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ABSTRACT: Aeromonas salmonicida subsp. salmonicidais a Gram-negative bacterium that is the eti-
ological agent of furunculosis, a serious infectious disease of salmonids. Aeromonas spp. are ubiqui-
tous waterborne bacteria responsible for a wide spectrum of diseases among aquatic organisms and
humans. Bacterial outer membrane proteins (OMPs) play a significant role in virulence as they com-
prise the outermost surface in contact with host cells and immune defense factors. To identify the
major OMPs of A. salmonicida a proteomic analysis was undertaken using a carbonate OMP-enrich-
ment protocol. The enriched OMP-extracts were separated by 2-dimensional electrophoresis (2-DE)
and the spots identified using liquid chromatography/mass spectrometry/mass spectrometry
(LC/MS/MS) via an electrospray ionization source. In total, 76 unique proteins were identified from
the 125 spots observed on the 2-D gel. The surface layer (S-layer) VapA protein dominated the A.
salmonicida OMP 2-D profile, accounting for 60 % of the protein on the 2-D gels. Among the other
outer membrane proteins identified were at least 10 porins and various receptors involved in nutrient
acquisition. Also identified in the carbonate insoluble fraction were phosphoglycerate kinase,
enolase and others that lacked classical export sorting signals. The putative association of these pro-
teins with the cell surface might provide new insights concerning the biological and pathogenic roles
of these molecules in A. salmonicida infection. This work represents the first systematic attempt to
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characterize the cell surface of A. salmonicida.
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INTRODUCTION

Aeromonas salmonicida subsp. salmonicida is a
Gram-negative, non-motile, rod-shaped, facultative
intracellular, gamma proteobacterium. This species
causes a generalized septicaemia in fish; however,
only A. salmonicida subsp. salmonicida causes furun-
culosis, a disease of farmed and wild salmonids. This
disease incurs significant costs upon salmon farmers
through direct, as well as indirect costs associated with
treatment and vaccination. A related Aeromonas spe-
cies, A. hydrophila, is a pathogen of humans, inverte-
brates and fish. In humans Aeromonas spp. have been
implicated in outbreaks of diarrhoeal disease and
wound infections and can produce serious systemic
infections in immunocompromised individuals (Janda
& Duffey 1988, Janda & Kokka 1991).

The cell wall of Aeromonas salmonicidais composed
of 4 morphologically defined structures: the cyto-
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plasmic membrane, the peptidoglycan layer, the outer
membrane and an exterior layer, termed the surface
layer (S-layer) (Glauert & Thornley 1969). This S-layer
is composed of identical protein subunits of the VapA
protein having the ability to self-assemble into a 2-
dimensional crystalline array which completely covers
the cell surface during all stages of growth and division
(Beveridge et al. 1997, Sleytr & Beveridge 1999, Sara &
Sleytr 2000). The S-layer is tightly anchored to the cell
by binding to the O side chain of lipopolysaccharide
(LPS). The S-layer plays an essential role in bacterial
virulence. The S-layer protein has been shown to play
a role in providing protection against the bactericidal
effects of immune and non-immune serum (Munn et al.
1982), in protecting the bacteria from damaging envi-
ronmental agents such as proteases (Chu et al. 1991,
Kostrzynska et al. 1992), and promoting adhesion to a
variety of surfaces and cells (Phipps & Kay 1988, Doig
et al. 1992, Garduno et al. 1992, Trust et al. 1993).
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Ishiguro and co-workers showed that loss of the S-
layer protein results in a subsequent loss of virulence
(Ishiguro et al. 1981).

Because of their location at the host-bacterial inter-
face, the outer membrane proteins (OMPs) of bacterial
pathogens have been of particular interest with re-
spect to host immune responses and as targets for drug
therapy. To date, other than the S-layer, a limited num-
ber of Aeromonas salmonicida OMPs have been iden-
tified. Costello and co-workers reported that A. salmo-
nicida expresses 2 OmpA porin family gene products
(OmpAI and OmpAll) coded for by 2 distinct genes
(Costello et al. 1996). Other A. salmonicida surface
proteins identified include a maltose-inducible LamB
homolog (Dodsworth et al. 1993), the ExeD protein of
the general secretion pathway used to translocate
extracellular proteins from the periplasmic space
across the outer membrane (Karlyshev & Maclntyre
1995), a 43 and a 28 kDa OMP involved in pore-form-
ing activity (Darveau et al. 1983, Lutwyche et al. 1995).
In response to growth under iron-restricted conditions,
A. salmonicida up-regulates a number of outer-mem-
brane proteins termed iron-regulated OMPs (IROMPs)
(Chart & Trust 1983, Hirst et al. 1991, Neelam et al.
1993, Fernandez et al. 1998). Work by Hirst & Ellis
(1994) previously identified the IROMPs as being
immunoprotective against A. salmonicida. They identi-
fied 4 IROMPs of molecular mass 82, 77, 72 and 70
kDa, up-regulated in response to 2,2'-dipyridyl. The
work of Chart & Trust (1983) identified 3 iron-regu-
lated OMPs with apparent molecular weights of 83, 78
and 76 kDa. We have shown that in response to low
iron growth, A. salmonicida up-regulates 3 OMPs,
identified by mass spectrometry as: a 73 kDa side-
rophore receptor, a 76 kDa outer membrane heme
receptor, and an 85 kDa ferric siderophore receptor
(Ebanks et al. 2004). When cultured in vivo within dial-
ysis tubing placed within the peritoneal cavity of
salmon, A. salmonicida up-regulated identical 73, 76
and 85 kDa proteins (Ebanks et al. 2004).

Various methods have been used to enrich for OMPs
(Logan & Trust 1983, Bjornsdottir et al. 1992, Molloy et
al. 2000). The carbonate extraction procedure was cho-
sen because it is rapid, reproducible, and compatible
with subsequent micro-preparative separations. The
carbonate treatment converts vesicles into membrane
sheets and, in the process, removes soluble and
adsorbed proteins. The insoluble integral membrane
proteins are then recovered by centrifugation. This
method has been used to characterize the outer mem-
brane proteome of a number of bacterial pathogens
(Molloy et al. 2000, Nouwens et al. 2000, Phadke et al.
2001, Blonder et al. 2002).

This work represents the first systematic proteomic
analysis of the surface proteins of Aeromonas salmoni-

cida. In this paper, we describe the characterization of
the major OMPs of A. salmonicida under standard
growth conditions, as well as in response to low iron
stress. The proteins were separated and identified by
2-D gel electrophoresis and LC/MS/MS analysis. This
outer membrane proteomic analysis will serve as a ref-
erence map for subsequent studies on the response of
A. salmonicida to various growth and culture condi-
tions associated with infection, virulence, and patho-
genicity.

MATERIALS AND METHODS

Aeromonas salmonicida strains and growth condi-
tions. A. salmonicida subsp. salmonicida strain A449
was isolated from a disease outbreak in brown trout
Salmo trutta in Normandy, France. Strain IMB 97-15 is
a laboratory derived avirulent and S-layer deficient
mutant. All strains were cultured to mid-exponential
growth from frozen glycerol stocks in tryptic soy broth
(TSB, Difco) with agitation at 17°C. Iron-limiting con-
ditions were created by the addition of 2, 2'-dipyridyl to
TSB (final concentration 120 pM). Bacterial number
was estimated by absorbance at 600 nm. A more accu-
rate estimate of bacterial number was achieved by
direct colony counts on tryptic soy agar (TSA, Difco)
after incubation at room temperature for 24 h.

OMP extiraction. OMPs were obtained using a modi-
fied carbonate extraction method reported by Fujiki et al.
(1982). The phosphate-buffered saline (PBS)-washed
bacterial pellet was resuspended in cold 50 mM Tris-
HCI, 2 mM EDTA buffer, pH 8.0, containing a protease
inhibitor cocktail (cocktail set 2, Calbiochem). The bac-
terial suspension was lysed using a French press operat-
ing at 16 000 psi. The resulting lysate was centrifuged at
5000 x g to remove unbroken cells. The supernatant was
then pelleted at 115000 x g and the resulting membrane
pellet extracted for 1 h with ice-cold 100 mM sodium car-
bonate, pH 11.0. Carbonate insoluble membranes were
collected by centrifugation at 115000 x g for 1 h. The
membrane-containing pellet was resuspended in 50 mM
Tris-HCI, pH 8.0 and centrifuged again at 115000 x g for
30 min to remove contaminating soluble proteins. The
final pellet was re-suspended in rehydration buffer (7 M
Urea, 2 M Thiourea, 2 % CHAPS). Protein concentration
was assessed by a Bradford assay (Bradford 1976) using
bovine y-globulin as a reference.

2-D gel electrophoresis. Protein samples (300 to
400 pg total carbonate extracted protein) were diluted
1:10 with rehydration buffer containing 2 mM dithio-
threitol (DTT) and 0.5 % carrier ampholytes, and applied
to 18 cm immobiline drystrips pH 4-7 or pH 3-10
(Amersham-Pharmacia). Isoelectric focusing was car-
ried out using the Multiphor II system (Amersham-
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Pharmacia). Focusing was initiated at 30 V for 10 h and
then increased to 8000 V over a 6 h period, and held at
8000 V for 3 h. The sample strips were then equili-
brated in 50 mM Tris-HCI pH 8.8, 6 M Urea, 30 % (v/v)
glycerol, 2% sodium dodecyl sulphate (SDS), 65 mM
dithiothreitol, then equilibrated for a second time with
50 mM TrisHCI pH 8.8, 6 M Urea, 30% (v/v) glycerol,
2% SDS, 135 mM iodacetamide. The second dimen-
sion was run on an 18 x 20 cm x 1 mm thick, 14 %T (T =
total concentration in %) sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE gel),
run for 2100 Vh. The proteins were visualized using
silver staining (Shevchenko et al. 1996).

In-gel trypsin digestion. The excised gel spots were
placed into 96-well plates, washed 3 times, each for
10 min, with 100 pl of 50% acetonitrile (ACN) in 25
mM NHHCO;, and then dehydrated in 200 pl of 100 %
ACN for 10 min. Proteins were reduced with 200 pl of
10 mM DTT in 25 mM NH,HCO; at 56°C for 1 h, fol-
lowed by alkylation in 200 pl of 25 mM NH,;HCO; con-
taining 55 mM iodoacetamide in the dark at room tem-
perature for 45 min. The reduced and alkylated gel
pieces were then subjected to 2 rounds of washing and
dehydration with 100 pl of 25 mM NH,HCO;and 50 %
ACN in 25 mM NH,HCO; for 10 min. Gel pieces were
dehydrated with 200 nl of 100 % ACN for 20 min, and
placed in a speedvac for 10 min to remove residual
ACN. The gel pieces were reswollen by adding 20 pl of
12.5 ng ml™? trypsin (Promega) in 25 mM NH,HCO;
and incubated at 37°C overnight. The tryptic peptides
were eluted from the gel with 2 sequential extractions
using 20 pl of 5% formic acid. The eluted peptides
were then concentrated by using a speedvac.

Mass spectrometry protein identification. All sam-
ples were analyzed by LC/MS/MS using an LC Pack-
ings HPLC system equipped with a 5 cm x 300 pm
PepMap C;g column. The separation was carried out

using a linear gradient from 10 to 50% B over 20 min
(A: 5% ACN, 0.5% formic acid, B: 90% ACN, 0.5%
formic acid) at 5 ml min~*. The HPLC was interfaced to
an Applied Biosystems MDS SCIEX (Concord) Q TRAP
mass spectrometer via a nanoflow source. Data was
acquired in the information dependent acquisition
mode, i.e. the specific mass to charge ratio (m/z) values
of the tryptic peptides were measured using a high
resolution scan (250 amu s™') and this scan was used to
generate a peak list of peptides for tandem MS ana-
lysis. The tandem MS spectra were submitted to the
database search program MASCOT (Matrix Science)
in order to identify the proteins.

Database search. Two Aeromonas salmonicida strain
A449 databases were used for MASCOT searches:
(1) a nucleotide database consisting of all contigs in the
latest A. salmonicida genome sequence assembly
(R. Singh unpubl. data), and (2) a translated database
of all A. salmonicida open reading frames (ORFs) with
hits to GenBank that were identified in the A. salmoni-
cida genome sequence assembly. The latter was con-
structed using a Perl script (written by Dr. M. Reith,
National Research Council, Institute for Marine Bio-
sciences [NRC-IMB]) to automate the identification
and searching (BLASTP) of ORFs and the compilation
of the ORF sequence with a description indicating its
best GenBank hit.

RESULTS
Validation of MASCOT search results
The MASCOT search results were filtered using a
Perl script that removed peptides with either scores

below the 95% confidence limit or parent ion mass
errors greater than 0.5 Da. After this editing proce-

Table 1. Summary of proteins identified from Fig. 1 Spot 16 by liquid chromatography/mass spectrometry/mass spectrometry

(LC/MS/MS). m/z: specific mass to charge ratio. M;: relative molecular weight. Error: difference between measured mass and

mass predicted from the DNA sequence. Score: s from MASCOT search; scores above ~25 are highly significant. Tryptic peptide
sequence predicted from the DNA sequence

Protein homolog Parent ion M, (Da) Error Score Peptide sequence

(NCBI accession no.) (m/z) (ppm)

Putative lipoprotein 407.85 813.68 15 31 SLILLQK

(P28635) 619.89 1237.76 6 113 IVELEAAQLPR
826.50 1650.98 15 32 EGAQIAVPNDPTNGLR
857.97 1713.92 5 73 EGTGLEATVLDIASNPK
755.13 2262.38 18 40 ALADLKEGAQIAVPNDPTNLGR

Hypothetical protein 573.38 1144.75 11 41 STDGLLTVAIR

(ZP_00015887%)

Conserved hypothetical 708.92 1415.83 8 30 TDLLELLTQQDK

(XP_306643)
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Fig. 1. Aeromonas salmonicida. 2-D gel electrophoresis of the carbonate-insoluble outer-membrane proteins expressed by

A. salmonicida A 449 strain grown at 17°C in TSB. The carbonate-insoluble proteins were focused on a 17 cm pH 4-7 gel

followed by the second dimension separation on a 14 % sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
gel. M,: relative molecular weight

dure, multiple proteins could sometimes be identified
from individual spots. As an example, Table 1 shows
the results from sequencing Spot 16 from Fig. 1. After
the editing procedure, a total of 7 high quality se-
quenced peptides were identified which matched 3
Aeromonas salmonicida proteins. Five of these pep-
tides matched a putative lipoprotein (D-methionine-
binding lipoprotein, MetQ, Accession no. P28635),
while one peptide was identified as matching a hypo-
thetical protein (Accession no. ZP_00015887), and the
other peptide matched an Anopheles gambiae protein
(XP_306643), with homology to a phosphate transport
regulator protein. The MASCOT scores of 41 and 30
for these respective peptides are above the sequence
identity score (99 % confidence interval) of 27, suggest-
ing unambiguous sequence identification of these
spots. Since the identification of the latter 2 proteins is
based on single peptides, some degree of caution must
be used with this data. In general, multiple identifi-
cations of distinct peptides from the same protein were
obtained for greater than 80 % of the proteins, leading
to high confidence in our protein identifications. For
proteins identified with 2 or more peptides, the aver-

age number of peptides used for identification was 10
with a standard deviation of 8.2. For proteins identified
using only a single peptide, the average MASCOT
score was 41 with a standard deviation of 12.5. Proteins
putatively identified from a single peptide are indicated
with an * in Appendix 1 (available at: www.int-res.com/
articles/suppl/D068p029_app.pdf). For proteins identi-
fied using a single MS/MS spectrum, the sequences
were verified manually.

2-DE profile of Aeromonas salmonicida OMPs

Membrane and cell surface proteins are interme-
diaries in the host-pathogen interactions during
Aeromonas salmonicida infections. As such, they are of
great importance in understanding A. salmonicida
bacterial pathogenesis. To look at these surface pro-
teins, we used a modified carbonate extraction proto-
col of Fujiki et al. (1982). Fig. 1 shows a typical silver
stained 2-D gel of A. salmonicida OMPs grown in TSB
to mid-log phase at 17°C. We had previously estab-
lished that virtually all the carbonate-extracted OMPs
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lie within a pl ranging from 4 to 7 (data not shown).
The most striking aspect of the 2-D gel is the presence
of the 49 kDa S-layer protein (Spots 1-5, 28-30, 37, 38,
45 and 46). Seven distinct isoelectropherotypes of the
S-layer protein are evident on the 2-D gel (Spots 1-5,
37 and 38). However, as evident from the identification
of Spots 28-30, 45, and 46 as VapA, the S-layer protein
is found at isoelectric points (pIs) ranging from 4 to
above 6. Typically, the VapA protein isoelectro-
pherotypes make up the vast majority of the total pro-
tein on the gel, which limits the analysis of the less
abundant spots.

We were concerned that other surface proteins
might be hidden due to the presence of the VapA pro-
tein. To address this, we prepared a carbonate extract
and 2-D gel of Aeromonas salmonicida IMB 97-15
strain that lacks expression of the VapA protein. As
shown in Fig. 2 and Appendix 1, this strain reveals the
presence of 4 protein spots (Spots 84 to 87) that were
hidden by the large VapA spots. Spots 84 to 86 have
been identified as multiple isoelectropherotypes of a
maltose-inducible porin, a homolog of the E. coli tri-
meric protein LamB. The other identified protein (Spot
87), apparently masked by the VapA protein was iden-
tified as a homolog of Haemophilus influenzae Rd
KW20 H+-transporting 2-sector ATPase. The absence
of the S-layer protein in the IMB 97-15 strain also clar-
ified protein Spots 46, 47, 48 49 and 50 in Fig. 1, which
are distorted by the presence of the S-layer protein. In
Fig. 2, these 5 Spots, (renumbered 88 to 91) can be
more clearly seen and are identified in Appendix 1.
Except for the S-layer protein contamination in the
Fig. 1 spots, the same proteins were identified in both
strains; however, spatial information was clearly lack-
ing in the presence of the S-layer protein. As an exam-
ple, Spot 49 in Fig. 1 was identified as outer membrane

M,
(kDa)

100
75

50

37

protein TolC, whereas the equivalent spot in the IMB
97-15 strain (Spot 93) was identified as being com-
posed of 3 proteins; OMP TolC, agglutination protein
and an OMP. Also identified from Fig. 2 are the same
proteins identified in strain A449 (Spots 75 to 105).

One of the well-known limitations of 2-D electro-
phoresis is the limited solubility of high molecular
weight, hydrophobic proteins. As evident from Fig. 1,
proteins above 60 kDa are not well represented. Ini-
tially, it was suggested that the low abundance of these
high molecular weight (MW) proteins was due to the
fact that the vast majority of proteins on the gel were
the S-layer protein. However, the 2-D gel of the IMB
97-15 strain (Fig. 2), which lacks the S-layer protein,
which should proportionately increase the less abun-
dant proteins, did not significantly improve the situa-
tion. Fig. 3 shows the pI 4 to 9 and high MW section of
a pl 3 to 10 gel of strain A449 grown under the same
conditions as the previous samples but showing
improved resolution of bands above 60 kDa. The iden-
tified bands are shown in Appendix 1, Spots 106 to119.

In total, 76 proteins from the outer membrane
enriched fraction were successfully identified using
electrospray ionization LC/MS/MS (Appendix 1), cor-
responding to 60 % of the protein spots seen on the pl 4
to 7 2-D gel. Numerous spots were identified that
contained peptides from multiple proteins. Many of the
identified Aeromonas salmonicida OMPs migrated as
at least 2 charged species. These include VapA pro-
tein, OmpS1, OmpA, OmpK, FKBP-type peptidyl-
prolyl isomerase, elongation factor Tu, enolase, ATP
synthase alpha subunit and long-chain fatty acid
transport protein. The specific nature of these protein
isoelectropherotypes was not investigated further.
Low-level spots judged to be below our detection level
were not sequenced.

Fig. 2. Aeromonas salmonicida. 2-D gel electrophoresis of carbonate-insoluble outer membrane proteins expressed by the

surface layer (S-layer) negative A. salmonicida IMB 97-15 strain grown at 17°C in TSB. The carbonate-insoluble proteins were

focused on a 17 cm pH 4-7 gel followed by the second dimension separation on a 14 % SDS-PAGE gel. Note the absence of
the S-layer protein. M;: relative molecular weight
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Fig. 3. Aeromonas salmonicida.
2-D gel electrophoresis (pH 3-10)
of high molecular weight carbon-
ate-insoluble outer membrane pro-
teins expressed by A. salmonicida
A449 strain grown at 17°C in TSB.
The carbonate-insoluble proteins
were focused on a 17 cm pH 3-10
gel followed by the second dimen-

 pH4 pH 9
(kDa) o 106 — =
100 — 109 s
108 110 111
75 — : 112
= 115@>" 13 >
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37

sion separation on a 14% SDS-
PAGE gel. M;: relative molecular
weight

DISCUSSION

The OMPs not only play a role in bacterial defence
against host factors but also in virulence-related func-
tions such as adhesion, invasion, and host cell modu-
lation. The primary aim of this study was the pro-
teomic characterization of the OMPs of Aeromonas
salmonicida. In total, we identified 76 proteins from
the carbonate enriched A. salmonicida membrane
preparation. A number of these proteins have been
previously identified in A. salmonicida; specifically S-
layer (VapA), Cpn60 (groEL protein), OMPs AI/AII,
maltose-inducible porin, ExeD, the secretin of the
type II secretion pathway and the 3 outer membrane
proteins upregulated in response to iron limitation
(outer membrane heme receptor, siderophore recep-
tor, and the ferric siderophore receptor). Not surpris-
ingly, these proteins represent some of the most abun-
dant proteins represented on the 2-Dgel. The multiple
isoelectropherotypes of the S-layer protein (VapA) is
the most prevalent protein expressed by far on the
surface of A. salmonicida (Fig. 1, Spots 1-5, 37 and
38). It has been estimated that in order to cover its
entire surface with the VapA protein, A. salmonicida
needs to synthesize approximately 5000 copies of the
VapA protein per second (Chu et al. 1993). The pre-
cise nature of the multiple isoelectropherotypes of the
VapA protein in A. salmonicida has not been eluci-
dated. However, evidence for VapA tyrosine phospho-
rylation has been presented by Thomas & Trust (1995)
on the related species A. hydrophila. The multiple
isoelectropherotypes of VapA might also result from
glycosylation. The precise role played by the VapA
protein in the virulence of A. salmonicida has not
been conclusively demonstrated; however, the protein
is critical to bacterial virulence and has been shown to
interact with a number of host-derived factors (Ishig-
uro et al. 1981, Munn et al. 1982, Phipps & Kay 1988,
Chu et al. 1991, Messner & Sleytr 1991, Doig et al.

1992, Garduno et al. 1992, Kostrzynska et al. 1992,
Trust et al. 1993).

Two-dimensional reference maps of the carbonate
extracted membrane of Pseudomonas aeruginosa re-
solved from 300 to 350 protein spots on a pl 4 to 7 IPG
strip. From the resolved spots, 189 were identified which
corresponded to 104 genes (Nouwens et al. 2000). Using
the same technique on the membranes of Caulobacter
crescentus, Phadke and co-workers resolved approxi-
mately 200 spots, of which they managed to identify
120 corresponding to 54 unique proteins (Phadke et al.
2001). The 2-D gel of the carbonate-extracted mem-
branes of A. salmonicida consistently resolved about
115 distinct spots. Eighty percent of these spots were
identified corresponding to 76 unique proteins (Fig. 1,
Table 1, Appendix 1). Compared to C. crescentus and
P. aeruginosa, the reduced number of membrane pro-
teins seen on the 2-D profile of A. salmonicida might be
an intrinsic property of the bacteria; however, it might
also be due to reduced efficiency of the carbonate
extraction protocol with this organism.

A number of Aeromonas salmonicida OMPs (Appen-
dix 1, Spots 8, 9,11, 16, 18, 19, 21, 27, 57, 70, and 99)
have been identified as homologs of Anopheles gam-
biae str. PEST mosquito proteins. This suggests that a
species of Aeromonas bacteria colonizes the gut of the
A. gambiae mosquito and was sequenced as part of the
malaria sequencing project. Evidence for such a rela-
tionship has been presented by Pidiyar and co-work-
ers, who isolated a new species of Aeromonas (A. cu-
licicola) from the midgut of the mosquitos Culex
quinquefasciatus and Aedes aegyptii (Pidiyar et al.
2002). The actual number of A. salmonicida homologs
from Aeromonas species colonizing A. gambiae mid-
gut may be an underestimation, since the A. gambiae
genome is not as yet annotated. Also, these hits were
not always complete ORFs; therefore, to obtain anno-
tated information, we looked at data from the next-best
BLAST hits. The completion of the A. salmonicida
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genome should allow the filtering out of the majority of
Aeromonas sequence data from the Anopheles gam-
biae sequencing project.

Initially, we were concerned that some of the pro-
teins identified might be cytosolic proteins. While
some cytosolic contamination was expected, the levels
found for some of these proteins were surprisingly
high. For example, we identified GroEL (Spot 6), elon-
gation factor Tu (Spots 31, 35 and 48), elongation factor
Ts (Spot 42), alkyl hydroperoxide reductase (Spot 12),
FK 506 Binding protein (FKBP)-type peptidyl-prolyl
isomerase (Spots 14 and 27), iron-cofactored superox-
ide dismutase (Spot 10), phosphoglycerate kinase
(Spot 7) and enolase (Spots 46, 47 and 50), from our
carbonate extraction protocol. None of these proteins
are predicted to be OMPs by sequence analysis. The
literature supports the association of some of these pro-
teins with OMPs. Surface-exposed GroEL has been
reported in Legionella pneumophila (Garduno et al.
1998a), Salmonella typhimurium (Ensgraber & Loos
1992), and Clostridium difficile (Hennequin et al.
2001), to mention a few. Gardufio and co-workers have
shown that not only is Hsp60 surface exposed on
L. neumophila but it is also selectively present on
virulent strains and necessary for bacterial invasion
(Garduno et al. 1998b). Proteomic analysis of the
carbonate insoluble membranes of Pseudomonas
aeruginosa also identified 3 of these proteins (FKBP-
type peptidyl-prolyl isomerase, enolase and GroEL)
(Nouwens et al. 2000). Using a phase separation sys-
tem and a trifluoro-ethanol/chloroform mixture to ex-
tract E. coli K12 W3110 membrane proteins, Deshusses
and co-workers not only found the expected mem-
brane proteins but also phosphoglycerate kinase, elon-
gation factor Tu, alkylhydroperoxide reductase and
iron-cofactored superoxide dismutase (Deshusses et al.
2003). Wong and co-workers have cloned the gene for
Aeromonas hydrophila FK506 binding protein (Wong
et al. 1997). Sequence analysis of the FK506 binding
protein suggests the protein may be membrane bound
via an N-myristoylation site. The deduced amino acid
sequence of the A. salmonicida FKBP-type peptidyl-
prolyl isomerase has 98 % amino acid identity with the
FK506 binding protein from A. hydrophila and the
putative N-myristoylation sequence is conserved (data
not shown). Elongation factor Tu has been shown to be
methylated and become membrane associated in
response to various stimuli (Young & Bernlohr 1991).
Cell surface localization of elongation factor Tu was
also reported by Dallo and co-workers (2002). They
reported that 2 Mycoplasma pneumoniae cytoplasmic
proteins, elongation factor Tu and pyruvate dehy-
drogenase E1 Psubunit, exhibit a surface location and
mediate M. pneumoniae binding to fibronectin. As
mentioned above, phosphoglycerate kinase has been

identified as a constituent of the outer membrane of
Streptococcus agalactiae (Deshusses et al. 2003). The
outer surface localization was confirmed by raising
antisera to the phosphoglycerate kinase and showing
reactivity to whole live bacteria. The above authors
also demonstrated that the antisera to phosphoglycer-
ate kinase offered some degree of protection against a
neonatal infection model.

Enolase is an essential glycolytic enzyme that
catalyzes the interconversion of 2-phosphoglycerate
and phosphoenolpyruvate. Like GroEL and possibly
the other non-classical membrane protein mentioned
above, surface localization of enolase has been repor-
ted in a number of Gram-positive and Gram-negative
bacterial organisms (Hara et al. 2000, Bergmann et al.
2001, Pancholi 2001, Hughes et al. 2002, Sha et al.
2003). The surface expression of enolase is implicated
in the binding and activation of plasminogen in
humans, leading to a number of pathophysiological
responses (Redlitz et al. 1995, Fontan et al. 2000, Gitl-
its et al. 2001, Pancholi 2001, Maruyama et al. 2002).
Sha and co-workers demonstrated the cell surface ex-
pression of enolase in Aeromonas hydrophila and that
the gene exhibited increased expression under in vivo
growth conditions (Sha et al. 2003). Therefore, the
identification of elongation factors Tu and Ts, alkyl
hydroperoxide reductase, FKBP-type peptidyl-prolyl
isomerase, iron-cofactored superoxide dismutase, phos-
phoglycerate kinase, enolase and other proteins nor-
mally considered to be cytoplasmic in the carbonate
insoluble fraction warrants further investigation. The
association of these proteins with the A. salmonicida
cell surface might provide new insights concerning the
biological and pathogenic roles of these molecules in
A. salmonicida infection.

Aeromonas salmonicida, like other Gram-negative
bacteria, has 2 membrane layers. The outer membrane
has many functions, one of which is a selective perme-
ation barrier (Nikaido 2003). Bacterial outer mem-
branes contain channel-forming proteins that function
in osmoregulation, nutrient acquisition and export of
proteins and waste products. We have identified at
least 10 outer membrane porin-type molecules in the
carbonate-extracted membrane proteome of A. salmo-
nicida. These include homologs of OMP C (Spot 8),
OMP AI/AII (Spots 17, 20, 21, 22,23, 25 and 26), OMP
K (Spots 18 and 19), OMP TolC (Spots 49 and 50), OMP
D (Spots 62 and 63) and other outer membrane porins
not yet properly annotated (Spots 32 and 48). Other
OMPs involved in nutrient acquisition include long
chain fatty acid transport protein (Spots 24 and 39),
exo-1, 4-B-glucosidase (Spot 111) and the IROMPs
previously described (Spots 120 to 122, respectively).

Other groups, as well as ours, have previously es-
tablished that in response to iron limitation, Aeromo-
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nas salmonicida up-regulates at least 3 OMPs involved
in iron recruitment (Chart & Trust 1983, Hirst et al.
1991, Neelam et al. 1993, Fernandez et al. 1998,
Ebanks et al. 2004). Growth under iron-restricted con-
ditions resulted in the expression of outer-membrane
proteins of 73, 76 and 85 kDa, which were identified as
a siderophore receptor, an outer membrane heme
receptor and a ferric siderophore receptor, respec-
tively (Ebanks et al. 2004). These proteins were not
detected in bacteria in the presence of iron; the only
protein identified with a role in iron recruitment was
an uncharacterized enzyme of heme biosynthesis
(Spots 41 and 43). BLAST analysis suggests the protein
might be a homolog of Vibrio parahaemolyticus uro-
porphyrin-III C-methyltransferase. The iron-depen-
dent expression of iron recruitment receptors suggests
strict control of the intracellular iron concentration
within A. salmonicida.

In general, most S-layer proteins are composed of a
single protein or glycoprotein species with an intrinsic
ability to self assemble into regular paracrystalline
arrays. The S-layer lattices are thought to cover the cell
surface during all stages of growth (Boot & Pouwels
1996). To date, the only Aeromonas salmonicida outer
membrane components that have been shown to be
antigenic include the S-layer protein, the O-polysac-
charide component of LPS and the iron-regulated
OMPs (Evenberg et al. 1985, Magnadottir & Gud-
mundsdottir 1992, Magnadottir et al. 1995, Ellis 1997
Ellis et al. 1997). The putative OMP proteins identified
in this study might be candidates for immunization
against furunculosis (Phadnis et al. 1996, Frisk et al.
1998, Marcus & Scott 2001).

In this study we describe the first attempt to identify
Aeromonas salmonicida OMPs using a direct pro-
teomic approach. Bacterial outer membrane compo-
nents as well as the secreted proteins represent the
interphase between the host and the invading bac-
terium. As such, the A. salmonicida outer membrane
proteome presented here will be useful for identifying
proteins involved in virulence and which possess anti-
genic potential for the development of novel vaccines.
The outer membrane proteome of A. salmonicida
should also allow us to look at the A. salmonicida outer
membrane architecture and the immunological
response of the host to infection.
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