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INTRODUCTION

The blue crab Callinectes sapidus is distributed
across 2 hemispheres, from the north Atlantic coast of
the United States to the coast of Uruguay in South
America (Williams 1974). In the United States, the blue
crab fishery has a dockside value of over US$150 mil-
lion (2008 data; NOAA-National Marine Fisheries); in
Chesapeake Bay alone, the annual value of the harvest
is valued at over $50 million. The Chesapeake Bay
blue crab population, once described as ‘inexhaustible’
(Smith 1891), has been in decline for more than a
decade (Montane & Lowery 2005, Maryland Depart-

ment of Natural Resources 2008). Harvests in North
Carolina and South Carolina have also been decreas-
ing in recent years (NC Division of Marine Fisheries,
SC Department of Natural Resources). The persistently
low blue crab broodstock (mated females) in Chesa-
peake Bay stimulated the formation of a research con-
sortium to study the life cycle of blue crab, with an
assessment of hatchery-based broodstock enhance-
ment (Zohar et al. 2008). This effort necessitated the
production of over 100 000 hatchery-reared juveniles
yr–1 in the marine recirculating aquaculture facility at
the Center of Marine Biotechnology (COMB; now
named the Institute of Marine and Environmental
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Technology) in Baltimore, MD, USA (Zmora et al.
2005).

In 2008 the severe decline in Chesapeake Bay crab
abundance triggered a declaration of fishery disaster by
the United States Department of Commerce. To address
over-fishing and broodstock depletion, unprecedented
harvest restrictions were put in place by the states of
Maryland and Virginia. Subsequently, the 2008–2009
estimate of age 1+ blue crab abundance was 70% higher
than the 2007–2008 estimate (Chesapeake Bay Stock As-
sessment Committee 2009). Typically there are also wide
year-to-year swings in blue crab abundance that cannot
be explained by fluctuations in fishing pressure. A recent
paper by Hewitt et al. (2007) stressed that earlier esti-
mates of natural mortality for blue crab were oversimpli-
fications and therefore inaccurate. One recognized but
poorly studied contributor to blue crab mortality is dis-
ease (Johnson 1983, Noga et al. 1998, Shields 2003). Al-
though there are scores of diseases described in the blue
crab (Shields & Overstreet 2007), there is little under-
standing of their role in shaping blue crab populations.

In the face of decreasing or uncertain harvests, crabbers
can increase the value of their catch by producing soft
shell crabs. These are produced by segregating pre-molt
animals from the catch, maintaining them in shallow en-
closures (1 to 7 d) until molting occurs, and collecting the
soft crabs for fresh or frozen shipment to market. Blue
crabs in soft shell production facilities typically suffer mor-
tality rates of 25% or more (Chaves & Eggleston 2003).
This results in loss of time and effort to fishermen, and a
loss of fishery resources. Soft shell crab mortality has been
attributed to poor water quality (Lakshmi et al. 1984, Ary
& Poirrier 1989), though a study by Chaves & Eggleston
(2003) suggested a larger role for harvest/ transport stress.
Overlying the stresses of harvesting and crowding is the
physiological stress of molting. The combined stresses
may render crabs more susceptible to infection by patho-
genic organisms, especially viruses (Johnson 1977, Mes-
sick & Kennedy 1990). Viruses are well known as a hin-
drance to shrimp aquaculture; however, there have been
few reports on viruses in wild crustaceans. A notable ex-
ception is the growing literature on virus PaV1, found in
the Caribbean spiny lobster Panulirus argus (e.g. Shields
& Behringer 2004, Butler et al. 2008).

Blue crabs may be infected by a spectrum of disease-
causing organisms, from macroscopically identifiable
metazoans such as parasitic barnacles Loxothylacus
sp. and trematodes Microphallus bassodactylus (Shields
& Overstreet 2007) to microscopically observable pro-
tists such as Microsporidia sp., Hematodinium sp., and
Paramoeba sp. (Sprague & Beckett 1966, Weidner
1970, Newman & Johnson 1975). Crabs may also har-
bor infections by bacteria, especially Vibrio sp. (Welsh
& Sizemore 1985). Most difficult to observe are viruses,
which are visualized only in electron micrographs,

though effects on infected cells may be observed by
light microscopy. Blue crab viruses are reported to fall
into at least 4 categories: baculo-like, picorna-like,
rhabdo-like, and reo-like (Johnson & Bodammer 1975,
Jahromi 1977, Johnson 1983, 1984, Johnson & Lightner
1988). The latter 3 virus types have genomes com-
prised of negative sense single-stranded RNA
(ssRNA), positive sense ssRNA, and double-stranded
RNA (dsRNA), respectively. To date there have been
no published molecular characterizations of these
viruses. A 1985 national soft shell blue crab conference
recognized the need for rapid diagnostic tools to iden-
tify and monitor pathogens in the soft shell industry
(Johnson 1986). Whether reflecting the limited
resources of the artisanal soft shell crab industry or an
under-appreciation of the potential role of disease,
these tools are still not developed.

Advances in molecular techniques over the past 2
decades have made it feasible to develop rapid assays
for specific crustacean viruses, based on virus genome
information (e.g. white spot syndrome virus [WSSV]
and Taura syndrome virus [TSV] in shrimp; Tsai et al.
2002, Navarro et al. 2009). Thus far, however, there
have been no molecular tools developed to detect and
identify viruses ‘universally’ in the manner that bacter-
ial and eukaryotic genomes can be targeted by con-
served or degenerate oligonucleotide primers (Lane
1991, Nejstgaard et al. 2003, Blankenship & Yayanos
2005). RNA-based viruses are highly variable in se-
quence, and the only known gene displaying sequence
conservation is the RNA-dependent RNA polymerase
(RdRp; Culley et al. 2003). As part of the RNA virus
replication cycle, RdRp generates antisense copies of
RNA virus genomes. These antisense strands have the
potential to anneal to genomic RNA molecules, produc-
ing dsRNA, which has physicochemical properties dis-
tinct from ssRNA and DNA (Fujimura et al. 2005). Most
notably, dsRNA is less susceptible to nuclease degrada-
tion and can be highly enriched by column chroma-
tography, based on its particular hydrophobicity.

We have investigated soft shell crab mortalities by
looking directly for molecular evidence of virus infection.
Because infections with RNA viruses, even those with
single-stranded genomes, may produce dsRNA during
replication (Ahlquist 2006, Weber et al. 2006), it may be
possible to detect diverse virus genomes by enrichment
of dsRNA from putatively infected animals (Summons &
Steaitss 1972, Morris-Krsinich & Hull 1983). In an effort
to develop and validate molecular tools for virus detec-
tion in Callinectes sapidus, we worked with a local soft
shell facility that was experiencing high mortalities not
attributable to other factors (e.g. water quality, hand-
ling). Using dsRNA enrichment methods, we investi-
gated mortalities of soft shell crabs in a flow-through sys-
tem. Herein, we describe using this approach to discover
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a reo-like virus that occurred in high prevalence in mor-
talities from diverse blue crab culture systems. In order to
address major questions about the prevalence and trans-
mission of this virus and to be able to detect sub-acute in-
fections, we cloned part of the RNA genome of the virus
and developed a reverse transcription polymerase chain
reaction (RT-PCR) assay.

MATERIALS AND METHODS

Blue crab collections. Soft shell facilities: Moribund
and healthy pre-molt or mid-molt crabs (125 to 150 mm
carapace width) were collected from a commercial flow-
through soft shell production system near Baltimore. All
crabs in the system were trapped in the vicinity of the
Chesapeake Bay Bridge by the owner of the soft shell
production facility. At the time of collection, water tem-
perature was measured, and water samples were
archived (–20°C) for later water quality analysis. Crabs
were dissected and selected tissues fixed in 4%
formaldehyde + 1% glutaraldehyde for later histological
assessments. Remaining animal tissues were archived at
–80°C. Fixed tissues were stained with Meyer’s hema-
toxylin and eosin (Luna 1968) for histological observa-
tions. Additional collections from soft shell production fa-
cilities were made at Tilghman Island, MD (flow through
system), and near Tallahassee, FL (recirculating system).
The Tilghman Island crabs were frozen upon collection
and remained at –20°C until analyses. Florida crabs were
frozen (–20°C), shipped overnight on ice, and subse-
quently stored at –20°C until analysis. Freshly harvested
crabs (Baltimore) were brought to the laboratory on wet
ice, then stored at –20°C until analysis.

Hatchery: The Institute of Marine and Environmen-
tal Technology (IMET, formerly the Center of Marine
Biotechnology) biosecure recirculating hatchery has
been described (Zmora et al. 2005). Crab production is
based on wild-caught broodstock females, which pro-
duce broods of larvae in the hatchery. Occasional

broodstock mortalities at COMB (2006–2007) were
archived at –20°C and at –80°C. Juvenile crabs were
fed standard aquaculture diets (Zeigler Bros) and
raised to 40 to 90 mm carapace width.

Molecular methods. Isolation of dsRNA: Total RNA
was extracted from approximately 150 mg of tissue
(gill or muscle with hypodermis) using TRIzol® reagent
(Invitrogen). Tissue was disrupted with 425 to 600 µm
acid-washed glass beads (Sigma Chemical) using a
bead beater (Savant FastPrep™; Bio101) or Tissue-
Lyser (Qiagen). In preliminary studies, dsRNA was
enriched using differential precipitation with 2 M LiCl
(Diaz-Ruiz & Kaper 1978). For subsequent studies the
method for isolating dsRNA from the total RNA pool
was modified from Franklin (1966) and Morris-Krsinich
& Hull (1983). This method separates dsRNA from
ssRNA by exploiting differences in hydrophobicity and
affinity for the microcrystalline cellulose matrix, CF11
(Whatman; GE Healthcare). After a 10 min centrifuga-
tion at 12 000 × g, the aqueous phase was added to a
CF11 column equilibrated with 16.5% EtOH/1× STE
buffer. The column was washed 3 times with 1 ml of
16.5% EtOH/1× STE buffer, and the flow-through was
discarded. To elute dsRNA, 800 µl of 1× STE was
added to the column, and the flow-through was col-
lected in a microfuge tube. dsRNA was precipitated
using isopropanol and sodium acetate (Sambrook et al.
1989). After an ethanol wash, the air-dried pellet was
resuspended in 50 µl of 1 mM EDTA. A total of 5 µl of
the dissolved RNA were electrophoresed on a 1.5%
ethidium bromide-stained agarose gel.

Partial cloning of the reo-like virus genome: The
dsRNA pool from a putatively virus-infected hatchery
crab (designated E41) was used to elucidate a portion
of the virus genome following the methods outlined by
Maan et al. (2007). Briefly, the dsRNA pool was precip-
itated using isopropanol and sodium acetate and con-
centrated by re-suspending in 5 µl of deionized water.
Approximately 500 ng dsRNA was combined with
500 ng of an anchor primer (iSP9; see Table 1) contain-
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Table 1. Oligonucleotides used in this study. RdRp: RNA-dependent RNA polymerase

Oligonucleotide Sequence (5’ to 3’) Purpose Source

iSP9 GACCTCTGAGGATTCTAAAC/ Anchor-adapter Maan et al. (2007)
iSp9/TCCAGTTTAGAATCC-OH

5-15-1 GAGGGATCCAGTTTAGAATCCTCAGAGGTC cDNA amplification Maan et al. (2007)
M13 F TGTAAAACGACGGCCAG Sequencing
M13 R CAGGAAACAGCTATGAC Sequencing
BCRVFor TCAGTGTCTTCAGCTTTAGGTTG Reovirus Present study
BCRVRev TCTCTTGAGGCCTAGATTCG Reovirus Present study
CsAct1F GTGGGTGACGAGGCGCAGAGCAA Crab actin Modified from Towle et al. (1997)
CsAct1R GGGCAGCGGAACCTCTGGTT Crab actin Modified from Towle et al. (1997)
RdRp For GGRGAYTACASCIRWTTTGAT RdRp Culley et al. (2003)
RdRp Rev TTYYTSAAGMGKMGTTGGGTK RdRp Culley et al. (2003)



Dis Aquat Org 93: 17–29, 2010

ing a phosphorylation on the 5’ terminus for ligating to
the 3’ end of the RNA strands, and a phosphoramidite
spacer between 2 complementary halves allowing the
primer to fold back and self-prime during cDNA syn-
thesis (Integrated DNA Technologies; Maan et al.
2007). The ligation of the anchor primer to the dsRNA
ends was carried out at 4°C overnight using 5 U of T4
ligase in a final reaction volume of 10 µl, as per the
manufacturer’s instructions (Fermentas). Excess adap-
tors were removed using Sephadex G50 columns
(Boehringer). The purified dsRNA with ligated anchor
primers was precipitated using isopropanol/sodium
acetate and resuspended in deionized water.

Prior to performing cDNA synthesis, the ligated
dsRNA pool was denatured at 100°C for 2 min and
placed immediately on ice. The 20 µl reverse transcrip-
tion reaction contained the following: 11 µl denatured
dsRNA, 5 mM MgCl2, 1 mM dNTP mix (Applied Bio-
systems), 15 U avian myeloblastosis virus (AMV) re-
verse transcriptase, and 1× RT buffer (Promega). The
reaction was incubated at 37°C for 40 min and then at
40°C for 10 min. PCR was carried out on 1 µl cDNA us-
ing TaKaRa ExTaq (Shiga) and primer 5-15-1 (Maan et
al. 2007; Table 1). Thermocycling was as follows: 94°C
for 2 min; 30 cycles of 95°C for 15 s, 62°C for 30 s, 72°C
for 2 min, with a final extension at 72°C for 10 min.
Products were electrophoresed on a 1.5% ethidium
bromide-stained agarose gel and visualized by fluoro-
metric detection (Typhoon 9410; GE Healthcare).

Sterile pipet tips were used to bore out 3 sections of
the gel in the area of low, medium, and high molecular
weight bands. Each agarose stab was added to 20 µl
Milli-Q water and boiled for 3 min at 100°C. A total of
1 µl of liberated dsRNA from each stab was used in a
second round of PCR as outlined in the paragraph
above. The resulting products were electrophoresed
on an ethidium bromide-stained gel and purified using
the Geneclean® kit (Bio101). A total of 1 µl of each of
the purified pools was ligated into pGEM-T vector
(Promega) overnight at 4°C. Each ligation was trans-
formed into JM109 (Stratagene). Approximately 50
white colonies were screened for inserts using PCR
with M13 primers (Table 1). Each 25 µl reaction con-
tained the following: 0.8 U Megafrag high fidelity Taq
polymerase (Denville Scientific), 1× Megafrag buffer,
4 mM MgCl2, 1 mM each dNTP (Applied Biosystems),
0.25 mg ml–1 bovine serum albumin (Idaho Technolo-
gies), 0.8 mM each primer and molecular biology
grade water to 25 µl. Thermocycling parameters were:
94°C for 2 min; 30 cycles of 95°C for 10 s, 60°C for 30 s,
68°C for 2 min; with a single 10 min extension at 68°C.
PCR products were analyzed on 1.5% ethidium bro-
mide-stained agarose gels.

Partial cloning of viral RdRp gene: To elucidate
additional sequence from the virus genome, degener-

ate primers targeting the RdRp (Table 1) gene were
employed (Culley et al. 2003). PCR was carried out
with TaKaRa Ex Taq using an annealing temperature
of 50°C and an extension time of 30 s to amplify a prod-
uct of approximately 700 base pairs from the cDNA
pool described above. This product was purified by
precipitation, then ligated to pGEM-T as above and
transformed into JM109 cells. Plasmids from 13 colo-
nies were sequenced, as described below.

Sequencing and bioinformatic analysis: Plasmid
inserts were PCR amplified with vector-specific pri-
mers (M13 F, M13 R) and amplicons precipitated with
polyethylene glycol (PEG) (Sigma-Aldrich). Briefly,
one volume of 20% PEG (containing 2.6 M NaCl) was
mixed with the PCR products and incubated at room
temperature. After centrifugation at 12 000 × g, the
supernatant was discarded and the pellet resuspended
in one volume of 70% ethanol and re-centrifuged at
12 000 × g for 5 min. The pellet was resuspended in
30 µl sterile water, and 2 µl was used for sequencing.
Sequencing was carried out using Big Dye version 3.1
reagents and analyzed on the ABI Prism 3130xl genetic
analyzer (Applied Biosystems). Sequences were as-
sembled into contigs using Sequencher™ (Gene
Codes) and subjected to BLASTn and tBLASTx analy-
ses (Altschul et al. 1990) to detect any similarity to
deposited nucleotide or predicted protein sequences in
GenBank.

RT-PCR virus detection assay: Primers (BCRVFor
and BCRVRev; Table 1) were designed to amplify a
483 bp region of the 1.2 kb genome segment. Primers
were tested in PCR reactions using naïve genomic crab
DNA (no amplicons were produced; data not shown).
Furthermore, to verify which segment of dsRNA was
targeted by the RT-PCR assay, gel stabs were collected
from 7 different regions of the electrophoresed dsRNA
genome and subjected to RT-PCR using 1 µl of tem-
plate (prepared as described in ‘Partial cloning of viral
RdRp gene’) and 20 cycles of PCR. Sensitivity of the
assay was determined to be 7.5 pg of input RNA based
on RT-PCR analysis (30 cycles) of a 10-fold serial dilu-
tion of DNAse-treated total RNA extracted from a
reovirus-positive crab (determined by a dsRNA pre-
paration as described above). To generate total RNA
from tissue samples for screening by RT-PCR, tissue
disruption and TRIzol® extraction were carried out as
described above. Isopropanol precipitation was per-
formed on the RNA fraction, and the resulting pellet
was resuspended in 50 µl of 1 mM EDTA. RNA purity
and concentration were determined using the Nan-
odrop Spectrophotometer (Nanodrop Technologies).
RNA was DNAse treated (Fermentas) prior to reverse
transcription. RT was carried out as described above
using 75 ng of RNA and with the addition of 50 ng ran-
dom hexamers (Invitrogen). PCR was performed as
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outlined above for Megafrag, using 2 µl of cDNA,
BCRVFor, and BCRVRev primers, an annealing tem-
perature of 61°C and an extension time of 30 s. To
assess quality of cDNA, each preparation was also sub-
jected to PCR amplification using primers (CsActF1
and CsActR1; Table 1) modified from Towle et al. 1997
to amplify the blue crab actin gene.

Virus transmission study. Virus preparation from
blue crab homogenate: A virus-infected crab was cho-
sen for a crude viral preparation based on analysis of a
dsRNA gel as described above. Approximately 300 mg
of tissue was disrupted in 6 ml of 15 ppt filter-sterilized
artificial seawater using a homogenizer (Ultra-turrax
T8; IKA). After 30 s, no multicellular pieces were visi-
ble by light microscopy. A slow centrifugation step was
used (1500 × g for 5 min) to pellet debris. The super-
natant was filtered through a 0.45 µm filter (later virus
preparations were filtered through 0.2 µm), and the
resulting filtrate was kept on ice until injection.

Passage of reovirus to naïve, hatchery-reared ani-
mals: Two preliminary trials were conducted to de-
monstrate passage of the virus using blue crabs that
were grown from the larval stage in COMB’s biosecure
recirculating hatchery (Zmora et al. 2005). Males and
females from 60 to 100 mm carapace width were used
as recipients for initial passage experiments. Standard
rearing and infection conditions were 20 ppt salinity
(artificial seawater) and 22 to 24°C. The filtered homo-
genate (20 µl, representing <1 mg donor tissue) was
injected into recipients (n = 5 for Trial 1; n = 11 for
Trial 2) after surface sterilizing the injection site with
ethanol at the base of the swimming leg. The virus
preparation from Trial 1 was stored at –80°C for 5 mo
and re-tested for the ability to cause death of disease-
free blue crabs (Trial 2). Five non-injected control
crabs were used in Trial 1, while 5 saline-injected
crabs were used in Trial 2 in order to mimic stress from
handling. A time course experiment was then con-
ducted by injecting 10 naïve animals with 10 µl of
crude virus preparation. Experimental crabs were
sacrificed at intervals from Day 3 to 16 by chilling on
ice. Selected tissues (muscle and hypodermis, gill,
hepatopancreas) were fixed in glutaraldehyde in
preparation for electron microscopy. The remaining
crab tissue was stored at –20°C for later assessment of
viral RNA.

Light and electron microscopy: Crabs were dis-
sected 3, 6, 9, 12, 13, 15, and 16 d post inoculation. Tis-
sues were preserved in 1% glutaraldehyde + 4%
formaldehyde (1G4F) for light microscopy and in Mil-
lonig’s phosphate buffered 2.5% glutaraldehyde (Mil-
lonig 1976) for electron microscopy. Tissues from all
crabs preserved in 1G4F were processed for histologi-
cal examination by standard methods (Johnson 1980,
Howard & Smith 1983).

Tissues from the crab dissected 16 d post inoculation
were processed for transmission electron microscopy.
After primary fixation, tissues were washed with buffer
and post fixed in 2% osmium tetroxide in 2 M Mil-
lonig’s phosphate buffer for 1 h at room temperature.
Tissues were rinsed in buffer and dehydrated in a
series of ethanols, infiltrated and embedded in Spurr’s
low viscosity embedding formula epoxy resin, and sec-
tioned using a Leica UC6 ultramicrotome. Thick sec-
tions were stained with 1% toluidine blue in 1% boric
acid and examined for virus. Samples were thin sec-
tioned at 70 nm (silver/gold) mounted on 250 mesh
copper grids, air dried, and stained using Reynolds’
(1963) lead citrate for 1.5 min. Thin sections were
examined and photographed using a Zeiss EMI OCA
at 60 to 80 Kv.

Negatives of electron micrograph images were
scanned and digitized, and the diameters of apparent
virus particles were measured using ImageJ software
(ImageJ 1.42q; Abramoff et al. 2004). The largest diam-
eters measured were interpreted to represent equator-
ial sections of viruses. ImageJ was also used to mea-
sure cross-sections and lengths of other subcellular
structures in virus-infected cells.

RESULTS

Physicochemical enrichment of a putative 
reo-like virus genome

Both healthy (n = 5) and dead/dying (n = 6) peeler
crabs were collected from a commercial soft shell crab
production facility. None of the crabs showed obvious
signs of physical injury. To identify crabs that may
have died with high bacterial loads, DNA was ex-
tracted from crab muscle and hypodermis and used as
template for amplification of bacterial rRNA genes
using ‘universal’ primers designed to amplify 16S
rRNA genes (Lane 1991). One crab that failed to gen-
erate a bacterial 16S amplicon (indicating a low bacte-
rial DNA content; data not shown) and was thus a can-
didate for virus-related mortality was chosen for
further analysis by dsRNA enrichment. Total RNA was
extracted from hypodermis, hepatopancreas, and mus-
cle (which contained overlying hypodermis). Corre-
sponding samples of a healthy soft shell crab were also
processed in the same manner. Crude RNA extracts
were subjected to differential precipitation with LiCl
(Diaz-Ruiz & Kaper 1978), to enrich for dsRNA. The
dsRNA preparation from the dying crab showed
numerous bands ranging from approximately 1 to 4 kb,
while the dsRNA preparation from the healthy crab
showed a weak background smear but no dsRNA
banding (Fig. 1A). When dsRNA from the dying crab
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was more efficiently enriched using CF11 affinity chro-
matography and analyzed by extended agarose gel
electrophoresis, an image of 12 bands was visualized.
The bands co-migrated with the DNA ladder at appar-
ent sizes of 1.1 to 4 kb, with an electrophoretic pattern
of 1/5/6 (Fig. 1B).

Tissues of the crab displaying puta-
tive reovirus dsRNA segments were
fixed and processed for histology. Cyto-
plasmic inclusions consistent with a
reo-like virus were observed in hemo-
cytes within gill tissue (G. Messick,
data not shown). The dsRNA enrich-
ment method was applied to the 10 re-
maining crabs in this initial study: 5
additional mortalities and 5 apparently
healthy crabs. Of the 5 mortalities, 4
showed the same dsRNA banding as
seen in Fig. 1; among the 5 live crabs,
none showed virus-like dsRNA bands.
These data are summarized in Table 2.
Ammonia and nitrite levels were peri-
odically tested during the study. Nitrite
remained below 0.011 mg l–1 in all but
one sample (rising to 0.018 mg l–1 once),
and ammonia stayed below 0.12 mg l–1,
save for a single reading of 0.25 in the
same sample with highest nitrite. There
were no mortalities during or immedi-
ately after this spike in nitrogen.

Evidence of virus in additional soft shell systems 
and in a crab hatchery

The dsRNA enrichment assay was used to assess
whether the high prevalence of a putative reo-like
virus observed in crabs dying in the Baltimore facility
was representative of crabs dying in other places and
times (summarized in Table 2). In 2008, 7 crabs from
the original soft shell facility were investigated, and it
was found that virus-like dsRNA was present in 2 of
4 dead crabs but in none of 3 live crabs. Two additional
soft shell production facilities were investigated in
2008. A recirculating soft shell facility on the Gulf coast
of Florida provided 12 blue crabs that died before or
during molting. Of these, 7 displayed the same dsRNA
banding seen in Fig. 1. A flow-through system on the
eastern shore of Chesapeake Bay (Tilghman) provided
9 crabs that died in the molting process; of these, 7
were positive for the virus. An additional 10 live pre-
molt crabs were also collected from the Tilghman facil-
ity, brought to COMB, and maintained in isolated indi-
vidual tanks. All 10 crabs died prior to or during the
molting process, and 8 displayed the familiar virus-like
dsRNA banding.

Thus far, all crabs investigated had been maintained
in captivity where they suffered high mortality. There-
fore, inter- and pre-molt fresh harvest crabs were also
studied; 2 samples were obtained from the same re-
gion of the Chesapeake Bay from which animals were
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Fig. 1. Callinectes sapidus. Visualization of an apparent virus genome by en-
richment of double-stranded RNA (dsRNA). (A) Agarose gel electrophoresis
of dsRNA enriched by LiCl precipitation. Lane 1: 100 bp DNA molecular
weight (MW) size marker; Lanes 2 to 4: total RNA extracted from hepato-
pancreas, muscle, and hypodermis of a dying crab; Lanes 5 to 7: RNA extrac-
ted from hepatopancreas, muscle, and hypodermis of a healthy crab. (B) Elec-
tropherogram of dsRNA enriched by CF11 chromatography. Lane 1: 100 bp 

DNA marker (M); Lane 2: blue crab reo-like virus (R)

Table 2. Callinectes sapidus. Prevalence of putative reo-like
virus in captive (soft shell systems, hatchery) and wild popula-
tions of blue crab as determined by presence of double-stranded
RNA (dsRNA) banding. Baltimore: MD, USA; Tilghman: MD, 

USA; COMB: Center of Marine Biotechnology

Source of crabs No. dsRNA+ 
tested (%)

2007 soft shell systems
Baltimore, flow through, healthy 5 0
Baltimore, flow through, dead/dying 6 83

2008 soft shell systems
Baltimore, flow through, live 3 0
Baltimore, flow through, dead 4 50
Florida Gulf coast, recirculating, dead 12 58
Tilghman, flow through, dead 9 78
Tilghman, transfer to COMB, dead 10 80

2008 fresh harvest
Inter-molt, live 42 0
Pre-molt, live 16 0

2006–2008 archived mortalities
COMB recirculating hatchery 12 50
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obtained for the 2007 and 2008 soft shell system stud-
ies (Table 2). Of 42 live inter-molt crabs assessed, none
had dsRNA banding. Similarly, analysis of 16 freshly
caught, pre-molt crabs also revealed no evidence of
virus dsRNA.

The wild-harvest broodstock in the blue crab hatch-
ery at COMB was also investigated. These mature,
mated females are collected yearly from the lower
Chesapeake Bay and are maintained in closed recircu-
lating aquaculture until needed for larvae production.
Cumulative mortalities among wild broodstock may
exceed 50%. An analysis of 12 archived broodstock
mortalities (from 2006 to 2008) revealed that 6 carried
dsRNA indistinguishable to that seen in Fig. 1 (Table 2,
bottom panel).

Experimental infections with the putative virus

To investigate whether the putative virus could be
passaged and cause blue crab mortality, a filtered
homogenate of infected muscle and hypodermis was
injected into 5 naïve, hatchery-reared juveniles. Puta-
tive virus-injected crabs died at Day 10 (1 crab), Day 12
(1 crab), and Day 13 (3 crabs) post-injection. None of
the un-injected control crabs died over this time, and
were sacrificed at Day 14. Upon analysis of dsRNA,
each of the putative virus injected crabs displayed reo-
like dsRNA bands, while the control crabs showed no
dsRNA banding (Trial 1, Table 3). The virus prepara-
tion was re-tested after storage at –80°C (5 mo) for the
ability to cause death of disease-free blue crabs. When
injected into 11 naïve crabs (Trial 2; Table 3), all died
within 15 d. Injections (n = 5) of sterile saline did not
result in crab mortality.

To assess how rapidly dsRNA appears during an
experimental infection with the virus, a time course
study was conducted, in which 10 naïve crabs were
injected with virus preparations and then sacrificed at

intervals from Day 0 to 16. As shown in Fig. 2, within
3 d of injection (earliest sampling) crabs displayed ob-
vious virus dsRNA, particularly in gills (Fig. 2A) as
compared to muscle (Fig. 2B). The amount of virus
dsRNA increased through Days 13 and 16, when crabs
were moribund and dying.

Crabs dissected 9, 12, 13, 15, and 16 d post inocula-
tion demonstrated histological characteristics consis-
tent with varying degrees of infection by reo-like virus
infections (Johnson 1977, 1984). Reo-like virus infec-
tions were identified based on morphologic similarities
published by Johnson (1977, 1984), which include
angulated, basophilic, Feulgen negative, cytoplasmic
inclusions in hemocytes (Fig. 3A). Also apparent in the
crab dissected 16 d post inoculation were necrotic
hemocytes and a few nodule formations due to host
response to the viral foreign bodies found in gill and
epidermal tissues.

Electron microscopic examination of infected gill tis-
sue revealed that many of the hemocytes within the tis-
sue appeared to have degenerating cell membranes
and were filled with apparent virus-like particles
~55 nm in diameter. Virus-infected cells also contained
numerous filamentous structures, ~30 nm in width, but
of highly variable lengths (some exceeding 800 nm)
(Fig. 3B).
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Table 3. Callinectes sapidus. Blue crab mortality following
injection of putative reo-like virus. na: not applicable; 

nt: not tested

Injection N Mortality Days to Virus 
(%) death RNA 

prevalence

Trial 1
Virus filtrate 5 100 10 to 13 100
No injection 5 0 na 0

Trial 2
Virus filtrate 11 100 9 to 16 nt
Saline injection 5 0 na nt

Fig. 2. Callinectes sapidus. Passage of virus double-stranded
RNA (dsRNA) to uninfected hatchery-reared crabs. Agarose
gel analysis of a time course of dsRNA appearance after injec-
tion. Day 0 (duplicate samples) is pre-injection; Day 3 is the
earliest sampling point. (A) dsRNA isolated from gills. (B)
dsRNA isolated from leg muscle and hypodermis. Equivalent

amounts of tissue are represented in each panel
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Partial nucleic acid sequence of the 
reo-like virus genome

A full-length cDNA copy of the 1.2 kb segment of
dsRNA was cloned as described above (Maan et al.
2007). Sequencing of the clone revealed an insert of
1233 nucleotides, which has been deposited in GenBank
under accession no. HM014010. The longest open read-
ing frame in the sequence encoded a 323 amino acid
protein with a predicted molecular weight (MW) of
35.45 kDa and isoelectric point (pI) of 6.16. BLAST ana-
lyses of the peptide sequence revealed no significant
similarities at either the nucleotide or predicted amino
acid sequence levels against the non-redundant Gen-
Bank nucleotide database or the virus protein data-
base. Computational predictions of protein function
indicated similarity to glycosyltransferases (p = 96.7%;
Cai et al. 2003; Vector Machine classification).

Using conserved, degenerate primers designed to am-
plify a segment of the RdRp gene (Culley et al. 2003), a
PCR amplicon was obtained from cDNA prepared from
viral RNA. Sequencing of 13 clones produced a consen-
sus contig of 729 nucleotides (deposited in GenBank un-
der accession no. HM014011), encoding a continuous
reading frame of 243 amino acids. BLASTx analysis of
the encoded/predicted polypeptide revealed 100%
amino acid identity over a 48 amino acid region to a Gen-
Bank entry for a partial RdRp clone from a reovirus of the
mud crab Scylla serrata (EF523476). When examined at
the nucleotide level, conservative substitutions were ob-
served in 26 codons, including Leu and Arg codons,
which have 6 possible codons (Fig. 4).

Development of an RT-PCR assay targeting 
a segment of the virus genome

Primers were designed to target a 438 nt portion of
the cloned 1.2 kb segment. When tested against
genomic DNA and reverse-transcribed RNA of an
uninfected crab, these primers produced no products;
when tested on reverse-transcribed RNA of crabs
harboring dsRNA, the expected 438 bp product was
obtained (Fig. 5A, Lanes 4 and 5). Verification that
the RT-PCR assay targeted the 1.2 kb dsRNA band
was accomplished by conducting the assay on indi-
vidual dsRNA bands cored out of agarose gels (data
not shown). Assay sensitivity was estimated by dilu-
tion of total RNA extracted from an infected crab
(Day 16 in Fig. 2) prior to the reverse-transcription
step. The assay produced a visible amplicon from as
little as 7.5 pg of total RNA (Fig. 5B). Based on this
sensitivity, we chose to use 5 ng total RNA (667-fold
higher than the limit of detection) for routine RT-PCR
assays.

The RT-PCR assay was used to screen wild-caught
hatchery broodstock in early 2009, after several brood-
stock females (maintained at 15°C) died in the aqua-
culture center. Hemolymph was withdrawn (non-
lethally) from the remaining 28 crabs; total RNA was
extracted and subjected to the RT-PCR assay. RNA
from 8 crabs produced the amplicon expected for reo-
like virus. In the ensuing 5 wk, 7 of these PCR-positive
individuals died, while none of the PCR-negative indi-
viduals died. By Fisher’s exact test, this has statistical
significance with p < 0.0001.
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Fig. 3. Callinectes sapidus. Microscopy of putative reo-like virus-infected tissues. (A) Hematoxylin and eosin stain. Many cells
have increased cytoplasmic volume (yellow arrow) indicative of virus inclusions compared to more normal cytoplasmic volume
(blue arrow). Scale bar = 10 µm. (B) Electron microscopy. Hemocyte filled with virions and filamentous material. Inset: enlarged 

view of virions. Scale bar = 0.25 µm
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DISCUSSION

The present study demonstrates the utility of exploit-
ing the physicochemical properties of dsRNA as an ini-
tial step in identifying a virus associated with blue crab
mortality. In this instance, a dsRNA enrichment proce-
dure was used to visualize the dsRNA genome of a reo-
like virus. Findings from one crab provided the basis
for screening of more than 100 additional crabs.
Though useful as a first step, a genome-targeted ap-
proach is not sufficient to establish the presence of a
virus. Subsequent investigations included re-infection
of hatchery-reared crabs with virus preparations, his-

tological assessments, electron microscopy, and se-
quencing part of the virus genome. The reo-like virus
was found to be highly prevalent in captive blue crabs
in various soft shell production facilities as well as in
wild-caught broodstock held in a recirculating re-
search aquaculture operation. The association of reo-
like virus with blue crab mortality is more than circum-
stantial; when injected, the virus was 100% fatal. Two
caveats are warranted in interpreting this finding:
First, we lack a method to quantify the number of
infectious viruses represented by injections; the devel-
opment of a system to titer viruses, like that for PaV1
(Li & Shields 2007) would be a significant advance.
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Fig. 4. Alignment of reo-like virus (RLV) RNA-
dependent RNA polymerase (RdRp) amplicon
with RdRp of mud crab Scylla serrata reovirus
(EF523476). Note that although the 49 encoded
amino acids are identical, at the nucleotide level
there are 26 mismatches in degenerate codons

Fig. 5. Ethidium bromide-stained agarose gel depicting the reo-like virus reverse transcription-PCR assay. (A) Specificity of the
assay on different templates. Lane 1: no template; Lane 2: RNA of uninfected Callinectes sapidus crab; Lane 3: DNA of uninfected
crab; Lane 4: total RNA from lightly infected crab; Lane 5: total RNA from heavily infected crab. (B) Sensitivity of the assay. Total
RNA was extracted from a virus-positive crab (determined by gel analysis of the dsRNA), and a 10-fold serial dilution was pre-
pared. Values indicate the amount of total RNA from the infected crab that was reverse transcribed. Lane M: 100 bp marker; 
Lane 1: negative control; Lane 2: 7.5 × 101 ng; Lane 3: 7.5 × 100 ng; Lane 4: 7.5 × 10–1 ng; Lane 5: 7.5 × 10–2 ng; Lane 6: 7.5 × 10–3 ng; 

Lane 7: 7.5 × 10–4 ng; Lane 8: 7.5 × 10–5 ng
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Second, we note that a more rigorous control, of inject-
ing non-infected homogenized crab tissue, was not
conducted in parallel with the virus injection. In a se-
parate study, however, similarly prepared homo-
genates from a crab assessed to be free of the putative
virus did not cause mortality or the appearance of
dsRNA.

A sensitive RT-PCR assay was developed that allows
the virus to be detected in RNA from small quantities of
hemolymph. Using this methodology to (non-lethally)
screen wild broodstock, 86% of those positive for the
virus died within a few weeks. The ability to screen
crabs for virus dsRNA by hemolymph sampling was fa-
cilitated by the fact that the reo-like virus proliferates in
hemocytes. The virus is also abundant in hypodermal
tissue, thereby making it feasible to assess crabs by re-
moval (autotomy) of a leg for dsRNA extraction.

The hemocyte and hypodermal localization (ectoder-
mally and mesodermally derived tissues) are also fea-
tures of the reo-like virus reported by Johnson (1977,
1984). Similar to the virus described here, reo-like
virus is rapidly fatal to blue crab, is highly prevalent in
captive blue crabs, and has an icosahedral virion of 55
to 60 nm (Johnson 1983, 1984). Thus, there is a strong
indication that reo-like virus and the virus we describe
are synonymous. Our electron micrographs of cells
containing reo-like virus profiles also show tubular
structures ~30 nm across, of variable lengths up to
800 nm. In these respects, they are similar to those
reported by Johnson (1984), who interpreted them to
be evidence of a co-infecting rhabdovirus. While Jah-
romi (1977) also reported the presence of a rhabdo-
virus (in the absence of other viruses) in blue crab, the
30 nm wide virions he described had less variable
lengths, of approximately 115 nm, which is more con-
sistent with rhabdovirus morphology as a whole. Based
on this difference and a growing body of reovirus liter-
ature, it is likely that the tubules observed by Johnson
and ourselves were not rhabdoviruses, but were cellu-
lar manifestations of reo-like virus replication. Similar
structures 18 to 68 nm in diameter and with highly
variable lengths are associated with numerous reo-
viruses in diverse hosts (Moss & Nutall 1995). Recom-
binant expression of a single virus protein, NS1, of the
well-studied bluetongue virus can cause the appear-
ance of such tubules (Roy & Noad 2006).

The reo-like virus in blue crab has a dsRNA genome
of 12 segments in a 1/5/6 pattern (Fig. 1B). Three other
crab reoviruses are reported to have similar 1/5/6
genomes of 12 dsRNA segments: W2 virus of Carcinus
mediterraneus (Mari & Bonami 1988), P virus of
Macropipus depurator (Montanie et al. 1993), and the
reovirus of Eriocheir sinensis (EsRV905; Zhang et al.
2004). These 3 viruses are proposed to constitute a new
genus, termed Cardoreovirus (Attoui & Mertens 2005,

Mayo & Haenni 2006). The reovirus of the mud crab
Scylla serrata (MCRV) (Weng et al. 2007) has a 13
segment dsRNA genome with a banding pattern of
1/5/7, in which the smallest 2 segments co-migrate on
electrophoretic gels.

It is notable that the partial RdRp sequence obtained
from the blue crab reo-like virus encodes a peptide
that is 100% identical to part of the predicted MCRV
RdRp (GenBank EF523476). In contrast, an attempt to
align the partial RdRp sequence from the reo-like virus
with the RdRp of Eriocheir sinensis produced an align-
ment with only 18% amino acid (aa) identity over a
33 aa region (not shown). The weak similarity of blue
crab reo-like virus RdRp to the RdRp of E. sinensis sug-
gests the blue crab virus may not be in the Cardoreo-
virus genus. The 1.2 kb segment of the reo-like virus
genome that was fully sequenced (and is targeted by
the RT-PCR assay described herein) does not have sig-
nificant similarity to any sequences in GenBank. Com-
plete sequencing of the entire blue crab reo-like virus
genome should greatly assist in placing the virus
within a taxonomic clade.

The high prevalence (>50%) of reo-like virus in
crabs dying in multiple soft shell facilities suggests that
it contributes widely to mortality in these settings.
Mortality of blue crabs in soft shell facilities is typically
25% or more, and has been attributed to poor water
quality and handling stress (Chaves & Eggleston 2003).
Over the past 15 yr, the soft shell crab industry in the
United States had an average annual dockside value of
$5 million (NOAA, NMFS data). If half of the mortality
in the industry is associated with reo-like virus, then an
annual loss of $625 000 may be associated with this sin-
gle disease agent. If not the sole cause, then reo-like
virus may be synergistic with other stresses to cause
mortalities. Handling, crowding, and poor water qual-
ity are known to cause immune suppression of inverte-
brates (e.g. Le Moullac & Haffner 2000, Lacoste et al.
2002), which may allow latent infections of disease-
causing organisms to proliferate. The present study,
having established a strong association between a
putative reovirus and captive crab mortality, and hav-
ing developed tools to monitor the virus, is a first step
in devising management approaches to reduce virus-
related mortality.

The tools and approach described herein can be
applied to the question of whether diseases are a factor
in blue crab population fluctuations. Reo-like virus is
only one of dozens of blue crab pathogens described
(Shields & Overstreet 2007), and one of at least 3
viruses with RNA genomes (Jahromi 1977, Johnson
1983). Large-scale virus prevalence investigations
have been hampered by the labor and time required to
assess virus infections by histology and electron
microscopy.
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Taking a physicochemical approach to virus genome
discovery should facilitate the description of crus-
tacean viruses and accelerate development of tools to
study them. The dsRNA enrichment method has the
potential to enrich not only the genomic material of
encapsidated dsRNA viruses such as reoviruses and
birnaviruses, but also the replicative stages of ssRNA
virus genomes (Valverde et al 1990). In fact, during our
screening of wild crabs for reo-like virus, dsRNA band-
ing patterns suggestive of additional diverse virus
genomes were observed. Additional studies are under-
way to ascertain whether these findings reflect bona
fide viruses.

The absence of visible viral dsRNA from freshly har-
vested crabs (both inter-molt and pre-molt) is remark-
ably different from the high incidence observed in
dead/dying captive crabs. Some of the possible expla-
nations for this discrepancy may be: (1) freshly har-
vested crabs may harbor cryptic infections of reo-like
virus that intensify in captivity; (2) reo-like virus preva-
lence may be low in crabs when they are trapped and
brought into captivity, but injuries and cohabitation
result in virus transmission between individuals; or
(3) prevalence of the virus may be underestimated in
the fishery-dependent collections used in this study,
since moribund infected crabs will be less likely to be
caught in traps or on trotlines.

Special mention is warranted on the topic of canni-
balism, which is a recognized route of infection for reo-
like virus (Johnson 1978) and other crustacean viruses
(e.g. TSV in shrimp; Hasson et al. 1995). The diet of
wild blue crab includes an appreciable proportion of
conspecifics, especially smaller crabs, those in the mol-
ting process (Laughlin 1982, Hines et al. 1990), and,
presumably, individuals that are moribund as a result
of disease. In our experimental infections, reovirus-
infected crabs become lethargic 2 to 3 d prior to death,
which would make them susceptible to cannibalism.

Only through further study of the prevalence, trans-
mission, and geographic distribution of the blue crab
reo-like virus will it become clear what role it plays in
natural mortality. A better understanding of the role of
the virus in mortality of both captive and wild blue
crabs will benefit both the hard crab and soft shell fish-
ing industry throughout the blue crab range across 2
hemispheres. The development of the tools described
here (dsRNA enrichment and a specific RT-PCR assay)
should facilitate these studies and stimulate additional
research. Furthermore, the generalized approach for
enriching dsRNA may be highly useful for identifying
additional RNA virus genomes.
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