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The effect of growth temperature on the loss of virulence of the fish pathogen
Aeromonas salmonicida was investigated. Three virulent strains were grown in
Trypticase soy broth at temperatures ranging from 22 to 300C. Growth at a
higher-than-optimal temperature (26 to 27°C for the three strains studied)
resulted in the selection of spontaneous attenuated derivatives in the initial
bacterial population. For example, virulent bacteria represented less than 10% of
the population of a culture grown at 300C, and attenuated derivatives were easily
isolated by streaking the culture on solid medium and picking single colonies.
Virulent strains autoaggregated during growth and possessed a cell wall layer (A-
layer) external to the outer membrane, as previously described. Attenuated
strains did not autoaggregate and did not possess the A-layer. The A-layer
apparently shielded bacteriophage receptors and a mannose-specific yeast agglu-
tinin located in the outer membrane. Thus, virulent strains exhibited impaired
adsorption of phages, whereas attenuated strains were phage sensitive. Further-
more, attenuated strains agglutinated yeast cells but virulent strains did not. The
attenuated strains had higher maximum growth temperatures than their virulent
parent strains, and this accounts for their selection at high temperatures. It is
proposed that the A-layer contributes significantly to the physical properties of
the A. salmonicida cell envelope and that these physical properties change upon
loss of the A-layer to permit growth at a higher-than-usual temperature.

Aeromonas salmonicida is the etiological
agent of the fish disease known as furunculosis
and is probably the most important pathogen of
salmonid species (7). The acute form of furun-
culosis is characterized by septicemia and high
mortality. Subacute, chronic, and latent forms
of the disease have also been recognized. Little
is known about the virulence factors of A. sal-
monicida which contribute to the disease symp-
toms. Udey and Fryer (16) have shown that
virulent strains possess an additional cell wall
layer (A-layer) which is not present in atten-
uated strains. The A-layer appears to be external
to the outer membrane of the cell envelope. It
was also shown that cells with A-layers autoag-
gregate during growth, whereas cells without A-
layers are nonaggregating. We have recently
demonstrated that the A-layer is composed of a
protein with a molecular weight of about 49,000
(49K protein), and the purification of this pro-
tein is reported elsewhere (8a).
This investigation was prompted by the ob-

servation that attenuated strains of A. salmon-
icida apparently have a higher maximum
growth temperature than virulent strains. We
show here that growth of virulent strains at

higher-than-optimal temperature results in the
eventual selection of attenuated derivatives
within the starting population. In addition to
confirming Udey and Fryer's (16) correlation
between possession of A-layers, virulence, and
autoaggregation, we report that virulent and
attenuated strains can be differentiated by test-
ing for the ability to agglutinate yeast cells and
for bacteriophage sensitivity.

MATERIALS AND METHODS
Bacteria and growth conditions. The A. salmon-

icida strains used in this study are listed in Table 1.
The attenuated strain A450-1 was derived from strain
A450 after six serial subcultures in Trypticase soy
broth (TSB; BBL Microbiology Systems, Cockeys-
ville, Md.) at room temperature (ca. 22°C). The other
attenuated strains, A449-3, A450-2, and A451-2, were
isolated as described below from cultures of virulent
strains grown once at 30°C in TSB. Bacterial stock
cultures were prepared as 15% (vol/vol) glycerol sus-
pensions which were stored at -70°C. Working stock
cultures were maintained on plates on Trypticase soy
agar (TSA; BBL Microbiology Systems) and stored at
10°C. Single colonies from these working stocks were
transferred to fresh TSA plates every 2 to 4 weeks. No
problems were encountered in maintaining the viru-
lence of A. salmonicida by these methods.
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TABLE 1. Properties ofA. salmonicida strains

Autoag- Yeast ag- 50% Lethal
Strain Source gegation, glutina- A-layer' dose (bacte-

tion' na per fish)
A440 ...... American Type Culture Collection strain 14174 - + - >1 X 108
A449 .. C. Michel strain TG36/75C + - + 8 x 103
A449-3 . Attenuated derivative of A449 - + - 1 X 108
A450. C. Michel strain TG72/78 + - + 2 X 104
A450-1. Attenuated derivative of A450 - + - 5 x 107
A450-2. Attenuated derivative of A450 - + - >2 x 108
A451 .... C. Michel strain TG51/79 + - + 1 x 104
A451-2 ... Attenuated derivative of A451 - + - 1 x 108

a +, Positive; -, negative.
b Determined by electron microscopy. +, Present; -, absent.
'C. Michel, Institut National de la Recherche Agronomique, Thiverval-Grignon, France.

The inoculum for growth experiments was prepared
by picking a single colony from a stock culture plate
and inoculating it into 5 ml of TSB in a 50-ml Erlen-
meyer flask. The culture was incubated without shak-
ing at room temperature for about 18 h. The inoculum
was diluted as described below in 10-ml quantities of
TSB in 125-ml flasks. These cultures were incubated
at the indicated temperatures in a Gyrotory water
bath shaker (New Brunswick Scientific Co., model
G76) at a shaking speed of 150 rpm. Growth was
monitored with a Klett-Summerson colorimeter
(green filter).

Bacteriophages. A. salmonicida bacteriophage
strains 1-16AC, 43-10C, and 70-21 have been described
previously (8). Bacteriophages 37, 40, 54, 55, and 59
were obtained from W. D. Paterson (Connaught Lab-
oratories Ltd., Willowdale, Ontario). Phage stocks
were prepared on A. salmonicida strain A440 by the
confluent lysis technique (8). Phage susceptibilities
and plaquing efficiencies were determined by methods
described previously (8). Phage adsorption was deter-
mined by incubating designated concentrations of
phages and bacteria in TSB at room temperature. At
indicated times (see Fig. 5), 1-mi samples were taken,
and the bacteria and adsorbed phages were removed
by centrifugation at 12,000 x g for 5 min at 0°C. One
drop of chloroform was added to the supernatant, and
the unadsorbed phages were quantified by being
plated on strain A440 (8). A control containing phage
alone was routinely included in these experiments.

Estimation of attenuated cells. Attenuated de-
rivatives were sensitive to bacteriophage 37, whereas
their virulent parent strains were resistant. Thus, the
degree of attenuation which occurred during growth
could be estimated by determining the percentage of
the population which was resistant to phage 37. Cul-
tures were sampled at indicated times (see Table 2),
and dilutions were plated on TSA for viable counts.
Dilutions were also plated on TSA with phage 37 (4
x 109 plaque-forming units) to determine phage-re-
sistant counts.

Autoaggregation. Autoaggregation was deter-
mined as described by Udey and Fryer (16).
Yeast agglutination. Suspensions of glutaralde-

hyde-fixed cells of Saccharomyces cerevisiae were
prepared by the method of Eshdat et al. (4). Aggluti-

nation of yeast cells by A. salmonicida was deter-
mined by the method of Atkinson and Trust (1).

Electron microscopy. Bacteria from 24-h-old
TSA cultures were negatively stained with 2% potas-
sium phosphotungstate. Specimens for ultrathin sec-
tioning were fixed for 1 h with 1.8% purified glutaral-
dehyde in 0.06M cacodylate buffer (pH 7.4) containing
0.5 mg of ruthenium red per ml. After being washed
three times in distilled water, specimens were treated
for 3 h with 1.3% osmium tetroxide in cacodylate-
ruthenium red. Specimens were washed three times,
dehydrated through ethanol to propylene oxide, and
embedded in Epon 812 resin. After being thin sec-
tioned and stained with 0.2% lead citrate and 2%
uranyl acetate, they were examined with a Philips
EM300 electron microscope as described previously
(15).
Analysis of outer membranes. The cell enve-

lopes of A. salmonicida were differentially solubilized
with sodium lauryl sarcosinate by the method of Filip
et al. (5). Outer membrane protein concentrations
were determined by the modified Lowry procedure
developed by Markwell et al. (10), using bovine serum
albumin (Sigma Chemical Co., St. Louis, Mo.) as a
standard. The protein composition of the outer mem-
brane preparation was determined by sodium dodecyl
sulfate-polyacrylamide slab gel electrophoresis as pre-
viously described (15).
Determination of virulence. The bacteria were

grown at room temperature without shaking for 24 h.
Cells were collected by centrifugation and suspended
in sterile saline (0.85% NaCl). Dilutions ofthe bacterial
suspension were prepared in saline, and the viable
count was determined by plating on TSA. Virulence
was tested in juvenile coho salmon (Oncorhynchus
kisutch) weighing approximately 7 g. For each bacte-
rial dose tested, five fish were anesthetized with tri-
caine methane sulfonate (1 mg/liter), and inoculated
intraperitoneally with 0.1 ml of the bacterial suspen-
sion. The fish were maintained in fresh water at ap-
proximately 12°C for 10 days. Samples from the kid-
neys of dead fish were streaked on furunculosis agar
(Difco Laboratories, Detroit, Mich.), and a positive
result was recorded only in cases in which A. salmon-
icida could be isolated in pure culture. Virulence was
expressed as the 50% lethal dose.
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Determination of plasmid DNA content. Plas-
mid DNA was isolated by the method of Hansen and
Olsen (6). The plasmid DNA samples were analyzed
by the agarose gel electrophoretic method of Meyers
et al. (11). Molecular weights were determined by use
of a set of reference plasmids.

RESULTS
Effect of temperature on growth. Broth

cultures of a virulent strain of A. salmonicida,
A450, exhibited biphasic growth at 300C when
the starting cell density was about 5 x 106 to 8
x 107/ml. The amount of growth which occurred
during the first phase was dependent on the
inoculum size, as was the duration of the lag
between the first and second growth phases (cul-
tures 1 and 2, Fig. 1A). The first growth phase
was not detectable by this method when the
starting cell density was decreased to about 105/
ml, and detectable growth in the second phase
occurred only after a lag of over 30 h (culture 3,
Fig. 1A). No growth was detected within 7 days
when the inoculum was less than 105 cells per
ml. In contrast, strain A450-1, a spontaneous
attenuated derivative of A450, grew well at 300C
compared with its parent under all conditions
tested (culture 4, Fig. 1A). When fully grown
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FIG. 1. Growth of A. salmonicida at 30°C. (A) A

culture of the virulent strain A450 grown at 22°C for
18 h was diluted into fresh TSB at 30'C. The initial
cell densities were 6.5 x 107/ml for culture 1, 6.5 x
10'/ml for culture 2, and 6.5 x 10'5/ml for culture 3.
Growth ofthe attenuated stain, A450-1, at 30°C start-
ing with a density of 7.5 x 10' cells per ml is shown
for comparison (culture 4). (B) Cultures 1, 2, and 3 in
(A) were diluted to 2.0 x 107 cells per ml in fresh
medium and allowed to grow a second time at 30°C.

broth cultures of A450 were diluted into fresh
medium and grown for a second time at 300C,
growth was monophasic and occurred after a
brief lag of a few hours as shown in Fig. 1B. In
this experiment, cultures 1, 2, and 3 in Fig. 1A
were diluted into fresh TSB to a density of 2 x
107 cells per ml.
As shown below, virulent A. salmonicida

strains were completely resistant to bacterio-
phage strain 37, whereas attenuated strains were
phage sensitive. Thus, it was possible to estimate
the relative proportions of virulent and atten-
uated bacteria in the cultures described in the
legend to Fig. 1 by using phage 37. As shown in
Table 2, 93.8% of the cells in the inoculum used
for the experiment in Fig. 1A were phage resist-
ant (virulent). However, 90% or more of the cells
in cultures grown once at 300C (Fig. 1A) were
phage sensitive (attenuated), and a second sub-
culture at 300C (Fig. 1B) resulted in further
enrichment of phage-sensitive cells. These re-
sults suggested that the growth of virulent cells
in the starting population was limited at 300C
and that attenuated derivatives were therefore
selected for. In fact, pure cultures of attenuated
derivatives were isolated from cultures grown
once at 30°C by simply streaking on TSA and
picking single colonies. Strains A449-3, A450-2,
and A451-2 (Table 1) were obtained in this man-
ner. Figure 2 shows the effect of growth temper-
ature on the selection of attenuated derivatives.
Significant enrichment for attenuated bacteria
was seen at temperatures above 250C for strains
A449 and A450 and at 270C or higher for strain
A451.

Cell envelope structure. The ultrastruc-
tural properties of the cell envelopes of strains

TABLE 2. Quantification of virulent (phage 37-
resistant) and attenuated (phage 37-sensitive) cells
in cultures ofA. salmonicida strain A450 grown at

300C

Viable Phage 37- Phag
Culture" cells per cellstn resist-

ml clsperanml an()

Fig. 1A: inoculum for 6.5 x 108 6.1 x 10' 93.8
cultures 1, 2, and 3

1 2.6 x 109 1.2 x 10' 4.6
2 4.5 x 109 4.6 x 108 10.2
3 1.7 x 109 8.0 x 107 4.7

Fig 1B: inoculum for
cultures 1, 2, and 3

1 2.0 x 109 1.0 x 106 0.5
2 1.5 x 109 8.7 x 107 5.8
3 5.3 x 109 6.4 x 107 1.2
" Cultures 1, 2, and 3, whose growth is plotted in Fig. 1A,

were tested at 50 h. Cultures 1, 2, and 3, whose growth is
plotted in Fig. 1B, were tested at 24 h.
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FIG. 2. Effect of growth temperature on the selec-

tion ofattenuated derivatives. A. salmonicida strains
A449, A450, and A451 were grown to the stationary
phase at various temperatures. Viable cell counts and
total phage 37-resistant cell counts were determined
on samples on these cultures. The percentages of
phage 37-resistant cells, i.e., virulent cells, in the final
populations are shown as functions of growth tem-
peratures.

A449, A450, and A451 and their attenuated de-
rivatives were compared. The A-layer was pres-
ent on the external surface of the outer mem-
brane in sections of the virulent strains (Fig. 3A)
but was not found in the attenuated strains (Fig.
3B). In negatively stained preparations, the A-
layer appeared as a sheet composed of tetragonal
subunits (5 by 5 nm) which appeared to com-

pletely envelope the bacteria. The ultrastruc-
tural details were best observed in cases in which
the layer had accidentally sloughed off the cell
surface during preparation of the sample for
electron microscopy (Fig. 3C and D). No such
structure was observed on the surfaces of nega-
tively stained attenuated A. salmonicida.
The protein compositions of the cell envelopes

were examined by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis. The virulent
strains A450 and A451 exhibited a major protein
with a molecular weight of about 49,000 (Fig. 4)
which was not present in the attenuated deriv-
atives of these strains, A450-2 and A451-2. Iden-
tical results were obtained with the virulent

strain A449 and its attenuated derivative, A449-
3 (data not shown). As mentioned above, the
49K protein is the component of the A-layer
(8a). There were differences in the cell envelope
proteins of virulent and attenuated strains other
than the 49K band. The significance of these
additional differences is not known and is cur-
rently under investigation.
Other cell envelope-related properties. A

direct correlation was made between the prop-
erties of autoaggregation and virulence (Table
1). Furthermore, the attenuated strains agglutin-
ated yeast cells, whereas virulent strains did not
(Table 1). Yeast cell agglutination was inhibited
by mannose and appeared to be similar to the
yeast agglutination system ofAeromonas hydro-
phila described by Atkinson and Trust (1).

Virulent and attenuated strains could also be
differentiated on the basis of bacteriophage sen-
sitivity. Virulent A. salmonicida strains A449,
A450, and A451 exhibited either decreased plat-
ing efficiencies or complete resistance to eight
phage strains (Table 3). In contrast, their atten-
uated derivatives were phage sensitive. These
differences in phage sensitivity were all attrib-
uted to differences in phage adsorption. For
example, Fig. 5 shows that phage 70-21 failed to
adsorb to the virulent A. salmonicida strains
A449, A450, and A451, but the phage readily
absorbed to the attenuated derivatives of these
strains and the attenuated strain, A440.
Plasmid composition. Plasmids were de-

tected in all of the A. salmonicida strains ex-
amined (Fig. 6). The plasmid compositions of
the attenuated strains were apparently identical
to those of their parent strains. Two plasmids
with molecular weights of 91 x 106 and 4.8 x 106
were common to all strains, and, in addition,
strains A451 and A451-2 carried a plasmid with
a molecular weight of 6.2 x 106.

DISCUSSION
The results of this study indicate that growth

temperature is an important factor in maintain-
ing the virulence of A. salmonicida in the labo-
ratory, and the practical implications of this are
manifest. Growth ofA. salmonicida at a higher-
than-optimal temperature resulted in the loss of
virulence. We showed that this was caused by
the selection of spontaneous attenuated deriva-
tives in the starting population. These atten-
uated derivatives exhibited higher growth tem-
perature maxima than did their virulent parents.
The basis for this is not known, but we speculate
that the attenuation of virulence may be accom-
panied by alterations in the physical properties
of the cell envelope. There is ample evidence
that the function of the outer membrane of
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FIG. 3. Thin sections of (A) virulent strain A450 showing the A-layer (arrow) and (B) attenuated strain
A450-2 showing the absence ofan A-layer. Negatively stainedpreparations of (C) virulent strain A450 showing
the A-layer separated from a cell (arrow) and of (D) the A-layer of strain A450 showing tetragonal subunits.
Bars represent 0.1 ,im.

gram-negative bacteria is influenced by the as- ical state of the cell envelope of virulent A.
sociation of proteins with lipids and lipopolysac- salmonicida. These physical properties may
charides (13, 14). Thus, it is quite possible that change upon loss of the A-layer to permit growth
the A-layer contributes significantly to the phys- at a higher-than-usual temperature.
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TABLE 3. Sensitivities ofA. salmonicida strains to bacteriophages

Bacterial Relative plating efficiencies on phage strains':
strain 37 40 54 55 59 1-16AC 43-IOC 70-21

A449 R 4 X 10-7 2 X 10-3 1 X 10-2 2 X 10-5 R 8 x 10-4 R
A449-3 1.0 1.0 0.7 0.5 0.4 1.0 0.8 1.0
A450 R 6 x 10-7 3 x 10-3 4 X10-2 3 x 10-5 7 x 10-3 8 x 10-4 R
A450-2 1.0 0.7 0.2 0.5 1.0 0.3 0.1 1.0
A451 R 1 X 10-3 1 X 10-3 2 X 10-2 0.1 2 x 10-2 8 x 10-4 R
A451-2 1.0 0.7 1.0 1.0 1.0 0.9 1.0 1.0

aFor each phage, the relative plating efficiencies were calculated by using the bacterial strain exhibiting the
highest plating efficiency on that phage (assigned a value of 1.0) as a reference. R (resistant) indicates absence
of plaques when a 10-,ul drop containing 107 plaque-forming units was deposited on a bacterial lawn.
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FIG. 4. Sodium dodecyl sulfate-polyacrylamidegel
electrophoresis of outer membrane proteins of strain
(A) A450, (B) A450-2, (C) A451, and (D) A451-2. The
arrow indicates the position of the major protein
(molecular weight, 49,000) present in virulent strains
but absent in attenuated strains. This protein has
recently been purified to homogeneity and shown to
be the component of the A-layer.

The molecular basis for the attenuation of
virulence has not been determined. Growth at a
high temperaure may result in the curing of
plasmids in bacteria. Crosa et al. (2, 3) have
implicated a plasmid in the virulence of Vibrio
anguillarum, another fish pathogen. They have
shown that growth of V. anguillarum at a high
temperature results in the simultaneous curing
of the plasmid and a loss of virulence (2). Our

I0 20 40
Minutes

FIG. 5. Adsorption of bacteriophage strain 70-21
to virulent strains A449, A450, and A451 and to
attenuated strains A449-3, A450-2, A451-2, and A440.

preliminary results suggested that a plasmid was
not involved in the virulence of A. salmonicida,
since the plasmid compositions of attenuated
strains were identical to those of the virulent
strains from which they were derived. The prod-
ucts of these plasmids are not known. On the
other hand, the frequency of occurrence of the
attenuated derivatives suggested that loss of vir-
ulence could well be attributed to a single mu-
tational event. Irrespective of the mechanism, it
is clear that attenuation of virulence was a con-
sequence of the loss of the A-layer, since there
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FIG. 6. Agarose gel electrophoresis of plasmid
DNA from strains A449 (A), A449-3 (B), A450 (C),
A450-2 (D), A451 (E), and A451-2 (F). Chr indicates
position of chromosomal DNA. Numerals refer to
molecular weights (10W).

was a direct correlation between virulence, au-
toaggregation, and the presence of the A-layer,
as was reported previously by Udey and Fryer
(16).
The exact role of the A-layer in virulence is

unclear at this time. It has been suggested that
the A-layer may mediate the adherence of the
bacteria to host tissues (16). On the other hand,
the A-layer may also serve as a protective barrier
against host defense systems. The A-layer
clearly shielded at least most of the outer mem-
brane of A. salmonicida and, therefore, was
responsible for several cell surface-related prop-
erties unique to virulent strains. Virulent strains
could be distinguished from attenuated strains
on the basis of bacteriophage sensitivity. Fur-
thermore, attenuated strains agglutinated yeast
cells, whereas virulent strains did not. We have
previously presented preliminary results indicat-
ing that the yeast agglutinin is an outer mem-
brane protein (T. J. Trust, E. E. Ishiguro, and J.
T. Buckley, Abstr. FEMS Symp. Bacterial En-
velopes, abstr. no. 74, 1980). These results sug-
gest that the A-layer masks the phage receptor
sites and the yeast agglutinin in the virulent
strains of A. salmonicida. These properties may
be useful as rapid preliminary tests to determine
virulence of A. salmonicida isolates (E. E. Ishi-
guro and T. J. Trust; Dev. Biol. Stan., in press).
We show elsewhere that the A-layer is composed
of a novel protein with a molecular weight of
49,000 which shields other cell surface proteins
from chemical modification (8a).
The attenuation of virulence appeared to be

a stable trait. We were unable to select for
virulent revertants by serial passage of atten-
uated strains in fish, but this may have been due
to the inadequacy of this selection technique.
The problem is that attenuated cells in high
doses (about 107 bacteria per fish or more) killed

fish, and the A. salmonicida isolates obtained
from these dead fish were always of the atten-
uated type. Thus, if virulent revertants existed
in cultures of attenuated strains, they apparently
occurred at frequencies below that which could
be detected by passage in fish.

It should be noted that the three virulent
strains used in this study exhibited similar
growth-temperature relationships. Recent stud-
ies with additional strains indicate that the
growth temperature range ofvirulent A. salmon-
icida is more variable than that reported here.
For example, virulence of some strains could not
be maintained at temperatures above 22°C. In
our experience, the degree of virulence of any
given strain does not change, provided that ap-
propriate precautions are taken in the laboratory
culturing of the organism (i.e., growth at low
temperature and maintenance of stock cultures
according to the procedures outlined above). In
this respect, the practical value of serial passages
in fish (9, 12) as a means of enhancing the
virulence of A. salmonicida is at least question-
able.
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