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Abstract

The redclaw crayfish (Cherax quadricarinatus) is a freshwater decapod crustacean,
cultured in numerous countries worldwide for both food and ornamental purposes.
Redclaw crayfish has become an important aquaculture species due to its physical
and biological traits, relatively easy breeding, and a short growing-out period to
reach commercial size. Bacterial infections are the second-most studied pathogens
of freshwater crayfish. However, redclaw crayfish rickettsiosis, caused by Coxiella
cheraxi, was reported in only a few scientific papers in the early 2000s, in Australia
and Ecuador. Coxiella cheraxi is a rod-shaped intracellular bacterium that can cause
mortality of 22%—80% in naturally infected crayfish. In experimental infections, mor-
tality rates may be even higher (40%—90%). Coxiella cheraxi is closely related to Coxiella
burnetii, the agent of Q-fever, which affects ruminants (goats, sheep, and cattle) and
occasionally may cause zoonotic infections. According to the scientific knowledge
available, C. cheraxi is a species-specific pathogen because it has been only detected in
Cherax quadricarinatus and thus far, there is no evidence of a zoonotic potential. In this
study, we describe an outbreak of rickettsiosis in a batch of redclaw crayfish imported
to Israel from an Australian hatchery, observed 2 months after introduction in a
quarantine facility. Initial mortality was evaluated through histopathology, revealing
infection by rickettsia-like organisms (RLO) that were subsequently investigated by
molecular analysis and transmission electron microscopy examination. Phylogenetic
analysis revealed that the detected RLO were closely related to C. cheraxi from a
single source (Australian strain TO98), available in free publicly accessible databases.
After 5 months in quarantine, almost 99% of the crayfish population had died. Our
findings raise valuable questions related to aquatic animal trade and the importance
of mitigation measures, such as quarantine and routine diagnostic procedures, to limit
the spread of infectious diseases.
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1 | INTRODUCTION

The redclaw crayfish Cherax quadricarinatus (von Martens, 1868) is a
tropical freshwater crayfish inhabiting the headwaters of the upper
reaches of rivers in north-eastern Australia and in Papua New Guinea.
Cherax quadricarinatus has become one of the most important crayfish
species worldwide due to its physical and biological traits; it is a rapidly
growing, non-aggressive species with no burrowing behaviour (Saoud
et al., 2013). Redclaw crayfish is a gonochoristic species and its sex-
ual maturity is reached in both sexes when their weight is about 18 g.
Females have a relatively high fecundity of 100—1000 eggs per spawn-
ing event, which can occur three to five times a year during a period
of nearly 6 months and when temperatures are above 22°C (Tro-
pea et al., 2010). According to the Food and Agriculture Organization
(FAO), at least 13 countries produced redclaw crayfish between 2000
and 2016, with a global production of 305 tons in 2016 (FAO, 2016).
Redclaw crayfish are also traded for ornamental purposes, resulting in
their translocations between many countries and territories (Azofeifa-
Solano et al.,, 2017). In Israel, C. quadricarinatus is only farmed in closed
systems for research purposes (Pamuru et al., 2012); outdoor farm-
ing is not economically sustainable due to the low water temperatures
during the Israeli winter (Karplus et al., 1998). Despite this difficulty
in rearing, C. quadricarinatus has been noted as an invasive species
in many countries with an equatorial or sub-tropical climate (Baudry
et al,, 2020) including Israel (Snovsky & Galil, 2011). The broad toler-
ance of redclaw crayfish to different water quality parameters and its
fast reproductive rate allow this species to rapidly colonize new river
catchments (Baudry et al., 2020).

Bacterial infections are relatively common and widespread in cray-
fish (Edgerton et al.,2002), and are thus the second-most studied group
of freshwater crayfish pathogens after viral infections (Dragicevic et al.,
2021). In some cases, bacterial infections of crayfish may lead to mor-
bidity and mortality of both wild and farmed animals, especially in com-
bination with underlying poor water quality and stressful environmen-
tal conditions (Edgerton et al., 2002); in other cases, the infection is
asymptomatic (Longshaw, 2011).

Rickettsia-like organisms (RLO) infect a range of aquatic crus-
taceans, including amphipods, crabs, prawns, and freshwater crayfish
(Edgerton & Prior, 1999). The first description of RLO infection, caus-
ing mass mortalities in redclaw crayfish, was reported in northern Aus-
tralia (Ketterer et al., 1992; Owens et al., 1992). Histopathological
alterations were basophilic, granular inclusions that caused hyperpla-
sia and hypertrophy of endothelial and interstitial cells of the gills and
other organs. The inclusions consisted of thin-walled microcolonies
containing rod-shaped RLO (0.16 x 0.5 um). Later, Tan and Owens
(2000) described a systemic RLO infection of redclaw crayfish that was
associated with high mortality. The intracellular bacterium was charac-
terized using molecular methods and was classified as Coxiella cheraxi.
In that case, the authors considered it to be a systemic infection; how-
ever, it appears to primarily infect gill tissue, and the hepatopancreas
becomes infected later during heavy infections (La Fauce & Owens,
2007). In the same year, Cooper et al. (2007) confirmed the taxonomic

position of the bacterial agent as a member of the previously mono-
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typic genus Coxiella which contains Coxiella burnetii, the causative agent
of Q-fever in humans and other mammals. This hypothesis has been
recently strengthened by Elliman and Owens (2020), using the MinlON
sequencing protocol. Unlike C. burnetii, and according to the literature,
C. cheraxi has not been diagnosed in other animal species. Therefore,
we can assume that this bacterial agent is a species-specific pathogen
with a low probability to become a zoonosis.

Hitherto, infections caused by C. cheraxi have been only reported in
farmed populations of redclaw crayfish. Tan and Owens (2000) exper-
imentally infected C. quadricarinatus with C. cheraxi showing an associ-
ation between thermal stress (higher temperature) and mortality rate,
observing 100% and 80% mortality at 28°C and 24°C, respectively. In
addition to Australia, the disease has been described in Ecuadorian red-
claw crayfish farms; based on the pathology, morphology, and localiza-
tion of the infection, it is likely to be related to C. cheraxi (Jimenez &
Romero, 1997; Romero & Jimenez, 2002), but no molecular data were
provided in the latter publications.

Clinical signs of crayfish rickettsiosis are not specific; although Ket-
terer et al. (1992) and Owens et al. (1992) reported about an extreme
lethargy prior to animals’ death in natural infections, Powell (2013)
detected no apparent behavioural changes in experimentally infected
redclaw crayfish.

Variable mortality rates have been associated with redclaw crayfish
rickettsiosis in a few studies: Ketterer et al. (1992) reported that mor-
tality of naturally infected redclaw crayfish in a farm in south-eastern
Queensland (Australia) reached 22% of the population; experimental
infections in Australian facilities showed mortality rates ranging
between 40% and 90% of tested animals (Powell, 2013); mortality
rates reported from Ecuadorian farms were 45%—80% in grow-out
ponds (Jimenez & Romero, 1997).

Numerous bacterial and viral diseases affecting Cherax quadricari-
natus have been described in scientific publications (Dragicevi¢ et al.,
2021).In 2019, Davidovich et al. described a case of co-infection (bac-
terial and viral) caused by Mycobacterium gordonae and Cherax quadri-
carinatus bacilliform virus (CqBV) in a small-scale hatchery of redclaw
crayfish in Israel (Davidovich et al., 2019). In the present work, we
describe an outbreak of crayfish rickettsiosis in a quarantine facility
on that farm, caused by C. cheraxi. The owners imported redclaw cray-
fishjuveniles to Israel from an Australian hatchery. Pathology, morphol-
ogy, and molecular characterization of this pathogen are described, and

control strategies for crayfish infectious diseases are discussed.

2 | MATERIALS AND METHODS
2.1 | Crayfish sampling

Redclaw crayfish (10,000 juveniles, 2—3 weeks of age) were imported
to Israel in February 2019 and held in a quarantine facility approved
by the Israeli Veterinary Services. This facility was equipped with a
few plastic containers of various water volumes (200—1000 L; total
volume of 5000 L), connected to a biological filter which created a small

recycling-water system. Water temperature was kept at 25°C (+1°C);
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weekly water-replacement rate was ~5%. Water-quality parameters
(ammonia and nitrite) were measured by the farmer using commercial
kits (Merck). Crayfish were sampled in March, April, and July 2019.
At the first sampling, when no signs of morbidity or mortality were
observed, five juveniles were fixed whole in Davidson’s fixative for
48 h and postfixed in 70% ethanol (EtOH) as a routine control. At the
second sampling, when the mortality of several dozen individuals was
noted, three specimens were fixed whole in 70% EtOH for molecular
detection of Aphanomyces astaci, and four juveniles were fixed for
histological evaluation. Finally, at the third sampling, when most of the
animals had died, 20 individuals of various sizes (0.65—13.2 g) were
collected and fixed for both morphological and molecular analyses
(Table S1). In this case, for each specimen, a longitudinal hemi-section
of the cephalothorax and abdomen was fixed in Davidson’s fixative as
for the first sampling, whereas a portion of the hepatopancreas was
fixed in 70% EtOH and in glutaraldehyde with 0.1 M sodium cacodylate
buffer for molecular analysis and electron microscopy, respectively. In
all sampling events, no clinical signs and gross lesions of disease were

observed (i.e. cuticular melanization, loss of limbs, lethargy).

2.2 | Histopathological analysis

The cephalothorax and abdomen of each large specimen (>5 g) were
injected with and fixed in Davidson’s fixative for 48 h and postfixed
in 70% EtOH. Small individuals (<5 g) were fixed whole. Longitudi-
nal and transversal sections of the abdomen and one longitudinal sec-
tion of the cephalothorax, comprising the cardial stomach, hepatopan-
creas, gonads, green gland, ventral nerve cord, heart and gills, were
obtained from each specimen. Tissues were processed and embedded
(Paraplast) routinely for histologic examination. Thin sections (3 um)
were stained alternately with Mayer’s haematoxylin and eosin (H&E)
and Ziehl-Neelsen stain, mounted in EUKITT resin, and observed with
a Leitz Diaplan microscope at 40—1000x magnification. Digital images
were obtained using an integrated Leica MC170 HD camera with LAS
4.5.0 (Leica) software.

2.3 | Electron microscopy examination

At the third sampling, selected individuals (two juveniles) were col-
lected and hepatopancreas pieces of 3—4 mm (1.0 mm? tissue blocks)
were fixed in 2.5% paraformaldehyde/2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer (pH 7.4) (Electron Microscopy Sciences) for
approximately 48 h, and then transferred to 0.1 M sodium cacody-
late buffer. Tissue fragments were postfixed in 1% osmium tetroxide,
dehydrated employing a graded series of ethyl alcohol and embed-
ded in Ducopan resin (Sigma). Embedded samples were sectioned on a
Reichert-Jung Ultracut E Ultramicrotome 701704 (Reichert Technolo-
gies) to 0.6 um thickness (semi-thin sections) and stained with Tolui-
dine blue to identify areas of interest. Thin sections (60—90 nm) were
cut, placed on 200-mesh copper grids (Electron Microscopy Sciences)

and stained with 5% uranyl acetate for 20 min and lead citrate for
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6 min (Electron Microscopy Sciences). The sections were then exam-
ined under an EM 208S transmission electron microscope (Philips), and
bacteria were measured using iTEM software (Olympus SIS).

2.4 | DNA extraction and molecular analysis

At the second sampling, up to 50 mg of a mix of cuticles from the
ventral abdomen, telson, proximal joint of the pereiopods and eye-
stalk was dissected from three specimens and processed for total
DNA extraction using a QlAamp DNA Mini Kit (Qiagen) according
to the manufacturer’s protocol. The extracted DNA was then tested
for the presence of Aphanomyces astaci using the TagMan Real-Time
PCR assay (Vralstad et al., 2009). At the third sampling, hepatopan-
creatic tissues (fixed in 70% EtOH) of five juveniles that showed
intense RLO infection by histopathology were submitted to total
DNA extraction as described above. Amplification and sequencing
of the 16S rRNA region were performed with an in-house primer
set (16SBAq F 5'-CACGGYCCAGACTCCTAC-3’ and 16SBAq R 5'-
CGATTACTAGCGAYTCCRAC-3') firstly designed after an in silico
study using available sequences for the main pathogenic bacteria
in aquaculture and subsequently tested on reference and diagnostic
strains.

PCR was performed in 50-ul reaction volumes, containing 1x buffer,
0.2 mM dNTPs, 2 mM MgCl,, 0.5 U Taq polymerase (Platinum Taq
DNA Polymerase, Invitrogen), 0.2 uM of each primer, 2 ul extracted
DNA (100 ng/ul) and Milli-Q water to the final volume. Amplification
was achieved in GeneAmp PCR System 9700 thermal-cycler (Applied
Biosystems) applying following protocol: 94°C for 2 min, 35 cycles of
94°C for 1 min, 60°C for 1 min, 72°C for 1 min and final extension at
72°C for 10 min.

The amplified products (expected amplicon length for 16S is
1060 bp) were evaluated by electrophoresis in a 1.5% agarose gel.
Then, the two strands of the examined samples were sequenced
in-house (IZSVe, Padua, Italy) by Sanger sequencing. The obtained
chromatograms were evaluated manually with Chromas lite software
(http://technelysium.com.au/wp/chromas/), which cleaned them and
trimmed the primers. Then strands were assembled into a consen-
sus using Bioedit v7.2 software. These sequences were compared
and the longest one was submitted to GenBank (accession number
MW732134).

The sequence was compared to other available sequences in Gen-
Bank, through nucleotide BLAST with the default option (Altschul et al.,
1990). A selection of the results with the best E-values and similarity
(Figure 1; Table S2) was downloaded for phylogenetic analysis. A total
of 27 sequences belonging to the 16S rRNA portion of close species
were aligned using MAFFT software (https:/mafft.cbrc.jp/alignment/
server/) (Katoh et al., 2018), modifying the direction of the strand
according to the first one, and using the L-INS-i method, as indicated by
the automatic alignment strategy. The outer portions of the alignment
were trimmed to obtain a fully aligned dataset spanning 950 bp.

Phylogenetic analysis was performed with the maximum-likelihood

(ML) approach on the dataset, using Igtree v1.6.12 software (Nguyen
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D85709 Chlamydophila abortus ATCC VR656
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M59293 Borrelia burgdorferi strain ATCC 35210

FIGURE 1 Maximum-likelihood phylogenetic tree of Coxiella cheraxi (—In = 6616.9055) obtained from the analysis performed with the
TVMe+1+G4 model. Bootstrap, ultrafast bootstrap (UFB), and branch supports (SH-aLRT) are provided for each node according to the progressive
number; significant supports are indicated in bold. Blue lateral cladograms clarify the relationships among the Coxiella burnetii clades. Borrelia

burgdorferi set as outgroup

et al., 2015), to compute the trees. Tree search analysis involved 25
independent runs to minimize the possibility of detecting suboptimal
trees. The best-fitting evolutionary model was TVMe+1+G4, accord-
ing to the BIC value obtained from the ModelFinder script imple-
mented in Igtree (Kalyaanamoorthy et al., 2017). The obtained topolo-
gies were compared through Robinson-Foulds distance according to
the ML score. The first six trees were retrieved fully congruent. The
most suitable tree (see Section 3) (Figure 1) was used as a guide to
infer supports. To assess the robustness of the analysis, standard boot-
strap (Felsenstein, 1985) was computed for 1000 replicates, whereas
ultrafast bootstrap (UFB) (Hoang et al., 2017; Minh et al., 2013) and
SH-like approximate likelihood ratio tests (SH-aLRT) (Guindon et al.,

2010) were computed for 10,000 replicates. Significant values (boot-
strap >75, UFB >95, and SH-aLRT >80) are indicated in bold in Fig-

ure 1. Borrelia burgdorferi was used as outgroup.

3 | RESULTS AND DISCUSSION

As a routine surveillance procedure for imported crustaceans, sam-
ples of five juveniles specimens, randomly collected before morbid-
ity or mortality signs appeared (March 2019, Table S1), showed no
histopathological alterations. Nearly 2 months after the arrival of the

crayfish juveniles from an Australian hatchery to a quarantine facility
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FIGURE 2 Results of histopathological examination of redclaw crayfish (Cherax quadricarinatus) infected with Coxiella cheraxi. (a) Severe
haemocytic aggregations in the haemal spaces of the hepatopancreas showing intracytoplasmic basophilic vacuoles (arrows). (b) Infected
haemocytes (arrows) extensively fill and expand the inter-tubular haemal sinuses; unaffected hepatopancreatic epithelial cells (arrowheads).
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in Israel, the farmer noted increased mortality. Ammonia and nitrite
levels in the water were normal. The owner of the quarantine facility
reported the unusual mortality to the Israeli Veterinary Services. Spec-
imens collected (second and third sampling) for histopathology showed
no evidence of aseptate hyphae in the cuticle or dermis referable to
oomycete infection. Moreover, none of the analyzed specimens from
the second sampling was positive for Aphanomyces astaci by molecular
analysis.

Nevertheless, histopathological sections of three out of four (75%)
juveniles specimens collected in April 2019 (second sampling, Table
S1) showed severe infection by putative RLO. Microscopically, numer-
ous organ systems appeared infiltrated by cells, presumed haemocytes,
and fixed phagocytes, with intracytoplasmic bacterial colonies, indi-
cating a systemic infection. The multiple organs and tissues in which
infection was detected under light microscopy included the haemal
spaces between the hepatopancreatic tubules (Figure 2a,b); the haemal
spaces of the gill tissue (Figure 2c); epicardium and pericardium (Fig-
ure 2d); connective tissue under the cuticular epithelium (Figure 2e);
the cephalic ganglia with lamina ganglionaris, medulla externa, interna,
and terminalis of the eye stalk (Figure 2f); the coelomosac and anten-
nal gland tubules (Figure 2g); the intestinal wall (Figure 2h); the supra-
oesophageal ganglion and associated connectives and ventral nerve
cord; haemopoietic tissues (Figure 2i); and the space between mus-
cle fibres (Figure 2j). Interestingly, the epithelial cells of the hep-
atopancreatic tubules were not affected (Figure 2b). Haemocytes and
fixed phagocytes were characterized by the presence of abundant,
intracytoplasmic, finely granular, basophilic inclusions, composed of
colonies of Gram-negative bacilli referable to C. cheraxi (Romero &
Jimenez, 2002; Tan & Owens, 2000). None of the evaluated sub-
adults specimens collected in the three samplings revealed intranu-
clear inclusions referable to CqBV in the hepatopancreatic epithelial
cells.

For technical reasons, the third sampling (Table S1) was postponed
to July 2019 (5 months after crayfish arrival); at this time, only 100
individuals (1%) were still alive. Here, six out of 20 (30%) specimens
were positive for RLO by histopathology and were submitted to fur-
ther ultrastructural analyses. Transmission electron microscopy exam-
ination of putative Coxiella-like affected hepatopancreas showed a high
number of haemocytes (circulating or fixed phagocytes, or both) in
the haemolymphatic sinuses among the hepatopancreatic tubules (Fig-
ure 3a). Haemocytes appeared severely enlarged by intracytoplasmic
phagocytic vacuoles (phagolysosome) containing myriad bacterial cells
(Figure 3b,c).
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Two morphological cell types were observed: a small electron-dense
cell variant (SCV) interspersed with large cell variants (LCV). The SCV
were most common and appeared as roughly spherical (transverse sec-
tion diameter 241 + 23 nm) to rod-shaped (longitudinal section 572 +
35 nm) bodies, with a fibrillary, highly dense nucleoid surrounded by
an area of decreased electron density (cytoplasm) and a four-layered
membrane (bacterial wall, 16 + 1 nm) (Figure 3d-f). The LCV were less
numerous and more pleomorphic than the SCV (diameter 294 + 22 nm
and length 606 + 65 nm), with a dispersed nucleoid and a two-layered
bacterial wall (5 + 0.7 nm). The nucleoid was composed of electron-
dense filamentous structures radiating from the core to the marginated
cytoplasm (McCaul & Williams, 1981). Occasionally, LCV containing
two nucleoids separated by a septate formation were present (binary
transverse fission). Furthermore, two haemocyte types were seen,
that is non-granular haemocytes (hyaline cells) (Figure 2b,c) and semi-
granular cells (Figure 3g,h). Ultrastructural findings were most con-
sistent with bacteria of the family Coxiellaceae (Romero & Jimenez,
2002).

All full-length sequences of 16S rRNA were identified as C. cher-
axi by BLAST analysis without any intraspecific variability compared
to most similar sequences present in database (Table S2). The phylo-
genetic analysis of the 16S rRNA produced the most likelihood tree
(=In=6616.9055), shown in Figure 1. Most of the nodes did not receive
statistical support in one or more tests. Only four nodes were fully
supported and they involved the relationships between Ehrlichia canis
M73221 and Rickettsia typhi AE017197 (node 3); between the consen-
sus sequence detected in this study and C. cheraxi EF413063 (node
9); between two Coxiella endosymbionts of Ornithodoros: KP994788
and KP994798 (node 17); and between two Coxiella endosymbionts of
Ixodes: KP994826 and KP994818 (node 22). Despite the lower phylo-
genetic power, the molecular marker confirms C. cheraxi in the host tis-
sues detected by the histological analyses. Moreover, our results sug-
gest that the use of the molecular analysis described in Section 2.4
serves as a rapid and economical solution to confirm C. cheraxi in red-
claw crayfish samples screened by histopathology. In this regard, it
should be noted that chapter 1.4. (Aquatic animal health surveillance)
within the Aquatic Animal Health Code of The World Organization for
Animal Health (OIE) details the main aspects of surveillance including
population-based surveys. In the case of C. cheraxi, further studies are
needed in order to (a) evaluate the true prevalence of the pathogen
especially in farmed populations, (b) to calculate the sample size for the
surveillance of the disease, and (c) to encourage laboratories in differ-

ent countries to establish molecular methods to detect the pathogen.

(c) The haemolymphatic vasculature of the gills (both the afferent and efferent vessels of the secondary arm, and the haemolymph channels of the
tertiary gill elements) is severely affected by aggregates of infected haemocytes. (d) Heart: C. cheraxi-infected haemocytic infiltration in the
epicardium (arrows) and between the cardiomyocytes (arrowhead). (e) Subcuticular connective tissue and underlying skeletal muscle (arrowhead)
seem to be intensely affected by haemocytic inflammation and nodulation (arrows). (f) Ommatidia (eye): the lamina ganglionaris (arrow) and the
three ganglia (arrowhead) (medulla externa, medulla interna and medulla terminalis) are filled with numerous infected haemocytes. (g) Antennal
gland: the haemolymph spaces between the antennal gland canals are moderately to markedly distended by cells with inclusions (arrows)
resembling those seen in the other anatomical locations. (h) Intestine: marked serosal (arrowhead) and mural (arrows) haemocytic aggregates in
the midgut. (i) Haematopoietic tissue: intense infiltration of affected haemocytes (arrows). (j) Abdominal muscle: infiltration of affected

haemocytes into the connective tissue between muscle fibres (arrows)
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FIGURE 3 Ultrastructure of Coxiella cheraxi by TEM. (a) Semi-thin
section of Cherax quadricarinatus hepatopancreas stained with
Toluidine blue observed by optical microscope. Basophilic inclusions
(arrows) in the cytoplasm of fixed phagocytes and circulating
haemocytes located in the haemal spaces (H) delimited by
hepatopancreatic tubules (*). (b-f) TEM of Cherax quadricarinatus
hepatopancreas. (b) Intracytoplasmic Coxiella cheraxi bacterial
colonies (arrow) within haemocytes located in the haemal spaces (H)
between the hepatopancreatic tubules. Notice the luminal surface of
hepatopancreatocytes (Hep) with microvillous brush borders (Brb)
lining the tubule lumen (*). (c) Higher magnification of infected
haemocyte shown in panel b. Bacterial colonies (arrows); nucleus of
the haemocyte (N); hepatopancreatocytes (Hep); haemal sinus (H).
(d) Phagocytic vacuole containing both bacterial forms: SCV (arrows)
and LCV (arrowheads). (e and f) Higher magnification of panel d. SCV
(arrows) with electron-dense nucleoid and multi-layered membrane;
LCV (arrowheads) with dispersed nucleoid and bilayered membrane.
(g) Semi-granular haemocyte with Coxiella cheraxi colonies (arrows);
electron-dense granules (arrowheads); nucleus of haemocyte (N).

(h) Higher magnification of semi-granular haemocyte cytoplasmin
panel G; Coxiella cheraxi colonies (arrows); electron-dense granules
(arrowheads)

DAVIDOVICH ET AL.

Traditional methods of classifying bacteria are usually not useful
for strict intracellular organisms, because these have few phenotypes.
New molecular methods have enabled very accurate determinations of
phylogenetic relationships among intracellular bacteria, and the order
Rickettsiales has been reclassified to contain the genera Anaplasma,
Ehrlichia, Neorickettsia, Orientia, Rickettsia, and Wolbachia (Fournier &
Raoult, 2007). Phylogenetic studies have shown that a few bacterial
agents previously classified in the order Rickettsiales do not belong
to the a subgroup of the Proteobacteria phylum; the genus Bartonella
was moved to the a2 subgroup and the genus Coxiella to the y sub-
group (Fournier & Raoult, 2007). Molecular studies have also promoted
the detection and description of new organisms, and the Rickettsia
genus now contains 24 recognized species classified into three groups
based on their genomic, antigenic, morphological, and ecological pat-
terns: the spotted fever group, the typhus group, and the Rickettsia bel-
lii group (Fournier & Raoult, 2007). Similarly, the number of Bartonella
species and the clinical syndromes caused by these microorganisms
have increased.

Freshwater crayfish, including redclaw crayfish, have an important
ecological role and growing commercial value. However, their infec-
tious diseases are under-researched and in many cases, the published
information is incomplete (Dragicevi¢ et al., 2021). In the past few
years, descriptions of freshwater crayfish diseases have emerged in
both farmed and wild populations of economic interest and some
of these diseases have been listed by the OIE. Infection with white
spot syndrome virus is the only crustacean listed disease for redclaw
crayfish, whereas the emerging Decapod Iridescent Virus-1 and other
species-specific Reovirus, Parvovirus, and bacilliform virus (CqBV) -
although identified in this species - are not under mandatory surveil-
lance. However, histopathology examination has been suggested as a
general screening method for those pathogens (Longshaw, 2011; Xu
et al., 2016). Despite the fact that RLO are considered by the FAO
(2011) as one of the main infectious agents of redclaw crayfish, the
number of scientific publications addressing this issue is sparse. Thus
far, RLO have been described in only a few papers from Australia and
Ecuador. No other cases of RLO of redclaw crayfish have been found
in the literature, which may indicate that the international distribution
of the disease and its impact on Cherax quadricarinatus production has
been underestimated. Indeed, to the best of our knowledge, this is the
only molecular confirmation of C. cheraxi outside of Australia.

In aquatic animal trade, there is an underlying tension between the
will of the Competent Authority (CA) to mitigate the spread of infec-
tious diseases and the needs of aquaculture stakeholders. The Israeli
CA adopted for crustaceans a period of 40 days of quarantine follow-
ing Norwegian regulation (Regulation on the establishment and oper-
ation of quarantine facility for aquaculture), taking into account the
OIE-listed diseases. In our study, the owner of the quarantine facility
decided to continue growing the imported crayfish there for conve-
nience (the facility was large enough and thermally well-isolated). Two
months after the arrival of the crayfish in the quarantine facility, the
farmer noted an increased mortality which progressively resulted in
the death of most of the animals. Finally, the owner decided to cull the

remaining individuals and to clean and disinfect the facility. Although
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DAVIDOVICH ET AL.

Coxiella cheraxi is not a reportable pathogen in Israel or in the OIE, this
outbreak highlights the importance of the mitigation measures (such as
quarantine and diagnostic procedures) that should be taken for aquatic
animal movements between countries.
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