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ABSTRACT: White seabass Atractoscion nobilis surviving experimental exposure to Piscirickettsia
salmonis harbored the bacterium for periods up to at least 123 d post injection (dpi). Intraperitoneal
injections of juvenile white seabass with 1.26 x 10?2 TCIDs, P. salmonis fish™! resulted in a 29 % cumu-
lative mortality over a 27 d period. Both molecular and histologic methods provided evidence for per-
sistence of the bacterium in fish sampled sequentially from the surviving population. Throughout the
period of acute mortality, the bacterium was detected in all impression smears of liver tissue stained
with Giemsa and was reisolated in cell cultures from all dead fish sampled. Polymerase chain reac-
tion (PCR) assays detected P. salmonis-specific DNA in 13.3 to 50 % of the fish sampled at time points
between 28 and 123 dpi, while cell culture reisolation was largely ineffective in detecting the bac-
terium. An enzyme-linked immunosorbent assay (ELISA) detected serum anti-P. salmonis antibodies
in 48 of 59 white seabass exposed to P. salmonis but not in fish which were not exposed to the bac-
terium. At the end of the 4 mo experiment, microscopic lesions consisting of single to multiple and
coalescing granulomas were found in liver and kidney tissues of 9 of 10 fish examined from the expo-
sure group, while no lesions were detected in the fish from the control group. Immunohistochemical
staining with anti-P. salmonis polyclonal antibodies detected bacterial antigens in some but not all
granulomas examined from the exposure group at 4 mo. This study demonstrates that P. salmonis
may persist among white seabass following infection and thus provide a potential reservoir of infec-
tion contributing to transmission both within and between fish species in the marine environment.
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INTRODUCTION

Piscirickettsia salmonis, the obligate intracellular
bacterium associated with piscirickettsiosis, was first
observed among coho salmon Oncorhynchus kisutch
reared in net pens off the coast of Chile in 1989 (Bravo
& Campos 1989). Since that initial report, P. salmonis
has been found in farmed salmonid fish in Norway,
Scotland, Ireland and both the Atlantic and Pacific
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coasts of Canada (Cvitanich et al. 1991, Brocklebank
et al. 1992, Evelyn 1992, Fryer et al. 1992, Rodger &
Drinan 1993, Olsen et al. 1997, Cusak et al. 2002). Pis-
cirickettsiosis is manifested principally as a systemic
disease with the most severe inflammation and necro-
sis occurring in the liver, kidney, spleen and intestine
(Fryer & Hedrick 2003). An additional but less often
encountered neurologic syndrome is associated with
P. salmonis where most bacteria are found in the brain
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with lesser amounts in visceral organs (Comps et
al. 1996, Grant et al. 1996, Skarmeta et al. 2000,
McCarthy et al. 2005). P. salmonis and P. salmonis-like
bacteria have been detected from a variety of marine
and freshwater fish (Mauel & Miller 2002). Two of
these bacteria from marine fish recently have been
confirmed to be P. salmonis by phylogenetic compar-
isons of the small and large subunit ribosomal (16S and
23S) DNA and the internal transcribed spacer (ITS)
(Arkush et al. 2005, McCarthy et al. 2005). Arkush et
al. (2005) demonstrated that P. salmonis causes a dis-
ease similar to piscirickettsiosis in white seabass Atrac-
toscion nobilis. Experimental infections with the bac-
terium caused mortality similar to that of P. salmonis
infections in salmon, with granulomatous lesions prin-
cipally in the liver and to a lesser extent in the spleen,
kidney, intestine and gills. McCarthy et al. (2005) also
confirmed P. salmonis as a pathogen in European sea
bass Dicentrarchus labrax. Interestingly, in their
report, as in an earlier report of P. salmonis-like infec-
tion in European seabass (Comps et al. 1996), the most
significant pathology was associated with the brain of
infected fish.

Since the first description of Piscirickettsia salmonis
from salmonid fish in Chile, the source of the bac-
terium has been a subject of interest. Infections in
freshwater fish have been reported but are rare
(Bravo & Campos 1989, Cvitanich et al. 1991). How-
ever, since the bacterium has been confirmed in 2
marine species (Arkush et al. 2005, McCarthy et al.
2005), there is growing evidence that marine fish may
serve as reservoirs of the bacterium. That isolates of
P. salmonis recovered from marine fish like the white
seabass can induce disease and mortality (80%) in
experimentally infected juvenile coho salmon has been
demonstrated (Chen et al. 2000). More thorough viru-
lence tests with the isolate from white seabass (WSB-
98) have shown it to be highly lethal to juvenile coho
salmon, inducing a higher mortality (98 %) than equal
doses of LF-89 (95 %), the reference strain of P. salmo-
nis originally isolated from coho salmon (House et al. in
press). Arkush et al. (2005) also showed that Chinook
salmon Oncorhynchus tshawytscha and coho salmon
cohabited with P. salmonis-infected white seabass can
contract the bacterium. The shedding from resident
marine fish, survival of the bacterium in seawater
(Lannan & Fryer 1994) and transmission between fish
species may represent key pathways by which
P. salmonis is maintained in the marine environment.
In the present report, both molecular and histologic
methods were used to examine the persistence of
P. salmonis, while serologic testing was used to evalu-
ate the humoral response by detecting serum anti-
P. salmonis among white seabass surviving experi-
mental exposures to the bacterium.

MATERIALS AND METHODS

Fish. The juvenile white seabass Atractoscion nobilis
used in this study originated from the Leon Raymond
Hubbard Jr., Marine Fish Hatchery, a Hubbs-Sea-
World Research Institute facility supplied with seawa-
ter from a local lagoon in Carlsbad, California, USA.
The fish were transported to the pathogen contain-
ment facility at the Bodega Marine Laboratory, Bodega
Bay, California. The white seabass were held in fiber-
glass tanks supplied with flow-through seawater main-
tained at 15 to 16°C, and were fed a commercial ration
at 2% body wt d™!. At the beginning of the exposures,
the fish were 165 d in age.

Growth of bacterium. The WSB-98 isolate of Pis-
cirickettsia salmonis used in this study was originally
isolated from liver tissue of moribund white seabass
(Chen et al. 2000) and was propagated in the Chinook
salmon embryo (CHSE)-214 cell line (Lannan et al.
1984) at 20°C as previously described (Chen et al.
2000). Bacterial concentrations were estimated by 50 %
tissue culture infective dose (TCIDs5) assays on CHSE-
214 cells as described by Fryer et al. (1992), except that
the cells were incubated at 20°C for 21 d. End-point
dilution assays were used to calculate the concentra-
tions of WSB-98 in culture supernatant or fish tissues
(Reed & Muench 1938).

Experimental exposure and sample collection. A total
of 150 white seabass were exposed to 1.26 x 10?2 TCID5,
Piscirickettsia salmonis fish™ (exposed) via intraperi-
toneal injection and held in one 215 1 tank, while 50 ad-
ditional fish were injected with cell culture media alone
(control) and held in a separate 215 1 tank. To minimize
handling stress during the injections, fish were anes-
thetized first by bath administration of methane tricaine
sulfonate (MS-222) at a concentration of 100 mg1~*. The
fish were observed at least twice daily during the course
of the experiment. Dead or severely moribund fish were
removed from the tanks and impression smears pre-
pared to detect presence of the bacterium. Moribund or
live fish sampled throughout the experiment were euth-
anized with an overdose of MS-222 at a concentration of
500 mg 1! followed by cervical dislocation. After the
period of acute mortality, fish were lethally sampled at
selected intervals from both the exposed and control
groups. On 28, 43, 48, 56, 69, 76, 109 and 123 d post
injection (dpi), fish were sampled to assess detection of
P. salmonis using PCR and, in some cases, tissue culture
methods. For detection of serum antibodies to P. salmo-
nis, blood was collected from exposed and control fish on
Days 48 (n = 10 exposed, n = 5 control) and 56 (n =9
exposed, n = 5 control) post exposure, and only from
exposed fish on Day 76 (n = 10). At 123 dpi, the remain-
ing survivors were sampled from both exposed (n = 30)
and control (n = 15) groups for ELISA, and 10 from each
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of these groups were also processed for histological ex-
amination. Blood was collected from the caudal vessels
into vacutainer tubes and the serum recovered following
centrifugation. These samples were stored at —20°C prior
to analysis by ELISA for the presence of anti-P. salmonis
antibodies. Tissues for histological evaluation, compris-
ing portions of the gill, heart, kidney, liver, spleen and
posterior intestine, were placed in Davidson's solution
(Humason 1979) for approximately 16 h, and then trans-
ferred to 70 % ethanol. Tissues were then processed for
routine paraffin embedding, sectioning, and staining
with hematoxylin and eosin (H&E). Impression smears
made directly from liver tissues were air-dried for 1 h,
fixed in 100 % methanol for 5 min, and then stained with
May-Griunwald Giemsa.

Reisolation of WSB-98. Reisolation and determina-
tion of the concentrations of WSB-98 in the kidney and
liver of injected white seabass were used to evaluate
infection intensity during the peak of mortality post
injection. Tissues from freshly dead fish were removed
aseptically and homogenized in minimal essential
medium (MEM) without sodium bicarbonate supple-
mented with 2% fetal bovine serum, 20 mM L-gluta-
mine and buffered with 25 mM HEPES (MEM-2 +
HEPES). The homogenate was centrifuged at 208 x g
at 4°C for 1 min and the resulting supernatant was seri-
ally diluted in MEM-2 + HEPES. Concentrations of the
bacterium in fish tissues were estimated by TCIDj,
assays on CHSE-214 cells.

Detection of Piscirickettsia salmonis-specific DNA.
Liver tissues were collected at each sampling point
and stored dry at —80°C until processed. DNA was
extracted and purified from each sample using the
Qiagen DNeasy™ Kkit, rodent tail protocol. PCR reac-
tions were conducted on 300 ng total DNA per sample,
and each sample was tested 3 times (in 3 separate
reactions) using a PTC-100 thermal cycler (MJ
Research). P. salmonis TDNA was amplified using the
primers described by Mauel et al. (1996). Conditions
for the PCR test were similar to those previously
described (Mauel et al. 1996) with a few exceptions.
The eubacterial primer concentrations in the first
round were 0.5 pM, 0.8 U of Taq polymerase was used
per reaction and the first round of reactions were per-
formed in 25 cycles. The cycling profile for the first
round was 94°C for 30 s, 55°C for 1 min and 72°C for
1.5 min. The cycling profile for the second round was
94°C for 30 s, 60°C for 45 s and 72°C for 30 s. After
amplification, products were evaluated by agarose gel
(1.5 %) electrophoresis and ethidium bromide staining.

Detection of Piscirickettsia salmonis by immunohisto-
cytochemistry. Paraffin-embedded tissues from 2 fish
each from the exposed and control groups surviving to
4 mo post injection were further processed for immuno-
histochemical staining. Briefly, sections were deparaf-

finized with 2 changes of xylene for 5 min each, then hy-
drated through a graded ethanol series (100, 95, 70 %),
followed by distilled water and finally phosphate-
buffered saline (PBS), all steps of 3 min each. Slides were
blocked with 10 % goat serum in PBS for 30 min at 25°C,
a temperature used for all subsequent steps in the im-
munostaining process. The goat serum was removed and
250 pl of rabbit anti-P. salmonis antibody at a dilution of
1:1000 in PBS was added to the slides and allowed to in-
cubate for 60 min. Next, 250 pl of biotinylated goat anti-
rabbit antibody at a dilution of 1:250 in PBS was added
and incubated for 60 min. Lastly, peroxidase-strepta-
vidin diluted 1:250 in PBS was added to each slide and
incubated for 15 min. After the primary and secondary
antibody incubations and as a final step, slides were
rinsed 3 times with PBS. Prior to staining, the slides were
rinsed once with distilled water. Aminoethyl carbazole
(AEC) was added for 3 min using the Zymed AEC sub-
strate kit according to manufacturer's instructions. Fol-
lowing 3 washes with distilled water, the slides were
counterstained with Mayer's hematoxylin solution, 0.1 %
(w/v) for 3 min followed by 3 washes with distilled water.
Aqueous dry mounting medium was added to the wet
slides and allowed to dry overnight. Lastly, a glass cover-
slip was applied using mounting medium.
Enzyme-linked immunosorbent assay (ELISA). An
ELISA to detect the presence of serum anti-Piscirick-
ettsia salmonis antibodies was developed and opti-
mized similar to the procedures described by Case et al.
(1983). To optimize each step of the procedures a posi-
tive serum sample, collected from a white seabass in an
earlier study, was used. The serum was obtained from a
fish which had survived a bath exposure to P. salmonis
Isolate WSB-98 that resulted in a 40 % cumulative mor-
tality in the population (Arkush et al. 2005). At 70 d post
initial exposure to P. salmonis the fish was re-exposed
by intraperitoneal injection to P. salmonis (0.1 ml con-
taining 10%° TCIDs, ml!) and then bled 28 d later. The
serum negative control was derived from a control fish
from the same group of white seabass used for the
P. salmonis exposures for the positive serum sample but
was never exposed to the bacterium. The antigen used
for the ELISA was prepared similarly to that described
by Kuzyk et al. (1996). Replicate 185 cm? flasks with
monolayers of CHSE-214 cells were inoculated with
P. salmonis and incubated at 20°C until cytopathic ef-
fects were complete. The cells and supernatant from all
flasks (n = 15) were combined in 1 flask, mixed well;
then an aliquot was removed for titration. The mixture
was then centrifuged at 10000 x g at 4°C for 30 min.
The resulting pellet was resuspended in 5 ml of MEM
with no serum or antibiotics (MEM-0). The suspension
was then passed through a 21 g needle approximately
5 times and further homogenized by 10 strokes in a
Tenbrock grinder (Fisher Scientific). The suspension
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was then centrifuged at 200 x g for 10 min at 4°C. The
supernatant was retained and passed through an AP-20
filter (Millipore) pre-moistened with MEM-0. The fil-
trate was then centrifuged at 17600 x g for 15 min at
4°C and the pellet resuspended in 1.5 to 2 ml PBS.
Preparations were then separated into smaller volumes
and frozen at -80°C.

Concentrations of each of the following reagents for
the ELISA were optimized: coating antigen consisting
of purified Piscirickettsia salmonis, a biotinylated poly-
clonal rabbit anti-white seabass Ig (anti-WSB Ig) and
the horseradish peroxidase (HRP)-streptavidin (SA)
conjugate (Kirkegaard & Perry Laboratories). Optimal
conditions were identified by titrating each reagent
and determining the concentration that generated the
maximum positive to negative (P:N) ratio.

The ELISA plates (Falcon) were coated with 50 pl
well™! of purified bacteria (4 ng ml™!) in PBS for 12 h at
4°C. After blocking the wells with 2% non-fat dried
milk in PBS, 50 pnl well™! of CHSE-adsorbed white
seabass serum diluted 1:400 were added and incubated
for 2 h. The plates were washed 5 times with PBS con-
taining 0.1 % Tween-20 and incubated for 1 h at 21°C
with 50 pl well™! of biotinylated anti-WSB Ig diluted
1:800. Following 5 washes, plates were incubated for
30 min at 21°C with 50 pl of HRP-SA diluted 1:800. The
plates were washed 9 times and the color reaction was
initiated by addition of 100 pl well™ of 3,3",5,5'-tetra-
methyl benzidine (TMB) (50 pg ml~! TMB in 50 mM cit-
ric acid buffer, pH 4.8, and 0.01 % H,0,). After 15 min
at 21°C, color development was arrested by adding
50 ul well! of 1 M H,SO, and the optical densities (OD)
determined with a Bio-Tek Ceres 900HDi ELISA reader
(Bio-Tek Instruments) at a wavelength of 450 nm.
All dilutions of white seabass serum, biotinylated rab-
bit anti-WSB Ig and HRP-SA were made in PBS
with 0.05% Tween-20 and 1% non-fat dried milk. All
washes were with PBS containing 0.1 % Tween-20.
Each plate used in all assays contained both a positive
and negative serum control from which OD values for
each test sample could be expressed as a % of the
positive control. If a test sample had a higher back-
ground against CHSE-214 cells alone and an OD value
comparable to that of the negative control, the calcu-
lated value (a negative number) was reported as zero.
The frequency or number of fish in the group at each %
of the positive control serum (reactivity) was plotted.

RESULTS
Mortality

Mortality among white seabass exposed to Piscirick-
ettsia salmonis began 11 dpi and subsided by 27 dpi, by

which time 43 fish had died (29 %). P. salmonis was de-
tected in Giemsa-stained impression smears of the liver
from all 43 dead fish (data not shown), and the bac-
terium was reisolated in cell culture from fish tested
throughout the period of acute mortality (n = 6, range of
1.58 x 10* t0 2.81 x 10° TCID;, g~* fish tissue).

PCR detection

The PCR assay detected Piscirickettsia salmonis-spe-
cific DNA in 5 of 10 fish sampled on 28 dpi (Table 1)
and bacteria were recovered in cell culture from one of
these fish (7.4 x 10! TCIDs, g™ 1). By 43 dpi, 2 of 10 fish
were PCR positive but none were culture positive. At
48 and 56 dpi, 4 of 10 and 3 of 10 fish were PCR posi-
tive, respectively, and no fish from either time point
was culture positive and therefore no cell culture reiso-
lation was attempted for the remaining time points.
The prevalence of fish with P. salmonis-specific DNA
in the population remained similar on subsequent sam-
pled dates, with 4 of 10 positive at 69 dpi, 3 of 10 pos-
itive at 76 dpi, and 4 of 10 positive at 109 dpi. At the
end of the experiment (123 dpi), 4 of 30 fish were
PCR positive. Throughout the experiment, P. salmonis
was never detected by PCR in the unexposed control
group. Giemsa-stained impression smears of the liver
were prepared from all fish sampled (data not shown).
Using this method, P. salmonis was detected in only 1
sampled fish that was both PCR and culture positive
(28 dpi). We were unable to detect the bacterium in
stained smears from all subsequently sampled fish,
including those that were PCR positive. On 46 and
59 dpi, 2 fish died in the exposed group and P. salmo-
nis was detected in 1 of these fish by PCR. In the unex-
posed control group, 2 fish died on 97 and 109 dpi, but
P. salmonis was not detected by PCR.

ELISA detection of anti-Piscirickettsia salmonis
antibodies

For the ELISA, the optimal serum concentration that
provided the highest P:N ratio was 1:400. We used this
serum dilution of our positive and negative serum con-
trols for all subsequent reagent titrations and P:N ratio
determinations. From these titrations the following
optimal concentrations of each reagent for the ELISA
was determined: purified P. salmonis coating antigen,
4 ng ml; biotinylated rabbit anti-WSB Ig, diluted to
1:800 for a final concentration of 8.75 ng ml™!: and
HRP-SA, diluted to 1:800 for a final concentration of
0.5 mg ml?. All subsequent ELISAs utilized these
reagent concentrations with times for each step as
indicated previously.
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White seabass sampled from the control exposure
group had little anti-Piscirickettsia salmonis antibody
in their serum (Table 1, Fig. 1). For 23 of 25 control fish
tested, the OD values were below 5% of that for the
positive control serum, with the remaining 2 fish hav-
ing values below 10 % of the positive control serum. Of
the 59 fish tested from the exposed group, 48 fish had
OD readings >10% of the positive control serum
(Table 1, Fig. 2).

Microscopic lesions and immunohistochemical
staining

Microscopic lesions were prominent in the liver and
kidney of 9 of 10 fish from the Piscirickettsia salmonis-
exposed group examined at 123 dpi. There were no re-
markable lesions in the spleen, posterior intestine,
heart or gill of any of the P. salmonis-injected white
seabass. There were no lesions found in any of the 10
control white seabass not exposed to P. salmonis. Liver
and kidney lesions consisted of single to multiple and
coalescing granulomas in various stages of formation
(Fig. 3A). Younger granulomas were characterized by
the presence of smaller aggregates of macrophages
(<50 pm in diameter) without an epithelioid layer (Fig.
3B). Well-developed granulomas were the most com-
mon lesion found and these contained a central area of
necrosis and thick layers of epithelioid macrophages.
Additional lesions that were less prominent among
P. salmonis-exposed fish were hepatocellular glycogen
depletion, single cell necrosis, spongiosis hepatitis and
hepatocellular regeneration (not shown). Bacterial cells
were not easily observed in most granulomas but, when
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Fig. 1. Atractoscion nobilis. Enzyme-linked immunosorbent

assay (ELISA) detection of anti-Piscirickettsia salmonis anti-

bodies in serum of fish exposed to tissue culture media alone,

as control, sampled at 48, 56 and 123 d post injection. Fre-

quency or number of fish at relevant ELISA value for each

serum sample expressed as percent of the positive control
included in each assay

seen, were near the periphery of the lesions (Fig. 3C).
Bacterial cells were observed within granulomatous
lesions in histological sections from exposed fish sam-
pled at 123 dpi by immunohistochemical staining using
rabbit polyclonal antisera raised against P. salmonis,
but none were seen in tissue sections from control fish
at the same sampling time point (data not shown).

DISCUSSION

Detection of Piscirickettsia salmonis-specific DNA by
PCR suggests that white seabass surviving initial
experimental exposures may harbor the bacterium in a

Table 1. Atractoscion nobilis. Detection of Piscirickettsia salmonis (white seabass Isolate 98, WSB-98) in live juvenile white

seabass sampled following experimental exposure to bacterium by intraperitoneal injection. Exposed = 1.26 x 10? tissue culture

infective dose (TCIDs(); Control = minimal essential media alone. Detection methods comprised polymerase chain reaction (PCR),

amplification of DNA from liver tissues; enzyme-linked immunosorbent assay, ELISA, for serum antibodies (% of positive con-

trol); and cell culture reisolation on CHSE-214 cells. dpi = days post injection; n = no. of fish; n/n = no. positive/no. sampled;
nd =not done

Group/dpi n Mean wt PCR ELISA Cell culture
(9) (n/n) Range (median) (n/n)
Exposed/28 10 50.7 5/10 nd 1/10
Exposed/43 10 714 2/10 nd 0/10
Control/43 5 65.0 0/5 nd nd
Exposed/48 10 54.8 4/10 9.1-136.6 (67.9) 0/10
Control/48 5 85.8 0/5 0-3.4(2.5) nd
Exposed/56 10 75.4 3/10 0-157.8 (26.1) 0/10
Control/56 5 88.2 0/5 1.6-2.7 (1.9 nd
Exposed/69 10 85.6 4/10 nd nd
Control/69 5 108.6 0/5 nd nd
Exposed/76 10 78.6 3/10 6.0 - 50.5 (11.9) nd
Exposed/109 10 100.1 4/10 nd nd
Exposed/123 30 110.4 4/30 1.7-131.3 (32.8) nd
Control/123 26 115.6 0/26 1.1-9.1 (2.5 nd
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Fig. 2. Atractoscion nobilis. Enzyme-linked immunosorbent

assay (ELISA) detection of anti-Piscirickettsia salmonis anti-

bodies in serum of fish that survived experimental exposure

to P. salmonis, sampled at 48, 56, 76, and 123 d post injection.

Frequency or number of fish at relevant ELISA value for each

serum sample expressed as percent of the positive control
included in each assay

persistent state for periods up to at least 123 d and pre-
sumably beyond. In addition to detection of bacterial
DNA by PCR, suspected carriers of P. salmonis had
microscopic pathological lesions characteristic of
chronic forms of P. salmonis, as observed in salmonid
fish, and bacterial antigens were detected in these
lesions by immunohistochemical stains. Detection of
serum anti-P. salmonis antibodies in most experimen-
tally exposed fish (48 of 59 or 81.4 %) indicates that

serologic tests may be good indicators of prior expo-
sure and perhaps also of a continuing persistence of
the bacterium in wild and or cultured white seabass
populations.

The white seabass in the current experimental
exposures to Piscirickettsia salmonis received doses
equivalent to those in a prior study by Arkush et al.
(2005) and mortality rates and levels of bacteria
recovered from dead fish were similar in both studies.
During the period of acute mortality in the current
study, the bacterium was detected in Giemsa-stained
impression smears of liver tissues collected from all
dead fish and bacteria were isolated in cell culture
from all fish examined by this procedure. In contrast,
during sampling of live fish from 28 to 123 dpi, the
bacterium was not detected in impression smears or
by cell culture in any of the fish sampled except for 1
exposed fish collected at 28 dpi. However, PCR detec-
tion of P. salmonis DNA indicated that the bacterium
was present throughout the 4 mo sampling period.
Also, microscopic pathology associated with the bac-
terium was seen in nearly all exposed fish (9 of 10)
examined at the end of the experiment, and immuno-
histochemical staining using rabbit anti-P. salmonis
polyclonal antisera confirmed the presence of P.
salmonis antigens associated with these lesions. Large
numbers of bacteria were not evident in these lesions
and this may in part explain the difficulty encoun-
tered in cell culture isolation attempts. Similar diffi-
culties with isolation of bacteria in the chronic phases
of other diseases have been reported (Evelyn et al.
1981, Cipriano et al. 1996, Bullock et al. 1997, Hiney
et al. 1997). Survival and thus persistence of P. salmo-
nisin an intracellular location provides distinct advan-
tages including evasion of host immunological sur-
veillance and antibiotic therapy, particularly when
sequestered within granulomatous lesions. Intracellu-
lar survival is a key step in persistence of the bac-
terium and the maintenance of a carrier state (Young
& Chapman 1978, Bruno 1986, Gutenberger et al.
1997, Mauel & Miller 2002), even following antibiotic
treatments (Fryer & Hedrick 2003). Although not a
focus of the current study, reactivation of piscirick-
ettsiosis in surviving fish is needed to fully demon-
strate the carrier state in white seabass that have sur-
vived initial exposure to P. salmonis. Such studies
have been conducted with asymptomatic carriers of
Aeromonas salmonicida, where reactivation of infec-
tions follows immunosuppressive stressors such as the
stress-induced furunculosis test (Bullock et al. 1997)
or moderate stress following vaccination against the
bacterium itself. In an experimental study with
Atlantic salmon Salmo salar parr subclinically infected
with A. salmonicida, most of the 98 vaccinated fish (96
of 97) died from furunculosis soon after being sub-
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Fig. 3. Atractoscion nobilis. Microscopic lesions present in liver and kidney of
white seabass surviving 123 d after intraperitoneal injection with Piscirick-
ettsia salmonis. (A) Large and well-developed granulomas (G) and smaller
and numerous granulomas (arrowed) near islet of exocrine pancreas (P) in
liver; (B) large granulomas (arrowed) with caseous centers in posterior
kidney; (C) putative intracellular P. salmonis (arrowed) at exterior of a
granuloma in liver. Scale bars = (A) 200 pm, (B) 100 pm, (C) 10 pm

jected to moderate transport and temperature stress,
while deaths of only 2 of the 17 dead fish in the
amoxicillin-treated group were A. salmonicida-linked
(Inglis et al. 1996).

Serum anti-Piscirickettsia salmonis antibodies were
detected in white seabass as early as 48 dpi and were
present among P. salmonis-exposed fish throughout
the sampling period. Median antibody levels were
highest at 48 dpi (67.9% of positive control) and
decreased to approximately half that value by 123 dpi
(32.8 % of positive control), but there was a wide range
in the ELISA values, both within and between sample
time points. Interestingly, in repeated serological
examination of captive sea bass Dicentrarchus labrax
for the presence of serum antibodies to nodavirus,
Breuil & Romestand (1999) showed that there were no
dramatic changes in the proportions of seropositive
and seronegative fish over a 5 mo period of cohabita-

tion. However, in following antibody levels
in fish that had been vaccinated against
the nodavirus, they found high variations
in individual responses to immunization,
particularly following boosting at 4 and
6 wk. Individual fish-to-fish antibody vari-
ation has been documented for other bac-
terial and viral pathogens, including Vibrio
anguillarum (Thorburn & Jansson 1988),
infectious pancreatic necrosis virus (Dixon
1996), and Renibacterium salmoninarum
(Jansson & Ljungberg 1998).

Overall, the presence of serum anti-
Piscirickettsia salmonis antibodies was the
best indication of prior experimental expo-
sures, as other detection methods includ-
ing isolation in cell culture or direct obser-
vation of the bacterium in stained tissue
impressions were less informative. As a
result, culture efforts were discontinued
after 56 dpi since recovery of P. salmonis
from the 4 prior sampling times was largely
unsuccessful. Several exposed white sea-
bass harbored P. salmonis DNA as de-
tected by PCR, but there was no apparent
correlation between PCR-positive fish and
the concentration of serum anti-P. salmonis
antibodies. This lack of correlation may
result from the dramatic difference ob-
served between fish in the response to bac-
terial antigens whether administered by
vaccination or active infection (Jansson &
Ljungberg 1998). The presence of serum
anti-P. salmonis antibodies does not con-
firm the presence of live P. salmonis cells
and thus an active carrier state in white
seabass. However, ELISA detection of anti-
P. salmonis antibodies in the present study was shown
to be a reliable indicator of prior exposure to the
bacterium, particularly when viewed at the popula-
tion level. These initial laboratory results suggest
that presently the most accurate assessments of the
P. salmonis infection status in populations of white
seabass are best obtained by combinations of serologic
screening and specific PCR testing.

Histological examination of exposed fish sampled at
4 mo post exposure revealed single to multiple granu-
lomatous lesions in the liver and kidney similar to
those described in earlier reports of Piscirickettsia
salmonis infection in white seabass (Arkush et al.
2005). We suspect that these lesions contain viable
bacteria that may contribute to the transmission of the
agent, but this was not determined in the current
study. Immunohistochemical staining of tissues from
exposed fish did identify P. salmonis-specific antigens
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within lesions, although viability would have to be
assessed by other methods (e.g. culture or transmission
studies).

Horizontal transmission of Piscirickettsia salmonis
has been demonstrated in experimental studies using
salmonid fish in both fresh- and seawater (Cvitanich
et al. 1991, Almendras et al. 1997). The skin and gills
are portals of entry for P. salmonis (Smith et al. 1999)
and oral intubation with the bacterium has been
shown to lead to infection (Almendras et al. 1997).
That white seabass receiving intraperitoneal injec-
tions with P. salmonis can transmit the bacterium to
both Chinook and coho salmon in seawater at 16°C
has been demonstrated by Arkush et al. (2005). In that
study, white seabass with clinical signs were cohab-
ited with the salmonid fish. Vertical transmission of P.
salmonis also has been demonstrated in both naturally
infected and experimentally exposed salmonid fish,
representing another mode by which asymptomatic
carrier fish could be created (Larenas et al. 1996,
1999, 2003).

In the current study, experimental infections in white
seabass were induced by injection of the bacterium,
which differs from natural infections by circumventing
the skin and mucus barriers of the fish. However, the
systemic infection established by these experimental
exposures both in white seabass and salmonid fish are
identical to those observed in naturally acquired dis-
ease, suggesting that similar steps in the pathogenesis
are shared in both types of infection (Fryer & Hedrick
2003, Arkush et al. 2005). In the current study, intra-
peritoneal injections were chosen as the preferred
exposure route to ensure that all fish received a uni-
form dose. White seabass that survived these expo-
sures appeared outwardly healthy. However, direct
(PCR) methods demonstrated that exposed fish can
harbor Piscirickettsia salmonis for periods up to 4 mo
and presumably beyond. Additional studies that com-
bine these detection methods with transmission trials
to naive white seabass and, potentially, other fish spe-
cies are needed. Also, examinations of the potential
carrier state among wild and captive white seabass
populations that have survived naturally acquired
infections (e.g. waterborne immersion) should be con-
ducted.
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