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ABSTRACT: Piscirickettsia salmonis was first recognized as the cause of mortality among pen-reared
coho salmon Oncorhynchus kisutch in Chile. Since the initial isolation of this intracellular Gram-nega-
tive bacterium in 1989, similar organisms have been described from several areas of the world, but the
associated outbreaks were not reported to be as serious as those that occurred in Chile. To determine
if this was due to differences in virulence among isolates of P. salmonis, we conducted an experiment
comparing isolates from Chile, British Columbia, Canada, and Norway (LF-89, ATL-4-91 and NOR-92,
respectively). For each of the isolates, 3 replicates of 30 coho salmon were injected intraperitoneally
with each of 3 concentrations of the bacterium. Negative control fish were injected with MEM-10. Mor-
talities were collected daily for 41 d post-injection. Piscirickettsiosis was observed in fish injected with
each of the 3 isolates, and for each isolate, cumulative mortality was directly related to the concentra-
tion of bacterial cells administered. The LF-89 isolate was the most virulent, with losses reaching 97 %
in the 3 replicates injected with 10°° TCIDs, 91 % in the replicates injected with 10°° TCIDs,, and 57 %
in the fish injected with 103 TCIDs,. The ATL-4-91 isolate caused losses of 92% in the 3 replicates
injected with 10°° TCIDsy, 76 % in the fish injected with 10%% TCIDs, and 32% in those injected with
10* TCIDs,. The NOR-92 isolate was the least virulent, causing 41% mortality in the replicates
injected with 10%¢ TCIDs,. At 41 d post-injection, 6% of the fish injected with 10%® TCID;, NOR-92 had
died. Mortality was only 2% in the fish injected with 10%® TCIDs, NOR-92, which was the same as the
negative control group. Because the group injected with the highest concentration (10*® TCIDs,) of
NOR-92 was still experiencing mortality at 41 d, it was held for an additional 46 d. At 87 d post-injec-
tion, the cumulative mortality in this group had reached 70%. These differences in virulence among
the isolates were statistically significant (p < 0.0001}), and are important for the management of affected
stocks of fish.
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INTRODUCTION

Published January 29

In 1989, a novel bacterial fish pathogen, Piscirick-
ettsia salmonis, LF-89T (Fryer et al. 1992), was isolated
from netpen-cultured coho salmon Oncorhynchus
kisutch during an epizootic in Region 10, Chile (Fryer
et al. 1990). Losses approaching 90% were reported
(Bravo & Campos 1989), with the onset of mortality
occurring 6 to 12 wk after the fish were transferred
from freshwater to marine netpens. Moribund fish
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were lethargic, dark in color, and swam at the edges of
the pens near the surface. Gross pathology included
swollen kidneys and enlarged spleens. Other charac-
teristics seen in some, but not all, of the affected fish
were anemia (hematocrit 27 % or less), ascites, mottled
livers with grey circular lesions, and petechial hemor-
rhages in the stomach, intestines, pyloric caeca, and
visceral fat. Completion of Koch's postulates identified
P salmonis as the causative agent of the epizootics,
and the disease was named piscirickettsiosis (Cvi-
tanich et al. 1991, Fryer et al. 1992).

Following the initial characterization of the Chilean
LF-89 strain of Piscirickettsia salmonis (Fryer et al.
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1992), similar Gram-negative intracellular bacterial
pathogens of salmonids were described from other
areas of the world. In British Columbia, Canada, P.
salmonis was isolated from netpen-cultured Atlantic
(Salmo salar) and chinook (Oncorhynchus tshawyt-
scha) salmon (Brocklebank et al. 1993). In 1992, P.
salmonis was recovered from Atlantic salmon cultured
in seawater netpens on the west coast of Norway
(Olsen et al. 1997). Researchers in Ireland have
observed (Rodger & Drinan 1993) and recently isolated
from netpen-cultured Atlantic salmon (Palmer et al.
1997) a Gram-negative intracellular pathogen that was
identified as P. salmonis using an immunohistochemi-
cal test with polyclonal antiserum (Alday-Sanz et al.
1994). Additionally, P. salmonis was isolated from net-
pen-cultured Atlantic salmon in Nova Scotia, Canada
(Cusack et al. 1997, Jones et al. 1998). None of these
isolates was reported to be as virulent as the initial
Chilean isolate.

Sequence comparison of the 16S ribosomal RNA
genes of Piscirickettsia salmonis isolates from Chile,
British Columbia, Canada, and Norway (Mauel 1996)
demonstrated that these rickettsia-like organisms
were closely related. The genetic analysis offered no
explanation for the observed differences in losses from
piscirickettsiosis in different parts of the world. Factors
that could contribute to the reported variation include
differences in the virulence of the isolates, host sus-
ceptibility, environmental conditions, or co-infections
with other pathogens. The purpose of this study was to
determine if geographically distinct isolates of P.
salmonis differed in virulence for coho salmon.

MATERIALS AND METHODS

Piscirickettsia salmonis isolates. Three isolates of P.
salmonis were used in this study. The type strain, LF-
89, was isolated from the kidney of a diseased 2-year-
old coho salmon from a seawater netpen site in South-
ern Chile (Fryer et al. 1990, 1992). The isolate from
British Columbia, ATL-4-91, was obtained from net-
pen-raised Atlantic salmon and was provided by Dr G.
Traxler, Department of Fisheries and Oceans, Na-
naimo, Canada. An isolate from netpen-raised Atlantic
salmon from Norway, NOR-92, was provided by Dr
H. P. Melby, National Veterinary Institute, Oslo, Nor-
way. The bacteria were grown at 15°C in CHSE-214
cell cultures (Lannan et al. 1984) using antibiotic-free
Eagle's minimum essential medium (Automod, Sigma
Chemical Co., St. Louis, MO) supplemented with 10 %
fetal bovine serum (MEM-10, Hyclone Laboratories,
Inc., Logan, UT) as described by Fryer et al. (1990).
Each isolate was passed 5 times in CHSE-214 cells, for
a total of 9 passes in cell culture since isolation. Bacte-

rial cells were harvested at 10 to 11 d post-inoculation
when the monolayer showed complete cytopathic
effect (CPE). The rate of development of CPE
appeared similar for all isolates. An endpoint dilution
assay (TCIDsg) was used to determine the infectivity
titer of the inocula. This assay used CHSE-214 cells in
a 96-well tissue culture plate and was initiated the
same day that fish were inoculated. The 96-well plates
in the endpoint dilution assay were incubated at 15°C
for 28 d, then visually inspected for the presence of
CPE. Dilution endpoints were determined by the
method of Reed & Muench (1938).

Experimental salmon. Approximately 1000 coho
salmon (avg. weight 12 g) were obtained from the Ore-
gon Department of Fish & Wildlife (ODF&W), Cascade
Locks Hatchery, USA. Previous health examinations
did not detect the presence of bacterial or viral fish
pathogens. The fish were transported to holding facili-
ties at the Western Fisheries Research Center in Seat-
tle, Washington, USA, and maintained in aquaria pro-
vided with 12°C, sand-filtered, UV-treated freshwater
from Lake Washington. At the initiation of the experi-
ment, fish were moved into the Biosafety Level 3 (BL-
3) containment facility.

Experimental design. Relative virulence of the 3 iso-
lates was determined by comparing the cumulative
mortalities and survival times among 3 treatment lev-
els for each isolate. Each treatment and a control group
consisted of 3 replicate tanks of 30 fish each. Thus, 90
fish were injected intraperitoneally with 0.1 ml of each
of 3 concentrations of each isolate of Piscirickettsia
salmonis suspended in MEM-10. Fish in the control
group received 0.1 ml of MEM-10. Endpoint dilution
assays indicated that isolates LF-89 and ATL-4-91
were delivered at doses of 10%°, 10*°, or 10°° TCID,
per fish, and the NOR-92 isolate was delivered at doses
of 108, 10%5, or 1026 TCID;, per fish.

Maintenance and sampling of fish. Fish were main-
tained in a series of 27 1 tanks in the BL-3 containment
laboratory. The tanks were supplied with approxi-
mately 2 1 min~! specific-pathogen-free freshwater at
an average temperature of 11°C. Effluent from the con-
tainment laboratory was treated with 5 mg 1"! chlorine
for 30 min, a concentration previously determined to
be in excess of that required to Kkill Piscirickettsia
salmonis (authors’ unpubl. data).

Mortalities were collected daily for 41 d post-injec-
tion. Survival curves were estimated using the Kaplan-
Meier method, and a logrank test was used to compare
the survival curves (Statview, Abacus Concepts, Inc.,
Berkeley, CA). Mean day to death was calculated for
the fish that died during the 41 d period. At 41 d post-
injection, the group that was injected with 10%® TCIDs,
NOR-92 was still undergoing active mortality, and was
maintained and observed for an additional 46 d. The
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mean day to death for this group was also calculated
for the 87 d period.

Post-mortem examinations were performed on all
dead fish. Confirmation of infection with Piscirickettsia
salmonisincluded reisolation of the organism from kid-
ney tissue from 50% of the mortalties in each group
and microscopic evaluation of stained tissue smears of
100 % of the mortalities. P. salmonis was reisolated by
aseptically removing a portion of the anterior kidney
which was homogenized and diluted approximately
1:100 in MEM-10. The homogenate was inoculated
into 4 replicate wells of a 96-well plate containing
monolayers of CHSE-214 cells in MEM-10 supple-
mented with 100 U mlI™! penicillin and into 4 replicate
wells without penicillin. Cells were incubated at 15°C
and examined at 14 and 28 d for the appearance of
CPE due to growth of P. salmonis. Smears of tissue
from the kidney, liver, and spleen were made on 3
replicate slides. The slides were air dried, briefly
heated, then fixed in absolute methanol for 5 min and
stored at -20°C. Tissue smears from each fish were
visually evaluated for the presence of P. salmonis by
staining using the Giemsa method and confirmed by
the indirect fluorescent antibody test (IFAT} described
by Lannan et al. (1991).

Ten percent of the mortalities were screened for the
presence of Renibacterium salmoninarum. Slides were
randomly selected and a fluorescent antibody test per-
formed as described by Pascho et al. (1991) using an
anti-R. salmoninarum polyclonal antibody (Kirkgaard
and Perry Laboratories, Inc., Gaithersburg, MD). The
kidney samples were visually examined for the pres-
ence of the organism using fluorescence microscopy
(50 fields of view at 1000x).

100
RESULTS
80 -
Each of the 3 isolates caused mortali-
ties with signs of piscirickettsiosis. .
Moribund fish were dark, lethargic, _—; 60
and swam near the surface. Generally, g
the kidneys were swollen and the =
spleens enlarged, with no discrete g 404
lesions visible. Many fish had pale gills -
indicative of anemia. Some of the fish
had ascites. Especially notable was the 20
occurrence of extreme petechial hem-
orrhaging in the visceral fat and the

pyloric caeca. There were no obvious 0
differences in the gross pathology
caused by the 3 isolates.

Piscirickettsia salmonis was recov-
ered in cell culture from mortalities in
each of the exposed groups. In cases

where bacterial or fungal contamination of the CHSE-
214 cell cultures prevented isolation of the organism, P.
salmonis was identified by IFAT.

The first mortalities began on Day 13 post-injection
(P1) in the group injected with LF-89 at a dose of 10°°
TCIDs, fish™! (Fig. 1). The mean day to death in this
group was 18 d Pl, with peak mortality at 15 d PI, and
the cumulative mortality was 97% at 41 d. In the
groups exposed to 10-fold lower doses of LF-89, the
initial mortalities, mean days to death, and peak mor-
talities were delayed (Table 1). The cumulative mortal-
ities for the groups receiving doses of 10*® and 10%°
TCIDg, fish™! were 91 and 57 %, respectively. When
survival times among groups of fish receiving the high
and middle doses were compared using a logrank test,
there was a significantly shorter survival time for fish
receiving the high dose, and, similarly, the fish receiv-
ing the middle dose had shorter survival times than the
fish injected with the low dose (p < 0.0001 for both
comparisons).

Onset of mortality in the ATL-4-91 groups was
delayed compared to the groups receiving the LF-89
isolate (Fig. 2). In fish injected with 10°° TCIDs, of the
ATL-4-91 isolate, mortality began on Day 15 PI and
peaked at 30 d PI, with a mean day to death of 27 d.
Cumulative mortality was 92% in this group. A clear
dose response pattern, similar to that seen in the
groups of fish injected with the LF-89 isolate, occurred
in the groups of fish injected with the ATL-4-91 isolate
(Table 1). Cumulative mortalities reached 76 and 32 %
in the groups receiving 10*° and 10*° TCIDs, fish™!,
respectively. The median survival times were 27 and
35 d PI for the high and middle doses, and this differ-
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Fig. 1. Piscinckettsia salmonis infecting Oncorhynchus kisutch. Mean cumula-

tive mortality of coho salmon injected intraperitoneally with different doses

of the the LF-89 isolate from Chile. Doses used were (—o—) 10°¢ TCIDsg,
{-=-0---} 10*° TCIDsq, and (----0---) 10%° TCID3,
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Table 1. Piscirickettsia salmonis infecting Oncorhynchus kisutch. Mortality among groups of coho salmon held for 41 d following
intrperitoneal injection of isolates

Isolate, source Inoculum Initial Peak Mean day to  Median survival Cumulative
(TCID3sg) mortality (d) mortality (d) death time (d) mortality (%)
LF-89, Chile 1030 13 15 18 16 97
1010 18 24 27 26 91
10%° 22 38 33 40 57
ATL-4-91, 1050 15 30 27 27 92
British Columbia, 1040 21 37 32 35 76
Canada 10%° 26 38 36 -° 32
NOR-92, Norway 1046 16 38 33 b 41
10%€ 26 - 33 b 6
10%6 8 -8 33 e 2
Control 0 33 -8 34 - 2
*Not calculated. °Unable to calculate from data; less than 50 % died in this group

ence was significant (p < 0.0001). No statistical com-
parison was made with the low dose group because
less than 50 % of the fish had died at 41 d PL.

The groups inoculated with the NOR-92 isolate had
lower cumulative mortalities and a slower onset and
loss rate compared with the groups inoculated with the
other isolates (Fig. 3). Fish receiving 10*® TCIDs, of this
isolate began dying on Day 16 PI, and the daily num-
ber of mortalities increased slowly, with a peak at 38 d
PI. At 41 d PI, the cumulative mortality reached 41 %,
with a mean day to death of 33 d PI. The observation of
this group continued until 87 d PI, when the cumula-
tive mortality had reached 70%. The mean day to
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death at this time was 41 d PI. In the group injected
with 10%® TCIDg, fish™! the cumulative mortality was
6%, and only 2 fish injected with 10%® TCIDs, NOR-92
died over the 41 d period, for a cumulative mortality of
2% (Table 1). Death of the first fish in the latter group
occurred on 8 d PI and was attributed to bacterial kid-
ney disease (BKD). This fish had a large off-white
lesion on the kidney, and examination of the kidney
imprint stained with Geimsa, Renibacterium salmoni-
narum FAT and the Piscirickettsia salmonis IFAT
revealed the presence of R. salmoninarum, but not P.
salmonis. The second fish that died in this group at
33 d Pl had piscirickettsiosis. The median survival time
was not estimated for any of the groups
injected with the NOR-92 isolate, as
none of the groups had reached 50%
mortality by 41 d PL.

Two of the 90 control fish died during
the experiment (Fig. 3).

When survival data for similar doses
of the different isolates were com-
pared, it was found that fish injected
with the LF-89 isolate had statistically
shorter survival times than fish injected
with the ATL-4-91 or NOR-92 isolates
(p < 0.0001 for all comparisons). Addi-
tionally, fish injected with ATL-4-91
had significantly shorter survival times
than fish exposed to the NOR-92 isolate

Days post injection

Fig. 2. Piscirickettsia salmonis infecting Oncorhynchus kisutch. Mean cumula-

tive mortality of coho salmon injected intraperitoneally with different doses

of the the ATL-4-91 isolate from British Columbia, Canada. Doses used were
(—o—) 10°° TCIDsq, (—o0-—} 10*° TCIDsp, and (----o----) 10°° TCIDs,

(p < 0.0001 for all comparisons).

High mortalities in all treatment
groups inoculated with isolate LF-89
prevented calculation of LD, for that
isolate. The LDs, values of 1034 TCID,
fish! for ATL-4-91 and 10%® TCIDs,
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fish™! for NOR-92 were calculated 100
based on the mortalities that occurred
over the course of the 41 d study.

There were 6 fish out of the 900 80
(0.7%) in this study in which a lesion
due to Renibacterium salmoninarum 60

was noted on the kidney, with 1 case
occurring in each of the following
groups: LF-89 10*® and 10%*° TCIDx,,
ATL-4-91 10%° TCIDsy, NOR-92 103°
and 102 TCIDs,, and the MEM-10 con-
trol group. In these few clinical cases, 20
high numbers of R. salmoninarum were
present and Piscirickettsia salmonis
was not detected in kidney tissue im-
pressions from these fish. Analysis of
kidney impressions from the mortali-
ties in the study indicated that, in addi-
tion to dying of P. salmonis, 6% of
the fish harbored moderate or low
infections with R. salmoninarum (40 or
fewer bacterial cells in 50 fields ob-
served at 1000x). No one treatment
group was more severely affected than another, and
because the P. salmonis IFAT results were used to con-
firm the specific cause of death, no fish were removed
from the statistical analysis.

F'S
P~
1

Percent mortality

DISCUSSION

Results from this study demonstrated statistically sig-
nificant differences in the relative virulence of Pisci-
rickettsia salmonis isolates from Chile (LF-89), British
Columbia, (ATL-4-91) and Norway (NOR-92) for coho
salmon. Isolate LF-89 caused the most rapid onset of
mortality and significantly shorter survival times com-
pared to isolates ATL-4-91 and NOR-92. There was a
direct and significant relationship between dose and
mortality, with delayed onset and decreased losses in
the groups inoculated with lower concentrations of LF-
89. The results in this study confirmed and extended
challenge studies previously done in Chile with the
LF-89 isolate {Garcés et al. 1991). In that study, doses
of 10%3, 10*% and 10%° TCID., were administered to
10 g coho salmon. Mortality in the high dose group
began at 16 d post-injection, losses reached 100% by
33 d, and the mean day to death was 18 d. In both stud-
ies, the initial mortalities occurred later and the overall
losses were less among groups that received the lower
concentrations of LF-89. Results from our study and
those from Garcés et al. (1991) did not allow the calcu-
lation of the LD« for the LF-89 strain, but Smith et al.
(1996) reported that the LD, for the LF-89 isolate was
10%8 TCIDg, ml! (10'° TCIDs, fish™!) in 16-17 g coho

20 30 40 50 60 70 80

Days post injection

Fig. 3. Piscirickettsia salmonis infecting Oncorhynchus kisutch. Mean cumula-
tive mortality of coho salmon injected intraperitoneally with different doses
of the the NOR-92 isolate from Norway and of the negative control group.
Doses used were (—o—) 10%® TCID;,, (-—o~-) 10*® TCIDs,, and (---0---) 10%®

TCIDsg, and (—-a—) Control

salmon. In the present study, 57% mortality had
occurred by termination of the 41 d experiment in the
group that received a dose of 10*° TCID;, fish™!, con-
firming that the LDs, values for the LF-89 strain are
slightly below 103° TCIDs, fish™!.

Time to initial mortality among all groups inoculated
with the isolate from British Columbia, ATL-4-91, was
delayed compared to groups receiving equivalent
doses of LF-89, and the survival time was significantly
longer. The highest dose (10>° TCIDs, fish™') of ATL-4-
91 did cause severe losses (92% by 41 d), with a mean
day to death of 27 d. As in the LF-89 groups, mortality
was directly related to the concentration of bacteria
administered. The LDs, of the ATL-4-91 isolate was
calculated to be 1034 TCIDs, fish™. Brocklebank et al.
(1993) reported that infection by a rickettsia-like agent
(subsequently identified as the ATL-4-91 isolate of Pis-
cirickettsia salmonis; G. Traxler, Pacific Biological Sta-
tion, Nanaimo, British Columbia, pers. comm. 1998)
caused a cumulative mortality of approximately 8%
among Atlantic salmon and negligible losses among
chinook salmon in affected netpens in British Colum-
bia. Homogenates of kidney, liver and spleen from
moribund fish injected intraperitoneally into healthy
chinook salmon smolts caused mortality starting
between 20 and 32 d post-injection, with 50 to 88 % of
the fish dead by 50 d post-injection (Brocklebank et al.
1993). The number of infectious units injected into the
fish was not determined in that study; however, our
laboratory studies confirmed that ATL-4-91 was viru-
lent when delivered at a high concentration, although
less so than the Chilean isolate, LF-89.
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The Norway isolate, NOR-92, was the least virulent
of the 3 isolates tested in this study, with only the high
dose causing mortality that was significantly greater
than that observed in the negative control aquaria. It
was not possible to hold all of the groups beyond ter-
mination of the experiment; however, we were able to
accommodate the high dose group until 87 d PI. Fish in
this group had a relatively long onset to death, and at
41 d PI, the cumulative mortality was increasing. By
the end of the extended period, cumulative mortality
had reached 70 %, with a mean day to death of 41 d PI.
The lower mortality caused by this isolate in our labo-
ratory study was consistent with the descriptions of pis-
cirickettsiosis epizootics in netpen culture in Norway
(Olsen et al. 1997). Although NOR-92 was isolated dur-
ing a disease outbreak, the bacterium was believed to
be directly responsible for only limited mortality, with
higher losses incurred when other pathogens, such as
infectious pancreatic necrosis virus, were involved
(Olsen et al. 1997).

The reasons for the differences in virulence among
the isolates are not clear, but our study, using con-
trolled conditions and the same stock of fish, indicates
that variation between the isolates is significant. While
gross pathology was similar for all of the isolates, histo-
logical examination may provide further information.
Olsen et al. (1997) reported that the pathology seen in
Atlantic salmon infected with Piscirickettsia salmonis
in Norway was generally comparable to that of infec-
tions occurring in salmon from Chile, British Columbia,
and Ireland. However, certain signs, such as multifocal
gill hyperplasia, dilation of the stomach, and inflam-
mation and necrosis of the gut, that were reported by
authors working with affected Chilean coho salmon
(Branson & Nieto-Diaz-Munoz 1991) were not seen in
cases from Norway (Olsen et al. 1997) or Ireland
(Rodger & Drinan 1993). Additionally, unlike that
described in reports from Chile and British Columbia,
extensive thrombosis was only observed occasionally
among fish dying from piscirickettsiosis in Norway.
Explanations for differences in the observed pathology
include host factors, such as species and condition, as
well as differences in the P. salmonis isolates them-
selves. An investigation of the comparative histo-
pathology over the course of the disease may provide
some insight into the mechanisms of virulence.

Previously, alignment of 16S rDNA sequences from
the isolates of Piscirickettsia salmonis used in this
study revealed a very high level {99.4 %) of genetic
similarity (Mauel 1996, Fryer & Mauel 1997). One iso-
late from Chile, EM-90, was distinguishable from these
isolates in a PCR assay (Mauel et al. 1996}, indicating
that among certain isolates there are small, but
detectable, genetic differences. Using convalescent
salmonid antiserum, Kuzyk et al. (1996) observed no

differences between the immunoreactive bands of the
LF-89 strain and an isolate from British Columbia (BC-
95). Although the isolates tested in this study are very
closely related, our study was able to demonstrate sig-
nificant biological differences among them.

Variation in virulence among isolates of rickettsia is
not unprecedented. The existence of strains of Rick-
ettsia rickettsii with varying virulence has long been
recognized (Parker 1935, Price 1953}, and McDade
(1990) cites examples of strains of Rickettsia prowa-
zekil, Rickettsia akari and R. rickettsii, the etiological
agents of louse-borne typhus, rickettsialpox and Rocky
Mountain spotted fever respectively, having differing
virulence in experimental animals. Toxins, factors that
effect adherence to the host cells, and mechanisms that
enhance the ability of a pathogen to invade or survive
within the host are known to affect virulence (Finlay &
Falkow 1997). However, comparative studies of R. rick-
ettsii strains (Anacker et al. 1984, 1986) have not iden-
tified specific differences in virulence factors (McDade
1990).

As researchers and aquaculturists become increas-
ingly aware of rickettsia-like organisms in fish, the
geographic and species distribution of these bacteria
will become more defined. Consideration not only of
the presence or absence of Piscirickettsia salmonis, but
also of characteristics of isolates in an area or stock of
fish, may be of value in making management decisions
involving both farmed and wild fish. Development
of diagnostic techniques capable of distinguishing
unique antigens and/or genomic characteristics of the
isolates will be important tools that will allow man-
agers to make informed decisions concerning disease
outbreaks and the movement of fish.
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