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Highly purified lipopolysaccharide (LPS) preparations obtained from seven Actinobacilus pkuropneumoniae
strains representative of seven different serotypes were used to determine the structure and monosaccharide
composition of the polysaccharide components of each lipopolysaccharide. An indication of the structure of
each LPS was obtained by procedures that included sodium dodecyl sulfate-polyacrylamide gel electrophoresis
followed by silver staining and gel chromatographic fractionation of acetic acid-hydrolyzed LPS. The
polysaccharide components of the LPSs were analyzed by gas-liquid chromatography. The LPSs of the strains
of serotypes 2, 4, and 7 were of the smooth type, and those of the strains of serotypes 3 and 6 were of the rough
type; the LPSs of the strains of serotypes 1 and 5 could be considered semirough. Rhamnose was present only
in the 0 polysaccharide of the smooth-type and semirough-type LPSs, whereas galactose was present only in
the 0 polysaccharide of the smooth-type LPS and in the core oligosaccharides of the rough-type and
semirough-type LPSs. Glucoheptose and mannoheptose were present in the core oligosaccharides of all the
LPSs except for the strain of serotype 3, in which only mannoheptose was detected. N-Acetylglucosamine was
detected only in the 0 polysaccharides of the strains of serotypes 1 and 5.

Actinobacillus (Haemophilus) pleuropneumoniae is the
causative agent of a severe, contagious, and often fatal
respiratory disease of swine that can be referred to as
porcine Actinobacillus pleuropneumonia. This disease,
which can occur in a peracute, acute, subacute, or chronic
form, is characterized by fibrinous pleuritis and hemor-
rhagic, necrotizing pneumonia (16).
Although the pathogenesis of porcine Actinobacillus pleu-

ropneumonia has by no means been completely elucidated,
the lipopolysaccharide (LPS) synthesized by A. pleuropneu-
moniae has been implicated as a virulence factor (3, 4, 13,
18). The A. pleuropneumoniae LPS has been obtained in
highly purified form essentially free (less than 0.1%) of
contaminating protein, nucleic acid, cellular phospholipid,
and capsular polysaccharide (11). Lesions similar to those
observed in pigs or mice, which die during the acute course
of the infection, can be reproduced in both of these species
by intratracheal or intranasal administration, respectively, of
purified A. pleuropneumoniae LPS (3, 18). However, the
two main features of the lung lesions observed following
natural or experimental infection (i.e., hemorrhage and
extensive tissue necrosis) were not elicited following LPS
administration. These manifestations of the lung lesions
were probably induced by a heat-labile protein toxic factor
produced by A. pleuropneumoniae (18). Thus, it appears
that LPS is not by itself responsible for the full spectrum of
characteristic lesions observed in the acute form of the
disease but acts in conjunction with one or more other toxic
factors liberated by the causative agent.
The lung lesions in pigs elicited by the smooth-type A.

pleuropneumoniae LPS have been reported to be similar to
those elicited by the rough-type LPS isolated from the same
strain of A. pleuropneumoniae belonging to serotype 5 (3).
However, much higher doses of the smooth-type LPS were
required, and the onset was delayed. In addition, the clinical
signs and the hematological alterations typical of endotoxic
shock induced by the rough-type LPS were more severe and
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observed at lower doses than similar alterations induced by
the smooth-type LPS. Structures of LPSs of various A.
pleuropneumoniae strains of different serotypes have not
been compared. This would be useful in comparing the
ability of these LPSs to produce lung lesions in pigs. The
purpose of this study was to obtain a better understanding of
the role that A. pleuropneumoniae LPS plays in the patho-
genesis of porcine Actinobacillus pleuropneumonia by eval-
uating the LPSs isolated and purified from seven different
strains of A. pleuropneumoniae representative of seven
different serotypes in terms of (i) the LPS structure ascer-
tained by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and gel chromatography and (ii)
the LPS monosaccharide composition determined by gas-
liquid chromatographic (GLC) analysis.

MATERIALS AND METHODS
Bacteria and growth conditions. Seven different strains

representing seven different serotypes of A. pleuropneumo-
niae were stored as lyophilized powders. The seven strains
used were Shope 1 (4074), 1536, 12864, M62, K17, Femo,
and 53, representative of serotypes 1 through 7, respec-
tively. Each of the lyophilized materials was reconstituted in
50 ml of tryptic soy broth containing 0.6% yeast extract and
0.01% NAD and incubated at 37°C with shaking for 24 h.
This culture (500 ,ul) was streaked onto solid medium (tryptic
soy agar) of the same composition and allowed to grow at
37°C for 24 h. A heavy inoculum of the bacterial growth was
placed into 100 ml of fresh liquid cultivation medium and
allowed to incubate at 37°C with shaking for 12 h. Then, 20
ml of this culture was inoculated into 1 liter of fresh
cultivation medium and allowed to incubate at 37°C with
shaking for 24 h. The cells were harvested by centrifugation
at 13,000 x g for 20 min at 4°C and washed twice with
deionized water. The final pellet was suspended in deionized
water and lyophilized. These lyophilized cells were used for
the isolation and purification of the LPS.
LPS isolation and purification. The procedure of Darveau

and Hancock (1) was used to isolate and purify LPS from
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each of the seven A. pleuropneumoniae strains used for this
study. Disrupted A. pleuropneumoniae cells were treated
with DNase, RNase, pronase, and SDS, and the LPS extract
was subjected to magnesium chloride precipitation and high-
speed centrifugation. All LPS preparations were essentially
free (less than 0.1%) of contaminating protein, nucleic acid,
cellular phospholipid, and capsular polysaccharide when
analyzed by procedures previously described (11).

Analysis of structure of LPS by SDS-PAGE and gel chro-
matography. The LPS derived from each of the seven A.
pleuropneumoniae strains was subjected to SDS-PAGE. The
procedure involved the use of the Laemmli buffer system
(10) and separating and stacking gels of 15 and 4% acryl-
amide-bisacrylamide, respectively. Gels were stained by the
Morrissey silver staining procedure (12). The LPS derived
from each of the seven A. pleuropneumoniae strains was
also subjected to gel chromatography. To remove the lipid A
from the polysaccharide portion of the LPS, each A. pleu-
ropneumoniae LPS preparation was partially hydrolyzed
with 1% acetic acid at 100°C for 1.5 h, neutralized with
sodium hydroxide, and centrifuged at 10,000 x g for 30 min
to remove the lipid A in the pellet (8). The pellet was washed
twice with warm deionized water followed by centrifugation
at 10,000 x g for 30 min to remove residual polysaccharide.
All of the supernatant fluids containing the polysaccharide
portion of the LPS were pooled and concentrated by evap-
oration under vacuum (lyophilization). The lyophilized
polysaccharide was dissolved in buffer and fractionated on a
Sephadex G-50 column (1.5 by 100 cm) at a flow rate of 6
ml/h. The void volume was determined by the use of dextran
blue. The effluent was collected in 3-ml fractions, which
were analyzed for neutral sugars by the anthrone method
(15).

Analysis of sugar composition of LPS by GLC. GLC
analysis was performed on the O-polysaccharide and core
oligosaccharide fractions of the LPS derived from each of
the seven strains of A. pleuropneumoniae. The GLC proce-
dure of York et al. (21), involving alditol acetate derivatives
of the O-polysaccharide and core oligosaccharide compo-
nents, was used to determine the monosaccharide composi-
tion of each of these preparations. The polysaccharide
samples (500 p,g) were heated at 100°C for 1 h in 1% acetic
acid. The acetic acid was removed by air flow at 40°C, and
any residual acetic acid was removed with toluene (two
200-pd washes). The sample was dissolved in 200 RI of water
containing 10 mg of NaB2H4 per ml and treated at 20°C for 1
h. Excess NaB2H4 was destroyed by the addition of 50 ,ul of
glacial acetic acid, and solvents were removed by air flow.
The residue was treated with methanol containing 10%
acetic acid (three 200-,u washes) and then methanol (three
200-,Iu washes). The solvents were removed by air flow. The
dry residue was heated at 121°C for 1 h with 200 RI of
trifluoroacetic acid (containing 100 ,ug of inositol per ml as an
internal standard). The trifluoroacetic acid was removed by
air flow, and any residual trifluoroacetic acid was removed
by the addition of isopropanol (two 200-pI washes). The
residue was dissolved in 200 RIl of water containing 10 mg of
NaB2H4 per ml and treated at 20°C for 1 h. The NaB2H4 was
removed as before. To the dry residue, 50 ,u of acetic
anhydride and 50 RI of pyridine were added, and the sample
was treated at 121°C for 20 min. The sample was cooled,
toluene was added (two 200-pLd portions), and the solvent
was removed by air flow. To the residue, 500 RI of water and
500 RI of dichloromethane were added, and the phases were
separated by centrifugation. The organic phase was trans-
ferred to a clean tube and concentrated to dryness by air

1 Z 3 4 5 6 7 8 9

FIG. 1. Silver-stained SDS-polyacrylamide gels of the LPSs of
A. pleuropneumoniae strains representative of serotypes 1 through
7 and E. coli O111:B4. Lane 1, Sample buffer; lane 2, E. coli
O111:B4 LPS; lane 3, LPS of serotype 1; lane 4, LPS of serotype 2;
lane 5, LPS of serotype 3; lane 6, LPS of serotype 4; lane 7, LPS of
serotype 5; lane 8, LPS of serotype 6; lane 9, LPS of serotype 7. In
lanes 2 through 9, 20 pLg of LPS was added per lane.

flow. The residue was dissolved in 100 p1l of acetone prior to
analysis by GLC.
The GLC analysis was done with a Hewlett-Packard 5970

chromatograph fitted with a hydrogen flame ionization de-
tector (240'C) and a 5880A electronic integrator. The alditol
acetates were analyzed by GLC in a SP2330 fused silica
capillary column (15 m by 0.25 mm; Supelco) at 2350C, and
samples (1 pAl) were injected in the split mode (injection
temperature, 240'C).
The quantities of monosaccharides present are stated in

moles percent (mol%), defined as moles of carbohydrate
recovered per 100 mol of total carbohydrate recovered.

RESULTS

SDS-PAGE of intact LPS and gel chromatography of par-
tially hydrolyzed LPS. The SDS-PAGE profiles of silver-
stained LPSs isolated and purified from seven different
strains representative of seven different serotypes are shown
in Fig. 1. The LPS profiles of strains representative of
serotypes 2, 4, and 7 demonstrate the ladderlike arrangement
characteristic of smooth-type LPS (6). The LPSs of strains
of serotypes 1, 3, 5, and 6 lacked the ladderlike SDS-PAGE
profile, but a large, deeply staining area representative of the
core oligosaccharide and lipid A was detected just trailing
the leading edge of the dye front. The strains of serotypes 3
and 6 showed only representative LPS profiles for rough-
type LPS, whereas the LPS profiles of the strains of sero-
types 1 and S displayed stained bands in addition to that of
the core oligosaccharide and lipid A. The SDS-PAGE profile
for the LPS of the strain of serotype 1 displayed a high-
molecular-weight band at the top of the gel, and the SDS-
PAGE profile for the LPS of the strain of serotype S
displayed a low-molecular-weight band just above the deeply
staining area representative of the core oligosaccharide and
lipid A.

Gel chromatography of the partially hydrolyzed LPS
obtained from each of the seven different strains was per-
formed to obtain a more complete analysis of the structure of
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FIG. 2. Gel chromatographic analysis of acetic acid-hydrolyzed
LPSs from A. pleuropneumoniae strains representative of serotypes
1 through 7. The first peak for the smooth-type (B, D, and G) and
semirough (A and E) LPSs is representative of 0-antigenic side
chains, and the second peak is representative of the R core. The first
peak for the rough-type (C and F) LPS is representative of the R
core, and the second peak is representative of hydrolysis products
of the R core. VO, Void volume. OD, Optical density.

each LPS; the results are shown in Fig. 2. The LPSs of the
strains of serotypes 2, 4, and 7 (Fig. 2B, D, and G, respec-
tively) showed two peaks. The first peak represents primar-
ily the 0 polysaccharide, and the second peak represents
primarily the core oligosaccharide. This gel chromatographic
profile is indicative of a smooth-type LPS. The gel chromato-
graphic analysis of the partially hydrolyzed LPSs of the
strains of serotypes 3 and 6 (Fig. 2C and F, respectively)
showed a single large peak representative of the core oli-
gosaccharide. A second smaller peak was detected after the
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TABLE 1. Sugar compositions of LPS components (0-antigenic side chain and R core) from A. pleuropneumoniae strains representative
of seven different serotypes

Amt (mol%) of monosaccharide in strain of indicated serotype

Monosaccharide' 0-antigenic side chain R core

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

Rha 45.5 11.8 22.9 41.2 20.2
Gal 20.9 33.6 73.9 17.8 6.1 16.7 29.6
Glc 41.9 62.3 32.8 34.3 5.9 27.4 55.2 46.5 35.2 28.2 48.8 45.8
Glchep 12.1 18.2 21.3 15.1 6.0 5.6
Manhep 24.2 26.6 40.8 25.9 36.5 12.0 21.1
GlcNAc 9.1 9.9
KDO 0.9 0.9 2.7 0.9 1.1 0.7 1.5

aRha, Rhamose; Gal, galactose; Glc, glucose; Glchep, glucoheptose; Manhep, mannoheptose; GlcNAc, N-acetylglucosamine; KDO, 2-keto-3-deoxyoctu-
losonic acid.

R core had eluted from the column. This was believed to
contain hydrolysis products such as 2-keto-3-deoxyoctu-
losonic acid (KDO), ethanolamine, and phosphorylated de-
rivatives of the core oligosaccharide and not to be indicative
of LPS (9). This gel chromatographic profile indicated that
these LPSs are of the rough type. The gel chromatographic
analysis of the partially hydrolyzed LPSs of the strains of
serotypes 1 and 5 (Fig. 2A and E, respectively) revealed two
peaks, indicative of the 0 polysaccharide and core oligosac-
charide. Lack of a typical smooth-type SDS-PAGE profile
coupled with the presence of two distinct polysaccharide
components of the LPS suggests that the LPSs of these
strains of serotypes 1 and 5 could be considered semirough.

Analysis of the sugar composition of the O-polysaccharide
and core oligosaccharide components of partially hydrolyzed
LPS by GLC. The monosaccharide contents of the 0-
polysaccharide and core oligosaccharide components of the
seven different partially hydrolyzed LPS preparations as
revealed by GLC are given in Table 1. Rhamnose was
detected only in the 0 polysaccharides of the smooth-type
and semirough LPSs of the strains of serotypes 2, 4, and 7
and serotypes 1 and 5, respectively, and not at all in their
core oligosaccharides; also, strains of serotypes 3 and 6,
which contain rough-type LPSs, displayed no rhamnose
peak during GLC analysis. Galactose was detected only in
the 0 polysaccharides of strains with smooth-type LPSs
(i.e., strains of serotypes 2, 4, and 7) and not at all in their
core oligosaccharides or in the core oligosaccharides of the
rough-type and semirough LPSs (i.e., strains of serotypes 3
and 6 and serotypes 1 and 5, respectively). In the semirough
LPSs of the strains of serotypes 1 and 5, galactose was not
detected in the 0 polysaccharide. The galactose content
detected in the 0 polysaccharide of the LPS of the strain of
serotype 7 was much higher than that detected in the other
LPS preparations and represented 73.9 mol% of the total
sugar content of the 0 polysaccharide of this LPS.
Glucose was detected in the 0 polysaccharides and core

oligosaccharides of both the smooth-type LPSs of the strains
of serotypes 2, 4, and 7 and the semirough LPSs of the
strains of serotypes 1 and 5. Glucose also was found in the
core oligosaccharides of the rough-type LPSs of strains of
serotypes 3 and 6. The glucose content of the 0 polysaccha-
ride of the smooth-type LPS of the strain of serotype 7 was
surprisingly low, representing only 5.9 mol% of the total
sugar present in the 0 polysaccharide of this LPS.
Two sugars, glucoheptose and mannoheptose, were de-

tected in the core oligosaccharide of the LPS from each of
the seven strains, except for the rough-type LPS of the strain
of serotype 3, which contained only mannoheptose in its

core oligosaccharide. When glucoheptose and mannohep-
tose were detected together, glucoheptose was the predom-
inant heptose. The semirough LPSs of the strains of sero-
types 1 and 5 contained N-acetylglucosamine in the 0
polysaccharide but not in the core oligosaccharide. N-
Acetylglucosamine was not detected in the 0-polysaccha-
ride or core oligosaccharide components of the partially
hydrolyzed LPSs of the other strains analyzed by GLC.
The semirough LPS of the strain of serotype 1 was very

similar in its GLC profile to the LPS of the strain of serotype
5. The 0 polysaccharides and core oligosaccharides of both
of these semirough LPS preparations contained the same
sugars and in very similar amounts. The monosaccharide
N-acetylglucosamine was present only in the 0 polysaccha-
ride of each of these semirough LPS preparations.
The KDO contents detected in the LPS preparations from

the seven strains tested appeared to be quite similar but
rather low compared with the amounts of the other sugars in
these preparations. The exact quantitation of KDO by the
use of GLC analysis appears questionable because of the
instability ofKDO upon treatment with weak acid to remove
the lipid from the polysaccharide portion of the LPS. Nev-
ertheless, the quantity of KDO revealed by GLC analysis
appeared to be quite similar to that obtained by colorimetric
analysis for A. pleuropneumoniae serotype 2 LPS (11).

DISCUSSION

The accuracy of the findings stemming from the analyses
of the structures and sugar compositions of the LPSs of the
seven different A. pleuropneumoniae strains representative
of seven different serotypes reported herein depends to a
large extent on the purity of the LPS preparations. The
method of Darveau and Hancock (1) was used for the
isolation and purification of A. pleuropneumoniae LPS be-
cause it has been found eminently satisfactory for obtaining
both smooth- and rough-type LPSs from a variety of bacte-
rial species in a highly purified form. This was considered a
primary attribute of this method because it is now well
established that within a single bacterial species, size heter-
ogeneity expresses itself such that organisms containing
smooth-type LPS may also contain some LPS molecules
lacking 0-antigenic side chains, as well as molecules con-
taining various numbers of covalently bound 0-antigenic
side chain units (1, 5, 11, 20). In fact, it has been demon-
strated that 40 to 50% of the smooth-type LPS ofEscherichia
coli 0111 contains fewer than five repeating units of the
0-antigenic side chain (7). In contrast, the LPS preparations
of selected strains of Pseudomonas aeruginosa contained
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over 80% rough core oligosaccharides without any cova-
lently linked 0-antigenic side chains (20). A previous study
involving the isolation, purification, and partial characteri-
zation of A. pleuropneumoniae 1536, serotype 2, revealed
that the use of the method of Darveau and Hancock yielded
a highly purified, smooth-type LPS in relatively high yields
(53%) (11). Analyses of the seven LPS preparations used for
this study showed that they were as highly purified as the
serotype 2 preparation described previously.
The SDS-PAGE silver-stained LPS profiles of the strains

of serotypes 2, 4, and 7 demonstrated the ladderlike arrange-
ment that is characteristic of smooth-type LPS, whereas the
LPSs of the strains of serotypes 3 and 6 gave a staining
characteristic of rough-type LPS. The SDS-PAGE silver-
stained gel of the LPSs of the strains of serotypes 1 and 5
gave a somewhat typical rough-type LPS profile character-
ized by a large, deeply staining R core and lipid A and a lack
of the ladderlike arrangement seen for smooth-type LPS.
However, the LPS profiles of these strains of serotypes 1
and 5 displayed stained bands in addition to that of the R
core and lipid A. The SDS-PAGE silver-stained LPS profile
for the strain of serotype 1 showed a high-molecular-weight
band at the top of the gel, and the SDS-PAGE silver-stained
LPS profile for the strain of serotype 5 showed a low-
molecular-weight band just above the R core and lipid A
stained area. The high-molecular-weight band observed in
the SDS-PAGE LPS profile for the strain of serotype 1 is
unexplained at the present time. The low-molecular-weight
band observed in the SDS-PAGE LPS profile for the strain
of serotype 5 is believed to represent one repeat unit of the
0 polysaccharide. This SDS-PAGE LPS profile is consistent
with the LPS of this strain of serotype 5 being considered
semirough. The bands that make up the ladderlike arrange-
ment are believed to be composed of different-size 0-

antigenic side chain repeat subunits, with the larger side
chain repeat units migrating at a slower rate in the polyacryl-
amide gel. Tsai and Frasch (17) and Morrissey (12) have
developed highly sensitive staining procedures for bacterial
LPS in polyacrylamide gels, which together with various
modifications are being extensively used to detect and reveal
the structure of LPS (1, 6, 14).
Gel chromatographic fractionation was performed on each

LPS polysaccharide component obtained after acetic acid
hydrolysis of the LPS isolated from each of the seven A.
pleuropneumoniae strains. When the LPSs of the strains of
serotypes 2, 4, and 7, which exhibited a smooth-type LPS
profile on SDS-PAGE, were passed through a Sephadex
G-50 column, two elution peaks indicative of 0 polysaccha-
ride and core oligosaccharide were detected. GLC analysis
of these two peaks revealed rhamnose and galactose occur-
ring only in the first peak (indicative of the O-polysaccharide
component of the LPS), whereas the sugars glucoheptose
and mannoheptose were found to occur only in the second
peak (indicative of the core oligosaccharide component of
the LPS). This finding is consistent with rhamnose appearing
in only the 0 polysaccharide of LPS and was expected since
rhamnose is found in the 0-antigenic side chains of the LPSs
obtained from a variety of different gram-negative bacteria
(2, 3, 19). Thus, it appears that the LPSs of the strains of
serotypes 2, 3, and 7 are of the smooth type. When the LPSs
of the strains of serotypes 3 and 6, which exhibited rough-
type LPS profiles on SDS-PAGE, were passed through a

Sephadex G-50 column, only one large elution peak (indic-
ative of core oligosaccharide) was detected. GLC analysis of
this peak revealed galactose but no rhamnose and also the
presence of the sugars glucoheptose and/or mannoheptose,

which are found only in core oligosaccharide. Consequently,
it appears that the LPSs of the strains of serotypes 3 and 6
are of the rough type. On the other hand, gel chromato-
graphic fractionation of the polysaccharides of the LPSs of
the strains of serotypes 1 and 5, which exhibited somewhat
typical rough-type LPSs on SDS-PAGE, yielded two elution
peaks, indicative of 0 polysaccharide and core oligosaccha-
ride. GLC analysis of the peaks revealed rhamnose and
N-acetylglucosamine occurring only in the first peak (indic-
ative of the O-polysaccharide component of the LPS),
whereas GLC analysis of the second peak revealed the
presence of galactose and also the sugars glucoheptose and
mannoheptose, which are found only in the core oligosac-
charide. This seems to indicate that these LPSs can be
considered semirough. It appears that they contain only
truncated 0-antigenic side chains with reduced numbers of
0-antigenic side chain units.
Thus, SDS-PAGE, gel chromatographic fractionation, and

subsequent GLC analysis of the fractionated polysaccharide
components of the A. pleuropneumoniae LPSs indicated
that the LPSs of the strains of serotypes 2, 4, and 7 are of the
smooth type, the LPSs of the strains of serotypes 3 and 6 are
of the rough type, and the LPSs of the strains of serotypes 1
and 5 are of the semirough type.
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