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INTRODUCTION

The Rickettsiae comprise a diverse group of organ-
isms including many pathogens capable of causing
human and animal disease. Rickettsiae are Gram-
negative, non-motile, obligately intracellular bacte-
ria belonging to the Proteobacteria (alpha subdivi-
sion). In fish, many infecting bacteria have been
named Rickettsia-like organisms (RLOs) on the basis
of their morphology and intracellular nature. The
most prominent of these was Piscirickettsia salmonis,

a well-described pathogen of both salmonid (Fryer et
al. 1992) and non-salmonid fish (Arkush et al. 2005,
McCarthy et al. 2005). P. salmonis was initially desig-
nated a Rickettsiales-like organism and tentatively
placed in the Rickettsiaceae family and Ehrlichieae
tribe (Fryer et al. 1990). While P. salmonis may share
some features of Rickettsiae, it is actually distantly
related, residing within the gamma subdivision of
Proteobacteria (Fryer et al. 1992). Nevertheless,
many new and emerging intracellular pathogens of
fish or shellfish have been assigned the generic  epithet
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Here, we report the first isolation of TRLO from south-east Tasmania in pure culture and show that
the bacterium is culturable on both specialised enriched agar and in cell culture using the CHSE-
214 cell line. In vitro cultured TRLO was used to reproducibly elicit disease in Atlantic salmon parr
held in fresh water. In inoculated fish, TRLO was observed intracytoplasmically in peripheral
blood leucocytes, suggesting that these cells are responsible for haematogenous dispersal of the
bacterium within the host. Fish with experimentally induced disease presented with gross and
histopathological changes similar to TRLO-infected fish at commercial marine farms. TRLO was
also isolated in culture from farmed Atlantic salmon in the Tamar River and Macquarie Harbour
production areas in Tasmania, both of which have no history of TRLO-associated disease. These
TRLO isolates appear to be serologically distinct from each other as well as from isolates obtained
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nia. Despite the lack of clinical evidence of TRLO-linked disease in fish grown in the Tamar River
and Macquarie Harbour, experimental infection trials demonstrably showed the pathogenic
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facultative intracellular bacterium and confirm TRLO as a pathogen of Atlantic salmon, causing a
disease designated Tasmanian salmonid rickettsiosis.
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RLO (Khoo et al. 1995, Athanassopoulou et al. 2004,
Corbeil et al. 2005, Wu et al. 2005) or P. salmonis-like
organism (Antonio et al. 2000, Chen et al. 2000a,b,
Mauel et al. 2003) until their taxonomic status can be
formally resolved. This includes the Tasmanian RLO
(TRLO), a bacte rium detected in Atlantic salmon
Salmo salar L. farmed on the south-east coast of Tas-
mania, Austra lia (Corbeil et al. 2005).

TRLO is an intracellular, Gram-negative coccoid
bacterium that emerged in the summer of 2001 (De -
partment of Primary Industries, Parks, Water and
Environment [DPIPWE] unpublished data). Since
then, TRLO has been implicated in minor sporadic
outbreaks of disease which have typically coincided
with the annual peak in water temperature. The dis-
ease is characterised by a high morbidity rate which
results in significant production loss through reduced
feed intake but relatively low mortality, less than
10% of affected stock. During outbreaks, affected
fish are commonly co-infected with the Tasmanian
Atlantic salmon reovirus (TSRV; Zainathan et al.
2015), and it is not known whether the presence of
the virus is incidental or causal in the disease. When
placed in a taxonomic context, TRLO was shown to
share some similarities with P. salmonis, a pathogen
exotic to Australia (Corbeil et al. 2005). Polyclonal
serum raised in sheep against P. salmonis weakly
bound TRLO, and preliminary phylogenetic analyses
using partial rDNA sequences indicated that TRLO
was most similar to the P. salmonis EM90 isolate.
However, Corbeil et al. (2005) identified a 19 bp dele-
tion in the 16S-23S gene internal transcribed spacer
(ITS) region of TRLO, which was considered indi -
cative of genetic divergence. Further analyses were
not possible, as attempts to isolate TRLO in the
 Chinook salmon embryo (CHSE-214) cell line were
unsuccessful.

While CHSE-214 is not permissive to TRLO, cell
culture has been widely used to isolate and propa-
gate P. salmonis. Indeed, the initial isolation of P.
salmonis was in CHSE-214 cells (Fryer et al. 1990),
and since then, the bacterium has been shown to
grow in a wide variety of salmonid and non-salmonid
fish cells including the EPC, FHM, CHH-1, CSE-119,
RTG-2 (Fryer et al. 1992), RTS11 (Rojas et al. 2009),
SHK-1 (Vera et al. 2012), ASK (Smith et al. 2015) and
BB (Almendras et al. 1997b) cell lines. It is also cultur-
able in Xenopus laevis (Daudin) XTC-2 and fall army
worm Spodoptera frugiperda Sf21 cells (Birkbeck et
al. 2004a). For many years, P. salmonis was thought
to be obligately intracellular (Fryer et al. 1992, Al -
mendras & Fuentealba 1997, Mauel & Miller 2002,
Fryer & Hedrick 2003), but using specialised en -

riched media (Mauel et al. 2008, Mikalsen et al. 2008,
Gómez et al. 2009, Otterlei et al. 2016), the bacterium
is now considered fastidious and facultatively intra-
cellular. The development of these new media pro-
vided an ideal opportunity to attempt to isolate TRLO
in a cell culture-independent fashion. Therefore in
this study, we adopted the infection strategy of Jones
et al. (1998) and took advantage of blood–cysteine–
glucose (BCG) agar (Mauel et al. 2008) and cysteine
heart agar with sheep blood (CHAB) (Mikalsen et al.
2008) to isolate TRLO in culture. Data are presented
showing evidence of multiple TRLO serotypes in
Tasmania, all of which are pathogenic in juvenile
Atlantic salmon.

MATERIALS AND METHODS

Animal Ethics Committee approval

All experimental procedures involving the use of
live fish during this study were approved by the
DPIPWE Animal Ethics Committee (DPIPWE AEC
nos. 12/2009-10 and 40/2006-07). AEC approval is
required under the Animal Welfare Act of 1993 and
the Australian Code of Practice for the Care and Use
of Animals for Scientific Purposes (8th edition of 2013).

Isolation of TRLO in culture

Atlantic salmon or rainbow trout Oncorhynchus
mykiss were obtained from commercial marine aqua-
culture operations in Tasmania, Australia. Fresh mor-
talities or moribund fish were selected from net pens,
and samples of the liver, kidney and spleen were
aseptically removed and placed in sterile specimen
containers and kept on ice until required. Approxi-
mately 5 mm3 of each organ were pooled from each
fish, the genomic DNA (gDNA) was extracted using a
QIAamp DNA mini kit (Qiagen), and the gDNA was
amplified using the TaqMan® real-time qPCR me -
thod described by Corbeil et al. (2003). The remain-
ing portions of tissues that tested positive for TRLO
gDNA by PCR were homogenised in 15 ml of mini-
mum essential medium (Invitrogen) containing 10%
(v/v) foetal bovine serum (Invitrogen) using a
Dounce homogeniser. The homogenate was clarified
by centrifugation at 100 × g (1 min) and kept on ice
until required. Up to 20 naïve Atlantic salmon parr
were intraperitoneally (IP)-injected with 500 µl of tis-
sue homogenate and kept in 350 l flow-through tanks
containing fresh water at 16 ± 1°C. After injection,
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fish were closely monitored, and any fish displaying
overt signs of disease were removed from their tanks,
euthanized by overdose of anaesthetic (AQUI-S) and
necropsied. During necropsy, samples of the liver,
kidney and spleen were aseptically removed and the
gDNA extracted for qPCR (Corbeil et al. 2003) as
described above. Samples were also obtained using
sterile loops from the liver, kidney and spleen for
direct inoculation onto BCG (Mauel et al. 2008),
CHAB (Mikalsen et al. 2008) and the selectively-
 negative sheep blood agar plates. Plates were in -
cubated at 20°C, and qPCR (Corbeil et al. 2003) was
used to verify the identity of TRLO-suspected
growth. After the first TRLO isolate was obtained, the
isolation process was simplified: pooled liver, kidney
and spleen samples were screened by TRLO PCR
(Corbeil et al. 2003) as described above, and then a
sterile-loop sample from the liver of TRLO PCR-posi-
tive fish was directly inoculated onto BCG agar and
the plates were incubated at 22°C in air.

DNA extraction, PCR amplification and
 phylogenetic analyses of nucleotide data sets

Genomic DNA was extracted from pure cultures of
each TRLO isolate using a QIAamp DNA mini kit
(Qiagen), and the quantity and quality were assessed
using a Nanodrop spectrophotometer (Nanodrop
Technologies). Amplification of the ITS region was
performed using the method described by Mauel et
al. (1999). All PCR reactions were conducted in 25 µl
volumes consisting of 2 µl gDNA (25 ng  µl−1), 2.5 µl
10× buffer, 0.75 µl MgCl2 (50 mM), 2 µl of each oligo-
nucleotide (10 µM), 0.2 µl dNTPs (25 mM each; Bio-
line), nuclease-free water and 0.1 µl Platinum Taq
DNA polymerase (5 U µl−1; Invitrogen). The resulting
amplicons were ligated into a T-overhang plasmid
vector (Promega) and cloned, and the plasmid DNA
was purified and sequenced. Sequencing reactions
were initiated using M13F and M13R oligonucleo-
tides and were analysed on an ABI 3730xl DNA ana -
lyser (Applied Biosystems) at the Australian Genome
Research Facility (Brisbane).

Near full-length 16S rRNA gene sequences were
amplified using the universal EubB and EubA oligo-
nucleotides (Giovannoni 1991) together with the fol-
lowing thermal cycling protocol: 94°C for 2 min fol-
lowed by 30 cycles of 94°C for 10 s, 50°C for 10 s and
72°C for 60 s. All reactions were conducted in 25 µl
volumes consisting of 2 µl gDNA (25 ng µl−1), 2.5 µl
10× buffer, 0.75 µl MgCl2 (50 mM), 2 µl of each oligo-
nucleotide (10 µM), 0.2 µl dNTPs (25 mM each; Bio-

line), nuclease-free water and 0.1 µl Platinum Taq
DNA polymerase (5 U µl−1; Invitrogen). The resulting
amplicons were ligated into a T-overhang plasmid
vector (Promega) and cloned in E. coli. Plasmid DNA
was purified (Qiagen) and nucleotides sequenced. A
second clone for each isolate was also analysed as a
means of sequence verification. Sanger sequencing
reactions were initiated using M13F, M13R, 530F or
907R oligonucleotides (Lane 1991) and were proces -
sed as described above. Prior to analysis, the oligo -
nucleotide sequences were trimmed from each end of
the contigs due to degeneracy in the EubB and EubA
primers and the sequences verified using UCHIME
version 4.2.40 (Edgar et al. 2011). No evidence of
chimeric DNA was detected in any of the sequences.

The 16S rRNA gene sequences from 2 clones of 10
cultured TRLO isolates (GenBank accession numbers
KX691419−KX691438), a cultured New Zealand iso-
late identified in genome sequence assembly data
(NZ- RLO; see BioProject accession number PRJNA
314275; Contig LVCQ01000264) (Gias et al. 2016),
cultured Piscirickettsia salmonis isolates available
from GenBank (ATL-4-91 [U36915]; Ca19-As-I
[KF990236]; Ca20-As-I [KF990237]; Ch3-Rt-L [KF
990220]; Ch5-As-I [KF990222]; Ch7-As-L [KF990224];
Ch11-As-I [KF990228]; EM-90 [U36940]; IRE-91A
[AY498633]; IRE-98A [AY498634]; IRE-99D [AY
498637]; LF-89T [U36941]; NOR-92 [U36942]; SCO-
02A [AY498635]; SCO-95A [AY498636]; SLGO-94
[U55015]), and an outgroup containing Coxiella bur-
netii (strain Q177; M21291), Legionella pneumophila
subsp. fraseri (strain Los Angeles 1T; M36025), Fran-
cisella noatunensis subsp. noatunensis (KU860460)
and F. noatunensis subsp. orientalis (CP003402 re -
gion: 462601–464116) were aligned using MAFFT
LINSI (Katoh & Standley 2013). The alignment was
verified by eye and then subjected to phylogenetic
tree searches using Bayesian inference (BI) with
MrBayes v.3.2.2 (Huelsenbeck & Ronquist 2001),
maximum likelihood (ML) with RAxML v.8.0.24 (Sta-
matakis 2014) and maximum parsimony (MP) with
PAUP* v.4.0 beta (Wilgenbusch & Swofford 2003).
For the BI and ML analyses, the K80 nucleotide sub-
stitution model (Kimura 1980) was selected using the
Bayesian Information Criteria test in jModeltest
v.2.1.6 (Santorum et al. 2014). For BI, trees were con-
structed using the K80 substitution model, calculat-
ing remaining parameters under the default prior
distributions and employing the Monte Carlo Mar -
kov chain method (nchains = 4) over 4 000 000 gener-
ations, with every 200th tree being saved. Of the first
saved trees, 25% were discarded to ensure stabilisa-
tion of the nodal split frequencies. At this point, the
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SD of split frequencies was <0.01, and the positive
scale reduction factor approached 1. Consen sus trees
(50% majority rule) were construc ted from all
remaining trees, with nodal support expressed as a
posterior probability. Optimal ML tree searches were
conducted with 20 independent searches starting
from random trees, using the K80 substitution model
and with all remaining parameters calculated under
the default prior distributions. Clade support was
assessed under the same nucleotide substitution
model settings and using 1000 bootstrap replicates.
MP analysis was performed using the standard
heuristic search (start = stepwise; add seq = random;
nreps = 10), using tree bisection and reconnection
(TBR) and bootstrapped 1000 times. A majority rule
MP consensus tree and final nodal support values
were produced from the bootstrapped MP trees
using SumTrees in the DendroPy v.3.12.0 (Suku-
maran & Holder 2010) Python library. The final BI
consensus tree was drawn and labelled using
the program Figtree v.1.4 (http://tree.bio.ed.ac.uk/
software/ figtree/).

Cell culture

The method for the culture of P. salmonis in cell
lines was used to determine whether TRLO could
elicit a cytopathic effect (CPE) in vitro (OIE 2003).
The Chinook salmon embryo cell line (CHSE-214,
ATCC® no. CRL-1681™) was grown in L-15 medium
containing L-glutamine (Invitrogen) and supple-
mented with 10% foetal bovine serum (Invitrogen).
Cells were grown to 90% confluence at 22°C in
25 cm2 tissue culture flasks (Greiner bio-one) and
inoculated with TRLO. The Tasmanian Collection of
Fish Bacteria (TCFB) TRLO isolate 2292 was grown
on BCG agar as described above, harvested and sus-
pended in sterile phosphate-buffered saline (PBS,
pH 7.2). Flasks inoculated with sterile PBS were used
as negative controls. Cultures were incubated at
15°C. The Miles and Misra technique (Miles et al.
1938) was used to retrospectively determine the den-
sity of viable cells in each TRLO suspension. At the
conclusion of the first experiment, a standard volume
of cell culture supernatant was harvested from each
flask. Genomic DNA was extracted from the super-
natant using a QIAamp DNA mini kit (Qiagen) and
the gDNA was used as template in a TaqMan® real-
time PCR assay (Corbeil et al. 2003), as a proxy indi-
cator of TRLO proliferation in the CHSE-214 cell line.
The remaining cell culture supernatant was dis-
carded, the cells were fixed in 10% neutral-buffered

formalin and then May-Grünwald-Giemsa stained.
Subsequent experiments were conducted as de -
scribed above; however, at the conclusion of each
experiment, TRLO was recovered by inoculating
BCG agar plates with tissue culture supernatant.

TRLO challenges

For all challenges, juvenile Atlantic salmon were
obtained from commercial hatcheries, transported to
the DPIPWE fish holding facility at the Mt Pleasant
Laboratories, Launceston, Tasmania, and placed in
350 l flow-through tanks containing fresh water. Fish
were fed at least once daily with commercial pellets
(Skretting) and were provided with a 12:12 h photo -
period. Fish were acclimatised to the tanks for a min-
imum of 7 d prior to challenge with TRLO. TRLO iso-
lates were grown on BCG agar at 22°C in air for 3 d,
harvested, and suspensions were created in sterile
PBS. TRLO suspensions were adjusted to a pre-
determined density using additional sterile PBS and
a nephelometer (Hach). A pre-calibrated correlation
between the TRLO cell suspension turbidity and total
cell number was used as a guide. The Miles and
Misra technique (Miles et al. 1938) was used to deter-
mine the density of viable cells in each TRLO suspen-
sion. For third and fourth challenges, the Miles and
Misra technique was applied to the highest concen-
tration of TRLO and the concentrations of the five 10-
fold dilutions were inferred from these data. To com-
mence a challenge, fish were removed from their
tanks, anaesthetised in AQUI-S and IP-injected with
200 µl of the TRLO suspension or sterile PBS using
sterile syringes and 22 gauge × 5 mm needles (Kay -
cee Veterinary Products). During the TRLO chal-
lenges, any fish showing overt signs of disease were
considered moribund and were euthanized immedi-
ately. From each of these fish, samples were taken
using sterile loops from the kidney, liver and spleen.
These samples were streaked onto BCG agar, and
the plates were incubated up to 7 d at 22°C.

A single isolate (TRLO-SE, TCFB 2292) from the
south-east Tasmania Atlantic salmon production
zone was used for the first 3 TRLO challenges
described below. The isolate had been passaged via
juvenile Atlantic salmon and recovered on BCG agar
at 22°C. For the first challenge, 5 Atlantic salmon
parr (~50g) were anaesthetised (AQUI-S) and IP-
injected with 200 µl of an 8.3 ×107 CFU ml−1 TRLO
suspension. An additional 5 Atlantic salmon were
injected with 200 µl of PBS only and these formed the
negative control group. Fish were held in separate
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350 l flow-through tanks containing fresh water at
18°C. For the second challenge, 20 Atlantic salmon
(~50g) parr were anaesthetised (AQUI-S) and IP-
injected with 200 µl of a 3.4 × 108 CFU ml−1 TRLO
suspension. An additional 20 Atlantic salmon were
injected with 200 µl of sterile PBS (negative control
group). Fish were held in separate 350 l flow-through
tanks in fresh water at 18°C. Five fish were randomly
removed from each group on Days 3 and 6 post-injec-
tion (p.i.) and examined for gross signs of disease.
The remaining fish were kept until they displayed
overt signs of disease.

For the third challenge, Atlantic salmon (~30 g)
parr were placed in 350 l flow-through tanks (n = 7)
at a density of 25 fish tank−1. Fish were held in fresh
water at 15.0−16.5°C. Fish in each tank were injected
with 1 of six 10-fold dilutions of TRLO or sterile PBS.
During the challenge, moribund fish were eutha-
nized and blood was removed from the caudal vein
using a needle and syringe, smeared on a glass
microscope slide, air dried and heat-fixed. Blood
smears were then stained using the May-Grünwald-
Giemsa method. The third challenge progressed
until at least 2 consecutive days passed without any
moribund or dead fish in any of the treatment groups.
At this point, the challenge experiment was termi-
nated, and the surviving fish were euthanized by
overdose with AQUI-S. Tissues were sampled from
surviving fish and fixed in 10% neutral-buffered for-
malin for histopathological assessment.

For the fourth challenge, Atlantic salmon (~125 g)
were injected with a TRLO isolate obtained from
Atlantic salmon in the Tamar River (TRLO-TR, TCFB
2858) or Macquarie Harbour (TRLO-MH, TCFB
2868). Both isolates had been passaged twice via
juvenile Atlantic salmon and recovered on BCG agar
incubated at 22°C. Seven 350 l flow-through tanks
were each stocked with 20 juvenile Atlantic salmon.
Fish were held in fresh water at a mean water tem-
perature of 18.1°C. Fish in each tank were injected
with 1 isolate at 1 of three 10-fold dilutions of TRLO
or sterile PBS. From all fish that succumbed to the
challenge, samples were obtained aseptically from
the liver. Samples were placed on BCG agar contain-
ing 320 µg ml−1 trimethoprim and incubated for up to
7 d at 22°C.

Production of polyclonal antisera

TRLO isolates obtained from infected fish in south-
east Tasmania (TCFB 2292) and Macquarie Harbour
(TCFB 2868) were grown on BCG agar at 22°C for

3 d. Bacteria were harvested and suspended in sterile
PBS containing 0.5% formalin (v/v) at 2−8°C for 48 h.
Cells were washed 3 times with sterile PBS and fi -
nally resuspended in sterile PBS. The antiserum was
produced at the Flinders University Polyclonal Anti-
body Production Facility (Adelaide, Australia). Brief -
ly, New Zealand semi lop-eared white rabbits were
injected subcutaneously with the TRLO suspension.
For the first injection, 200 µg (wet weight) of cells
were emulsified in Freund’s complete adjuvant and
for every subsequent injection, 100 µg (wet weight)
cells was emulsified in Freund’s incomplete adju-
vant. Rabbits received a total of 4 injections. Rabbits
were euthanized and exsanguinated at 56 d post-
 initial injection.

Histology and immunohistochemical detection
of TRLO

Tissues were processed for routine histology, em -
bedded in paraffin blocks, sectioned and placed on
glass slides (Superfrost, Menzel-Gläser). Sections
were dried, de-waxed, dried again and stained with
haematoxylin and eosin or processed for immunohis-
tochemistry. For the latter, sections were rehydrated
in Tris-buffered saline (TBS, pH 7.4) for 20 min, and
endogenous peroxidase activity was quenched by
flooding slides with 3% (v/v) hydrogen peroxide
diluted in methanol for 30 min at room temperature
(RT). Sections were probed with normal rabbit serum
or rabbit anti-TRLO-SE serum diluted 1:400 in 0.1%
(w/v) low fat skimmed milk (SM) in TBS for 30 min at
RT. Slides were washed in TBS, 0.05% (v/v) Tween
20 (Sigma)/TBS, and TBS for 2 min each and incu-
bated with horseradish peroxidase-conjugated goat
anti-rabbit IgG (Sigma) at 1:200 in 0.1% (w/v)
SM/TBS for 30 min at RT. Sections were washed
again as described and developed with a 3-amino-9-
ethylcarbazole chromogen kit (Sigma) for 10 min at
RT. Finally, sections were rinsed in tap water,
counter-stained with Mayer’s haematoxylin, rinsed in
tap water and mounted using Vectamount Aq (Vector
Laboratories).

A formalin-fixed P. salmonis-infected coho salmon
Oncorhynchus kisutch liver was purchased from
Microtek, embedded in a paraffin block, sectioned,
placed on Superfrost glass slides and probed with
sheep anti-P. salmonis (LF89T) IgG (Microtek) diluted
to 5.6 µg ml−1 in 0.1% (w/v) SM in TBS for 30 min at
RT. Serial sections were probed with either rabbit
anti-TRLO-SE or rabbit anti-TRLO-TR serum diluted
1:400 in 0.1% (w/v) SM in TBS for 30 min at RT. Sec-
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tions were washed as described above. Liver sections
probed with anti-P. salmonis IgG were incubated
with alkaline phosphatase-conjugated donkey anti-
sheep IgG (Sigma) diluted 1:5000 in 0.1% (w/v) SM
in TBS. Sections probed with rabbit antisera were
incubated with alkaline phosphatase-conjugated
sheep anti-rabbit IgG (Chemicon) diluted 1:3000 in
0.1% (w/v) SM in TBS. Sections were washed again
as described and developed with premixed BCIP/
NBT (Sigma) for 15 min at RT. Finally, sections were
rinsed in tap water, counter-stained with Nuclear
Fast Red (Kernechtrot), rinsed in tap water and
mounted as described above.

Serological assessment of TRLO isolates

TRLO isolates were grown on BCG agar as de -
scribed above. In addition, Yersinia ruckeri serotype
O1b biotype 1 (TCFB 2160), Vibrio anguillarum
sero type O1 (TCFB 1958), Bacillus subtilis (ATCC
11774) and Escherichia coli (ATCC 25922) isolates
were grown on sheep’s blood agar plates and used
as negative controls. Bacteria were harvested, sus-
pended in sterile PBS, the density of cells standard-
ised using a nephelometer (Hach), and
cells were inactivated with 0.5% for -
malin (v/v). Bacteria were placed in
duplicate wells within a dot blotting
apparatus (Millipore) containing a nitro -
cellulose membrane (Bio-Rad). A vacu -
um was applied to the apparatus until
all liquid had been aspirated. At this
point, the membranes were removed
and dried. Membranes were blocked in
PBS containing 1% (w/v) bovine serum
albumin (Bovogen), 0.05% (v/v) Tween-
20 and 0.1% (w/v) NaN3 (blocking
buffer) for 20 min at RT. Membranes
were then probed with rabbit anti-
TRLO serum diluted 1:400 in blocking
buffer for 20 min at RT. Membranes
were washed in PBS, 0.05% (v/v) Tween
20/PBS, and PBS for 4 min each and in -
cubated with alkaline-phosphatase-con-
jugated sheep anti-rabbit IgG (Chemi-
con) at 1:5000 in blocking buffer for
20 min at RT. Membranes were washed
in TBS, 0.05% (v/v) Tween 20/TBS, and
TBS for 4 min each and developed with
BCIP/NBT (Sigma) in the dark. Finally,
membranes were rinsed in tap water
and dried.

RESULTS

Specialised enriched media support the growth
of TRLO

Previous attempts to isolate TRLO on routine bac-
teriological media (DPIPWE unpubl. data) and in the
CHSE-214 cell line (Corbeil & Crane 2004) were
unsuccessful. For the former, it was believed that the
bacterium was either obligately intracellular or
highly fastidious. For the latter, the failure to isolate
TRLO was most likely impeded by the TSRV, which
out-competed TRLO by destroying the cell mono -
layers. Unfortunately, polyclonal antiserum raised
against TSRV could not be used to negatively select
against the virus as it was non-neutralising (Corbeil
& Crane 2004). Rather than try to solve this technical
challenge, we profited from specialised enriched
agar media that support the growth of Piscirickettsia
salmonis (Mauel et al. 2008, Mikalsen et al. 2008).
Given that no outbreaks of disease with TRLO were
occurring at the time attempts were made to first iso-
late the bacterium, active sampling on commercial
marine farms in south-east Tasmania (Fig. 1) was
undertaken. Pooled liver, kidney and spleen samples
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from individual fish were screened by TRLO qPCR,
and qPCR-positive samples were injected into naïve
juvenile Atlantic salmon, a strategy successfully used
with P. salmonis (Jones et al. 1998). On 1 occasion,
samples were removed from a male grilse obtained
from a sea-cage lease in south-east Tasmania. The
fish was darkened, lethargic and was easily captured
using a dip net. Externally, the fish had extensive
focal necrotizing dermatitis and internally, mild
petechial haemorrhaging on the pancreatic tissue.
The pooled tissue sample from this fish tested TRLO
qPCR positive (CT 31.3) and was then homogenised
and injected into 20 Atlantic salmon. On Day 14 p.i.,
the first of these fish showed signs of disease and was
necropsied. Tissue samples were used to inoculate
BCG and CHAB agar, and suspect TRLO growth in
the form of Gram-negative, non-motile pleiomorphic
cocci was observed on both types of media on Days 4
and 5 of incubation, respectively. The identity of the
isolate was presumptively confirmed as TRLO by
qPCR.

Given that TRLO was isolated on agar plates di -
rectly from an infected fish, additional isolates were
obtained by simply screening tissues by qPCR fol-
lowed by direct inoculation of BCG agar with liver
samples. Liver samples were targeted after review-
ing archived histology sections obtained from fish
during TRLO-associated epizootics. BCG was used in
preference to CHAB for the apparent advantage in
TRLO growth rate. Since the first isolation of TRLO
in 2008, a total of 53 isolates have been obtained
through active sampling or the joint DPIPWE-
Salmonid Aquaculture industry salmon health sur-
veillance programme. This includes isolates from 41
fish out of 11 submissions to the DPIPWE Animal
Health Laboratories from farms in the south-east Tas-
mania production zone. Isolates were also obtained
from 7 fish across 5 submissions and 5 fish across
5 submissions from farms in the Tamar River and
Macquarie Harbour production zones, respectively
(Fig. 1). For isolates obtained from the Tamar River
and Macquarie Harbour, all host fish were asympto-
matic for TRLO-associated disease.

TRLO colonies are white to beige, opaque, circular
in form, convex and have an entire to undulate
 margin (Fig. 2). Colony consistency is viscous. TRLO
is a Gram-negative, non-motile, pleomorphic coccoid
bacterium approximately 1.5 µm in diameter. Cells
are osmotically labile in that they are spontaneously
inactivated and possibly lyse in reverse osmosis
(<2 µS cm−1) or potable tap water (data not shown).
TRLO growth is dependent on L-cysteine and glu-
cose (data not shown) and is universally observed on

BCG agar plates incubated between 15 and 27°C;
however, the upper permissive temperature for
growth of isolates from Macquarie Harbour is slightly
higher, at 29°C. TRLO growth at temperatures below
15°C is yet to be tested.

To verify the identity of the isolates, the 16S-23S
ITS region was amplified by PCR, ligated into a T-
overhang plasmid, cloned and nucleotide sequenced
as recommended in the P. salmonis Australian and
New Zealand Standard Diagnostic Procedure (Cor-
beil & Crane 2007). For all isolates sequenced, the
19 bp deletion at the 3’ end of the ITS identified by
Corbeil et al. (2005) was detected, confirming the
identity of isolates as TRLO (Fig. 3).

TRLO is a phylogenetically heterogeneous group

A near full-length 16S rRNA gene sequence was
PCR amplified, cloned and sequenced from 10 TRLO
isolates, represented by 6 from the south-east, 2 from
the Tamar River and 2 from the Macquarie Harbour
production zones. The 16S rRNA gene alignment
consisted of 1273 nucleotide sites, and of these, 324
(26%) and 212 (17%) were variable and parsimony
informative, respectively. The BI consensus trees
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Fig. 2. Tasmanian Rickettsia-like organism (TRLO) colonies
on blood–cysteine–glucose (BCG) agar after 4 d of incuba-
tion at 22°C. TRLO isolate (TCFB 2292) from south-east 

Tasmania, Australia
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yielded 2 distinct clades, with strong
nodal support for the majority of the
tree topology consistent between BI,
ML and MP analyses (Fig. 4). Clade 1
contained 8 TRLO isolates from Tas-
mania and 1 from New Zealand, and
was further divided into 2 moder -
ately supported phylogenetic groups
(Groups 1 and 2). Group 1 included the
New Zealand RLO (NZ-RLO) isolate
and the TRLO isolates (TCFB 2292,
TCFB 2862, TCFB 2865 and TCFB
2873-2875) from south-east Tasmania.
Group 2 included 2 TRLO isolates
(TCFB 2859 and TCFB 2858), both ob -
tained from the Tamar River. While
support for the separation of these 2
phylogenetic groups was modest, the
division is substantially strengthened
by serological analyses as shown be -
low (see Fig. 11).

Clade 2 contained the majority of
published 16S rRNA sequence data
from cultured P. salmonis. With in this
clade, 2 well-supported groups were
resolved, one that included ATL-4-91,
NOR92, SLGO-94 and the type strain,
LF-89; the other included EM-90, IRE-
99D, Ch-As-L and Ch-As-I. Further
resolution of the relationships be tween
2 TRLO isolates (Group 3; TCFB 2867
and TCFB 2868) and other isolates
from Chile (Ch3-Rt-L, Ch4-As-I), Can-
ada (Ca19-As-I and Ca-20-As-I) and
Scotland (SCO-02A, and SCO-95A)
were unresolved using 16S rRNA gene
sequence data. Given that there are
genotypic (Fig. 3) and antigenic differ-
ences between TRLO (Macquarie Har-
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Fig. 3. Deletion (19 bp) in the 16S-23S inter-
nally transcribed spacer (ITS) sequence com-
mon to all TRLO isolates. Piscirickettsia
salmonis strain identification is shown adja-
cent to each sequence together with the re-
spective GenBank accessions (brackets). P.
salmonis sequences are representative of
isolates from Chile (LF-89T, EM-90, SLGO-
94, C1-95), Norway (NOR-92) and Canada
(ATL-4-91). TRLO isolates are identified by
their TCFB serial number together with the
region of origin (SE: south-east Tasmania,
TR: Tamar River, MH: Macquarie Harbour).
Sequence identities are represented by a 

dot (.) and gaps by a dash (−)

Fig. 4. TRLO 16S rRNA gene tree based on the most likely Bayesian Infer-
ence (BI) tree (K80 model of substitution). Majority rule posterior probability
(BI), maximum likelihood (ML) and maximum parsimony (MP) bootstrapping
node supports are shown (BI/ML/MP). A dash (−) instead of a nodal support
value indicates that this node was not resolved in the consensus. Scale bar
represents the mean number of nucleotide substitutions per site. GenBank
(www.ncbi.nlm.nih.gov/genbank/) accession numbers are indicated before
the names of the isolates. Each TRLO isolate is labelled by a GenBank acces-

sion, TCFB, clone and number
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bour) and P. salmonis (see Fig. 12), it is
anticipated that further analyses will
reveal additional phylo  genetic divi-
sions with this clade. We observed no
differences in the phylogenetic rela-
tionships be tween cloned 16S rRNA
sequences, with all sequences from
the same TRLO isolate grouped unam-
biguously with in the tree.

TRLO proliferates and elicits CPE in
the CHSE-214 cell line

Previous attempts to grow TRLO in
the CHSE-214 and EPC cell lines were
unsuccessful (Corbeil & Crane 2004).
Both of these cell lines are susceptible
to P. salmonis (Fryer et al. 1992) and
therefore cell culture was identified as
a method that could be exploited to
differentiate the enzootic TRLO from
the exotic P. salmonis. In an initial
experiment, 1 TRLO isolate (TCFB
2292) from south-east Tasmania was
used to inoculate CHSE-214 cells.
Three flasks were inoculated with 1.9
× 103, 1.9 × 104 or 1.9 × 105 TRLO
CFU and the cells were incubated for
13 d. Affected cells became vacuolated
(Fig. 5B), spherical and detached from
the flask surface before lysing. Lysis
occurred in small foci (Fig. 5C) and
this extended, until eventually the
cell monolayers were completely de -
stroyed. May-Grünwald-Giemsa stain-
ing revealed that the TRLO was abun-
dant (Fig. 5D) and the qPCR ampli -
fication data confirmed that bacteria
were active ly proliferating in the cul-
tures (Fig. 5E). As suming a PCR effi-
ciency of ~2, a comparison between qPCR threshold
cycles (CT values) indicated that there was ~65000-
fold difference between the TRLO DNA extracted
from the flask containing CHSE-214+TRLO (CT =
19.2) and the TRLO inoculum-only control flask (CT =
34.8). The flask containing CHSE-214 tested as ex -
pected, i.e. TRLO DNA negative (CT = not detected).
In subsequent experiments, all TRLO isolates tested
produced CPE in CHSE-214 mono layers (data not
shown). This in clu ded 5 isolates ob tained from south-
east Tasmania, 2 from Macquarie Harbour and 2
from the Tamar River.

Cultured TRLO from south-east Tasmania causes
disease in juvenile salmon

Three challenges were conducted using a single
TRLO isolate obtained from south-east Tasmania.
As challenges were conducted in fresh water, IP
injection was necessary given that TRLO is inacti-
vated in fresh water. The first pilot-scale challenge
was conducted to establish the pathogenic potential
of cultured TRLO (data not shown). Fish showed no
signs of disease until Day 6 p.i. At that point, 1 mori-
bund fish was removed from the tank housing the
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Fig. 5. (A–D) Photomicrographs demonstrating the cytopathic effect (CPE)
produced by a TRLO isolate (TCFB 2292) in CHSE-214 cells after incubation
at 15°C. (A) Negative control CHSE-214 cells after 8 d. (B) Focal vacuolation
of cells after 8 d with 1.85 × 103 CFU. (C) Plaque caused by TRLO-mediated
CPE after 8 d with 1.85 × 105 CFU. (D) May-Grünwald-Giemsa-stained
CHSE-214 cells showing intracytoplasmic TRLO, visible as basophilic in -
clusions (arrows), after 13 d with 1.85 × 103 CFU. (E) Real-time qPCR fluo -
rescence plot showing the early detection of TRLO genomic DNA (gDNA) in
the flask containing both CHSE-214 and TRLO compared to the TRLO in -
oculum-only control. The cycle number at which fluorescence crosses the
 detection threshold (green line) is inversely proportional to the amount of 

target gDNA
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group injected with TRLO. On the following day
(Day 7 p.i.), 3 more moribund fish were removed
from the TRLO-injected group and the trial was ter-
minated. Fish injected with TRLO presented with
gross signs that included hyperaemia (particularly
at the base of the fins), a distended anus, congestion
around the pancreatic tissue, haemorrhaging in the
anterior chamber of the eye and/or peritoneal pe -
techiation. On Day 7 p.i., none of the 5 PBS-injected
fish showed any gross abnormalities. TRLO was iso-
lated and cultured from the kidney of all 5 TRLO-
injected fish.

A second pilot-scale challenge was conducted,
ostensibly to establish the onset of disease in TRLO-
injected fish. During this trial, neither the TRLO nor
PBS-injected fish showed any gross signs of disease
on Day 3 p.i. (data not shown). However, on Day 5
p.i., 1 fish injected with TRLO was demonstrably
affected, and the other 4 fish sampled at this point
displayed gross signs such as congestion around the
pyloric caecae, haemorrhaging in the anterior cham-
ber of the eye and/or petechiation of visceral fat.
None of the PBS-injected fish showed any pathologi-
cal signs. From Day 6 through to Day 10 p.i., all
remaining TRLO-injected fish either became mori-
bund (and were euthanized) or died. Of these, less
than 50% of fish displayed external changes; how-
ever, internally, fish displayed signs that were overall

consistent with acute septicaemia. The experiment
was terminated on Day 10 p.i., and at this point, none
of the 10 remaining PBS-injected fish showed any
gross pathological signs. TRLO was isolated and cul-
tured from pooled kidney, liver and spleen samples
from TRLO-affected fish.

A third challenge was conducted to verify the
reproducibility of the challenge model, to investi-
gate the histopathological features of experimentally
in fected fish and to establish a challenge dose that
could be used in future vaccine efficacy trials. A
series of 10-fold dilutions of TRLO were created and
injected into independent groups of juvenile
Atlantic salmon. The upper dose was targeted at or
just below that of the dose used for the second pilot-
scale challenge. All fish recovered from anaestheti-
sation and injection, although 1 fish in the 7.64 × 107

dose group died after jumping from its tank on
Day 1 p.i. On Day 4 p.i., an unexpected mortality
occurred in the PBS-injected group, but was consid-
ered handling-related as the fish presented with no
gross or microscopic signs of disease, and no bacte-
ria were cultured from the kidney on either BCG or
sheep’s blood agar. At 7 to 8 d p.i., fish in the 7.64 ×
105 and 7.64 × 106 CFU groups became moribund,
presenting with gross signs of disease consistent
with those observed in fish during the first 2 TRLO
challenges. On Day 10 p.i., fish in the 7.64 × 104
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Fig. 6. Experimental assessment of the pathogenicity of a TRLO isolate from south-east Tasmania (TCFB 2292) in Atlantic
salmon Salmo salar parr. Cumulative morbidity (%) in parr challenged with six 10-fold dilutions of TRLO. A TRLO suspension
was 10-fold diluted and each dilution was intraperitoneally (IP)-injected into Atlantic salmon parr. The quantity of cells in the
highest dose was determined using the Miles and Misra technique (Miles et al. 1938) and the data extrapolated for each of the 

10-fold dilutions. The negative control group was IP-injected with sterile phosphate-buffered saline
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CFU group began to show signs of morbidity, and
affected fish were removed from the tank (Fig. 6).
Fish were removed almost daily from these 3
affected groups until Day 20 p.i. when the challenge
concluded. At this point, the morbidity rates in the
7.64 × 104, 7.64 × 105 and 7.64 × 106 CFU affected
groups were 56, 92 and 84%, respectively. No mor-
bidity was observed in any of the other treatment
groups. Gross findings varied across moribund
TRLO-injected fish. Gross findings occurred in 91%
of moribund fish in the 7.64 × 105 and 7.64 × 106

CFU TRLO-injected group on Days 7 and 8 p.i., and
these included haemorrhaging in the anterior cham-
ber of eye, hyperaemic and distended anus (Fig. 7A)
and marked diffuse hyperaemia of the posterior
intestine and visceral fat (Fig. 7B). TRLO was clearly
visible within leucocytes obtained from the caudal
vein and included both monocytes and neutrophils
(Fig. 8).

At the conclusion of the challenge, 23 fish (8 PBS-
injected and 15 fish from the 3 highest TRLO doses
with and without gross findings) were processed for
histopathological examination. Five of the 15 TRLO-
injected fish had gross findings including pallor of
the liver and hyperaemia of the visceral fat and
serosa of the pyloric caecae. Microscopically, these

fish had changes in the liver (4/5 fish), kidney (3/5)
and visceral fat (5/5). These changes included mild
acute to subaucte multifocal necrotizing non-suppu-
rative hepatitis, mild acute tubular necrosis and sub-
acute mild multifocal steatitis. Within the sites of
inflammation there were intracytoplasmic bacteria
morphologically consistent with RLO (Fig. 9). The
other TRLO-treated fish with no gross findings had
either mild steatitis or no microscopic findings. There
were no microscopic findings in the PBS-injected
fish.

To confirm the TRLO-internal lesion nexus in fish,
histological sections were probed with antiserum
raised against a TRLO isolate from south-east Tas -
mania (Fig. 10). Sections from 6 TRLO- and 6 PBS-
injected fish were probed with the antiserum. In
TRLO-injected fish, TRLO was most frequently ob -
served in the pancreas (5/6) and the posterior intes-
tine (5/6), reflecting the earlier gross and routine
histopathological observations. In the pancreas,
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Fig. 7. Example of the (A) external and (B) internal gross
signs of disease in Atlantic salmon Salmo salar parr in-
traperitoneally-injected with a TRLO isolate obtained from a
farmed fish in south-east Tasmania (TCFB 2292). These
gross signs of disease were typical of all affected fish in the
groups injected with at least 7.64 × 104 CFU TRLO. (A) Ex-
ternal changes include anal congestion. (B) Generalised
congestion of the pyloric caecae and visceral fat; hind gut 

(arrow) also shows marked congestion

Fig. 8. Intracytoplasmic TRLO observed in peripheral blood
leucocytes of Atlantic salmon Salmo salar parr challenged
with cultured TRLO. May-Grünwald-Giemsa-stained blood
smears. TRLO was observed within (A) polymorphonuclear 

(neutrophil-like) cells and (B) monocytes (arrows)
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TRLO was detected focally or widespread across
multiple acinar cells (Fig. 10A). In the posterior intes-
tine, TRLO was typically in the serosa, muscularis
and, to a lesser extent, the lamina propria. In 2 of the

6 TRLO-injected fish that were examined, the in -
fection had become systemic, affecting the liver
(Fig. 10C,D), kidney (Fig. 10E), heart (Fig. 10F) and
spleen. No TRLO was detected in any of the PBS-
injected fish.

Differential binding of polyclonal antisera to TRLO
provides evidence of serotypic variation

Phylogenetic analyses (Fig. 4) coupled with the
discrepancy in the permissive temperature range
of TRLO isolates suggested that TRLO may be
sub divided into distinct genotypic and/or pheno-
typic groups. We were particularly sensitive to
evidence of diversity given that our ultimate aim
was to deve lop an anti-TRLO vaccine. Therefore,
antisera were raised against a TRLO-SE and a
TRLO-MH isolate, as representatives of what
appeared to be at least 2 distinguishable TRLO
clusters. To assess binding of the antisera, TRLO
cell suspensions were prepared from all isolates
available at the time, and these were bound to
duplicate nitrocellulose membranes. Des pite using
whole serum (without cross-adsorption) to probe
the membranes, each antiserum produced an
unambiguously different binding pattern (Fig. 11).
Rabbit anti-TRLO-MH serum IgG bound specifi-
cally to isolates obtained from Macquarie Harbour.
In contrast, rabbit anti-TRLO-SE serum IgG not
only bound all TRLO-SE isolates, but it bound 2 of
4 TRLO-TR and all TRLO-MH isolates, albeit with
a lower staining intensity. Combined, these data
provide evidence of at least 3 TRLO serotypes,
each found within a specific location in Tasmania
(Table 1). Two isolates from the Tamar River that
were very weakly bound by the rabbit anti-TRLO-
SE serum IgG may constitute a fourth serotype,
although further analysis is required to confirm
this observation.

Rabbit anti-TRLO-SE or TRLO-MH serum IgG
does not bind P. salmonis

To explore the antigenic overlap between TRLO
and P. salmonis, a liver from a P. salmonis-infected
coho salmon was probed with the polyclonal antisera
raised against TRLO-SE and TRLO-MH. Neither the
rabbit anti-TRLO-SE serum nor the rabbit anti-
TRLO-MH serum bound P. salmonis, yet florid P.
salmonis was observed in multifocal lesions after in -
cubation with the commercially available sheep anti-

96

Fig. 9. Identification of Rickettsia-like organisms (RLOs; ar-
rows) in the (A) liver, (B) pyloric caecae and (C) heart of
TRLO-injected Atlantic salmon Salmo salar. RLOs were
most commonly identified in clusters. Tissues were formalin
fixed, embedded in paraffin, sectioned and May-Grünwald-

Giemsa-stained



Morrison et al.: Isolation of Tasmanian RLO 

P. salmonis IgG (Fig. 12). These data provide evi-
dence of an antigenic difference between at least 2
TRLO serotypes and P. salmonis. However, further
analyses using antisera raised against TRLO-TR are
required to determine whether this serotype is also
antigenically-distinct from P. salmonis.

TRLO-SE is the only detectable serotype in 
TRLO-infected fish from sea farms

TRLO-associated infections at commercial sea-
cage salmonid farms have occurred exclusively in
south-east Tasmania, and the isolation of a single
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Fig. 10. Immunohistochemical detection of TRLO in TRLO-injected Atlantic salmon Salmo salar. (A) Broad distribution of
TRLO through the pyloric caecae and pancreatic tissue. (B) Higher magnified view showing TRLO in the pancreatic tissue and
in the serosal surface/muscularis of the pyloric caecae. (C) Section of liver showing TRLO with a multifocal distribution
 (arrows). (D) TRLO in a lesion penetrating the serosal surface of the liver. (E) TRLO (arrow) in the inter-tubular hematopoietic
tissue of the kidney. (F) TRLO identified individually or in aggregates (arrow) within the spongy myocardium of the ventricle.
Tissues were formalin fixed, embedded in paraffin, sectioned and probed with rabbit anti-TRLO-SE serum. Horseradish
 peroxidase-conjugated secondary antibody and 3-amino-9-ethylcarbazole were used in the detection of bound antibody. 

Sections counterstained with Mayer’s haematoxylin
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Fig. 11. Immuno-dot blot analyses of TRLO isolates obtained
from salmonids grown in the Macquarie Harbour, Tamar
River and the south-east Tasmanian production zones. A
standardised cell suspension was prepared for all isolates,
and cells were dispensed into a dot blot apparatus in dupli-
cate. Duplicate membranes were probed with polyclonal
anti serum raised against a TRLO isolate from (A) south-east
Tasmania or (B) Macquarie Harbour. Isolates homologous to
those used to prepare the antisera are boxed on each blot.
Negative controls consisted of wells containing Yersinia
ruckeri serotype O1b biotype 1 (TCFB 2160), Vibrio anguil-
larum serotype O1 (TCFB 1958), Bacillus subtilis (ATCC
11774) and Escherichia coli (ATCC 25922) or buffer only. Alka -
line phosphatase-conjugated secondary antibody and BCIP/
NBT (Sigma) were used in the detection of bound antibody

Origin of isolates Anti-TRLO- Anti-TRLO-
MH SE

Macquarie Harbour (MH) + +
Tamar River − − or +
South-east Tasmania (SE) − +

Table 1. Summary of Tasmanian Rickettsia-like organism 
(TRLO) immuno dot-blotting results as shown in Fig. 11

Fig. 12. Polyclonal anti-TRLO serum fails to bind Pisci -
rick ettsia salmonis. Serial sections of a formalin-fixed,
paraffin-embedded liver from a P. salmonis-infected coho
salmon Oncorhynchus kisutch were probed with (A) sheep
anti-P. salmonis IgG, (B) rabbit anti-TRLO-SE or (C) rab -
bit anti-TRLO-MH serum. P. salmonis bound by the sheep
anti-P. salmonis IgG were prominent in multifocal lesions
(arrow). Alkaline phosphatase-conjugated secondary anti-
body and BCIP/NBT (Sigma) were used in the detection
of bound antibody. Sections counterstained with nuclear 

fast red
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serotype (Fig. 11) from this region
strongly links TRLO-SE with disease.
To verify this connection, fish submis-
sions to the DPIPWE Animal Health
Laboratory (AHL) that were positive
for TRLO infection by histopathology
were identified using the AHL elec-
tronic Laboratory Information Man-
agement System. Archival tissues
and haematoxylin and eosin (H&E)-
stained sections were obtained from
15 AHL ac cessions from 2001, 2002,
2003 and 2006. The H&E-stained sec-
tions were inspected to confirm the
presence of TRLO and/or TRLO-like
lesions, and serial sections from the
respective paraffin-embedded tissues
were probed with rabbit anti-TRLO-
SE or rabbit anti-TRLO-MH sera de -
scribed above. In all sections pro -
bed, the anti-TRLO-SE serum bound
TRLO in the affected tissues, whereas
no binding of the anti-TRLO-MH was
observed (data not shown). Typically,
TRLO was observed in liver tissue dis -
playing multifocal necrotizing hepati-
tis. Other frequent sites of infection
were the brain, pancreas and pyloric
caecae. In 1 or 2 sections, TRLO was
observed in the kidney, spleen and
gill. These observations were consis-
tent with tissues from Atlantic salmon
that were experimentally infected
with TRLO in the laboratory. Overall,
the IHC binding patterns coupled
together with the isolation of a single
serovar from the south-east produc-
tion zone suggest that TRLO-SE has been the only
TRLO serotype involved in past epizootics.

Cultured TRLO-TR and TRLO-MH cause disease
in juvenile Atlantic salmon

The identification of a single TRLO serotype
(TRLO- SE) in archival tissues from infected farm fish
raised the question of whether TRLO-TR and TRLO-
MH were apathogenic variants. To test this hypo -
thesis, groups of juvenile Atlantic salmon were chal-
lenged with TRLO-TR or TRLO-MH by IP injection.
On Day 6 p.i., the first moribund fish were removed
from the tanks. After this point, fish were removed
daily until Day 11 or 13 for TRLO-TR and TRLO-MH,

respectively (Fig. 13). The cumulative morbidity lev-
els were very high, with all 90% or greater. Fish pre-
sented with gross signs consistent with those ob -
served during the TRLO-SE challenges, and TRLO
was recovered in culture from all affected fish. No
mortalities were recorded in the PBS-injected nega-
tive control group.

DISCUSSION

TRLO has been shown to infect Atlantic salmon
during the marine phase of production in Tasmania,
but the inability to culture TRLO in vitro has been a
major impediment to the progression of our under-
standing of the bacterium and its role in disease.
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Fig. 13. Assessment of the pathogenicity of TRLO (A) Tamar River and (B)
Macquarie Harbour serotypes in Atlantic salmon Salmo salar parr. Groups of
20 Atlantic salmon were intraperitoneally (IP) challenged with three 10-fold
dilutions of the TRLO Tamar River (TCFB 2858) or Macquarie Harbour (TCFB
2868) serotype. The quantity of cells in the highest dose was determined us-
ing the Miles and Misra technique (Miles et al. 1938), and the data were ex-
trapolated for each of the 10-fold dilutions. The negative control group was 

IP-injected with sterile phosphate-buffered saline



Dis Aquat Org 122: 85–103, 2016

Here, we isolated TRLO in culture and have demon-
strated that rather than being an obligately-intracell-
ular pathogen, the bacterium has the ability to repli-
cate intracellularly as well as in an extracellular
environment. In the absence of media for TRLO, we
used enriched agar that supports the growth of Pisci -
rickettsia salmonis on the assumption that despite
genotypic and phenotypic differences between the
bacteria (Corbeil et al. 2005), there would be suffi-
cient nutritional overlap for TRLO growth. This strat-
egy paralleled that used for P. salmonis which was
grown on BCG agar (Mauel et al. 2008), a medium
initially used to isolate Francisella sp. in culture (Ny -
lund et al. 2006). TRLO was isolated on both BCG
and CHAB agar, although BCG provided an appar-
ent advantage in growth rate and was used for all
subsequent TRLO isolations. TRLO growth is de pen -
dent on supplementation of the medium with L-cys-
teine, typical of many intracellular bacterial patho -
gens, indicating that TRLO may be an auxo troph for
this amino acid. Growth is also dependent on glucose
and sodium chloride, with the latter only required at
physiological concentration (data not shown). A
minor discrepancy in the permissive temperature
ranges was observed between isolates from Mac-
quarie Harbour and the remaining TRLO isolates.
Interestingly, this observation coupled together with
analyses which showed that TRLO is phylo genetic -
ally heterogeneous, led to the development of anti -
sera against 2 TRLO isolates and the identification of
TRLO serovars.

One TRLO serovar, TRLO-SE, was linked to clini-
cal cases of disease at sea cage farms and predictably
caused disease in naïve Atlantic salmon parr during
laboratory challenges. The IP challenge was mod-
elled on several successful P. salmonis challenge
methods described in the literature (Kuzyk et al.
2001, Birkbeck et al. 2004b, Salonius et al. 2005, Wil-
helm et al. 2006). Challenge by cohabitation in fresh
water was also considered (Almendras et al. 1997a,
Smith et al. 2004) but was deemed unfeasible given
that TRLO is instantaneously inactivated in fresh
water. In fish injected with TRLO, aspects of patho-
genesis were similar to that of salmonids challenged
with P. salmonis in that it appeared that the bacte -
rium directly entered host cells on serosal surfaces of
organs (Almendras et al. 1997a) and was dispersed
by circulating leucocytes (Almendras et al. 2000) in a
Trojan horse-like fashion. Both gross and histopatho-
logical changes were observed in multiple organs of
TRLO-treated fish. Gross findings in TRLO-injected
fish, including haemorrhage in the anterior chamber
of the eye, hyperaemic anus, hepatic pallour and

hyperaemia of posterior intestine and visceral fat, are
similar to Atlantic salmon naturally infected with
TRLO at sea cage farms (DPIPWE unpubl. data).
Indeed, the re-isolation of TRLO in culture from the
liver of affected fish during challenges and also the
routine direct isolation of TRLO in culture from the
liver of sea cage-farmed fish verifies the consistently
hepatotropic nature of TRLO. However, unlike in pis-
cirickettsiosis-affected fish, the pale gills (anaemia),
cream-coloured focal subcapsular nodules in the
liver and swollen grey kidneys (Birrel et al. 2003,
Fryer & Hedrick 2003, Rozas & Enriquez 2014) were
not seen in TRLO-injected fish. Histopathological
findings in TRLO-injected fish such as necrotizing
hepatitis have also been seen in farmed Atlantic
salmon naturally infected with TRLO in Tasmania
(DPIPWE unpubl. data) and P. salmonis-infected
Atlantic salmon (Almendras et al. 2000). However,
other microscopic changes related to P. salmonis
infection, such as the replacement of renal and
haematopoietic tissue by inflammation, meningitis,
inflammation of the lamina propria in the intestines
and branchitis (Birrel et al. 2003, Ferguson 2006),
were not seen in TRLO-treated fish.

Two other TRLO serovars (TRLO-MH and TRLO-
TR) were also shown to be pathogenic in naïve At -
lantic salmon. This was unexpected given that there
is no evidence of TRLO-linked disease in the pro -
duction areas where these isolates were obtained.
Whether a relative difference in virulence between
serovars accounts for this observation is not known.
Variation in virulence is a known feature of P. salmo-
nis isolates (House et al. 1999), although the mecha-
nism that underpins this variation has yet to be
 identified, precluding exploration that the same me -
chanism occurs amongst TRLO serovars. Neverthe-
less, as a simple first step in evaluating any potential
variation in virulence, parallel TRLO challenges
could be performed using standardised doses and en -
vironmental conditions. Serotypic diversity amongst
TRLO isolates is novel in that to date there is no evi-
dence of such variation within the P. salmonis species
despite its antigenic characterisation (Kuzyk et al.
1996, Barnes et al. 1998, Jones et al. 1998). There is
evidence of differences in virulence be tween P.
salmonis isolates (House et al. 1999), but antigenic
variability has yet to be identified. This may be due to
the technically challenging process of developing
polyclonal antisera using cells propagated by cell
culture, although methods to purify the bacterium
from cell culture debris have been optimised (Kuzyk
et al. 1996). The establishment of agar (Mauel et al.
2008, Mikalsen et al. 2008) and liquid (Vera et al.
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2012, Yañez et al. 2012, Henríquez et al. 2013) media
for P. salmonis may also assist in the production of
highly specific antisera.

As yet, the antigenic basis for the distinction be -
tween the 3 (or possibly 4) serotypes of TRLO is un -
known. Serotypic diversity among many groups of
Gram-negative bacteria is driven by variability in
the heat-stable lipopolysaccharide O-antigens. To
identify variants, it is critical that antisera bind these
epitopes. Antisera have been produced against P.
sal monis lipopolysaccharide-like antigens, but the
anti sera were only used to screen 4 P. salmonis iso-
lates (Jones et al. 1998). Therefore, it is less likely
that the quality of antisera has prevented the identi-
fication of P. salmonis serovars but perhaps more
likely that an insufficient number of isolates have
been screened to identify subtypes. The acquisition
of additional isolates and further analyses is required
before a genuine assessment of P. salmonis intra-
 species diversity can be made.

All TRLO sequenced to date possess the 19 bp
deletion at the 3’ end of the 16S-23S ITS, distinguish-
ing each isolate from P. salmonis (Corbeil & Crane
2007). This method of differentiation appears to be
robust, although an RLO detected in seabass Dicen-
trarchus labrax and later designated as P. salmonis
(SBPLO) has also been shown to possess the same
genomic signature (McCarthy et al. 2005). Since the
SBPLO observation was a one-off in a non-salmonid
host species, heavy reliance was placed on rDNA
sequences which may or may not be phylogenetically
informative, and SBPLO was not isolated in culture,
preventing further analyses. We argue that it is pre-
mature to abandon the ITS sequencing technique to
distinguish TRLO from P. salmonis. To strengthen
this position, we sought additional evidence that dif-
ferentiates TRLO from P. salmonis and followed up
lines of investigation described in the first study on
TRLO (Corbeil et al. 2005). While our data show that
TRLO is similar to P. salmonis in that the bacteria are
capable of causing CPE on the CHSE-214 cell line,
unambiguous phylogenetic and antigenic differ-
ences were identified. Antigen-based assays may
indeed become useful diagnostic tools in future and
protocols may require revision, but before this occurs
it is important that stable taxonomic relationships are
systematically established. Most crucial would be
a formal polyphasic approach comparing TRLO, P.
salmonis and, if possible, P. salmonis-like organisms
(Chen et al. 2000a,b, Mauel et al. 2003, McCarthy et
al. 2005) incorporating methods secondary to 16S
rDNA or multilocus sequence analysis such as
DNA:DNA hybridisations (Rosselló-Mora & Amann

2001, Stackebrandt et al. 2002, Tindall et al. 2010)
or whole genome sequence comparison (Whitman
2015). The latter is now very realistic given that 2 P.
salmonis genomes have already been sequenced and
published (Eppinger et al. 2013, Yañez et al. 2014).

In summary, evidence is presented showing that
TRLO comprises a serotypically diverse group of
novel bacteria capable of in vitro growth in an intra-
cellular or extracellular environment. Evidence of
phylogenetic, phenotypic and antigenic differences
justifies the sustained use of the TRLO name and
separation from P. salmonis, but further detailed ana -
lyses are required for formal taxonomic placement of
TRLO. Laboratory challenge experiments demon-
strate that cultured TRLO is capable of reproducibly
generating disease and that TRLO is both directly
associated with pathological change and is re cover -
able in pure culture from challenged fish. Col lec -
tively, these data have fulfilled Koch’s postulates for
the bacterium and thus we propose the TRLO-related
disease be named Tasmanian salmonid rickett siosis
(TSR).
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