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INTRODUCTION

During the fall of 2015, up to 40% mortality was
reported among juvenile Yesso scallops Patino -
pecten yessoensis following approximately 6 mo of
suspended culture in Baynes Sound, British Colum-
bia (BC), Canada. The scallop seed originated from
a nearby land-based hatchery and were outplanted
to the marine environment when they were about
3 mo old. Necropsy and gross examination revealed
that 11% (7/65) of the scallops had small (1 to 3 mm
diameter) pinkish pustules and/or diffuse coalescing
areas of pus within the adductor muscle, and the
digestive gland was often pale in colour. In addition,

approximately 50% of the specimens showed vary-
ing levels of shell damage consisting of erosion or
chips along the leading edge which were often as -
sociated with conchiolin deposits and believed to be
the result of mechanical abrasion or ‘biting’ damage
from other scallops. Similar observations of pustules
in the connective tissue of all organs and shell dam-
age were reported in cultured scallops from BC dur-
ing the late 1980s and 1990s (for images see www.
dfo-mpo. gc.ca/ science/ aah-saa/ diseases-maladies/
ibdsc-eng. html). Studies at that time concluded that
the lesions were most likely caused by a cryptic
infectious agent such as an intracellular bacterium
or possibly a virus. It was also hypothesized that this
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ABSTRACT: During the fall of 2015, up to 40% mortality occurred in juvenile Yesso scallops
Patinopecten yessoensis at an aquaculture site in Baynes Sound, British Columbia, Canada.
Macroscopic lesions were present in 11% of the scallops, and histopathology consisting of multi-
focal and diffuse haemocyte infiltration was observed in 44% of the specimens examined. Histo-
logically, small Gram-negative intracellular bacteria-like particles were observed within necrotic
haemocytes of the lesions, suggesting a bacterial aetiology. DNA was extracted from adductor
muscle lesions of diseased scallops, and the 16s rDNA gene as well as the DNA-directed RNA
polymerase beta subunit (rpoB) were amplified by PCR. Sequence analyses of the resulting 413
and 925 bp fragments were a 100% match to the reference sequence for Francisella halioticida,
originally described as the cause of mortality in abalone from Japan. Isolation and culture of the
bacteria was not possible at the time, as no further diseased specimens were available. Results
from in situ hybridization assays as well as examination by transmission electron microscopy pro-
vide further evidence supporting the hypothesis that F. halioticida was the most probable
causative agent of the lesions and mortality.
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could be a chronic disease condition associated with
stress (Bower et al. 1992, Bower & Meyer 1994,
Getchell et al. 2016).

The findings from our study indicate that the intra-
cellular bacterium Francisella halioticida is the most
probable aetiological agent for the lesions. Bacteria
in the genus Francisella are Gram-negative, non-
motile, facultative intracellular, non-spore forming
cocco-bacilli (Eigelsbach & McGann 1984, Sjöstedt
2005, Jones & Smith 2014). It is noteworthy that the
bacteria in this genus are considered to be highly vir-
ulent and cause serious disease in a wide range of
hosts; infections are often referred to as francisellosis.
For example, F. tularensis causes a highly contagious
and serious disease of mammals (Oyston 2008) and F.
noatuensis can cause a severe systemic granuloma-
tous inflammatory disease in fish (Nylund et al. 2006,
Jones & Smith 2014). Similarly, F. halioticida is also
known to be pathogenic and was originally de -
scribed as the cause of mass mortality among farmed
abalone Haliotis gigantea in Japan (Kamaishi et al.
2010, Brevik et al. 2011).

MATERIALS AND METHODS

Sample collection

On 2 occasions during 2015, juvenile Patinopecten
yessoensis (n = 65) were collected from an aquacul-
ture site in Baynes Sound, BC, for disease examina-
tion. Initial samples were collected on 30 November
(n = 24) with additional samples collected on 14
December (n = 41). All scallops were approximately
9 mo old, and the shell height measurements ranged
from 18 to 44 mm. For each scallop, the adductor
muscle attachment site was severed along the right
valve, the shell was removed, and tissues were
examined macroscopically for lesions and abnor-
malities.

Histology

Tissue samples were preserved in Davidson’s solu-
tion (Howard et al. 2004) and processed using routine
histology techniques for paraffin embedding. Five
µm thick tissue sections were deparaffinized and
stained with Harris’ modified haematoxylin and
eosin (H&E); in addition, a subset of tissue sections
with lesions were stained using Gram stain. Histol-
ogy slides were examined and photographed via
light microscopy (100 to 1000× magnification).

Transmission electron microscopy (TEM)

Visible lesions in the adductor muscle were excised
and cut into small pieces (2 to 3 mm cubes), pre-
served in 2.5% gluteraldehyde in 0.1 M cacodylate
buffer (pH 7.2) overnight at 4°C. Tissues were rinsed
3 times with the same buffer, post fixed for 1.5 h in
1% osmium tetroxide, rinsed another 3 times with
buffer, dehydrated through an ethanol series and
acetone followed by infiltration and embedding in
epoxy resin (Eponate 12 kit, Marivac). Thin sections
(70–80 nm) were mounted on grids, stained with
uranyl acetate and Sato’s modified triple lead citrate
and examined using a Jeol JEM-1011 transmission
electron microscope outfitted with a Gatan Erlang-
shen CCD  camera.

Polymerase chain reaction (PCR) and sequencing

Small pieces of adductor muscle containing lesions
from 3 scallops were preserved in 95% ethanol, and
DNA extraction was performed using a DNEasy tis-
sue Kit (Qiagen) according to the manufacturer’s
instructions. The extracted DNA concentration and
purity were measured using a Nanodrop spectro -
photometer. PCR assays were conducted using pre -
viously published primer pairs designed to amp -
lify bacterial 16S ribosomal DNA (rDNA) (primers
968f and 1401r; Nübel et al. 1996), as well as the
DNA-directed RNA polymerase beta subunit (rpoB)
(primers Fh-rpoB/F and Fh-rpoB/R; Brevik et al.
2011). Both reactions used 1 µl of undiluted, ex -
tracted DNA as template and were performed with
HotStar Taq (Qiagen) in a 25 µl reaction volume with
final concentrations of the following: 1× Buffer, 5× Q-
Solution, 3 mM MgCl2, 0.2 mM dNTPs, 0.1 µM for-
ward and reverse primer and 0.05 U µl−1 of Taq poly-
merase. The thermal cycling conditions were 5 min at
95°C; 40 cycles of 30 s at 95°C, 30 s at the appropriate
annealing temperature (55°C for 968f and 1401r and
52°C for Fh-rpoB/F and Fh-rpoB/R) and 30 s at 72°C;
followed by a final cycle of 10 min at 72°C. PCR prod-
ucts were visualized on 1.5% agarose gels stained
with SYBR Safe (Thermofisher). Five µl of each
PCR product were purified for sequencing using
EXOSap-IT (USB), and sequencing reactions were
carried out using Life Technologies Big Dye Termi-
nator v3.1 with 1 µl of purified PCR product as tem-
plate, according to the manufacturer’s standard pro-
tocol. Sequencing reactions were then purified using
the DyeEX 2.0 Spin Kit (Qiagen) and run on an ABI
3130xl genetic analyser.
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In situ hybridization

Five µm tissue sections were deparaffinized, and in
situ hybridization (ISH) was performed based upon
the procedures and probes published by Kamaishi et
al. (2010), with minor modifications as follows. The 3
oligonucleotide probes Megai-110r, Megai-230r and
Megai-870r (Kamaishi et al. 2010) were purchased
with the 3’ end digoxigenin label already incorpo-
rated (Integrated DNA Technologies). Proteinase K
concentration was increased to 10 µg ml−1. The
hybridization solution and probe concentration of
each of the 3 probes used in combination was the
same as published by Kamaishi et al. (2010); how-
ever, the incubation time was shortened to 2 h at
60°C (overnight incubation at 39°C was eliminated).
The post hybridization washes were the same as
published, and similarly, the signal was detected im -
munologically using anti-digoxigenin-alkaline phos -
phate Fab fragments (Roche) in conjunction with
BCIP/NBT liquid substrate system (Sigma-Aldrich)
and counterstained using Bismark Brown Y.

P. yessoensis samples selected for ISH included 10
specimens collected from Baynes Sound during the
late fall of 2015 mortality event which
displayed a range of macro- and micro-
scopic lesions; 6 specimens collected
from a healthy population of scallops
in Sutil Channel, BC, (ap proximately
75 km north of Baynes Sound) on 7
December 2015 which were not expe-
riencing mortality and had no lesions;
as well as 3 archived specimens with
similar lesions which were collected
from the following locations in BC:
Departure Bay (Nanaimo) in January
1991, Read Island (northeast of Camp-
bell River) in October 1995 and
Cypress Bay (north of Tofino) in Octo-
ber 1995.

RESULTS

Histology

Histopathology was observed in 44%
of the scallops examined and con-
sisted of varying levels of multifocal
and diffuse haemocyte infiltration
within the adductor muscle as well as
the connective tissue of all organs.
The lesions ranged from small irregu-

lar patches of diffuse haemocyte infiltration (Fig. 1b)
to encapsulated foci containing densely packed ne -
cro tic cells (Fig. 1c) with the largest lesions usually
oc curring in the adductor muscle (Fig. 1a). No caus -
ative agents were detected via examination of H&E
stained slides. However, examination of Gram-stained
slides revealed the presence of a few small Gram-
negative intracellular bacteria inside necrotic cells
(presumably haemocytes) within the lesion areas
(Fig. 1d). Although the numbers of bacteria were rel-
atively scarce, they were observed consistently in
multiple specimens.

In situ hybridization

All 10 specimens collected from Baynes Sound, BC,
during the fall of 2015 displayed intense positive
reactions (dark brown/black colouration) showing
multiple foci of infection (Fig. 2a,c,d). Serial tissue
sections processed for ISH without probes showed no
reaction (Fig. 2b). The adductor muscle was the most
commonly affected tissue (Fig. 2c), followed by the
digestive gland, gonad and heart, and in a few spec-
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Fig. 1. Histological tissue sections of diseased Patinopecten yessoensis stained
with (a−c) H&E or (d) Gram stain. (a) Low magnification showing a very large
lesion (*) within the adductor muscle and adjacent to the gonad (Go), kidney
(K) and gill (Gi). Scale bar = 500 µm. (b) Irregular multifocal/diffuse patches of
haemocyte infiltration (*) in the connective tissue of digestive gland (DG) ad-
jacent to the basal membrane of the stomach epithelium and stomach lumen
(L). Scale bar = 100 µm. (c) Focal lesion (*) in the connective tissue of the gonad
(Go) on the verge of causing ulceration of the intestinal epithelium (arrow).
Scale bar = 100 µm. (d) High magnification showing tiny Gram-negative bac-
teria (arrow) inside a necrotic haemocyte within a lesion. Scale bar = 10 µm
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imens, positive reactions were also observed in the
mantle and gills, suggesting systemic infection. In
addition, the 3 archived specimens from 1991 and
1995 also displayed strong positive ISH reactions as
described above.

No lesions were observed in the 6 ‘healthy’ speci-
mens, although 5 of the 6 specimens coincidentally
showed strong positive reaction with Rickettsia-like
prokaryotes (Fig. 2e), commonly observed organisms
within the gills of scallops and many other species of
bivalves (Bower 2010).

TEM

Tissues from 3 individuals were examined, confirm-
ing the presence of small coccobacilli in the lesions.
The bacteria were relatively scarce, typically oc -
curred within the cytoplasm of necrotic haemoyctes
and measured 1 to 1.75 µm in diameter. Bacteria were
observed with homogenous distribution of chromatin
(Fig. 3a) as well as examples showing electron lucent
regions (Fig. 3b). In addition, evidence of division via
binary fission was observed (Fig. 3a), as well as oc-

currence within membrane vacuoles
possibly from a phagosome (Fig. 3b).
TEM examination failed to reveal evi-
dence of viral infection or any other
aetiological agents.

Sequence analysis

Sequence fragments from the 16s
rDNA region of 2 samples (413 bp) and
fragments from the rpoB region of 3
samples (925 bp) were respectively
identical. Blast results of these frag-
ments were a 100% match to the refer-
ence sequences for Francisella halioti-
cida published by Brevik et al. (2011)
(GenBank accession numbers JF290369
and JF290381/JF290374). Sequence di-
versity in both of these gene regions is
represented in this genus, although is
much greater in rpoB. The most similar
rpoB sequence to F. halioticida is F. cf.
novinda (CP002558), which is only
86.6% identical, while F. persica
(CP013022) was 99.1% identical to F.
halioticida at the 16s region.

DISCUSSION

Given that Francisella halioticida has a unique
sequence at both regions amplified in this study com-
bined with the positive ISH results, it is highly sug-
gestive that F. halioticida is the causative agent of the
pustules and associated mortalities in Patinopecten
yessoensis.

Francisella spp. are pleomorphic intracellular bac-
teria (Sjöstedt 2005). Although the ultrastructural
appearance of the bacteria in this study (Fig. 3) is
similar to some specimens of F. tularensis in host cells
depicted by Clemens et al. (2009) and Lian (2016),
they look different from the electron micrographs
presented for F. halioticida by Brevik et al. (2011).
Also, the bacteria measurements re corded in this
study via TEM fall within the size range of Fran-
cisella spp. (Sjöstedt 2005), but they were larger than
those reported for F. halioticida by Brevik et al.
(2011) (1–1.75 µm compared to 0.5–1 µm, respec-
tively). These discrepancies could be attributed to
comparison of bacteria from chronic in situ infections
(this study) versus cultured bacteria which were in
active growth phase (Brevik et al. 2011). In addition,
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Fig. 2. Histological tissue sections of Patinopecten yessoensis stained using
digoxigenin in situ hybridization (ISH). (a) Arrow indicates positive hybridiza-
tion signal within a lesion adjacent to the intestine (I) stained using probes; (b)
serial tissue section of (a) stained without probes showing no reaction. (c) In-
tense positive hybridization signal (arrow) is limited to the lesion area, while
no signal is observed in the surrounding adductor muscle (M). (d) Magnifica-
tion of (c) showing that although individual bacteria are difficult to discern, in-
tense positive signal was commonly observed in necrotic haemocytes (arrow),
which is presumably the result of phagocytosis and the presence of F. halioti-
cida DNA. (e) Strong positive ISH reaction (arrow) to a colony of Rickettsia-
like prokaryotes coincidently observed in the gill epithelium of ‘healthy’ 

scallops. Scale bars = (a−c) 100 µm, (d,e) 10 µm
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our TEM observations confirmed the intracellular
lifestyle of these bacteria and their ability to reside
in membrane-enclosed vacuoles (phagosomes). Bak -
kemo et al. (2011) indicated that these habits are a
common feature of Francisella spp. and may function
as a survival and replication niche as well as a
method of evading the host im mune response.

The strong positive ISH reaction to the bacteria
under investigation in this study concurs with those
for F. halioticida (Kamaishi et al. 2010). However, an
equally strong positive ISH reaction was coincidently
observed with Rickettsia-like prokaryotes in the gill
epithelium of the ‘healthy’ population of scallops.

This observation indicates that probes published by
Kamaishi et al. (2010) are not specific to F. halioti-
cida. Subsequent to this finding, additional ISH
assays were conducted using samples of 2 bacterial
pathogens of molluscs (Nocardia crassostreae and
‘Candidatus Xenohalitis californiensis’) and 2 bacte-
rial pathogens of finfish (Aeromonas salmonicida and
Renibacterium salmoninarum), and the probes did
not react with any of these bacteria. Regardless, fur-
ther research needs to be done concerning the speci-
ficity of probes published by Kamaishi et al. (2010),
especially with respect to other Francisella spp. as
well as other types of Gram-negative, intracellular
coccobacilli. The positive ISH results observed in the
3 archived specimens suggest that F. halioticida was
quite likely the aetiological agent responsible for
lesions observed in cultured scallops from BC during
the late 1980s and 1990s. However, this hypothesis
has less certainty given that DNA sequence data are
not available for the archived samples and that the
probes are now known to be non-specific. In addi-
tion, further research needs to be conducted with
respect to isolation and culture of F. halioticida from
Yesso scallops grown in BC, as well as experimental
disease challenges.
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