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A study of the ultrastructural characteristics of an
intracellular bacterium infecting the redclaw cray-
fish, Cherax quadricarinatus, a pathogen referred to

reviously as a rickettsia-like organism (RLO), re-
ealed the presence of different developmental stages.
hese included a rod-shaped and uniformly electron-
ense elementary body (EB) and an intermediate body
IB). The length of the EB varied between 0.48 and 0.6

mm, and the diameter was 0.3 mm. The IB was 0.75 to 1.1
mm long by 0.36 to 0.44 mm in diameter. Although the
EB of this bacterium has ultrastructural characteris-
tics similar to those of Rickettsiella, no information is
available regarding its genetic relationship to this ge-
nus, and the intracellular bacterium should continue
to be referred to as a rickettsia-like organism. The
hemocytes had different levels of infection, and the
RLO proliferated inside these cells. The EB appeared
to be free in the cytoplasm of infected hemocytes and
other cells; however, this might be a fixation artifact.
The EB was also contained in membrane-bound vacu-
oles along with the IB. RLO colonies were observed
inside small granular cells. No large granular cells
were observed in the sections examined; therefore, no
data were obtained regarding infection of this type of
hemocyte. The fixed phagocytes on the external side of
the terminal hepatic arterioles had an activated inter-
rupted layer containing RLO bacteria. Stem cells in
the hematopoietic tissue were also infected, and some
cells were apparently being released into circulation.
© 2000 Academic Press
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INTRODUCTION

The Australian redclaw crayfish, Cherax quadricari-
natus (von Martens), has potential for aquaculture
(Jones, 1990). Consequently, C. quadricarinatus has
been introduced in many countries worldwide (Medley
et al., 1994). This species was introduced in Ecuador in
1994 (Rouse, 1994), where the most extensive develop-
ment has occurred. Approximately 250 ha of commer-
cial aquaculture ponds distributed in different farms
were built in this country between 1995 and 1997 (Ro-
mero, 1997a,b).

The disease status of farmed C. quadricarinatus has
received considerable interest in its native Australia,
where several potential pathogens have been discov-
ered and described (Owens et al., 1992; Ketterer et al.,
1992; Anderson and Prior, 1992; Eaves and Ketterer,
1994; Edgerton et al., 1994, 1995; Edgerton, 1996a,b;
Edgerton and Prior, 1999).

After the introduction of C. quadricarinatus in Ec-
uador a health survey program revealed the presence
of a variety of infectious and noninfectious diseases
affecting pond-cultured animals (Romero and Jiménez,
1997; Jiménez and Romero, 1997, Jiménez and Ro-
mero, 1998a,b,c; Jiménez et al., 1998). Some of the
organisms reported in Australia have apparently been
translocated with C. quadricarinatus and have been
observed in Ecuador (Jiménez and Romero, 1997,
1998a,b).

The presence of intracellular bacteria in crustaceans
from marine and freshwater environments has been
reported in different species of both wild and cultured
animals (Federici et al., 1974; Bonami and Pappalardo,
1980; Johnson, 1984; Sparks et al., 1985; Brock et al.,
1986; Anderson et al., 1987; Krol et al., 1991; Lightner
et al., 1992; Fryer and Lannan, 1994; Owens et al.,
992; Ketterer et al., 1992; Bower et al., 1996; Light-
er, 1996; Edgerton and Prior, 1999). Among the
athogens present in C. quadricarinatus is an intra-
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96 ROMERO, TURNBULL, AND JIMÉNEZ
cellular bacterium, usually referred to as a rickettsia-
like organism (RLO), and reported both in Australia
(Owens et al., 1992; Ketterer et al., 1992; Edgerton et
al., 1995; Edgerton, 1996b) and in Ecuador (Jiménez
and Romero, 1997). Under transmission electron mi-
croscopy (TEM) this RLO appears similar in these two
countries (Jiménez and Romero, 1997).

On the basis of observations under light microscopy,
Edgerton et al. (1995) reported that the hemocytes are
infected and apparently their response to the pathogen
is ineffectual. Owens et al. (1992) suggested that this
RLO might be a member of Rickettsiella, a genus that
previously has been reported only once in a freshwater
crustacean (Federici et al., 1974) and that has been
described mostly in insects (Götz, 1972; Devauchelle et
al., 1972; Morel, 1976; Louis et al., 1979; Federici,
1980; Weiss et al., 1984; Henry et al., 1986; Frutos et

l., 1994; Adams et al., 1997). No descriptions of the
ultrastructure or the developmental stages have been
presented in the literature on infected cells in C. quad-
ricarinatus (Owens et al., 1992; Ketterer et al., 1992;
iménez and Romero, 1997).
This paper describes the ultrastructure of the in-

ected hemocytes and cells of other tissues of C. quad-
icarinatus and the developmental stages of this intra-
ellular bacterium. There is an apparent ultrastruc-
ural similarity, mainly the elementary body (EB),
ith some members of the genus Rickettsiella. There
re, however, significant differences, particularly the
ntermediate body (IB), from existing species (Götz,
972; Devauchelle et al., 1972; Federici 1980; Weiss et
l., 1984). As further data, such as 16S rRNA sequence
r genomic analysis, are lacking and until such infor-
ation is available, the described bacterium will be

eferred to as an intracellular bacterium, or as a rick-
ttsia-like organism.

MATERIALS AND METHODS

Juveniles of redclaw crayfish, C. quadricarinatus,
were obtained from two farms in Ecuador, Pond A from
Farm 1 and Pond B from Farm 2, in 1996 by retrieving
them from shelters in the ponds or from edges of the
ponds. Water supplying both farms came from deep
wells and salinity was measured using a hand-held
refractometer. During sampling, specimens were
weighed in an electronic balance. Ten specimens from
each pond were sampled for light microscopy and 3 for
electron microscopy, 1 from Pond A and 2 from Pond B.

Davidson’s AFA fixative was used to preserve all
samples taken for routine histopathological study, and
crayfish were processed according to the procedures
described by Bell and Lightner (1988). Histological
stains used included Mayer Bennet hematoxylin and
eosin (H & E), Brown and Brenn tissue Gram stain
(Luna, 1968), Ziehl-Neelsen (Luna, 1968), and Mac-
chiavello (Luna, 1968). Specimens selected for electron
microscopy were fixed with Karnovsky’s fixative (Kar-
novsky, 1965). Tissues were postfixed in 1% osmium
tetraoxide (OsO4) in 0.1 M sodium cacodylate buffer for
1 h, further processed, and embedded in Spurrs resin
(Spurrs, 1969). Sections were cut in a Reichert Ul-
tracute OMU3 Leica microtome at 100-nm thickness,
stained with uranyl acetate/70% methanol and lead
citrate, and examined with a Philips 301 transmission
electron microscope at 80 kV.

RESULTS

Clinical Signs

Affected animals presented a greenish-blue colora-
tion. Locally, field personnel referred to affected ani-
mals as “green dwarfs.” Animals reacted slowly when
handled during sampling and were generally lethargic.
The ponds of both farms had been stocked 4 weeks
before sampling with 0.1- to 0.5-g juveniles. Sampled
specimens for TEM weighed 1.0, 1.0, and 1.5 g, and the
salinity of the well water in the farms was 3.5 ppt.

Light Microscopy

Basophilic colonies in some cells, apparently con-
tained in vacuoles, were present in different tissues,
indicating a systemic infection. The organs and tissues
in which infection was detected under light microscopy
included lamina ganglionaris, supraesophageal gan-
glion, supraesophageal connectives, cuticular epithe-
lium, and connective tissue under the cuticular epithe-
lium. Other tissues affected were the epicardium, peri-
cardium, heart, hematopoietic tissue, the attenuated
layer of fibrous connective tissue that constitutes the
boundary of the antennal gland, hemocytes between
the antennal gland tubules, coelomosac, connective tis-
sue between muscle bands, muscle bands, and arte-
rioles. No infections were observed in the epithelial
cells of the hepatopancreatic tubules. The terminal
arterioles in the hemolymph sinuses between the hepa-
topancreatic tubules conserved their architecture but
basophilic colonies were present on its external side
(Fig. 1). In the hypodermis of the foregut, vacuoles
appeared to be released to the lumen of the stomach
(Fig. 2). The basophilic colonies were gram negative,
Macchiavello positive, and negative for Ziehl-Neelsen.

Electron Microscopy of Infected Cells

Electron microscopy of the affected hepatopancreas
showed the presence of massive colonies of RLO; the
bacteria were pleomorphic, free in the hemolymph si-
nuses, and contained in membrane-bound vacuoles in
the hemocytes (Fig. 3). The infected hemocytes ob-
served in the hemolymph sinuses between the hepato-
pancreatic tubules did not have electron-dense gran-
ules and the nucleus was reduced in size with margin-
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97ULTRASTRUCTURE OF A RICKETTSIA-LIKE ORGANISM
ated chromatin (Fig. 3). In the heavily infected
hemocytes no organelles could be observed, and the
membrane-bound vacuoles containing RLO reached up
to 19 mm in length and 12.8 mm in width (Fig. 3).

Higher magnification of infected hemocytes showed
different developmental stages of the RLO (Fig. 4), and
the average EB was 0.45 mm long by 0.25 mm wide. A
ell in close contact with the infected cell had spindle-
haped electron-dense granules (Fig. 4) and appeared
o be a small granular cell (SGC).

In another hemocyte different forms of RLO were
cattered in the cytoplasm (Fig. 5). This cell had mito-
hondria and a well-developed Golgi apparatus (Fig. 5).
he cytoplasm in the area where the RLO was present
ppeared to be necrotic and electron-lucent (Fig. 5). In

FIG. 1. Infected fixed phagocytes (arrow) on terminal arterioles
in the hepatopancreas of Cherax quadricarinatus. Note that the
architecture of the arteriole is conserved; L, lumen of the arteriole.
Bar, 40 mm; H & E stain.

FIG. 2. Foregut columnar epithelium with membrane-bound ba-
ophilic colonies of rickettsia-like organisms (arrow) being released
o the lumen. Note that the underlying connective tissue is also
nfected (small open arrow). Bar, 40 mm; H & E stain.
this cell the presence of an IB could be observed next to
the EB.

Other infected hemocytes with spindle-shaped elec-
tron-dense granules in the cytoplasm had different de-
velopmental stages of the RLO in a membrane-bound,
circular vacuole (Fig. 6). Small electron-lucent vesicles
that ranged between 10 and 200 nm were scattered
throughout the vacuole.

Endothelial cells of the arterioles in the subcuticular
connective tissue had massive membrane-bound bacte-
rial colonies (Fig. 7). A similar situation was observed

FIG. 3. Infected hemocytes in circulation through the hemo-
lymph sinus between the hepatopancreatic tubules. One cell has a
small nucleus (large open arrow) and a bacterial colony in a vacuole;
a nearby cell apparently has a lower level of infection (small open
arrow). Bar, 3 mm.

FIG. 4. Spindle-shaped electron-dense body in the cytoplasm of a
hemocyte (arrow). Different stages of replication; slight separation of
cell membrane (small open arrow), intermediate bodies (large open
arrow); hemolymph (H). Bar, 1 mm.
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in the hepatic terminal arterioles, but in these arte-
rioles presumptive fixed phagocytes with activated in-
terrupted layers were present and isolated bacteria
were observed in the area between the plasma mem-
brane and the interrupted layer (Fig. 8). The presump-
tive fixed phagocytes had granules of medium electron
density, and in some cases bacterial colonies were
present in these cells (Fig. 8).

Isolated bacteria were present in the R-cells of the
hepatopancreas tubule epithelium, either in the basal
area close to the nucleus or near the brush border (Fig.

FIG. 5. EB (solid arrow) and IB (large open arrow) free in the
cytoplasm of infected hemocyte. Note change of electron density in
area where the colony is forming. IB elongated and with central
constriction free in the hemolymph (arrowhead). Golgi apparatus
(small open arrow); mitochondria (M). Bar, 1 mm.

FIG. 6. Hemocyte infected by RLO colony in a membrane-bound
vacuole. EB (solid arrow); IB (large open arrow); electron-lucent
vesicles (V); membrane (small open arrow); spindle-shaped electron-
dense bodies in the cytoplasm (arrowhead). Bar, 1 mm.
9). Isolated bacteria were regularly observed in the
lumen of the hepatopancreas (Fig. 9). In an area close
to the muscles under the subcuticular connective tis-
sue, a small granular cell had a massive bacterial
colony which had displaced the nucleus to one side
(Fig. 10). The center of this bacterial colony was occu-
pied by EBs and the periphery by IBs (Figs. 10 and 11).
The IBs had constrictions in the center of the cells, and
small electron-lucent vesicles, approximately 20 nm,
were present among the EBs (Fig. 11). Closer exami-
nation of other infected SGCs revealed the presence of
small electron-lucent vesicles in the spaces between

FIG. 7. Arteriole in subcuticular connective tissue infected by
bacteria (open arrow). Note displaced nucleus (large arrow). Bacteria
(arrowhead) are present in the lumen (L) of the arteriole. Bar, 2.5
mm.

FIG. 8. Presumptive fixed phagocyte (large open arrow) and
activated interrupted layer (arrow). Isolated bacterium inside inter-
rupted layer (arrowhead) and bacterial colony in fixed phagocyte
nearby (small open arrow); lumen of the arteriole (L). Bar, 1.25 mm.
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IBs; these IBs were apparently replicating free in the
cytoplasm (Fig. 12). An area that appeared to contain a
phagocytic vacuole was observed next to the IBs, but
its contents could not be identified (Fig. 12). Although
the EBs were present next to electron-dense granules
of the host cell, no degranulation was observed in the
SGCs studied (Figs. 11 and 12).

The hematopoietic tissue had bacterial infections
with varying degrees of intensity in the stem cells that
were characterized by a prominent nucleolus (Fig. 13).
In the serial sections observed, some cells were appar-
ently being detached from the hematopoietic tissue and
released into circulation.

FIG. 9. Isolated EB (solid arrow) near brush border of R-cell in
he hepatopancreas. Notice bacterium in the lumen of the hepato-
ancreas (open arrow). Bar, 1.25 mm.

FIG. 10. Small granular cell with massive colony of bacteria.
ote displacement of both nucleus (large arrow) and electron-dense
ranules (open arrow). Bar, 1.5 mm.
Epithelial cells of the labyrinth in the antennal
gland, characterized by a prominent brush border and
numerous mitochondria, had bacterial colonies near
the base of the cell (Fig. 14). Beside these cells and in
contact with the hemolymph were infected hemocytes
(Fig. 14).

Ultrastructural Description of RLO

The EBs appeared rod shaped and uniformly elec-
tron dense, measuring between 0.48 and 0.6 mm in

FIG. 11. Higher magnification of Fig. 10. Note that the EBs (EB)
and IBs (I) are present in different areas and small vesicles (V) are
among the EBs and IBs. An IB is apparently undergoing binary
fission (arrow). Bar, 0.5 mm.

FIG. 12. Cytoplasm of small granular cell. Electron-dense gran-
ule (solid arrow). IBs with central electron-dense areas, granular
periphery of cells possibly undergoing replication (open arrow), and
vesicle (V) present among IBs. A vacuole with unidentified material
is also present (long arrow). Bar, 0.5 mm.
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length and 0.3 mm in diameter and surrounded by a
bilayered envelope (Fig. 4). The EBs gave rise to the
IBs, which appeared to be the replicative stage; the IBs
measured between 0.75 and 1.1 mm in length and be-
tween 0.36 and 0.44 mm in diameter (Fig. 4). The IBs
were the only cells observed to have elongations and
constrictions in the center. An accumulation of elec-
tron-dense material in the periphery of the IB was
accompanied by a slight separation and undulation of
the cell wall, along with a prominent periplasmic space
(Fig. 4). The electron density of the whole cell also
decreased at this stage (Figs. 4–6).

Electron-dense material was concentrated in the
center of the IBs and was observed in cross sections;
the electron-dense material in the periphery appeared
granular (Fig. 11). Cells apparently undergoing divi-
sion had an electron-dense center (Fig. 11). No crystal-
line bodies were observed inside the IBs in the sections
studied.

In cells in which both the EBs and the IBs were
observed together, these bodies either intermingled
(Fig. 8) or were grouped in masses of only EBs or only
IBs in separate areas of the same cell (Fig. 11).

DISCUSSION

Light microscopy of the affected animals revealed
infections in the same tissues as those described in C.
quadricarinatus in Australia (Owens et al., 1992; Ket-
terer et al., 1992; Edgerton et al., 1995; Edgerton,
1996b) and previously in Ecuador (Jiménez and Ro-
mero, 1997). However, previous publications have not
reported the presence of basophilic colonies in the ex-
ternal areas of the terminal hepatic arterioles, which
in this study were probably heavily infected fixed

FIG. 13. Infected stem cell in hematopoietic tissue. Note promi-
nent nucleolus (arrow) and bacterial colony with different develop-
mental stages (open arrow). Bar, 1.5 mm.
phagocytes (Fig. 1) or entire membrane-bound colonies
apparently breaking from the foregut columnar epithe-
lial cells (Fig. 2).

Unlike other intracellular pathogens infecting the
hemocytes of crustaceans (Cornick and Stewart, 1968;
Stewart et al., 1983; Anderson et al., 1987; Sinder-
mann, 1988; Martin and Hose, 1992; Bower et al.,
1996), apparently no phagocytic vacuole was observed
in some hemocytes in this study. The EBs and IBs were
also observed apparently free in the cytoplasm (Figs. 4
and 5). The response of C. quadricarinatus to opportu-
nistic pathogens such as Vibrio spp. is the formation of
melanized nodules (Edgerton et al., 1995; Edgerton,
1996b), which is similar to the response in other spe-
cies of crustaceans with bacterial infections (Krol et al.,
1989; Lightner, 1996; Bower et al., 1996; Vogt and Rug,
1997). In early reports of the same RLO infecting C.
quadricarinatus in Ecuador, melanized nodules were
observed (Jiménez and Romero, 1997). However, since
this report such lesions have been observed only infre-
quently as the number of sampled animals has in-
creased (X. Romero and R. Jiménez, unpublished).

No evidence of degranulation of SGCs was recog-
nized during this study. This may indicate that the
proPO cascade was not being initiated and, since this
eventually results in melanosis (Söderhäll and Cere-
nius, 1992), such lack of degranulation explains the
lack of encapsulation and melanization. These findings
also agree with previous reports of the presence of
infected hemocytes (Owens et al., 1992) and the inef-
fectual response of these cells to this bacterium (Edg-
erton et al., 1995).

It is possible that this bacterium either is not recog-
nized as foreign or has an active mechanism to inter-

FIG. 14. Infected antennal gland tubular epithelium cell. Notice
prominent brush border (small solid arrows) and mitochondria (large
solid arrow). Bacterial colony at the base of the cell (small open
arrow) and hemocytes nearby (large open arrow). Bar, 2.5 mm.
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101ULTRASTRUCTURE OF A RICKETTSIA-LIKE ORGANISM
fere with some of the chemical pathways in the proPO
system. Further research should investigate these as-
pects. This pathogen might also be used as an inter-
esting model to study intracellular pathogens in crus-
taceans and their invasion strategies. As no large gran-
ular cells (LGC) were observed in the sections studied,
it is still uncertain whether these cells are also infected
by the RLO. Cells with the characteristics of a LGC
were observed in other nondiseased crayfish examined
under TEM in a separate study. The infected hemo-
cytes had a size three times larger than normal hemo-
cytes observed in noninfected C. quadricarinatus (Fig.
3). Members of the genus Rickettsiella have been ob-
served infecting the hemocytes of its host (Devauchelle
et al., 1972) and existing free in the hemolymph (Fed-
erici et al., 1974). Although no membrane was observed
surrounding a large RLO colony in a SGC, the EBs and
IBs appeared in a tightly packed formation, and it is
possible that the membranes surrounding such colo-
nies were damaged during processing (Figs. 10 and 11).

Hemocytes with spindle-shaped electron-dense bod-
ies have been reported in the freshwater crayfish Asta-
cus astacus by Vogt and Rug (1997); these authors
referred to these cells as semigranulocytes. The spin-
dle-shaped electron-dense bodies were also observed in
a hemocyte that also contained larger roundish gran-
ules, and these authors referred to this type of cell as a
granulocyte (Vogt and Rug, 1997). During our investi-
gation we observed the presence of similar spindle-
shaped electron-dense bodies in the cytoplasm of a
hemocyte circulating next to a group of infected cells
(Fig. 4) and outside a vacuole in another infected he-
mocyte (Fig. 6). To avoid confusion we referred to these
two cells as “hemocytes” and did not classify them as
any particular type of hemocyte. We did not recognize
the presence of spindle-shaped electron-dense bodies in
an infected hemocyte that we referred to as a small
granular cell (Fig. 10). As the animals that we studied
were undergoing an infective process, changes to the
different types of hemocytes might have occurred. Ev-
idently there is a need for more research on the ultra-
structure of the subpopulations and types of hemocytes
of different species of freshwater crayfish.

The IBs that were probably undergoing binary fis-
sion, which were observed free in the hemolymph, ei-
ther could have originated from colonies in the hemo-
cytes that had recently ruptured or might be indicative
of replication free in the hemolymph (Fig. 5). It was not
possible to identify whether the EB was the infective
stage, as no host cells undergoing early stages of infec-
tion were observed or differentiated. Some studies
have described the EB as the infective stage of other
intracellular bacteria in the genus Rickettsiella (De-
auchelle et al., 1972; Weiss et al., 1984; Henry et al.,
986).
Among the cells in which the RLO can be found are

he R-cells of the hepatopancreas, but infection did not
ppear to progress within these cells, since only iso-
ated bacteria were observed (Fig. 9). Infections with
n ultrastructurally similar RLO have not been re-
orted in the hepatopancreatic tubule epithelium un-
er light microscopy examinations in Ecuador (Jimé-
ez and Romero, 1997). The same or a similar intra-
ellular bacterium causing systemic infection in C.
uadricarinatus in Australia has also not been re-
orted infecting the R-cells or other cells of the hepa-
opancreas tubule epithelium (Owens et al., 1992; Ket-
erer et al., 1992; Edgerton et al., 1995; Edgerton,
996b). The rickettsia-like organism infecting the epi-
helial cells of the hepatopancreas of C. quadricarina-
us recently reported by Edgerton and Prior (1999)
ould appear to be a different bacterium, based on
istological characteristics and tissue tropism.
As many of the cells infected by the RLO were

onphagocytic (i.e., cuticular epithelium, connective
issue), this bacterium probably has a mechanism to
ctively penetrate and infect host cells. Rickettsiae do
ot kill their host by production of toxins, but rather by
ell destruction (Winkler, 1990). This is consistent with
he observations in the present study in which infected
emocytes were filled with the RLO until they rup-
ured and released the bacterium to the external me-
ium.
Previous publications mention the presence of in-

ected intertubular connective tissue, although no spe-
ific cell types were identified (Ketterer et al., 1992;
wens et al., 1992; Jiménez and Romero, 1997). Ultra-

tructural studies of the hepatopancreas in other de-
apod crustaceans describe the presence of spaces with
emolymph (i.e., hemal sinuses) between the hepato-
ancreatic tubules, hepatic terminal arterioles, and
xed phagocytes (Johnson, 1987; Factor and Naar,
990; Sagrista and Durfort, 1990). These hemal si-
uses have been considered as part of a connective
issue matrix consisting of an outer limiting layer,
eferred to as tunica propia by some authors, a base-
ent membrane, contractile cells near the basal lam-

na of the hepatopancreatic tubules, and contractive
uscular fibers surrounding the hepatopancreatic tu-

ules (Factor and Naar, 1985; Sagrista and Durfort,
990; Mellon, 1992; Icely and Nott, 1992). Electron
icroscopy work in the present investigation showed
LO infections in circulating hemocytes, the presump-

ive fixed phagocytes, and endothelial cells of the ter-
inal arterioles (Figs. 3 and 8). Only isolated bacteria
ere found in the basal lamina, so this area of the

ntertubular connective tissue would appear not to be
he main target of the bacterium.

The presence of the fixed phagocytes in the hepatic
erminal arterioles was confirmed by the observation of
n interrupted layer (Fig. 8) and as been described by
ther authors (Johnson, 1987; Sagrista and Durfort,
990; Factor and Naar, 1990; Field and Appleton,
995). According to Johnson (1987) the separation of



102 ROMERO, TURNBULL, AND JIMÉNEZ
the interrupted layer from the plasma membrane in-
dicates that it is activated (Fig. 8). The granules ob-
served in the fixed phagocytes of the specimens of C.
quadricarinatus in this study do not have the same
electron density as those reported in Homarus ameri-
canus (Factor and Naar, 1990). The electron density of
C. quadricarinatus fixed phagocyte granules was sim-
ilar to that reported by Vogt (1996) in Palaemon el-
egans and by Johnson (1987) in the blue crab, Calli-
nectes sapidus. It has been reported that in different
species of decapod crustaceans particles larger than a
size of 60 to 80 nm are probably trapped by the fixed
phagocytes as they circulate through the hemolymph
(McCumber and Clem, 1977; Clem et al., 1984; John-
son, 1987; Factor and Beekman, 1990). Considering
the size of the RLO EB (.300 nm), the fixed phagocytes
are probably one of the first cells to be infected by freely
circulating bacteria. However, only through time
course studies will the roles of these cells and of the
circulating hemocytes in the defense against the RLO
infection in C. quadricarinatus be clarified. Changes in
the populations of different types of hemocytes during
controlled infections were observed in H. americanus
infected by Aerococcus viridans (var.) homari (Stewart
et al., 1983); it is possible that a similar situation might
occur in C. quadricarinatus infected by the RLO de-
scribed in the present study. If the hematopoietic cells
and the SGC are getting infected perhaps there are no
cells maturing to LGC. Further work to isolate the
different types of hemocytes by centrifugation, as de-
scribed by Söderhäll and Smith (1983), might be at-
tempted to establish the proportions of the three types
of hemocytes in normal and infected C. quadricarina-
tus.

C. quadricarinatus has been introduced into differ-
ent regions of the world (Medley et al., 1994); it is
possible that the RLO described in this study may
prove to be as significant in these regions as it was in
Ecuador, where it was the most significant pathogen of
cultured C. quadricarinatus (Jiménez and Romero,
1998a). More information regarding this pathogen, in-
cluding rates of transmission, will be necessary for
health control of C. quadricarinatus, which is being
considered for aquaculture in several areas worldwide.

The developmental stages of the RLO described in
this study, mainly the size and shape of the IB, are
ultrastructurally different from those described in
other intracellular bacteria of the genus Rickettsiella,
such as Rickettsiella chironomi (Götz, 1972; Morel,
1976; Federici, 1980), R. popilliae (5 R. melolonthae)
(Devauchelle et al., 1972), strains of R. grylli (Henry et
al., 1986), or other Rickettsiella sp. (Louis et al., 1979;
Adams et al., 1997). However, there are similarities
with the ultrastructure of a rickettsia-like organism
described by Federici et al. (1974) in a crangonid am-
phipod. The main difference is the absence of the ele-
mentary bodies in a paracrystalline arrangement in
the present RLO. Although there is an apparent ultra-
structural similarity, until further investigations using
genomic DNA analysis, similar to studies of Frutos et
al. (1994), are carried out and its relationship to other
RLO’s are determined, the intracellular bacterium de-
scribed in this study should be referred to as a rickett-
sia-like organism. This will also avoid future confusion
and corrections regarding the taxonomic status of the
described organism.

ACKNOWLEDGMENTS

The authors thank Rodolfo Barniol of Aqualab-Acuatecnos for
support during the early phase of this investigation in Ecuador.
Gratitude is extended to Linton Brown of the Electron Microscopy
Unit, Institute of Aquaculture, University of Stirling, for his help
during processing of samples and transmission electron microscopy.
We also acknowledge the constructive criticism, comments, and sug-
gestions of the anonymous referee that reviewed the original version
of the manuscript.

REFERENCES

Adams, J. R., Clark, T. B., Tompkins, G. J., Neel, W. W., Shroder,
R. F., and Schaefer, P. W. 1997. Histopathological investigations
on Rickettsiella-like sp. and nonoccluded viruses infecting the pe-
can weevil Curculio caryae, the squash beetle Epilachna borealis,
and the Mexican bean beetle Epilachna varivestis. J. Invertebr.
Pathol. 69, 119–124.

Anderson, I. G., and Prior, H. C. 1992. Baculovirus infections in the
mud crab Scylla serrata and a freshwater crayfish Cherax quad-
ricarinatus from Australia. J. Invertebr. Pathol. 60, 265–273.

Anderson, I. G., Shariff, M., Nash, G., and Nash, M. 1987. Mortali-
ties of juvenile shrimp, Penaeus monodon, associated with Penaeus
monodon baculovirus, cytoplasmic reo-like virus, rickettsial and
bacterial infections, from Malaysian brackishwater ponds. Asian
Fish. Sci. 1, 47–64.

Bell, T. A., and Lightner, D. V. 1988. “A Handbook of Normal
Penaeid Shrimp Histology.” World Aquacult. Soc., Baton Rouge,
LA.

Bonami, J. R., and Pappalardo, R. 1980. Rickettsial infection in
marine crustacea. Experimentia 36, 180–181.

Bowers, S. M., Meyer, G. R., and Boutillier, J. A. 1996. Stained
prawn disease (SPD) of Pandalus platyceros in British Columbia,
Canada, caused by a rickettsial infection. Dis. Aquat. Org. 24,
41–54.

Brock, J. A., Nakagawa, L. K., Hayashi, T., Teruya, S., and van
Campen, H. 1986. Hepatopancreatic rickettsial infection of the
penaeid shrimp Penaeus marginatus (Randall) from Hawaii. J.
Fish Dis. 9, 73–77.

Clem, L. W., Clem, K., and McCumber, L. 1984. Recognition of
xenogenic proteins by the blue crab: Dissociation of the clearance
and degradation reactions and lack of involvement of circulating
hemocytes and humoral factors. Dev. Comp. Immunol. 8, 31–40.

Cornick, J. W., and Stewart, J. E. 1968. Interaction of the pathogen
Gaffkya homari with natural defense mechanisms of Homarus
americanus. J. Fish. Res. Board Can. 25, 695–709.

Devauchelle, G., Maynadier, G., and Vago, C. 1972. Etude ultra-
structurale du cycle de multiplication de Rickettsiella melolonthae
(Krieg), Philips, dans les hémocytes de son hote. J. Ultrastruct.
Res. 38, 134–148.

Eaves, L. E., and Ketterer, P. J. 1994. Mortalities in redclaw crayfish
Cherax quadricarinatus associated with systemic Vibrio mimicus
infection. Dis. Aquat. Org. 19, 233–237.



E

E

F

F

F

F

G

H

I

J

J

J

K

K

L

L

L

L

M

M

M

M

M

O

R

R

103ULTRASTRUCTURE OF A RICKETTSIA-LIKE ORGANISM
Edgerton, B., Owens, L., Glasson, B., and de Beer, S. 1994. Descrip-
tion of a small dsRNA virus from freshwater crayfish Cherax
quadricarinatus. Dis. Aquat. Org. 18, 63–69.

dgerton, B., Owens, L., Harris, L., Thomas, A., and Wingfield, M.
1995. Health survey of farmed redclaw crayfish Cherax quadri-
carinatus (Von Martens) in tropical Australia. Freshw. Crayf. 10,
322–338.
dgerton, B. 1996a. A new bacilliform virus in Australian Cherax
destructor (Decapoda: Parastacidae) with notes on Cherax quadri-
carinatus bacilliform virus (5 Cherax baculovirus). Dis. Aquat.
Org. 27, 43–52.

Edgerton, B. F. 1996b. “Viruses of Freshwater Crayfish.” Ph. D.
thesis. Department of Biomedical and Tropical Veterinary Sci-
ences, James Cook University, Townsville, Australia.

Edgerton, B., and Prior, H. 1999. Description of a hepatopancreatic
rickettsia-like organism in the redclaw crayfish Cherax quadri-
carinatus. Dis. Aquat. Org. 36, 77–80.

Factor, R. J., and Naar, M. 1985. The digestive system of the lobster
Homarus americanus: I. Connective tissue of the digestive gland.
J. Morphol. 184, 311–321.

Factor, R. J., and Beekman, J. 1990. The digestive system of the
lobster, Homarus americanus: III. Removal of foreign particles
from the blood by fixed phagocytes of the digestive gland. J. Mor-
phol. 206, 293–302.

Federici, B. A. 1980. Reproduction and morphogenesis of Rickett-
siella chironomi: An unusual intracellular procaryotic parasite of
midge larvae. J. Bacteriol. 143, 945–1002.

ederici, B. A., Hazard, E. I., and Anthony, D. W. 1974. Rickettsia-
like organism causing disease in crangonid amphipod from Flor-
ida. Appl. Microbiol. 28, 885–886.

ryer, J. L., and Lannan, C. N. 1994. Rickettsial and chlamydial
infections in freshwater and marine fishes, bivalves and crusta-
ceans. Zool. Stud. 33, 95–107.

rutos, R., Federici, B. A., Revet, B., and Bergoin, M. 1994. Taxo-
nomic studies of Rickettsiella, Rickettsia and Chlamydia using
genomic DNA. J. Invertebr. Pathol. 63, 294–300.

ield, R. H., and Appleton, P. L. 1995. A Hematodium-like
dinoflagellate infection of the Norway lobster Nephrops norvegi-
cus: Observations on pathology and progression of infection. Dis.
Aquat. Org. 22, 115–128.
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iménez, R., and Romero, X. 1997. Infection by intracellular bacte-
rium in the Australian redclaw crayfish, Cherax quadricarinatus
(Von Martens), in Ecuador. Aquacult. Res. 28, 923–929.
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öderhäll, K., and Cerenius, L. 1992. Crustacean immunity. Annu.
Rev. Fish Dis. 2, 3–23.
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