
Biochimica et Biophysica Acta 815 (1985) 233-244 233 
Elsevier 

BBA 72582 

Biochemical and immunological characterization of the cell surface of the fish 
pathogenic bacterium A eromonas  salmonic ida 

Dolf Evenberg *, Rinus Versluis and Ben Lugtenberg ** 

Institute of Molecular Biology and Department of Molecular Cell Biology, State University, Padualaan 8, 3584 CH Utrecht 
(The Netherlands) 

(Received November 2nd, 1984) 
(Revised manuscript received February 7th, 1985) 

Key words: Cell surface; Lipopolysaccharide; Bacterial antigen; Furunculosis; Fish disease; (A. salmonicida) 

(1) The identification of lipopolysaccharide as periodic acid-Schiff positive material, present in the membrane 
fraction of the fish pathogenic Gram-negative bacterium A e r o m o n a s  sa lmonic ida ,  analyzed by SDS-poly- 
acrylamide gel electrophoresis, is shown. Such analysis has revealed several periodic acid-Schiff positive 
bands and many membrane proteins among which a pathogenicity-related M r 54 000 protein as a constituent 
of an additional surface layer outside the outer membrane (Evenberg et al., (1982) Biochim. Biophys. Acta 
684, 241-248). The latter protein, designated as additional cell envelope protein or ACE protein, has been 
purified and characterized in our laboratory (Evenberg and Lugtenberg, (1982) Biochim. Biophys. Acta 684, 
249-254). (2) Most  strains produce both high and low molecular weight lipopolysaccharide species, 
presumably corresponding with the presence and (virtual) absence, respectively, of an O-antigenic chain. The 
property to produce high molecular weight lipopolysaccharide can be lost upon subculturing in laboratory 
growth media and such is greatly enhanced by the prior loss of the ability to produce ACE protein. (3) 
Lipopolysaccharide and ACE protein were identified as the major antigens. A new polysaccharide-like 
antigen, designated as PS-antigen, was detected. Moreover, immunological indications for the presence of a 
lipoprotein in A.  salmonic ida are described. (4) The surface localization of the antigens was determined by 
testing whether preadsorption of antisera by intact cells decreased the binding of IgG to these antigens, or 
decreased the ability of the sera to agglutinate cells. According to these criteria lipopolysaccharide, ACE 
protein and PS-antigen are the major surface-located antigens. (5) Material cross-reactive with lipopolysac- 
charide, ACE protein and PS-antigen has been found in a large number of strains. (6) Several lines of 
evidence indicate the presence of interactions between ACE protein and lipopolysaccharide. (7) Based on 
these results a molecular model of the cell envelope of virulent A.  salmonicida is presented. 

Introduction 

The Gram-negat ive  bacter ium A e r o m o n a s  
salmonicida is the causative agent of major fish 
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diseases affecting a large variety of fish species. 
Typical strains are involved in systemic furunculo- 
sis, whereas atypical strains are associated with 
ulcerative furunculosis in cyprinids [1]. 

In addition to the three cell envelope layers 
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presen t  in all Gram-nega t i ve  bacter ia ,  namely  cy- 
top lasmic  membrane ,  pep t idog lycan  layer and 
outer  m e m b r a n e  (for a review, see Ref. 2), cells of 
virulent  A. salmonicida possess an addi t iona l  regu- 
lar ly  pa t t e rned  cell surface layer  outs ide  their  outer  
m e m b r a n e  [3-5]. This  so-cal led A- layer  consists  
ma in ly  or  ent i rely of  repeat ing  units of one pro te in  
species, des ignated  as the add i t iona l  cell envelope 
p ro te in  or A C E  pro te in  [6]. The  presence of this 
layer  has been cor re la ted  with virulence [5,7], auto-  
agg lu t ina t ion  [6] and  adhes ion  to fish cells [5]. A. 
salmonicida cells have the tendency  to loose the 
p r o p e r t y  of p roduc ing  A C E  pro te in  upon  repea ted  
subcul tur ing  under  l abo ra to ry  condi t ions ,  the 
a typica l  s t rains  being more  s table than those of the 
subspecies  salrnonicida [6,8]. 

In our  studies on the cell surface of A. 
salmonicida, as par t  of a project  meant  to develop 
a vaccine agains t  furunculosis ,  we have descr ibed  
the charac te r iza t ion  of  the cell envelope pro te ins  
of various A. salmonicida strains  using SDS-poly-  
ac ry lamide  gels in which the pro te in  bands  were 
ei ther  s ta ined  or de tec ted  immunolog ica l ly  [6]. In 
addi t ion ,  using a per iod ic  acid-Schiff  s ta ining pro-  
cedure  on gels, several sugar -conta in ing  bands  were 
observed  and we specula ted  that  they might  repre-  
sent  g lycopro te in  a n d / o r  l ipopo lysacchar ide  [6]. 
As it can be expected  that  such componen t s  are 
immunogen ic  and are  located at the cell surface, 
they might  be pro tec t ive  antigens.  Therefore  we 
have further  charac te r ized  these per iodic  acid-  
Schiff  posi t ive cons t i tuents  and  in the present  
pape r  we show that  they represent  l ipopolysac-  
char ide .  In addi t ion ,  our  results p rovide  evidence 
for an in terac t ion  between A C E  pro te in  and l ipo-  
polysacchar ide .  Moreover ,  using a combina t i on  of 
b iochemica l  and  immunolog ica l  methods ,  surface- 
exposed  ant igens  are character ized.  We could  show 
for a large number  of A. salmonicida strains that  
these ant igens  showed immunogen ic  cross-react iv-  
ity. A molecular  model  expla in ing these da ta  is 
presented.  

Materials  and Methods  

Bacterial strains and growth conditions 
T h e  r e l e v a n t  p r o p e r t i e s  o f  Aeromonas 

salmonicida strains used in this s tudy are l isted in 
Tab le  I. Strains lacking A C E  pro te in  were isola ted 

TABLE 1 

RELEVANT PROPERTIES OF AEROMONAS 
SALMON1CIDA STRAINS 

+ and - indicates presence or absence, respectively, of the 
indicated constituents. LPS, lipopolysaccharide. 

Strain ACE- High M r Source, 
protein LPS " reference 

V75/93 + + [61 
V75/93-W2 - - This study 
V234/81 + + Wiedemann b 
V75/174 + + [6] 
V75/174-W1 - + This study 
V75/174-W2 This study 
V76/135 + + [6] 
NCMBllI0 + + [6] 
1110-W2 - This study 
NCM B2020 + [6] 
TG51/79 + + [6] 
TG51-WI + This study 
TG51-W2 - - This study 
TG36/75 + + [61 
TG36-W1 - + This study 
TG36-W2 - - This study 
126-68 - + [6] 
152-69 [6] 
ATCC14174 + ~ 
CIP6713 + + [6] 

a Absence of high molecular weight lipopolysaccharide (virtu- 
ally) lacking O-antigenic chains. 

b Wiedemann, G., Bavarian Animal Health Service, F.R.G. 
~ American Type Culture Collection, Rockville, MD, U.S.A. 

af ter  repea ted  subcul tur ing at 27 30°C [6] by pla t -  
ing sui table  di lut ions  and screening for grey-white  
colonies  after  growth for 48 h at 22°C on t rypt ic  
soy agar  plates  (Difco,  Detroi t ,  MI,  U.S.A.),  con- 
ta ining 0.1 m g / m l  Coomass ie  Bril l iant  Blue R250 
(Bio-Rad,  R ichmond ,  CA, U.S.A.).  Colonies  from 
A C E  pro te in-pos i t ive  strains stain dark  blue (Udey,  
L.R.,  personal  communica t ion)  with a faint halo 
a r o u n d  the colony on p ro longed  s tanding  (4 -5  
days) .  Clones  which lack both  the A C E  prote in  
and the per iod ic  acid-Schif f  posi t ive band  in the 
e lec t rophore t ic  pos i t ion  cor respond ing  with that  of 
p ro te ins  with M r 60000-70000 were ob ta ined  
spon taneous ly  and with a high frequency after 
serial subcul tur ing of A C E  prote in  negative mu- 
tants.  

Unless men t ioned  otherwise,  cells were grown 
at  22°C under  aera t ion  as descr ibed previously  



[6,9]. Turbidity of the cultures was measured at 
660 nm. The viability of the cells was determined 
as the number of colony-forming units. In order to 
obtain reproducible counts from autoagglutinating 
strains, the cells were diluted in a low ionic strength 
solution consisting of 240 mM glycine/30 mM 
N a C I / 3  mM N a z H P O  4 (pH 6.8)/0.1% Tween 20, 
and vortexed for 30 s at maximal speed. Micro- 
scopic examination showed that in addition to 
single cells aggregates of up to approximately 50 
cells were obtained. 

Isolation and characterization of membrane frac- 
tions 

After ultrasonic disruption of cells, cell en- 
velopes were isolated by differential centrifugation 
as described previously [10], resuspended in phos- 
phate-buffered saline (7 mM Na2HPO4/3  mM 
KH2PO4/140 mM NaC1 (pH 7.2)) and stored at 
- 2 0 ° C .  SDS-polyacrylamide gel electrophoresis 
was carried out according to Ref. 10. Protein 
bands were stained with Fast Green FCF [10] and 
sugar-containing material was detected using the 
periodic acid-Schiff staining [11]. Protein bands 
are not stained by the latter procedure provided 
that fresh solutions are used. To establish the 
positions of the periodic acid-Schiff positive 
material and protein bands relative to each other, 
the proteins were stained after the Schiff proce- 
dure had been applied to the gel. Often good 
photographic recording of the periodic acid-Schiff 
positive band turned out to be difficult. Staining 
of this material is improved considerably upon 
proteolytic digestion of cell envelopes. 

Proteolytic digestion was performed by incubat- 
ing cell envelope suspensions (1.4 mg protein) with 
0.2 mg of a protease, like trypsin, protease I or 
proteinase K, for 1 h at 37°C in a total volume of 
120 btl. The reaction was terminated by the ad- 
dition of 20 /~1 0.1 M diisopropylphosphorofluri- 
date in anhydrous isopropanol. After incubation 
for 5 min the solution was acidified with 100 ~1 
ice-cold 0.1 M acetic ac id/aceta te  buffer (pH 3.5). 
The suspensions were centrifuged for 30 min at 
4°C in a table-top Eppendorf  centrifuge at maxi- 
mal speed. The pellets were washed twice with and 
finally resuspended in 100 /.tl ice-cold phosphate- 
buffered saline. 

In later stages of the work the more sensitive 
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silver-staining procedure of Tsai and Frasch [12], 
as modified by Hitchcock et al. [13], was used to 
stain lipopolysaccharide bands. 

For the isolation of lipopolysaccharide cell en- 
velopes were isolated from cells grown for 2 to 3 
days on solid medium [9]. Lipopolysaccharide was 
extracted from cell envelopes [14] using the phe- 
nol-water procedure of Westphal and Jann [15]. 
Further purification was achieved by treatment 
with RNAase followed by repeated ultracentrifu- 
gational sedimentation at 105000 × g at 4°C [15] 
for 3 h. The purified lipopolysaccharide was resus- 
pended by sonication in a small volume of distilled 
water and stored at - 2 0 ° C .  Lipopolysaccharide 
fractions were further analyzed by SDS-poly- 
acrylamide gel electrophoresis. Protein determina- 
tions were carried out as described before [16]. 

Purified lipoprotein [17] was a kind gift from N. 
Overbeeke and R. van Boxtel. 

A n tisera 
Three procedures were used to raise antibodies 

against cells of A. salmonicida. In the first one, 
rabbit  antisera were obtained according to the 
so-called OK-antiserum schedule [18], using for- 
maldehyde(0 .37%,  w/v ) -k i l l ed  cells of A. 
salmonicida strains V75/93 and 126-68. Rabbits 
were injected intravenously twice a week, during 3 
weeks. Starting with a dose of 0.1 ml of a suspen- 
sion of approx. 3 • 108 cells/ml,  the injected volume 
was increased 2-fold at every following event. The 
rabbits were killed by heart puncture on day 24. A 
variation of this procedure was used to raise anti- 
sera against viable cells of strains V75/93 and 
126-68 after priming with formaldehyde-killed 
bacteria. Immunization was carried out as de- 
scribed in the first procedure except that the inter- 
val between two successive injections was in- 
creased to 5 days. These rabbits were killed 6 days 
after the fourth injection. In the third procedure 
cells of strains 152-69 and V76/135 were used, 
which had been killed by heating for 10 rain at 
80°C and washed twice prior to a formaldehyde 
treatment. Rabbits were immunized using the 
OK-antiserum immunization regimen. 

Antisera against ACE protein or cell envelope 
preparations from strain V75/93 were raised as 
described previously [6]. 

Antisera against A. salmonicida reference strains 
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ATCC14174, NCMB1110(As29), NCMB2020, and 
atypical strains (As 8) and Hemophilus piscium 
strain ATCC15711, identified as an atypical A. 
salmonicida strain [19], were a generous gift of Dr. 
W.D. Paterson (Connaught Laboratories, Willow- 
dale, Ontario, Canada). 

For the absorption of antibodies to whole cells, 
bacteria were grown as described, washed with 
phosphate-buffered saline and resuspended to a 
cell density of (1-5) .  10 l° cells/ml.  To saturate 
aspecific adhesion sites which was especially re- 
quired in the case of ACE protein producing cells, 
bacteria were preincubated at room temperature 
for 2 h with 0.5 ml normal rabbit s e rum/ml  cell 
suspension. The cells were pelleted and the super- 
natant fluid was discarded. These preincubated 
cells were used to absorb antisera as described 
[18]. The absorbed antiserum was then filtered 
through a Millipore nitrocellulose filter (pore size 
0.45 ~m) and the filter was washed with an equal 
volume of sterile phosphate-buffered saline/0.1% 
NaN 3, resulting in 2-fold diluted absorbed serum. 

Immunological assays 
Bacterial agglutination was measured in U-bot- 

tom polyvinyl microtiter plates (Linbro, Flow 
Laboratories Ltd., Irvine, U.K.) as described [19]. 
Volumes of 50 ttl of a suspension of freshly 
harvested bacteria in phosphate-buffered saline (2 
• 1 0  9 cells /ml)  were mixed with 50-/~1 serial dilu- 
tions of antiserum in phosphate-buffered saline. 
The titer was determined after incubation for 16 h 
at 4°C as the 2 log value of the highest serum 
dilution which showed a positive agglutination. A. 
salmonicida strains which are ACE protein-posi- 
tive could not be used in this test since their 
cohesive properties caused autoagglutination [6]. 

Gel immuno radio assay was performed as de- 
scribed before [20], with some modifications to 
reduce the time from 5 to 3 days. The overnight 
incubation with the antiserum was reduced to 2 h 
and the periods of washing required to remove the 
excess of antiserum or of 125I-protein A from the 
gel slices were reduced to 10 min. The gel slices 
were washed under constant shaking in poly- 
styrene urine-sample beakers containing 20-50 ml 
phosphate-buffered saline/0.05% (v /v)  Tween 80. 
The exposure time was reduced from 70 h to 16 h 
by application of an Illford tungstate intensifying 

screen for fluorography. Unless otherwise stated 
the antiserum dilution was 1:100. In order to 
exclude any positive reaction due to unknown 
cross-activity, preimmune rabbit serum was di- 
luted 1 : 10. 

lodination of protein A 
Staphylococcus aureus protein A (Pharmacia, 

Uppsala, Sweden) was labelled with 1 mCi 125I 
(The Radiochemical Centre, Amersham, U.K.) as 
described before [20]. The labelling efficiency was 
approximately 40-50%, resulting in labelled pro- 
tein A with a specific activity of 2.2-2.5 m C i / m g  
protein. 

Results 

Identification of periodic acid-Schiff stained positive 
material as lipopolysaccharide 

We previously reported that, after electrophore- 
sis of SDS-solubilized cell envelopes of A. 
salmonicida, periodic acid-Schiff positive material 
could be detected as purple areas in the gel. The 
heaviest periodic acid-Schiff positive area, desig- 
nated as H1, corresponded with the region for 
proteins of M r 60000 to 70000, two areas of 
moderate intensity were found at regions for pro- 
teins of M r values < 16000 (L) and to M r values 
between 72000 and 95000 (H2), whereas a weak 
band at M r 22000 to 26000 was observed occa- 
sionally [6]. The latter band was only visible on 
heavily overloaded gels and for technical reasons 
we have neglected it in subsequent experiments. 
Capsular polysaccharides, lipopolysaccharide and 
glycoproteins are the components which can be 
responsible for the periodic acid-Schiff positive 
materials. As capsular polysaccharide can hardly 
or not at all enter the gel, the possibility that it is 
responsible for the stained bands is unlikely. 
Moreover, capsular polysaccharides can be re- 
sistant towards periodic acid oxidation, as is re- 
ported by How [21], Poolman and Zanen [22] and 
P. Van der Ley (personal communication) and 
therefore will not be stained by Schiff's reagent. 
Glycoproteins are also candidates, although their 
presence in bacteria is rare. To investigate this 
possibility, cell envelope preparations were sub- 
jected to various proteolytic treatments, using 
trypsin, protease I and proteinase K. Analysis of 



the polypeptide patterns showed that proteinase K 
treatment was the most effective one as it almost 
completely degraded the cell envelope proteins 
(compare Figs. la  and lb). The M r 42000 protein 
appears to be the most resistant major protein 
towards tryptic treatment (not shown). Compari- 
son of periodic acid-Schiff stained gels of samples 
representing proteinase K-treated and control cell 
envelopes showed that proteolytic treatment 
neither altered the mobility nor reduced the inten- 
sity of the periodic acid-Schiff stained areas (com- 
pare Figs. lc and ld). In fact, the intensity of the 
periodic acid-Schiff stain increased upon proteo- 
lytic degradation of cell envelopes as is best il- 
lustrated by the easier detection of band H2 (Fig. 
ld), the presence of which is strain-dependent [6]. 
These results exclude a major contribution of gly- 
coprotein to the periodic acid-Schiff positive re- 
gions and they therefore strongly suggest that the 
stained material is lipopolysaccharide. 

Definite proof for this was obtained by purify- 
ing lipopolysaccharide from cell envelopes by 
aqueous phenol extraction and analyzing these 
preparations on gels. The results shows that puri- 
fied lipopolysaccharide preparations contain the 
same periodic acid-Schiff positive areas as found 
in proteinase K-digested cell envelopes (compare 
Figs. le and ld). In view of the very high similar- 
ity between those Schiff positive areas of purified 
lipopolysaccharide and those of proteinase K-di- 
gested cell envelopes, a contribution of other poly- 
saccharides can be excluded. Apparently, lipopoly- 
saccharides of A. salmonicida consists of high and 
low molecular weight fractions, all of which seem 
to be heterogeneous. Using the more sensitive 
silver-staining procedure to detect lipopolysac- 
charide [12,13], purified lipopolysaccharide and 
proteinase K-digested cell envelope material also 
gave identical patterns. With this procedure a mul- 
tiple band pattern is observed more easily (Fig. I f  
and lg). 

Significant differences in the electrophoretic 
positions of both high and low molecular weight 
lipopolysaccharide bands are found among various 
strains (compare, for example, Figs. I f  and lg). 
The electrophoretic mobilities of H1 and H2 LPS 
bands of type strain NCMB2020 and five typical 
A. salmonicida strains tested, 126-68, TG51/79, 
TG36/75,  ATCC14174, CIP6713, were con- 
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Fig. 1. SDS-polyacrylamide gel electrophoresis patterns of vari- 
ously treated cell envelope preparations of several A. 
salmonicida strains visualized by different staining methods. 
Lanes a and b contain Fast Green-stained cell envelope pre- 
parations of the virulent strain V75/93 before (a) and after (b) 
proteinase K treatment. The apparent molecular weights of a 
series of standard proteins are indicated at the left. Lanes c and 
d represent the periodic acid-Schiff-stained patterns of the 
same preparations as used in lanes a and b, respectively, 
whereas lane e represents periodic acid-Schiff-stained lipopoly- 
saccharide purified from the same strain. The positions of 
lipopolysaccharide regions H1, H2 and L are indicated at the 
right. Lanes f and g represent periodic acid-silver-stained pat- 
terns of purified lipopolysaccharide from atypical strain V75/93 
(lane f) and the typical strain TG51/79 (lane g). Lanes h - k  
represent the periodic acid-Schiff patterns of cell envelopes of 
typical, virulent strain TG51/79 (lane h) and its avirulent, 
ACE protein negative mutant TG51-W1 (lane i) and of the 
atypical, reference type strain NCMB1110 (lane j) and its 
avirulent mutant strain 1110-W2, which lacks both ACE pro- 
tein and high molecular weight lipopolysaccharide (lane k). 

sistently lower than those of the five atypical strains 
tested (strains V79/93, V234/81, V75/174, 
V76/135 and type strain NCMB1110) strains 
tested. Moreover, after periodic acid-Schiff treat- 
ment the lipopolysaccharide of strain V75/93 
stains pink purple in contrast to the dark purple 
colour for lipopolysaccharide of the other strains 
listed in Table I. 

Loss of O-antigen in A CE protein negative mutants 
ACE protein negative mutants can be obtained 
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after growing cells at a relatively high temperature 
[8]. Initially these mutants have the same lipopoly- 
saccharide pattern as the ACE protein positive 
strains (compare, for example, Figs. lh  and li), 
but the ability of these mutants to produce the H1 
and, if present, the H2 form of lipopolysaccharide, 
presumably both corresponding with lipopolysac- 
charide with long O-antigen side chains [25,26], is 
easily lost upon subculturing (compare, for exam- 
ple, Figs. lj and lk). Apparently, the presence of 
high molecular weight lipopolysaccharide is a 
selective disadvantage in the absence of ACE pro- 
tein. The opposite situation, namely the lack of 
high molecular weight lipopolysaccharide in the 
presence of ACE protein, has never been observed. 

Immunogenicity of A. salmonicida cell envelope con- 
stituents 

The immunogenicity of A. salmonicida cell en- 
velope constituents was investigated to determine 
which cell envelope antigens could be protective. 
Viable, formaldehyde-treated or formalinized 
heat-killed cells were used as the immunogens. 
O-antigen-containing, high molecular weight, lipo- 
polysaccharide and ACE protein are expected to 
be immunogenic. Therefore cells of strains missing 
one or both of these constituents were also used 
for immunization as such antisera may be useful 
for the detection of other, minor, antigens. Fur- 
thermore, purified ACE protein, or detergent 
(SDS)-extracted cell envelopes were used as anti- 
gens in order to facilitate the identification of the 
immunogens. The gel immuno radio assay was 
used to reveal the molecular identity of the im- 
munogens. Cell envelope constituents of strain 
V75/93 solubilized by boiling in sample buffer, 
were separated by electrophoresis and SDS-free 
gel sections were allowed to react with antiserum 
raised against formaldehyde-treated cells of the 
homologous strains. Fig. 2 shows that antigens 
(lane b) are present in positions corresponding 
with periodic acid-Schiff positive bands (lane a). 
In addition to the known lipopolysaccharide bands 
H1, H2 and L, whose identity was confirmed by 
using purified lipopolysaccharide preparations as 
antigens (lanes c and d), another weak antigenic 
activity with low electrophoretic mobility, desig- 
nated as PS in Fig. 2 (lane e), was also present. 
This antigen which can be present as a smear (Fig. 

a b c d e f 9 h i k I m 

Fig. 2. immunogenici ty of A. salmonicida cell envelope con- 
stituents. Whole or fractionated cell envelopes were solubilized 
in sample buffer either by boiling (a k) or by incubation at 
37°C (1 and m) and the individual constituents were electro- 
phoretically separated in 3-mm thick SDS-polyacrylamide gels. 
Antigens were detected using the gel immuno radio assay 
technique with a variety of antisera. For experimental details 
see Materials and Methods. Lane (a) contains a periodic acid- 
Schiff-stained preparation of cell envelopes of strain V75/93. 
Lanes b - f  show antigens detected with a serum raised against 
formalinized cells of strain V75/93. The slots were loaded with 
cell envelopes of strain V75/93 (b), lipopolysaccharide purified 
from the wild-type, typical, strain TG51 /79  (c), lipopolysac- 
charide purified from strain TG51-W2, an ACE protein-defi- 
cient mutant  of the latter strain which in addition lacks high 
molecular weight lipopolysaccharide (d), cell envelopes of the 
ACE protein-deficient, high molecular weight lipopolysac- 
charide-deficient strain 152-69 (e) and cell envelopes of the 
atypical reference strain N C M B I l l 0  (f). Lane g is the same as 
lane b except that the antiserum was preabsorbed with intact 
cells of the ACE protein-deficient strain 126-68 and diluted 
1:16, resulting in a specific reaction with the ACE protein. 
Lanes h, i and j show antigens detected with antibodies raised 
against heat-killed formalinized cells of the ACE protein-defi- 
cient, high molecular weight lipopolysaccharide-deficient strain 
152-69 after preadsorption with homologous cells. The slots 
were loaded with cell envelopes of strain V75/93 (h), the same 
cell envelopes after digestion with proteinase K (i) and purified 
E. coli lipoprotein (j). It should be noted that the purified 
bound form of lipoprotein, in contrast to the free form which is 
presumably observed in slot h, gives more than one band (slot 
j). Lane k showes the latter preparation after staining with Fast 
Green. Lanes 1 and m contain cell envelopes of strain 
NMCBl110 solubilized at 37°C and stained with Fast Green 
(slot 1) and after reaction with antiserum raised against pure 
54K protein (slot m). The positions of the lipopolysaccharide 
bands L, H1 and H2 of the PS-antigen, of the ACE protein 
(arrow) and of the presumed ACE protein-lipopolysaccharide 
complexes (asterisk) are indicated. 



2f) has the following properties. It is present in 
variable amounts in various strains, the most 
abundant amounts being detected in cell envelope 
preparations of strain 152-69, which lacks high 
molecular weight lipopolysaccharide (Fig. 2e). The 
antigen is proteinase K-resistant and is virtually 
lacking in preparations of purified lipopolysac- 
charide (Figs. 2c and 2d) and in cell envelopes of a 
phage AsPl-resistant mutant of strain 126-68 
which still produces  high molecular weight lipo- 
polysaccharide bands (not shown). These proper- 
ties strongly suggest a non-lipopolysaccharide 
polysaccharide-like nature for this antigen. We 
therefore will tentatively refer to this antigen as 
PS-antigen. As expected, another antigen was de- 
tected in the position of ACE protein after pread- 
sorption of the anti-lipopolysaccharide immuno- 
globulins from the antiserum, anti-V75/93, with 
whole cells of strain 126-68 (Fig. 2g). Its identity 
as A C E  protein was confirmed by the observations 
that the absorbed antiserum also reacted with 
purified ACE protein and that no reaction was 
observed with electrophoretically separated cell 
envelope constituents of the ACE protein deficient 
strain 126-68 (results not shown). 

When an antiserum raised against heat-killed 
formalinized cells of strain 152-69, lacking both 
ACE protein and high molecular weight lipopoly- 
saccharide, was used, the observed gel immuno 
radio assay pattern was quite different from that 
obtained with antiserum against formaldehyde- 
treated cells of strain V75/93. In addition to a 
moderate activity against a background smear, the 
strongest activity is formed against material at the 
front of the gel (not shown). Its immunogenicity 
and its electrophoretic position are consistent with 
low molecular weight lipopolysaccharide as well as 
with lipoprotein [20,23,24]. To distinguish between 
these two antigens the antiserum was preabsorbed 
with intact cells of the homologous strain, as the 
major antigenic determinants of lipopolysac- 
charide, in contrast to those of lipoprotein are 
exposed to the cell surface [2,24]. As no reaction 
was observed with (homologous) purified low 
molecular weight lipopolysaccharide (not shown) 
and as the antigenic activity was destroyed by 
treatment with proteinase K (compare Fig. 2h with 
2i) the antigen must be a protein or contain a 
protein moiety. The observation that the pre-ad- 
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sorbed antiserum reacts with purified Escherichia 
coli B / r  lipoprotein (Fig. 2j) in positions exactly 
corresponding with the Fast Green stained protein 
pattern (Fig. 2k) strongly suggests that the antigen 
is a lipoprotein. 

The way in which the cellular antigens had been 
treated prior to immunization had some influence 
on the specificity of the raised antibodies. The 
major differences were the following. 
(i) A very strong reaction against the ACE pro- 

tein is obtained with rabbit antisera raised against 
SDS-EDTA washed cell envelope preparations, 
which have a low lipopolysaccharide content. When 
formalinized whole cells were used to immunize 
rabbits, the raised antisera showed a very weak 
reaction with the ACE protein, and when viable 
cells or formalinized heat-killed cells were used no 
antibody response against the ACE protein was 
detected. 
(ii) The strongest reaction towards E. coli lipopro- 
tein was observed in antisera raised against for- 
malinized heat-killed cells. It was also present in 
antisera raised against live cells, but virtually ab- 
sent in antiserum raised against formaldehyde- 
fixed whole cells. A summary of the relevant re- 
suits is shown in Table II. 

As part of the antigenic determinants could well 
be irreversibly inactivated by boiling in SDS, the 
standard method for solubilization of cell en- 
velopes prior to gel electrophoresis was replaced in 
a number of cases by incubation for 30 min at 
37°C. The latter method can be expected to be less 
destructive to antigenic determinants, but it can 
have the disadvantage that solubilization is incom- 
plete, resulting in antigenic complexes too large to 
enter the gel or in antigenic complexes whose 
molecular identity is hard to establish. The results 
showed that the only striking influence of the 
lower solubilization temperature is that a new 
irregular Fast Green positive smearing band ap- 
pears at the approximate position of M r 
56 000-70 000, whereas the ACE protein band be- 
came very weak (Fig. 21). These alterations were 
found only for the ACE protein positive strains 
(e.g. V75/93, N C M B l l l 0  and TG51/79) ,  but not 
for the seven ACE protein negative strains tested 
(Table I). This result strongly suggests that the 
smearing band contains ACE protein which was 
confirmed by the use of an ACE protein specific 
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TABLE II 

EFFECT OF PRETREATMENT OF THE IMMUNOGEN AND PREADSORPTION OF THE ANTISERUM ON THE 
REACTIONS WITH ELECTROPHORETICALLY SEPARATED ANTIGENS 

Cells were treated in various ways and used as immunogens as described previously. Rabbit sera [19] donated by Dr. W.D. Paterson 
(Connaught Research Institute, Willowdale, Ontario, Canada) showed very similar gel immunoradioassay patterns. Antisera with high 
bacterial agglutination titres showed a very strong and predominant activity against high molecular weight lipopolysaccharide (LPS), 
whereas the antisera with low titres showed a strong reactivity against low molecular weight lipopolysaccharide. Antibodies directed 
against ACE protein were detected in anti-As29 (NCMB1110). Anti-Hemophilus piscium, ATCC15711, showed a gel immunoradioas- 
say pattern with A. salmonicida antigens, which is very similar to those obtained with anti-A, salmonicida sera. The antigens were 
detected using the gel immunoradioassay on boiled electrophoretically separated antigens. PS-antigen is a high molecular weight 
antigen, presumably acid polysaccharidic in nature, abundantly present in strain 152-69, which lacks high molecular weight 
lipopolysaccharide. In the other strains (Table I) no such defined area was observed, but rather a continuous (background) smear (Fig. 
2f), from the top to the bottom of the gel, which could be reduced effectively by preadsorbing the antisera with cells of strain 152-69 
(Fig. 3b). 

Antiserum Antigen 

Cells Pretreatment Preadsorption High M r LPS Low M r LPS PS-antigen ACE protein Lipoprotein 

I. V75/93 Formalinized None + + + + a + + + + _ 
V75/93 cells . . . .  n.d. h 
126-68 cells - - - + n.d. 

None None + + + + + + 
II. 126-68 Formalinized None + + + + + - n.d. 

V75/93 cells + - - 
None None + + + + + + 

V75/93 cells + - + 
III. 152-69 Heat-killed None - + + + + + - + + 

and 
formalinized V75/93 cells - + - + 

a Usually antisera were diluted 1 : 100, the absorbed antisera 1:50, except for anti 152-69 sera which were diluted 1 : 32 and 1 : 16. As 
a rule the antisera were diluted 10-fold less than the measured bacterial agglutination titre. Since the gel immunoradioassay is a 
semi-quantitative procedure, antiserum dilution, exposure time and the quality of the radiolabelled 125I-protein A influence the final 
result. The intensity of darkening of the film on the respective antigen positions are scored as follows: - ,  no reaction; _+, no visible 
reaction detected under the standard conditions. However, a positive reaction was detected using a 4-fold less antiserum dilution, a 
2- to 3-fold longer exposure time or alternatively the presence of antibodies was detected by bacterial agglutination. +weak 
reaction: + + ,  moderate reaction; + + + and + + + + ,  respectively, strong and very strong reactions. 

b n.d., not determined. 

a n t i s e r u m  ( F i g .  2 m ) .  A s  i n c o m p l e t e  s o l u b i l i z a t i o n  

o f t e n  l e a v e s  p r o t e i n - l i p o p o l y s a c c h a r i d e  c o m p l e x e s  

i n t a c t  [2,27],  i t  is  t e m p t i n g  to  a s s u m e  t h a t  t h e  

s m e a r  is  c a u s e d  b y  A C E  p r o t e i n / l i p o p o l y s a c -  

c h a r i d e  c o m p l e x e s .  C o n s i s t e n t  w i t h  t h i s  a s s u m p -  

t i o n  is t h e  o b s e r v a t i o n  t h a t  i t  r e a c t s  w i t h  a n t i - h i g h  

m o l e c u l a r  w e i g h t  l i p o p o l y s a c c h a r i d e  s e r u m  ( n o t  

s h o w n ) .  H o w e v e r ,  as  c o m p l e t e l y  s o l u b i l i z e d  l i p o -  

p o l y s a c c h a r i d e  a l s o  r u n s  in  a s i m i l a r  e l e c t r o -  

p h o r e t i c  p o s i t i o n ,  t h i s  o b s e r v a t i o n  d o e s  n o t  p r o -  

v i d e  a b s o l u t e  p r o o f .  

I t  is c o n c l u d e d  t h a t  t h e  m a j o r  i m m u n o g e n i c  

c o n s t i t u e n t s  o f  A. salmonicida ce l l s  in  r a b b i t s  a r e  

h i g h  a n d  l o w  m o l e c u l a r  w e i g h t  l i p o p o l y s a c -  

c h a r i d e s ,  A C E  p r o t e i n ,  l i p o p r o t e i n  a n d  a n  a n t i g e n ,  

p r o b a b l y  p o l y s a c c h a r i d e  in  n a t u r e ,  d e s i g n a t e d  as  

P S - a n t i g e n .  

Surface-exposed antigens 
O n e  o f  t h e  c r i t e r i a  t h a t  h a s  t o  b e  f u l f i l l e d  b y  a 

p r o t e c t i v e  i m m u n o g e n  is t h a t  i t  m u s t  b e  l o c a l i z e d  

a t  t h e  cel l  s u r f a c e  o f  i n t a c t  ce l l s .  T h e  q u e s t i o n  

w h e t h e r  t h e  d e t e c t e d  i m m u n o g e n s  ( F i g .  2 a n d  

T a b l e  I I )  a r e  s u r f a c e - l o c a l i z e d  a n d  a c c e s s i b l e  f o r  

a n t i b o d i e s  w a s  a p p r o a c h e d  b y  m e a s u r i n g  w h e t h e r  

i n c u b a t i o n  o f  a n t i s e r a  w i t h  i n t a c t  A C E  p r o t e i n -  

c o n t a i n i n g  ce l l s  r e m o v e d  c e r t a i n  p o p u l a t i o n s  o f  

a n t i b o d i e s  a s  j u d g e d  f r o m  t h e  ge l  i m m u n o r a d i o a s -  
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a b c d e 

Fig. 3. Surface localization of antigens. Two examples are 
shown to test the accessibility of antibodies to intact A. 
salmonicida cells. Immunogens are detected with an antiserum. 
If preincubation of this antiserum with intact cells specifically 
prevents the detection of a certain antigen, this antigen must be 
exposed at the surface of these cells. Cell envelopes of strain 
V75/93 (lanes a-c and e) and E. coli, purified bound form, 
lipoprotein (lane d) were subjected to SDS gel electrophoresis 
and subsequently tested in the gel immuno radio assay using 
antiserum against live cells of the ACE protein-negative strain 
126-68 (lane a), diluted 1 : 100, the same antiserum as used in 
lane a but preadsorbed with cells of the ACE protein and high 
molecular weight lipopolysaccharide negative strain 152-69 (lane 
b) or the same antiserum as used in lane a but now pread- 
sorbed with cells of the virulent, wild-type strain V75/93 and 
diluted 1:16 (lanes c and d). Antiserum raised against for- 
malinized cells of the wild type strain V75/93 and preadsorbed 
homologously was used in lane e, and served as a control, 

says ( G I R A )  and f rom agglutination tests (not 
shown). An  example of  the former analysis is 
shown in Fig. 3. 

Pre-absorpt ion of  anti-126-68 serum with cells 
of  the A C E  protein deficient and high molecular 
weight l ipopolysaccharide deficient strain 152-69 
removes most  or all antibodies reacting with the 
PS-antigen and with low molecular weight lipo- 
polysaccharide,  whereas antibodies against high 
molecular  weight l ipopolysaccharide are still pre- 
sent (compare Figs. 3a and 3b). The latter observa- 
tion shows that aspecific binding of antibodies by 
these cells hardly occurs. In contrast,  cells of  A C E  

241 

protein-containing strains showed aspecific ab- 
sorption, absorbing even anti-E, co# K12 pore 
protein and other unrelated antibodies. This aspe- 
cific absorpt ion by such A-layered cells will be the 
subject of another  paper. Here it suffices to say 
that the aspecific binding can be strongly de- 
creased by incubat ion of  the cells in pre immune 
serum prior to incubat ion with hyper immune  sera. 
Using cells of  the four different A-layer-containing 
~trains V 7 5 / 9 3 ,  V 2 3 4 / 8 4 ,  N C M B l l l 0  and  
T G 5 1 / 7 9 ,  which gave the same results, it is ob- 
served that antibodies directed against A C E  pro- 
tein, high molecular  weight l ipopolysaccharide and 
PS-antigen and to a less extent, those against low 
molecular weight l ipopolysaccharide (compare 
Figs. 3a with 3c and 3e) and not those against 
l ipoprotein were adsorbed by these cells (Fig. 3d). 
These results show that at least certain sites of  the 
former  two antigen molecules are surface-exposed 
in intact cells of  pathogenic A. salmonicida strains. 
The remaining antibodies were still capable to 
agglutinate cells of  strain 152-69, which lacks A C E  
protein and high molecular weight lipopolysac- 
charide. Fur ther  analysis showed that these mutant  
cells are able to remove anti-low molecular weight 
l ipopolysaccharide antibodies. These results indi- 
cate that low molecular weight l ipopolysaccharide, 
which is accessible at the cell surface of  the mutant  
strain, but  less or  not all at that  of  the parent  
strain, which is shielded by the A-layer. In conclu- 
sion, A C E  protein and part  of  the O-antigenic 
chain of  high molecular weight l ipopolysaccharide 
and PS-antigen are easy accessible for antibodies 
in intact A-layered cells. Low molecular weight 
l ipopolysaccharide is accessible in intact A C E  pro- 
tein negative cells whereas l ipoprotein is not  acces- 
sible at all. 

Cross-reactivity of lipopolysaccharide and PS-anti- 
gen at the level of isolated molecules 

One of  the criteria that has to be fulfilled by a 
practically effective protective immunogen  is that 
antigenic determinants  must  be shared by cells of 
most  strains against which protect ion is required. 
By showing that antibodies against A C E  protein 
of  strain V75 /93  react in gels of  many  other 
strains, we concluded that these strains shared 
antigenic determinants,  at least at the level of 
isolated molecules [6]. Using antisera against 



242 

strains V75/93 and 126/68, both made specific 
for high molecular weight lipopolysaccharide by 
absorption with cells of strain 152-69, it was 
observed by gel immunoradioassay that cross-re- 
acting material against this lipopolysaccharide was 
found in 24 out of the 26 strains listed in Ref. 6. 
Exceptions were the two strains 152-69 and 153-69, 
which are lacking high molecular weight lipopoly- 
saccharide, In similar experiments, using antisera 
raised against formaldehyde-treated cells, cross-re- 
acting material with the PS-antigen was detected 
by comparing the gel immunoradioassay patterns 
before and after preabsorbtion with intact cells of 
strain 152-69, which lacks high molecular weight 
lipopolysaccharide. Material cross-reactive with 
PS-antigen was found in all wild-type isolates listed 
in Table I. 

Discussion 

The periodic acid-Schiff positive materials pre- 
sent in cell envelopes of A. salmonicida strains [6] 
was identified as lipopolysaccharide and appeared 
to be present as a high molecular weight and a low 
molecular weight fraction, both of which are heter- 
ogenous. The fractions are likely to correspond 
with O-antigen-containing lipopolysaccharide and 
with core-lipid A lipopolysaccharide (see Ref. 28 
for lipopolysaccharide structures). Compared with 

lipopolysaccharides from other Gram-negative 
bacteria, which appears as a large number of bands, 
so-called ladder structures; throughout the gel as a 
result of a varying numbers of O-antigen repeating 
units [25,26], the high molecular weight lipopoly- 
saccharide of A. salmonicida appeared relatively 
homogenous (Fig. 1 and Ref. 29). However, using 
very sensitive immunological techniques we could 
show that these ladder structures can also be ob- 
served for A. salmonicida lipopolysaccharide (Fig. 
2c). Based on the electrophoretic mobility, lipo- 
polysaccharides from typical and atypical strains 
could be distinguished (compare, for example, Figs. 
1 f and lg), which is interesting as the two groups 
of strains are responsible for different diseases. 

To survey possibilities for future vaccine devel- 
opment  rabbits were immunized with cells or cell 
envelope fractions pretreated in various ways. The 
availability of mutants missing ACE protein or 
both ACE protein and high molecular weight lipo- 
polysaccharide increased the possibility to detect 
minor immunogens. The results (Fig. 2 and Table 
II) showed that high molecular weight lipopolysac- 
charide, low molecular weight lipopolysaccharide 
and ACE protein are good immunogens. Using 
preadsorbed antisera a new immunogen, pre- 
liminary designated as PS-antigen was also de- 
tected. Moreover, material cross-reactive with E. 
coli lipoprotein and having a similar electro- 

Fig. 4. Model of the cell surface of A. salmonicida. Outside the peptidoglycan layer (PG), the outer membrane (OM) and A-layer are 
drawn. The outer membrane consists of outer membrane proteins (OMP), from which lipoprotein (LPO) is specifically indicated, 
phospholipid (PL). Lipopolysaccharide (LPS, consisting of three regions, lipid A, core and O-antigen). The PS-antigen is assumed to 
be inserted in the outer membrane in a similar way [31] as assumed for capsular polysaccharide. The A-layer consists of regularly 
arranged subunits of the ACE protein. 



phoretic mobility was detected in A. salmonicida 
cell envelopes. Using binding to intact wild-type 
cells as a criterium (Fig. 3), it was shown that high 
molecular weight lipopolysaccharide, ACE protein 
and PS-antigen are well accessible, that low molec- 
ular weight lipopolysaccharide is moderately 
accessible and that the lipoprotein-like antigen is 
not accessible. These results are in excellent agree- 
ment with current models on outer membranes in 
which this latter protein is not facing the outside 
of the cell [2]. The observations that high molecu- 
lar weight lipopolysaccharide, ACE protein and 
PS antigen are immunogenic and in intact cells 
accessible to antibodies make these three compo- 
nents candidates for vaccines. The observation 
that antigenic determinants of these components 
are common in most or all of the tested strains 
(Ref. 6 and this paper) even increases the chances 
to develope a successful vaccine based on one or 
more of these constituents. 

Based on the results described in this paper, we 
can design a model of the cell surface of A. 
salmonicida (Fig. 4). The model is based on the 
following considerations. 

(i) It is assumed that the architecture of the outer 
membrane of A. salmonicida is similar to that of 
other Gram-negative bacteria [2] and that the 
A-layer is localized external to the outer mem- 
brane layer [30]. 
(ii) Experiments on the accessibility of antigens 

to antibodies have shown that high molecular 
weight lipopolysaccharide, ACE protein and PS- 
antigen are exposed at the cell surface of wild-type 
cells. The observation that low molecular weight 
lipopolysaccharide is accessible in cells lacking 
both ACE protein and high molecular weight lipo- 
polysaccharide, is incorporated in the model. 
(iii) Several lines of evidence indicate that ACE 
protein is complexed with high molecular weight 
lipopolysaccharide. The observation that ACE 
protein negative mutants are unstable in that they 
loose the capacity to produce high molecular weight 
lipopolysaccharide with high frequency is likely to 
reflect a relation between the biogenesis a n d / o r  
structural stabilization of high molecular weight 
lipopolysaccharide and ACE protein. Moreover, 
our result that ACE protein and high molecular 
weight lipopolysaccharide comigrate in SDS-poly- 
acrylamide gels of incompletely solubilized cell 
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envelopes is also consistent with a non-covalent 
interaction between these two constituents. 
(iv) Our results have indicated the presence of the 
free form of lipoprotein in A. salmonicida (Fig. 
lh). It is not shown whether this bacterium also 
contains the bound form like E. coli and many 
other Gram-negative bacteria [23]. This informa- 
tion together with the observation that the lipopro- 
tein is not accessible to antibodies in intact cells of 
either wild-type or mutant  strains, suggests a loca- 
tion of the lipoprotein similar to that in E. coli 
(for a discussion, see Ref. 2). 
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