molybdenum blue and ninhydrin, migration with neutral, acidic, and basic solvent systems, and
mass spectrometry analysis all indicated that this lipid is PE. This study is, to the best of our knowledge, the
first description of A. pleuropneumoniae binding to phospholipids. Our data also suggest that LPS O antigens

could be involved in binding to PE.

Actinobacillus pleuropneumoniae is the causative agent of
porcine pleuropneumonia, which has been reported in most
countries for which the pig industry is important (41). Twelve
serotypes of NAD-dependent A. pleuropneumoniae have been
recognized on the basis of capsular and lipopolysaccharide
(LPS) antigens (29), and an additional serotype has recently
been proposed (6). In North America, serotypes 1, 5b, and 7
are the most prevalent (11).

While the pathogenesis of porcine pleuropneumonia has
been studied by many groups, the disease is still not completely
understood. Several virulence factors have already been iden-
tified, such as capsule, LPS, outer membrane proteins (OMPs),
and RTX (repeat in toxin) toxins (7, 13, 17, 40). Some of the
factors that could potentially be involved in A. pleuropneumo-
niae colonization of the respiratory tract have also been re-
ported. Overbeke et al. recently reported that the expression of
a 55-kDa OMP and fimbriae play a role in the adherence of
strains from serotypes 5a, 9, and 10 to alveolar epithelial cells
in culture (31).

Our group has previously shown that the LPS molecule plays
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an important role in adherence of the bacterium to porcine
respiratory tract cells and mucus (4, 5, 20, 21, 32). LPS mole-
cules are major components of the outer membranes of gram-
negative bacteria. They consist of a polysaccharide and a lipid
moiety. The polysaccharide part is composed of a core region,
which is an oligosaccharide that contains 3-deoxy-D-manno-
octulosonic acid (Kdo), and the O antigen, a polysaccharide
chain that consists of repeated units (18). The polysaccharide
portion of LPS, but not the lipid A portion, is responsible for
binding of A. pleuropneumoniae to porcine respiratory tract
cells and mucus (15, 32, 35).

Putative receptors for A. pleuropneumoniae LPS have been
described. Proteins of approximately 38.5 kDa that are present
in swine tracheal epithelial cells showed affinity for LPS of 4.
pleuropneumoniae (33). A. pleuropneumoniae cells and LPS are
also able to recognize saccharide sequences found in different
glycosphingolipids such as GalNacB1-4Gal found in GgO5 and
GgO, molecules (2).

Another class of membrane lipids, the phospholipids—par-
ticularly phosphatidylethanolamine (PE)—has been described
as a putative receptor for pathogenic bacteria including Chla-
mydia pneumoniae and Chlamydia trachomatis (24), Helicobac-
ter pylori (27), Helicobacter mustelae (16), Haemophilus influ-
enzae (8), Campylobacter upsaliensis (8), and enteropathogenic
and enterohemorrhagic Escherichia coli (12).

The aims of the present study were to determine whether A4.
pleuropneumoniae binds to commercial phospholipids or lipids
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TABLE 1. Binding of A. pleuropneumoniae reference strains and various LPS mutants to PE using TLC binding assay

Strain and mutant Relevant trait Putative function of the inactivated protein Source or B‘“d‘“,g
reference to PE

A. pleuropneumoniae reference strains

4074 Serotype 1 K. R. Mittal” +

L20 Serotype Sb K. R. Mittal +

WE83 Serotype 7 K. R. Mittal +
A. pleuropneumoniae serotype 1 wild

type and mutants
4074 Nal* Serotype 1 (Nal), 35 +
wild type

27.1 LPS O-antigen mutant Undecaprenyl-Gal-1-P transferase 25, 35 -

44.1 LPS O-antigen mutant Rhamnosyl transferase 25,35 -

51.1 LPS O-antigen mutant Rhamnosyl transferase 25, 35 -

5.1 LPS core oligosaccharide mutant ~ UTP-a-D-glucose-1-phosphate 25,35 +

uridyltransferase
CG1 LPS core oligosaccharide mutant ~ Outer core elongation 15 +
CG3 LPS core oligosaccharide mutant — D-glycero-D-manno-Heptosyltransferase 15 +

“ Faculté de Médecine Vétérinaire, Université de Montréal.

> Ten micrograms of PE from egg yolk were used for these assays. GgO, and GD1a were used as positive and negative controls, respectively. Symbols: +, binding;

—, no binding detected.

extracted from swine lungs and to study whether LPS mole-
cules are implicated in this process.

MATERIALS AND METHODS

Materials. Thin-layer chromatography (TLC) sheets (SilG, 20 by 20 cm) were
purchased from Polygram (Macherly-Nagel, Duren, Germany). Spray reagent
molybdenum blue, ninhydrin reagent, p-anisaldehyde, and all antibiotics were
purchased from Sigma-Aldrich (Oakville, Ontario, Canada). Lipids were pur-
chased from Sigma-Aldrich and Avanti Polar Lipids (Alabaster, Ala.).

Bacterial strains and growth conditions. All the strains used for TLC plate
assays in this study are described in Table 1. A. pleuropneumoniae reference
strains representing serotypes 1 (4074), 5b (L20), and 7 (WF83) were grown on
brain heart infusion (BHI; Difco Laboratories, Detroit, Mich.) agar plates sup-
plemented with 15 pg of B-NAD per ml. The nalidixic acid-resistant mutant
(4074 Nal") derived from the A. pleuropneumoniae serotype 1 reference strain
was grown on BHI-NAD medium supplemented with 30 ug of nalidixic acid
(Nal) per ml. LPS mutants generated by mini-Tn/0 mutagenesis were grown on
BHI-NAD-Nal plates supplemented with 75 pg of kanamycin per ml (15, 35).
For microtiter plate binding assay (MPBA), A. pleuropneumoniae strain 4074 was
grown overnight in BHI broth supplemented with 5 ug of NAD per ml.

Lipid extraction. Lipid extraction from lungs of a 3-month-old piglet was
performed as previously described with some modifications (22). After two
washes with phosphate-buffered saline (PBS [pH 7.4]; 0.001 M KH,PO,, 0.01 M
Na,HPO,, 0.137 M NaCl, 0.0027 M KCl), the pig lung tissue was homogenized
in a small volume of PBS. A solution of chloroform-methanol (2:1) was then
added to the lung suspension in the following proportion: 3.75 parts of solvent
mix to one part of tissue suspension. This preparation was then shaken overnight
or vortexed for 2 h at room temperature. PBS was then added to the extracted
lipids, shaken vigorously for 30 s, and left overnight at 4°C to allow the formation
of the two phases. The two phases were then separated, dried with nitrogen, and
the lower phase was redissolved in chloroform-methanol (2:1), whereas the
upper phase was redissolved in chloroform-methanol-water (60:36:8) prior to
chemical characterization or the overlay assays.

TLC binding assay. Binding of A. pleuropneumoniae to lipids was assayed as
described previously with few modifications (8). TLC plates were prepared by
using 10 pg of extracted lipids or commercial phospholipids. The lipids were
applied on a TLC plate and separated by using chloroform-methanol-water
(60:35:8 by volume) in a TLC chamber. The plate was then dried and blocked for
2 h by incubation with 3% gelatin in PBS with agitation at 37°C. After three
15-min washes with PBS with agitation at 37°C, the plates were overlaid with a
bacterial suspension resuspended in PBS at an A5y, of 1.8 (equivalent to approx-
imately 3 X 10° CFU/ml) and incubated for 2 h. After three washes in PBS to
remove unbound bacteria, the TLC plates were incubated for another 2 h with
rabbit polyclonal antibodies raised against whole cells of A. pleuropneumoniae
serotype 1, 5b, or 7, kindly supplied by K. R. Mittal (Université de Montréal).
The plates were then washed twice and incubated for 1 h with a 1:1,000 goat

anti-rabbit immunoglobulin G (heavy plus light chain)-horseradish peroxidase
conjugate from Jackson ImmunoResearch Laboratories (Mississauga, Ontario,
Canada). After two washes, binding to lipid was revealed by the addition of
4-chloro-1-naphthol and hydrogen peroxide. As controls, TLC plates that had
not been overlaid with bacterial cells were incubated with primary and secondary
antibodies; these antibodies did not bind directly to the lipids. All the overlay
assays were performed at least five times.

MPBA. To confirm binding of A. pleuropneumoniae to PE, MPBAs were
performed according to the methods of Beausoleil and Dubreuil (3) with few
modifications. Duplicates of 50 pl of PE (from egg yolk) and phosphatidylserine
(PS [from soybean as negative control]; 0.2 wg/pl) diluted in methanol were
coated by evaporation for few hours in polystyrene microtiter enzyme-linked
immunosorbent assay plates (Falcon 3070 flat-bottom microtest III plate; Becton
Dickinson Labware, Lincoln Park, N.J.). Two hundred microliters of PBS-casein
(1%, wt/vol) was added in each well for an overnight blocking at 4°C. Wells were
then washed once with 200 wl of PBS, and 50 pl of bacterial suspension resus-
pended in PBS (45,,, 0.140) was then added to the wells for 1 h at 37°C. Plates
were washed five times with PBS. Then, 50 pl of rabbit polyclonal antibodies
raised against whole cells of A. pleuropneumoniae in PBS-casein (1%, wt/vol) was
added and left for 1 h at 37°C. Plates were again washed five times as described
above, and 50 pl of goat anti-rabbit immunoglobulin in PBS-casein (1%, wt/vol)
coupled to horseradish peroxidase was added to each well and incubated at 37°C
for 1 h. Plates were washed three times, and 50 pl of the chromogenic substrate
ABTS {2,2'-azino-di-[3-ethylbenzthiazoline sulfonate (6)]; 0.4 mM} dissolved in
citrate buffer (pH 4) containing 0.5 mM H,0, was added. The optical density
(OD) was measured with an enzyme-linked immunosorbent assay recorder
(MR5000; Dynatech) at 410 nm. Three wells on each plate received methanol
without any phospholipid and served as blanks. For analysis, the mean OD
obtained for these wells was subtracted from the OD obtained for each of the
phospholipids.

Inhibition with MAbs. The inhibition of binding with monoclonal antibodies
(MADs) was done as described previously (1) by using MAb against A. pleuro-
pneumoniae serotype 1 O antigen (5.1 G8F10) and against the O antigen of
serotype 2 (101-G02), kindly supplied by M. Gottschalk (Université de Mon-
tréal).

Identification of extracted lipids. The total lipids extracted from swine lungs
were stained either with molybdenum blue, which is specific for phospholipids, or
sprayed with ninhydrin, which detects free amino groups contained in PE and PS
(14). The lipid of interest was then extracted from the silica gel after migration
with the neutral migration solvent as described previously by Rousset et al. (36)
with few modifications. Briefly, 50 ng of lower-phase lipid extract was applied in
a linear configuration across a 5-cm-wide band on a TLC plate. Commercial PE
(egg yolk) was applied at one end of the TLC plate and the chromatography was
done as described above. Following the migration, the standard lane was cut out
and stained with molybdenum blue. The region that corresponded to the band of
PE on the remaining unstained plate was scraped with a scalpel, and the silica gel
was collected in a glass tube. We also performed a blank control experiment with
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FIG. 1. TLC plates stained with anisaldehyde (A) and immunostained chromatogram obtained by overlay with A. pleuropneumoniae serotype
1 cells (B). Lane 1, PE (egg yolk); lane 2, PS (soybean); lane 3, phosphatidylinositol (soybean); lane 4, phosphatidylcholine (bovine brain); lane
5, phosphatidylglycerol (egg yolk); lane 6, phosphatidic acid (egg yolk); lane 7, GgO, (upper band, positive control), GD1a (lower band, negative

control). Ten micrograms was used for each lipid.

silica gel to which no lipid material was applied. Two milliliters of a 2:1 (vol/vol)
chloroform-methanol mixture was mixed with the collected silica gel. After 10
min of incubation at room temperature, the mixture was centrifuged at 20,000 X
g for 5 min. The supernatant obtained was then transferred to another glass tube.
The solvent was then evaporated in a fume hood under a stream of nitrogen. Two
milliliters of a solution of chloroform-methanol-water (8:4:3) was then added to
the dried lipids, a step which was then followed by a 5-min centrifugation at
22,000 X g. The lower phase obtained was then collected from the glass tube
without disturbing the silica pellet if one was present. The extract was put in a
preweighed glass tube and then evaporated under a stream of nitrogen. The
quantity of lipid was estimated on the basis of dry weight. Lipids were then
resuspended in a chloroform-methanol (2:1) solution. Acid migration solvent
composed of chloroform-methanol-acetic acid-water (25:15:4:2) and basic mi-
gration solvent composed of chloroform-methanol-30% ammonia (65:30:5) were
used to compare the migration of extracted lipid of interest to commercial PE.
For the mass spectrometry analysis, the extraction of the lipid from silica gel was
performed as described above with some modifications. In the first place, ethyl
acetate was used instead of chloroform; secondly, the sample analyzed was the
supernatant of the first centrifugation. The analysis was done at the biomedical
mass spectrometry unit of McGill University.

Mass spectrometry. The analysis was performed with a Quattro IT (Micromass,
Manchester, United Kingdom) triple quadrupole mass spectrometer by using
electrospray in positive mode. The sample was introduced by direct infusion at a
flow rate of 3 wl/min. Capillary voltage was set at 3.4 kV, cone voltage was set at
50 V, source temperature was kept at 80°C, and the collision cell energy was 31
eV with argon pressure at 1.7 X 1073 mbar. The mass spectrometer was pro-
grammed to scan for a neutral loss of 141 m/z, which is characteristic for PE ions

(10).

RESULTS

Binding of A. pleuropneumoniae to commercial phospholip-
ids. Binding of A. pleuropneumoniae serotype 1 strain 4074 to
various commercial phospholipids from several sources sepa-
rated on TLC plates was evaluated (Fig. 1). A. pleuropneumo-
niae serotype 1 bound only to PE (from egg yolk). No binding
to PS (bovine brain or egg yolk), phosphatidylinositol (bovine
liver or soybean), phosphatidylcholine (bovine brain or egg
yolk), phosphatidylglycerol (egg yolk) or phosphatidic acid
(egg yolk) was observed. The controls used in this study were
glycolipids GgO, and GD1a, which were positive and negative,
respectively, for the binding with A. pleuropneumoniae sero-
type 1 in a previous study (1). Binding of A. pleuropneumoniae
to PE (from egg yolk) was confirmed by a MPBA. A mean OD
of 0.576 = 0.093 was obtained for PE. No binding was observed
for PS (mean OD of 0.002 + 0.001). PS was chosen as a

negative control due to our previous results (Fig. 1) and to its
similarity to PE—both of them have a primary amino group in
their polar heads. A. pleuropneumoniae serotype 1 was also
able to bind to lyso-PE from egg yolk (data not shown), which
is a normal degradation product of PE. This molecule results
from the removal of a monoacyl from PE. Binding to PE and
lyso-PE by A. pleuropneumoniae is consistent with previous
studies, which showed that organisms that recognize PE also
recognize lyso-PE (16, 23, 39).

Binding of A. pleuropneumoniae to commercial PE and gly-
cosphingolipids. The relative binding affinity of A. pleuropneu-
moniae serotype 1 to PE on TLC plates was evaluated (Fig. 2)
and compared to the relative binding affinity to GlcCer, Lac-
Cer, GgOs;, and GgO, (Fig. 3). Different quantities of lipids
were applied on a TLC plate (20, 10, 5, 2.5, and 1.25 pg and
630, 310, 160, 80, 40, and 20 ng). The smallest amounts of lipids
recognized by A. pleuropneumoniae serotype 1 were 630 ng for
GgO,, 2.5 pg for GgO; and PE, and 5 pg for GlcCer and
LacCer.

Binding of different A. pleuropneumoniae strains to PE.
Binding to PE was then evaluated for various A. pleuropneu-
moniae strains and mutants (Table 1 and Fig. 4). Reference
strains representing serotypes 5b and 7 also bound to PE. The
mutants used were LPS isogenic mutants from A. pleuropneu-
moniae serotype 1 (4074 Nal") created by mini-Tn/0 mutagen-
esis (15, 25, 35). The saccharidic moiety of the LPS molecule is
known to be responsible for the binding property of the mol-
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FIG. 2. TLC stained with anisaldehyde (A) and immunostained
chromatogram obtained by overlay with A. pleuropneumoniae serotype
1 cells (B). Lanes contain different concentrations of PE as follows:
lane 1, 10 pg; lane 2, 5 pg; lane 3, 2.5 pg; lane 4, 1.25 pg; lane 5, 0.63
pg; lane 6, 0.31 pg; lane 7, 0.16 pg; lane 8, 0.08 pg.
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FIG. 3. TLC stained with anisaldehyde (A) and immunostained
chromatogram obtained by overlay with A. pleuropneumoniae serotype
1 cells (B). Lanes contain different concentrations of GlcCer (I), Lac-
Cer (II), GgO; (III), or GgO, (IV) as follows: lane 1, 10 pg; lane 2, 5
ng; lane 3, 2.5 pg; lane 4, 1.25 pg; lane 5, 0.63 pg; lane 6, 0.31 pg; lane
7, 0.16 pg; lane 8, 0.08 pg; lane 9, 0.04 pg; lane 10, 0.02 pg; lane 11,
0.01 pg.

ecule (32). We therefore used different mutants for the poly-
saccharide portion of serotype 1 LPS to determine whether or
not the molecule was implicated in the binding of the bacteria
to PE. We tested rough mutants devoid of O antigen as well as
mutants with a modified core oligosaccharide but still express-
ing O antigens in order to determine the influence of different
regions of the LPS molecule toward binding to PE. Binding
was observed with all core mutants, thus indicating that a
complete core is not essential for binding to PE. However,
rough mutants 27.1, 44.1, and 51.1 were unable to bind to PE.
All the strains were able to bind to GgO, (positive control), but
none of them was able to bind to GD1a (negative control).
Inhibition of binding by MAbs specific for LPS O antigens.
The binding of 4. pleuropneumoniae to PE was inhibited by
O-antigen-specific MAbs. After incubation of bacteria with
specific MAbs against A. pleuropneumoniae serotype 1 O an-
tigen, the bacterial cells failed to recognize PE. As a negative

FIG. 4. TLC plate stained with anisaldehyde (A) and immuno-
stained chromatogram obtained by overlay with A. pleuropneumoniae
serotype 1 wild-type cells (B), CG1 (LPS core oligosaccharide mutant)
(C), and 27.1 (LPS O antigen mutant) (D). Ten micrograms of PE was
applied to each lane.
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FIG. 5. TLC plates stained with ninhydrin (A), molybdenum blue
(B), and immunostained chromatogram obtained by overlay with A4.
pleuropneumoniae serotype 1 cells (C) Lane 1, lower phase from a
Folch extraction performed on porcine lungs; lane 2, commercial PE.

control, cells were incubated with MAD raised against A. pleu-
ropneumoniae serotype 2 O antigen. With this antibody, no
inhibition of binding to PE was detected (data not shown).

Binding of A. pleuropneumoniae serotype 1 to a lipid ex-
tracted from swine lungs. A. pleuropneumoniae serotype 1 was
able to bind to a lipid present in the lower phase of a Folch
extraction performed on swine lungs (Fig. 5). This phase nor-
mally contains all tissue lipids other than gangliosides. The
lipid comigrated with commercial PE in a neutral solvent sys-
tem (Fig. 5A and B) as well as in acidic and basic solvent
systems (Fig. 6). The unknown lipid, like the commercial PE,
stained with ninhydrin, which is specific for free amino groups
(Fig. 5A), and with molybdenum blue, which stains phospho-
lipids (Fig. 5B). We did not observe any binding in the upper
phase, which contains the nonlipid moieties as well as most of
the gangliosides and only negligible amounts of the other lip-
ids.

Mass spectrometry. To confirm the identity of the putative
PE extracted from swine lungs, the lipid was analyzed by elec-
trospray mass spectrometry in positive mode. According to
Cole and Enke (10), when PE undergoes collision-induced
dissociation, the major reaction that occurs is cleavage of the
phosphate-glycerol bond, which results in the loss of the polar
head group as a neutral molecule, while the rest of the ion
retains its charge. For PE, this cleavage represents a loss of a
141 m/z from the parent ion and allows an unequivocal iden-
tification of the compound. The spectra shown in Fig. 7A and
C are scans of the ions present in the standard sample (panel
A) and in the swine sample (panel C) before collision-induced
dissociation. Since the mass spectrometer was programmed to
scan for a neutral loss of 141 m/z, Fig. 7B and D show the
parent ions of the molecules that undergo this characteristic
loss due to collision-induced dissociation. Some of the peaks
present in scan A are also present in scan B, thus confirming
the presence of PE molecules in the commercial standard.
Similarly, the presence of PE molecules is also confirmed in
the swine lung sample according to scans shown in panels C
and D. Interestingly, the peaks present in Fig. 7B and D have
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FIG. 6. TLC plates stained with molybdenum blue showing migra-
tion of PE with a basic solvent containing chloroform-methanol-30%
ammoniac (65:30:5) (A) or an acidic solvent containing chloroform-
methanol-acetic acid-water (25:15:4) (B). Lane 1, lipids extracted from
swine lung; lane 2, commercial PE.

similar masses, which shows that the two samples share similar
species of PE. According to Cole and Enke (10), the different
PE molecules differ from each other by the lengths of their
fatty acids and the hydroxylation of the fatty acids. Thus, the
analysis of the mass of some of the major peaks, for example,
peak 744.6, indicates that this particular peak represents mol-
ecules (with two fatty acids) that contain a total of 32 carbon
atoms, 62 hydrogen atoms, and two unsaturations, whereas
molecules in peak 768.6 contain 36 carbon atoms, 66 hydrogen
atoms, and four unsaturations.

DISCUSSION

Adherence to host epithelial cells and/or the mucous layer of
the mucosal surfaces is well-known to be the initial step of
colonization by microorganisms (2, 30). The mechanisms of
adhesion of A. pleuropneumoniae to porcine respiratory tract
cells are poorly understood. Several reports indicate that LPS
is an important adhesin for different organisms, including A.
pleuropneumoniae (9, 20, 28, 34). Our research group had
previously identified some putative receptors for A. pleuro-
pneumoniae that were either proteinaceous or lipidic in nature
(1, 33). The aim of the present study was to investigate the
ability of A. pleuropneumoniae to bind to phospholipids, which
are abundant in host plasma membranes and act as receptors
for many bacterial pathogens (8, 12, 19, 26, 27, 37, 39).

Our results indicate that A. pleuropneumoniae can bind to
PE but not to the five other phospholipids tested. This adds A.
pleuropneumoniae to the growing list of pathogens that have
affinity for PE but not for other phospholipids. The list in-
cludes other respiratory tract pathogens such as C. pneumoniae
as well as H. influenzae, which is another member of the Pas-
teurellaceae family (8, 24). The importance of the polar etha-
nolamine head of the PE molecule in binding to these bacteria
is suggested by the fact that a closely related phospholipid such
as PS does not show any affinity to A. pleuropneumoniae or any
of the other aforementioned pathogens. Reference strains rep-
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resenting the other prevalent A. pleuropneumoniae serotypes in
North America (serotypes 5b and 7) also demonstrated bind-
ing to PE, which shows that binding of A. pleuropneumoniae to
PE is not restricted to one serotype.

A. pleuropneumoniae serotype 1 cells were able to bind to a
phospholipid in a swine lung extract identified as PE. This lipid
was first stained by molybdenum blue, which stains lipids con-
taining phosphate groups. It was also stained with ninhydrin,
which is specific for the free amino group. Ninhydrin can there-
fore stain only two types of phospholipids—PE and PS. With
the neutral solvent used, we could see that this phospholipid
comigrated with commercial PE, which migrates differently
from PS. We then compared the migration of the potential PE
and of the commercial PE in both acidic and basic solvent
systems and observed that these two phospholipids migrate
similarly in these two solvent systems. Although its staining and
migration were similar to those of PE, we additionally con-
firmed the identity of this phospholipid by using mass spec-
trometry analysis. We were first able to observe that commer-
cial PE standard as well as PE extracted from a pig lung were
composed of different species of PE that differ from each other
at the level of their fatty acid chains. Interestingly, the PE
species found in the two samples were very similar and both
allow the binding of A. pleuropneumoniae serotype 1.

A. pleuropneumoniae serotype 1 also showed binding to
lyso-PE (from egg yolk), which is a normal degradation prod-
uct of PE. A similar binding was also observed with other
pathogens such as C. upsaliensis, H. mustelae, and H. pylori (16,
39). These data show that the fatty acid attached to the second
carbon of the glycerol backbone of PE is probably not essential
for the recognition of PE by these bacteria. However, the
second fatty acid chain seems to be critical for the optimal
presentation of the phospholipid to the bacterial adhesin since,
among all the commercial sources of PE tested (i.e., sheep
brain, bovine brain, egg yolk, soybean, and E. coli), there was
no binding to PE from sheep and bovine brain and very faint
binding to PE from E. coli and soybean (data not shown). The
strongest binding was to PE extracted from egg yolk, which is
likely the result of variations in the fatty acids (27, 38). This
phenomenon was also observed with other pathogens like C.
upsaliensis and E. coli and can be explained by the fact that the
length and degree of saturation of fatty acids may vary between
the different sources of the phospholipids. All PEs are there-
fore not equally bound by bacterial pathogens (38).

To see whether LPS molecules were involved in the binding
to PE, we first used isogenic O antigen and core LPS mutants
of A. pleuropneumoniae serotype 1 generated by mini-Tn/0
transposon mutagenesis (15, 25, 35). The data obtained
showed that three core mutants as well as the wild-type parent
strain were able to bind to PE. On the other hand, the O
antigen rough mutants tested in binding assays (27.1, 44.1, and
51.1) were unable to bind PE.

To confirm that O antigens were implicated in the binding of
A. pleuropneumoniae serotype 1 to PE, we then preincubated
the bacteria with MAbs against LPS O antigen as described
previously (1). These results provided another indirect proof
that O antigen might be implicated in binding to PE. The same
kind of inhibition was also previously observed with other
putative lipidic receptors (mono- and disaccharide glycosphin-
golipids) like GlcCer, GalCer, LacCer, and sulfatide—but not
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FIG. 7. Electrospray mass spectrometry analysis in positive mode of commercial PE from egg yolk (A and B) and phospholipids from lungs of
swine (C and D). The mass spectrometer was programmed to scan for a neutral loss of 141 m/z (characteristic for PE ions). Scan of the ions present
in the sample before collision-induced dissociation (panels A and C) and parent ions present after a neutral loss of 141 m/z collision-induced

dissociation experiment (panels B and D).

with longer glycolipids like GgO5 and GgO, (1). The O antigen
of A. pleuropneumoniae serotype 1, which is the terminal part
of the LPS, seems to be implicated in binding of short lipids
such as PE, while the core region might be responsible for the
binding to GgO5 and GgO, (1) Interestingly, the binding data
shown in Fig. 2 and 3 indicate that A. pleuropneumoniae sero-
type 1 demonstrates poorer recognition of short lipids like
LacCer, GlcCer, and PE than longer lipids like GgO5 and
GgO,. This phenomenon seems to be the same for A. pleuro-
pneumoniae serotype 2 (1). The O antigen seems to have
weaker affinity with its lipidic receptors compared to the core
region with longer lipids. Since rough mutants of serotypes 2,
5b, and 7 are not yet available, further studies are needed in
order to determine whether the O antigens of these serotypes
are also involved in binding.

Interestingly, like several other bacterial pathogens (e.g., H.

pylori, C. pneumoniae, C. trachomatis, H. influenzae, and
Pseudomonas aeruginosa), A. pleuropneumoniae shows a com-
mon binding specificity for GgO5;, GgO, (1), and PE (the
present study). To the best of our knowledge, A. pleuropneu-
moniae is the only known bacterium for which LPS is impli-
cated in the binding to these three lipids.

In conclusion, A. pleuropneumoniae is able to bind to PE
both from commercial sources and extracted from lungs of
swine. The use of isogenic rough LPS mutants as well as mono-
clonal antibodies against O antigen indicate that the O antigen
of A. pleuropneumoniae serotype 1 could be implicated in this
interaction. It is tempting to speculate that, through a multiple-
step binding process, A. pleuropneumoniae first uses low-affin-
ity binding between O antigen and phospholipids (PE) or short
glycolipids (LacCer and GlcCer) and then relies on the core
oligosaccharide of LPS and/or surface proteins (55-kDa OMP,
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fimbriae) to interact more avidly with other larger lipidic
(GgO; and GgO,) or proteinic receptors.
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