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ARTICLE INFO ABSTRACT

Keywords: Crabs can be infected by a variety of pathogenic micro-organisms but the most damaging are viruses. Naturally-
Reovirus occurring Callinectes sapidus reovirus 1 (CsRV1) is thought to contribute to mortality of Callinectes sapidus in soft
CsRV2 crab culture in the USA. In Brazil, soft crabs are frequently produced using Callinectes danae, which suffers a
glll;i:gr:: similar rate of mortality in culture as C. sapidus. This study investigated whether CsRV1 could be detected in
Total proteins healthy or dead Callinectes danae from Parana, Brazil and kept in captivity, we also evaluated the relationship
RAMP between viral infection, and biochemical and behavioral parameters. C. danae from Paranagua Bay were kept in a

recirculation system for 14 days and subjected to weekly biochemical analyses and a reflex action mortality
predictors (RAMP) test. RT-qPCR assays for CsRV1 were negative for all samples. However, electrophoretic
analysis of extracted RNA from some crabs showed a pattern of 12 dsRNA bands that indicated intense infection
by a reovirus with a genome organization different from CsRV1. The banding pattern was indistinguishable from
a putative novel reovirus detected in C. sapidus in Rio Grande do Sul, Brazil, provisionally called CsRV2. The
prevalence of dsRNA of CsRV2 showed no significant difference between crabs that died and survived. Inter-
estingly, the presence of CsSRV2 dsRNA was correlated with a significant reduction in glycogen concentration in
hepatopancreas and a decrease in reflex action. The results obtained in this study are an early glimpse of the
occurrence of reoviruses in C. danae and their potential effects in soft-shell crab systems in Brazil.

1. Introduction Short-term soft-shell crab culture has been practiced for>100 years

in the US and several Asian countries, and is now a multimillion dollar

Portunid crabs (Decapoda, Crustacea) are distributed globally and
are important fishery resources in many countries, with annual landings
of around 2 million tonnes worldwide between 2010 and 2018 (FAO,
2020). Several portunids are also highly valued as aquaculture species,
with a global value of crab aquaculture production estimated at $2.2
million in 2018 (FAO, 2020; Tobias-Quinitio et al., 2015). In addition to
the culture of hard shell crabs, there is a significant and growing in-
dustry producing soft crabs, which are newly molted crabs still covered
with a soft tegument, a characteristic that allows them to be eaten whole
(Chang and Mykles, 2011; Freeman et al., 1987; The and Johns, 1965).
Soft-shell crabs are considered a high-value gastronomic delicacy,
appreciated around the world (Hungria et al., 2017).

* Corresponding author.
E-mail address: camilapstavares@gmail.com (C. Prestes dos Santos Tavares).

https://doi.org/10.1016/j.jip.2022.107739

activity to increase the value of a fishery product (Ferdoushi et al., 2010;
Kennedy and Cronin, 2007; Tavares et al., 2018). However, mortality
rates of 25% or more occur in soft crab production facilities, repre-
senting a significant loss of fishery resource, and fisherman time and
labor, which compromises the financial viability of the enterprise
(Chaves and Eggleston, 2003; Spitznagel et al., 2019).

In the United States, Callinectes sapidus is the most cultivated species
for soft-shell crab production, due to the abundance of animals from
fishing and the simplicity of aquaculture techniques (Tavares et al.,
2018). In Brazil, soft shell crab culture is conducted with C. sapidus, as
well as with C. danae and C. exasperatus, which are also commonly
harvested along the Brazilian coast. Aquaculture research in Brazil
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indicates that mortality rates of C. danae and C. exasperatus are also both
approximately 25%, as observed for C. sapidus in the USA (Ostrensky
et al., 2015).

The causes of mortality of crabs during the soft-shell crab production
process include poor water quality in the aquaculture systems (Hoch-
heimer, 1988; Lakshmi et al., 1984), stress caused by harvest and
transport of animals (Chaves and Eggleston, 2003), and the physiolog-
ical stresses associated with the molting process (deFur et al., 1988). It is
also known that stresses can make crabs more susceptible to infection by
pathogens or exacerbate the pathogenicity of infections (Kennedy and
Cronin, 2007; Perazzolo et al., 2012; Shields and Overstreet, 2003),
especially viruses (deFur et al., 1988; Johnson, 1977; Kennedy and
Cronin, 2007; Perazzolo et al., 2012; Shields, 2003; Spitznagel et al.,
2019).

The stress response of virus-infected invertebrates is still poorly un-
derstood (Fabbri and Moon, 2016; Gallo et al., 2016). Stress stimulates
the secretion of catecholamines and crustacean hyperglycemic hormone
(CHH) by the main neuroendocrine center, organ X (Aparicio-Simon
et al., 2010; Chung, 2010; Model et al., 2019). This primary neuroen-
docrine response is followed by changes in hemolymph and tissue me-
tabolites, such as glucose and lactate, which are considered the
secondary stress response (Aparicio-Simon et al., 2010; Lorenzon et al.,
2007; Mercier et al., 2006; Vinagre et al., 2020a). For example hyper-
glycemia and hyperlactatemia are induced by the white spot syndrome
virus (WSSV) in Cherax quadricarinatus and Litopenaeus vannamei (Fan
et al., 2016; Hernandez-Palomares et al., 2018). Hyperglycemia and
decreased glycogen in the Caribbean spiny lobster Panulirus argus
infected with Panulirus argus virus 1 (PaV1) (Herrera-Salvatierra et al.,
2019; Zamora-Briseno et al., 2020). PaV1 can also alter the biochemical
pathways of neurotransmitter synthesis and, the hosts behavior (Her-
rera-Salvatierra et al., 2019; Zamora-Briseno et al., 2020).

The eight virus species reported in Callinectes spp. are all described in
C. sapidus. Four are lethal, and two are found simultaneously with other
viruses, with evidence of synergistic pathogenic effects (Kennedy and
Cronin, 2007; Rogers et al., 2015). Callinectes sapidus reovirus 1
(CsRV1), also called CsRV or Reolike-virus (RLV) (Johnson, 1977; Tang
etal., 2011), is closely associated with mortality of C. sapidus in soft crab
aquaculture facilities in North America (Bowers et al., 2010; Flowers
et al., 2018; Spitznagel et al., 2019). CsRV1 is a double-stranded RNA
(dsRNA) reovirus, which infects tissues of mesodermal and ectodermal
origin, especially hemocytes, and invades the brain and thoracic ganglia
and causes tremors and paralysis in infected animals (Bowers et al.,
2010; Johnson, 1977; Kennedy and Cronin, 2007). The genome of a
second putative C. sapidus reovirus provisionally termed CsRV2 was
recently detected and sequenced from a crab captured in Rio Grande do
Sul, Brazil (Zhao et al., 2021a). However, virions of the putative virus
have not been visualized or characterized within crab tissues, and no
histopathological manifestations or consequences of possible infections
are known. There are also no studies of its prevalence or pathogenicity in
crabs of any other species of Callinectes.

There are records of high CsRV1 prevalence in wild C. sapidus in
temperate estuaries of the Atlantic coast of the USA, and Rio Grande do
Sul, Brazil (Flowers et al., 2016; Spitznagel et al., 2019; Zhao et al.,
2020). Identification of CsRV1 has relied upon detection of the virus
genome using RT-qPCR which is costly, time-consuming, and requires
specialized facilities. Despite the potential utility, there are no reports of
successful visual, biochemical, or behavioral screening methods to
identify virus-infected crabs.

Given the association of CsRV1 with C. sapidus mortality in soft crab
production, and the presence of the virus in C. sapidus in Brazil, it is
important to investigate whether CsRV1 contributes to mortality of
C. danae in Brazilian soft crab production. This study was designed to
investigate whether CsRV1 or any other virus is associated with mor-
tality of C. danae kept in a recirculating aquaculture system, and to
evaluate whether virus-infected crabs would exhibit metabolic or
behavioral changes that may be used to identify infected crabs.
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2. Material and methods
2.1. Crab collection

Male and female C. danae were obtained by artisanal fishermen in
the village of Sao Miguel, Paranagud, Parand, Brazil (25°25'48” S/
48°27'12" W). The crabs were caught using traps covered by 20 mm
mesh and using fish as bait. Immediately after capture, the animals were
transferred to polyethylene boxes (70 L) containing seawater from the
field site and kept under constant aeration. In each box, the crabs were
individually protected by flexible plastic screens to minimize injuries
and mortality during transport to the Marine Aquaculture and
Restocking Center, belonging to the Integrated Group of Aquaculture
and Environmental Studies (GIA) of the Federal University of Parana
(25°41'29.94"S, 48°27'57.09"W).

In the laboratory, the animals were identified up to the species level
based on the manual developed by Melo (1996). Sex, molting stage, and
possible injuries to the carapace or appendices were recorded by visual
examination (Baptista et al., 2003; Freeman et al., 1987; Ostrensky et al.,
2015). The carapace (measured between the base of the lateral spines)
and live weight of each crab were measured, respectively, with the aid of
a manual caliper and a precision digital scale (Mars AL 500c — 0.001 g,
Brazil).

2.2. Experimental system

The crabs (n = 178), without distinction of sex, were placed in 70 L
polyethylene boxes (n = 6 crabs per box), divided by perforated PVC
barriers (height: 35 cm; width: 35.5 cm and length: 71 cm) and covered
by plastic screens, to avoid cannibalism. The boxes (n = 31) were
interconnected to a recirculation system that included mechanical and
biological filters and provided aeration. The photoperiod was adjusted
to 12:12 h (light: dark), controlled by an analog timer. Temperature was
maintained at 25 + 2 °C and salinity at 25 psu. The animals were
monitored daily, dead animals were tallied, and dissected, following the
methodology described in section 2.3. All crabs were fed daily with fish
to satiety. One hour after feeding, the waste and feces were collected and
disposed of to prevent water quality deterioration.

The following physical and chemical water parameters were
analyzed daily during the experiment: salinity, measured by optical
refractometer (Instrutemp, Brazil); pH, measured using a digital pH
meter (AZ-86505, Taiwan); temperature (°C), dissolved oxygen (mg.L’l)
and percentage oxygen saturation (%), by digital oximeter (YSI, 550A,
USA); concentration of total ammonia nitrogen (mg.L'1 N-TA), obtained
by the indophenol method (APHA, 1995) by reading the samples by
spectrometry (Spectronic 20 Genesys, USA).

2.3. Hemolymph collection and crab dissection

Hemolymph collection was performed three times: upon arrival of
the crabs at the laboratory, at the end of the first week, and the end of the
experimental period (14 days). Hemolymph (~1 mL) was collected from
randomly selected individuals (n = 111) from the arthrodial membrane
located at the base of the fifth pereiopod, using insulin-like syringes
containing 10% sodium citrate as an anticoagulant (Inohara et al.,
2015). After the experimental period, surviving crabs were cryo-
anesthetized for 15 min. for the last hemolymph harvest and
dissected. All the animals that died during the experimental period were
also dissected shortly after their death. During the dissection, samples of
hepatopancreas, gonads and pereiopod muscle were collected. All he-
molymph and tissue samples were immediately transferred to 2 mL
microfuge tubes and stored at —20 °C for further analysis.

2.4. Total RNA extraction from the hemolymph

After collection, the hemolymph samples were transported in a
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styrofoam box containing dry ice to the GIA Genetics Laboratory, in
Curitiba, Parand, for RNA extraction. The hemolymph samples (~100
uL) were homogenized in 1 mL of an acid solution containing guanidi-
nium thiocyanate, sodium acetate, and phenol, prepared according to
the protocol developed by Rodriguez-Ezpeleta et al. (2009), with mod-
ifications. RNA extraction was performed following the protocol used by
Spitznagel et al. (2019). The resulting RNA precipitate was dissolved in
1 mM ethylenediaminetetraacetic acid (EDTA) and stored at —20 °C.
Negative control samples (distilled water) were extracted before and
after each set of crab hemolymph samples to monitor for cross-
contamination. The purity and concentration of RNA were evaluated
by fluorimetry Qubit® 4.0 (Thermo Fisher Scientific, USA), performed
according to the manufacturer’s recommendations.

2.5. Total RNA extraction from the pereiopod muscle

Pereiopods of each crab were preserved in 95% ethanol and trans-
ported to the Institute of Marine and Environmental Technology (IMET),
Maryland, USA, for the extraction of total RNA and subsequent deter-
mination of viral load of CsRV1. The pereiopods were dissected with
sterile razor blades, and all handling surfaces were cleaned with a 10%
sodium hypochlorite solution to avoid possible contamination.

Fragments of 25-100 mg of muscle were excised from a pereiopod
and homogenized in 1.0 mL of acid extraction solution using ceramic
beads in a Fastprep24 homogenizer (MP Biomedicals, USA) at a speed of
4.5 m/second (m/s) for 30 s. The remaining extraction process was
performed according to the protocol described above. Negative control
samples (frozen fish muscle) were extracted before and after the
experimental sample extraction to test cross-contamination among the
experimental samples. The purity and concentration of RNA were
evaluated by Nanodrop spectrophotometry 2000™ (Thermo Fisher
Scientific, USA), performed according to the manufacturer’s
recommendations.

2.6. Quantification of CsRV1 by RT-qPCR

CsRV1 infection was evaluated by measuring the number of copies of
CsRV1 genomes present in crab muscle, using RT-qPCR methods
adapted from Flowers et al., (2016) using primers designed to detect a
158 bp region of the 9th genomic segment of CsRV1 (GenBank entry
KU311716): 5'-TGCGTTGGATGCGAAGTGACAAAG-3' (RLVsetlF) and
5-GCGCCATACCGAGCAAGTTCAAAT-3' (RLVsetlR). The calibration
curves of the CsRV1 genome for RT-qPCR were produced by purified and
isolated viral dsRNA (prepared using the methods of Bowers et al.,
(2010) from crabs collected in the United States that presented intense
infections by CsRV1, with more than 108 copies per mg of muscle. Viral
genomic dsRNA was quantified, and then the standards were prepared
from serial dilution ranging from 10 to 107 copies per microliter.

RT-qPCR reactions were performed with qScript™ One-Step SYBR®
Green qRT-PCR Kit, Low ROX™ (Quanta Bio - Cat.n0.:95089-050) in 10
uL reactions containing 0.5 pM of each CsRV1-specific primer. The
primers were dissolved in 1 mM EDTA. To anneal PCR primers with
dsRNA, the primers and extracted RNA were combined, heated to 95 °C
for 5 min, and then cooled to 4 °C, before being added to the reaction
mixture of reverse transcriptase and Taq polymerase. Reverse tran-
scription and amplification reactions were conducted in an Applied
Biosystems Fast 7500 thermocycler using an initial temperature of 50 °C
for 5 min. (reverse transcription), followed by 5 min. to 95 °C (reverse
transcriptase inactivation and template denaturation). Amplification
was achieved through 40 cycles of 5 s at 95 °C (denaturation) and 30 s at
61 °C (annealing and elongation). The fluorescence signals were
collected during annealing of each cycle. After amplification, a melting
curve analysis monitoring SybrGreen fluorescence was performed to
verify amplification of the expected product (Flowers et al., 2016). The
reaction conditions of melting curve followed the default continuous
melt curve setting of the thermocycler: 95 °C for 15 s, 60 °C for 60 s and
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continuous heating of the amplicon from 60 °C to 95 °C at a rate of
0.15 °C/s.

2.7. Identification and quantification of CsRV2 dsRNA

A total of 5 uL of the total RNA of each C. danae sample was subjected
to 1% agarose gel electrophoresis (0.5X TBE buffer solution) and visu-
alized by staining with ethidium bromide or, when available, GelRed™
dye (Biotium, CA, USA), and fluorometric detection. For each sample
applied, 1 pL of Gel Loading Dye Purple (6X) dye was used (Cat.no.:
B70255, New England Biolabs, USA). Each gel was also loaded with 1 pL
a 1 kb ladder (Cat.no.:N32325, New England Biolabs, USA). Electro-
phoresis conditions (volts, amperage, time) were standardized to permit
comparison of bands across different gels. To create a semi-quantitative
measure of dsRNA band intensity, gels were photographed under ul-
traviolet light (UV) and documented (in tiff format) using a ChemiDoc™
gel documentation system (Bio-rad, Australia) to estimate the intensity
of dsRNA bands for all the samples. All parameters and experimental
conditions used were kept constant throughout the study. The intensity
of the viral dsRNA bands was analyzed by densitometry from the digital
images, using Image J version 1.8.0, and numerically expressed as
relative density (Abramoff et al., 2004). For pragmatic convenience,
despite the uncertainties about the characterization of the second pu-
tative reovirus and its potential effects on the host, this report refers to
that putative reovirus as CsRV2 without qualification, and to experi-
mental crabs whose extracted RNAs showed the characteristic electro-
phoretic pattern of Zhao et al., (2021), as infected with CsRV2.

2.8. Behavioral assessment

The behavioral responses of crabs (n = 100) were analyzed using the
RAMP (reflex action mortality predictor) test to assess whether CsRV2
viral infection was associated with behavioral changes in C. danae before
each hemolymph collection (days 0, 7, and 14). This test was composed
by six crustaceans reflexes (Table 1) described by Stoner et al., (2008).
An index (score ranging from 0 to 6) was created from the results ob-
tained, reflecting the total number of lost reflexes for each crab. When an
individual reacted to all the stimuli, its score was 0 since no reflex was
absent. The proportion of reflex impairment was calculated by summing
the reflex score for each animal and dividing it by the maximum number
of possible reflexes. The values of this score were used for statistical
analysis and were correlated with viral infection.

2.9. Biochemical analysis

Samples of hemolymph (~0.9 mL), hepatopancreas, muscle, and
gonads were sent, in styrofoam boxes with dry ice, to the Laboratory of
Metabolism and Comparative Endocrinology (LAMEC), Department of
Physiology, Federal University of Rio Grande do Sul (UFRGS), in Porto
Alegre, Brazil, for biochemical analysis of metabolic changes resulting
from the secondary stress response caused by the viral infection. The
concentrations of glucose, triglycerides, and total proteins in the he-
molymph samples were determined using Labtest commercial kits and
analyzed in a spectrophotometer, as routinely used in -clinical
biochemistry (Antunes et al., 2010). The results were expressed in mg.
drl,

The extraction and determination of glycogen concentration in the
samples were performed using the methodology described by Inohara
etal., (2015). To determine triglyceride concentrations, hepatopancreas
samples were homogenized in 0.9% saline (1: 10, w/v) and triglyceride
concentrations were determined using the same colorimetric kit that
used for the hemolymph assay (Model et al., 2019). The results were
expressed in mg.g ™" of tissue.
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Table 1
RAMP reflexes used in the behavioral assessment of Callinectes danae.
Order of Reflex Test Positive Negative
observation  observed description response response
1 Cheliped The animal All chelipeds Chelipeds
extension was lifted spread wide and droop below
with the high, near horizontal with
carapace up horizontal no
and was orientation. attempt to raise
observed the them

extent of the
chelipeds in a

horizontal
plane.
2 Cheliped While held as Strong retraction  No resistance
retraction above, the of appendages in  to the
chelipeds the opposite manipulation.
were pushed direction.
in the
previous
direction.
3 Chela Chela was Manipulation No motion in
closure touched with results in the chela under
an object. immediate manipulation.
strong closure.
4 Eye The eyestalk Eyestalk retracts ~ No motion or
retraction ~ was carefully in the lateral resistance to
touched with direction below manipulation
a pointed the carapace in the eyestalk.
object. hood or shows
resistance to
lifting.
5 Mouth The third Third No motion in
closure maxilliped maxillipeds the
was carefully retract quickly maxillipeds.
pushed witha  and strongly to
pointed cover the
object. smaller mouth
parts.
6 Kick With the crab Immediate and No or slow
in ventrum- robust agitation motion in the
up position, a of the legs or
pointed pereiopods and chelipeds.
object was legs.
used to lift the
abdominal
flap away
from the
body.

*The “test description” is the manipulation required to elicit a stereotypic pos-
itive response (modified from Stoner et al., (2008)).

2.10. Data analysis

A database was created and organized using Excel® and all data were
analyzed using the statistical software Statsoft Statistica®, version 10
(StatSoft, USA). The Shapiro-Wilk and Kolmogorov-Smirnoff normality
tests, followed by the homogeneity test of the Chochan C., Hartley &
Bartlett variances, and the homoscedasticity test were used to analyze
the aquaculture water quality and the biometric data of the crabs. The
survival of crabs during the experiment was analyzed using Kaplan-
Meier curves and compared using Mantel-Cox, Breslow, and Tarone-
Ware (IBM SPSS® Statistical Package for Social Sciences, version 22).
Pearson’s chi-square test (x) for a 2x2 contingency table was used to
analyze dichotomous data on virus prevalence. The physiological,
behavioral, and densitometric data were grouped into two treatments
(infected and uninfected or dead and survivors), and the results, when
parametric, were analyzed through ANOVA One way, followed by
Tukey’s post hoc test. Non-parametric data were analyzed through the
Mann-Whitney or Kruskal-Wallis tests. Spearman’s correlation coeffi-
cient (rs) was used to test the association between the number of daily
deaths and the physical and chemical water parameters in the aqua-
culture system, as well as between the proportion of reflex impairment
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and water quality parameters measured over the experimental period.
The statistical significance accepted in all analyzes was p < 0.05,
considering a significance level of 5% (« = 0.05).

3. Results
3.1. Water quality

The physical and chemical water parameters in the aquaculture
system remained relatively stable and within the recommended limits
for cultivated crabs throughout the experimental period, except for
dissolved nitrite and oxygen (Table 2). Although dissolved oxygen and
nitrite concentrations were relatively outside the limits recommended
by Malone and Burden (1988) and Hochheimer (1988), there was no
significant correlation between the number of deaths on each day of the
experiment and these water quality parameters (Spearman’s correlation
test, dissolved oxygen: rg = 0.31, p > 0.05; nitrite: rs = -0.13, p > 0.05).

3.2. Mortality

In total, 48.9% (n = 91) of crabs died during the experiment. The
Kaplan-Meier survival curve analysis revealed that the deaths occurred
relatively uniformly from the first to the fourteenth day of the experi-
ment (Fig. 1). When the crabs arrived at the laboratory, 35.4% had lost
one or two chelipeds and up to four pereiopods. A total of 58.7% of
injured crabs died during the trial period. Using the Mantel-Cox, Bre-
slow, and Tarone-Ware methods, we verified that injured and intact
crabs’ mortality was not significantly different (p > 0.05). In addition,
there was no statistical difference (p > 0.05) in survival between crabs of
different sexes (female: 44%, male: 53.2%) or molt stage (premolt:
47.3%, intermolt: 51.5%).

3.3. Prevalence of CsRV1 using RT-qPCR and discovery of a CsRV2-like
genome by visualization of its dsSRNA

Total RNA from muscle was analyzed using the RT-qPCR assay for
CsRV1. Calibration curves typically had a slope close to —3.493 and
coefficient of determination (R?) between the genome’s copy and the
threshold cycle higher than 0.996. All the total RNA samples analyzed
(n = 178) were negative for CsRV1 regardless of whether crabs lived to
the end of the experiment. Therefore, in the search for evidence of
possible presence of other viruses, total RNA of all the crabs was
analyzed by agarose gel electrophoresis. The analysis showed that 12
bands of apparent dsRNA were evident in many of the tissue samples.
However, it was observed that the migration of the dsRNA bands was
different from the bands produced by the CsRV1 genome (Fig. 2). The 12
fragments’ sizes were estimated between 3.6 and 0.7 kb, based on
comparison with a marker of 1 kb ladder. No differences were observed
in the migration of dsRNA bands when using the different staining
methods (GelRed™ or ethidium bromide). The putative virus was here
tentatively identified as “Callinectes sapidus reovirus 2”, or CsRV2,

Table 2
Water quality in the experimental system: parameters, measured values, and
recommended limits by Malone and Burden (1988) and Hochheimer (1988).

Physical and chemical Mean + standard Recommended values

variable deviation

Temperature (°C) 25.0 £ 0.2 22-28
Dissolved oxygen (mg.L™") 5.8+ 0.6 >7.0
Dissolved oxygen (%) 78.0 + 5.7 Nd*
pH 8.0+ 0.1 6.5-8.5
Total ammonia (mg.L ") 0.1 +£0.1 <1.0
Nitrite (mg.L™) 0.9 +0.2 <0.5

Salinity (psu) 25.3 + 0.5 5 psu from the collection

site

* Not available.
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Fig. 1. Kaplan-Meier survival curves of Callinectes danae specimens kept under experimental conditions for 14 days: (A) survival curve of the entire set of tested
crabs; (B) survival curves of crabs without visible injury, and of animals showing lesions or absence of pereiopods. No significant differences were found between

intact and injured animals (Mantel-Cox, Breslow and Tarone-Ware tests).

(A) (B)
DNA
marker CsRV1 CsRV2
B
kb
RS 4.0 =
-2
—$2 3.0 —
4 ., 2.0 —
55
S=~36
e 1.5 —=
—58
-_— G0 1 0 —
=510
® T~S11
2l 075 —
0.5 —>»
0.25 =

based on the similarity to the dsRNA pattern described by Zhao et al.,
(2021), and for brevity is hereafter referred to as CsRV2.

The putative CsRV2 genome was identified in the muscle RNA of
78% (n = 139) of the crabs analyzed at the end of the experiment. CsSRV2
dsRNA was identified in the hemolymph of live crabs, with a 42%
prevalence at the beginning, a significant increase to 97% after seven
days (y% 27.49; df = 1, p < 0.001), and remained at 88.5% until the end
of the experiment (y% 2.21; df = 1, p > 0.05). Pearson’s chi-square test
indicated no statistical difference in the prevalence of CsRV2 between
hemolymph and muscle samples (Fig. 3A). Densitometry analysis for all
samples showed similar patterns, with an increasing relative density of
the putative CsRV2 genome bands throughout the experimental period
(Fig. 3B). At the end of the experiment, despite the high prevalence of
CsRV2 observed in C. danae, there was no significant difference in the
CsRV2 genome’s presence in the hemolymph of dead or surviving crabs.
However, in muscle samples, we observed a higher prevalence and

DNA
marker CsRV1 CsRV2

Fig. 2. (A) Comparison of electrophoretic mobility of
the dsRNA genomes of a North American example of
CsRV1 of Callinectes sapidus and dsRNA of CsRV2 of
C. danae of the present study. (B) Electrophoresis of
the dsRNA genome of CsRV1 and CsRV2 of C. sapidus
identified and described by Zhao et al., (2021a). In
both analyses, electrophoresis was performed in 1%
agarose and visualized by ethidium bromide staining.
The dsRNA band sizes were determined by compari-
son with a 1 kb ladder shown in the first line (Cat.no.:
SM1331, Thermo Fisher Scientific, USA).

density of viral dsSRNA bands in animals that survived compared to those
that died during the experimental period (Table 3).

Using the chi-square method, no statistical difference was observed
(p > 0.05) in the prevalence of CsRV2 between females (n = 84, 78.6%
prevalence) and males (n = 94, 76.6% prevalence). In addition, there
was no significant difference in the prevalence of CsSRV2 between crabs
in intermolt and premolt stages (p > 0.05) after 14 days of experiment.
Still, also using the chi-square method, the prevalence of CsRV2 was
significantly lower (32 = 3.99; df = 1, p = 0.04) in crabs that successfully
molted than the prevalence of CsRV2 in premolt crabs (Table 4). Of the
animals tested, 62.6% reached the premolt stage during the experi-
mental period, but only 4% of the premolt crabs successfully molted, and
only animals already collected in premolt stage were able to molt during
the experimental period.
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Fig. 3. Prevalence (A) and relative staining intensity of CsRV2-like dsRNA bands (B) of the RNA extracted from hemolymph (gray bar) and muscle (black bar) from
Callinectes danae over 14 days of culture. Different letters indicate significant differences (p < 0.05), according to Pearson’s chi-square test for prevalence data (%)
and one way ANOVA, followed by Tukey’s post hoc test for relative density of the dsRNA bands (Mean + SD). Lowercase letters indicate significant differences
among the crab’s hemolymph samples over the experimental period. Uppercase letters indicate significant differences between hemolymph and muscle samples on

the last (14th) day of the experiment.

Table 3
CsRV2-like dsRNA prevalence and relative density of dsSRNA bands in blue crab Callinectes danae individuals that survived or died over the experimental period.
Alive crabs Dead crabs
Sample origin Time (days) CsRV2 prevalence (%) n Relative density (mean + SD) CsRV2 prevalence (%) n Relative density (mean + SD)
Hemolymph 0 12.5% 8 0.7 £ 0.0% 50.0? 45 0.5 + 1.4*
7 100.0° 10 0.5+ 0.4° 96.4° 29 0.6+ 0.7°
14 86.6" 30 1.8+3.3° 100.0° 5 1.1+31°
Muscle 14 87.3% 87 1.0+ 1.24 68.1° 91 0.5+0.5%

Different letters indicate a significant difference (p < 0.05) according to Pearson’s Chi-square test, for prevalence data, and One-way ANOVA and Tukey’s test, to
compare relative density data sets. Lowercase letters indicate differences among the days of the experiment (vertical direction). Uppercase letters indicate differences

between alive and dead crabs (horizontal direction).

Table 4
CsRV2 prevalence of Callinectes danae at different molting stages after 0 and 14
days in laboratory conditions.

Molt stages Time (days)

0 14
n CsRV2 prevalence (%) n CsRV2 prevalence (%)
Intermolt 171 44.4 63 79.4%
Premolt 7 0.0 115 76.5%
Molt 0 0.0 5 40°

Different letters indicate significant differences (p < 0.05), according to Pear-
son’s Chi-square test for prevalence data.

3.4. Metabolic evaluation

The levels of glucose, triglycerides, and total protein in C. danae
hemolymph were not significantly different (p > 0.05) between CsRV2-
infected and uninfected crabs (Table 5). In CsRV2 uninfected crabs,
hemolymph metabolites remained constant (p > 0.05) throughout the
experiment. Total protein levels in CsRV2-infected animals remained
constant until the seventh day but were significantly reduced one week
later (Kruskal-Wallis test: H = 16.81; p = 0.0002). In CsRV2 uninfected
crabs, the total protein concentration decreased until the seventh day
and remained the same until the last day of the experiment, but there
was no statistical difference (p > 0.05) due to the reduced number of
uninfected crabs sampled.

When the sexes were analyzed separately, there were no significant
differences in glucose, triglyceride, and total protein concentrations in
the hemolymph of infected versus uninfected males or females. The
concentration of plasma glucose of infected males increased signifi-
cantly over time (Kruskal-Wallis test: H = 6.59; p = 0.03), but this

increase was not observed for infected and uninfected females (p >
0.05). It was not possible to analyze the metabolic changes in uninfected
males, due to the lack of samples from uninfected males from the final
week of the experiment. On the other hand, triglyceride concentrations
in infected females’ hemolymph decreased appproximately 50% (Krus-
kal-Wallis test: H = 6.55; p = 0.03) throughout the experiment, which
did not happen in males (p > 0.05). Although not signifficant, a similar
trend can be observed in males (p > 0.05). Total protein concentration
declined significantly from day 7 to 14 in both infected females (Kruskal-
Wallis test: H = 15.11; p = 0.0005) and infected males (Kruskal-Wallis
test: H = 6.48; p = 0.04). Sample size (n = 3 and 1 for day 7 and 14,
respectively) for uninfected crabs was very low.

Triglyceride concentrations in the gonads and hepatopancreas fol-
lowed a similar pattern among CsRV2-infected and uninfected crabs.
However, glycogen levels in hepatopancreas decreased (Mann-Whitney
U test: U = 1740; p = 0.04) in infected compared to uninfected crabs
(Table 6). The concentration of glycogen and triglycerides in the hepa-
topancreas and gonads was not significantly different when the sexes of
infected and uninfected crabs when compared separately or between
crabs in different molting stages.

3.5. Behavioral results

CsRV2 was detected in 74% (n = 74) of the crabs whose reflexes were
evaluated. Among infected animals, 48.6% (n = 36) did not lose any of
the six reflexes evaluated, and 51.4% (n = 38) showed some behavioral
change. The proportion of reflex impairment considering all six reflexes
differed significantly (Mann-Whitney U test: U = 202; p = 0.009) be-
tween CsRV2-infected and uninfected crabs only on the seventh day of
the experiment (Table 7). In CsRV2-infected crabs, reflex impairment
increased after 7 days and remained at this level until the end of the
experiment. Of the six RAMP reflexes analyzed, the kick presented the
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Table 5
Relationship of CsRV2-like dsRNA with hemolymph concentrations (in mg.dL™?) of glucose, triglycerides, and total proteins in female and male Callinectes danae
maintained under laboratory conditions. Values are expressed as median (min-max).

Plasma Time CsRV2 positive crabs CsRV2 negative crabs
Metabolite (days) K R R K
Median (min-max) Total n Median (min-max) Total n
All crabs Male Female (Male: All crabs Male Female (Male:
Female) Female)
Glucose 0 9.3 (3.7-14.9) 7.7* (1.7-9.8) 9.2 (5.7-19.5) 15 (5:10) 8.5 (1.7-19.5) 9.3 (3.7-14.5) 10.8 (4.5-14.9) 22 (14:8)
7 8.9 (3.5-44.8) 9.7% (6.6-16.2) 8.2 (3.5-44.8) 35 6.4 (6.4-6.4) - 6.4 (6.4-6.4) 1(0:1)
(14:21)
14 7.9 (3.1-19.3) 10.6" 7.1 (3.1-19.2) 26 (9:17) 3.8 (0.5-12.9) - 3.8 (0.5-12.9) 4 (0:4)
(8.2-19.3)
Triglycerides 0 14.9 9.4 (4.9-14.6) 20.6% 14 (5:9) 13.3 (6.6-79.5) 12.2 19.0 (7.5-63.1) 22 (14:8)
(4.9-36.2) (7.2-36.2) (6.6-79.5)
7 11.0 9.3 (7.3-11.0) 13.8° 33 25.6 - 25.6 1(0:1)
(7.3-71.7) (8.3-71.7) (14:19) (25.6-25.6) (25.6-25.6)
14 10.2 5.7 (5.2-74.9) 9.3°(8.1-9.7) 26 9.3(8.1-9.7) - 10.9 (6.5-25.4) 3(0:3)
(5.2-74.9) (11:15)
Total Protein 0 2.3% (1.0-4.0) 2.2% (1.0-3.8) 2.3% (1.5-4.0) 15 (5:10) 2.6 (1.0-4.2) 2.3 (1.0-3.6) 2.7 (1.5-4.2) 21 (14:7)
7 2.8% (1.4-3.3) 2.3% (1.4-3.3) 3.0% (1.7-3.3) 32 1.8 (1.9-1.9) - 1.9 (1.9-1.9) 1(0:1)
(14:18)
14 1.9*(1.4-3.3) 1.8 (1.4-2.4) 1.9° (1.2-2.7) 28 1.9 (1.6-1.9) - 1.9 (1.6-1.9) 3(0:3)
(10:18)

Lowercase letters indicate a significant difference (p < 0.05), according to the Kruskal-Wallis test and Mann Whitney’s U test, among the days of the experiment
(vertical direction). There was no significant difference between CsRV2 infected and uninfected crabs for each day.

Table 6
Relationship of CsRV2-like dsRNA with the concentrations (in mg.g %) of glycogen in hepatopancreas and triglycerides in hepatopancreas and gonads of Callinectes
danae maintained in laboratory conditions.

Tissue Time CsRV2 positive crabs CsRV2 negative crabs
Metabolite (days) Median (min-max) Total n Median (min-max) Total n
(Male: (Male:
All Male Female All Male Female
Female) Female)
GT 14 57.4 230.7 (230.6- 57.3 (19.2- 50 (1:49) 44.3 - 44.3 (13.9- 12 (0:12)
(19.2-325.4) 230.6) 325.4) (13.9-154.6) 154.6)
HG 14 0.01% (0.0-1.3) 0.01 (p.0-1.3) 0.02 (0.0-0.5) 124 0.028 (0.0-1.0) 0.02 (0.0-1.0) 0.02 (0.0-0.1) 36
(61:63) (19:17)
HT 14 42.6 (6.0-153.2) 40.6 (6.0-92.9) 45.2 (7.2- 94 (49:45) 36.3 (2.9-95.5) 39.69 (2.9- 31.3 (7.3-95.5) 27
153.2) 70.5) (13:14)

GT: Gonad Triglycerides; HG: Hepatopancreas Glycogen; HT: Hepatopancreas Triglycerides. Uppercase letters indicate significant differences (p < 0.05), according to
Mann Whitney’s U test, between CsRV2 infected crabs and uninfected crabs.

in the concentrations of total proteins, triglycerides and glucose in the
hemolymph between crabs that maintained the kick reflex and those
that lost it over the experimental period. In addition, the Spearman
correlation test showed that there was no correlation between the loss of
kick reflex and the nitrite concentrations (Spearman’s correlation test, rg

Table 7
Relationship of CsRV2-like dsRNA with reflex impairment (RAMP test) in Cal-
linectes danae maintained in laboratory conditions.

Reflex impairment (RAMP) - Median (min-max)

Time CsRV2- crabs n CsRV2 + crabs  n =-0.04, p > 0.05) measured on the behavioral assessment days. The test
(days) also showed a statistically significant but weak correlation (Spearman’s
All reflexes 0 0.0 (0.0-0.17) 26  0.00*(0.0-0.3) 74 correlation test, rg = 0.28, p < 0.05) between the loss of kick reflex and
tested 7 0.0 13 017 58 dissolved oxygen concentrations.
(0.0-0.17) (0.0-0.8)
14 0.0 (0.0-0.17) 3  0.17°(0.0-0.7) 32

4. Discussion

CsRV2-: CsRV2 negative crabs; CsRV2+: CsRV2 positive crabs. Lowercase letters

indicate significant differences (p < 0.05), using the Kruskal-Wallis test among The present study provided the first quantification of the mortality of
the days of the experiment. Uppercase letters indicate significant differences, blue crab C. danae cultivated in a recirculation system. It was also the
according to the Mann Whitney U test, between infected and uninfected crabs for first study to investigate whether CsRV1, which is pathogenic to captive
each day. C. sapidus, was present in cultured C. danae. The investigation revealed
that, while CsRV1 was not detected, a novel putative reovirus, provi-
sionally called CsRV2, was highly prevalent. The prevalence of CsRV2
was not associated with mortality, although virus load increased over
time among surviving crabs. The study investigated the correlation of
CsRV2 with metabolic state and behavioral signs in C. danae captured in
the wild and kept in captivity.

most significant reduction throughout the experiment: it declined 23%
at the beginning, 44.1% after 7 days and, by 14 days, 69.4% of the an-
imals no longer had this reflex (Fig. 4A). Meanwhile, cheliped retraction,
ocular retraction, and mouth closure reflexes were more rarely lost. The
Mann Whitney U test indicated a significant difference in the loss of kick
reflex between infected and uninfected crabs on the seventh day of the
experiment (Mann-Whitney U test: U = 217; p = 0.01), while the other
reflexes did not present significant changes (Fig. 4B).

The Mann Whitney U test showed no significant difference (p > 0.05)
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Fig. 4. (A) Percentage of Callinectes danae individuals with compromised reflexes during the experiment; (B) Percentage of infected and uninfected crabs that had
compromised kick reflex. Lowercase letters represent significant differences in loss of reflexes between assessment days (p < 0.05; Kruskal-Wallis test). Uppercase
letters represent significant differences between infected and uninfected animals over the experiment (p < 0.05; Mann Whitney U test).

4.1. Mortality

Information on Callinectes spp. aquaculture and mortality rates in
commercial enterprises are still rare, both due to the small number of
companies pursuing this activity and the commercial secrets usually
involved. However, the mortality rate recorded in the present study was
similar to that reported by Ostrensky et al., (2015), which aimed to
identify the biological characteristics of C. danae and C. exasperatus for
soft-shell crabs production in Brazil. In that case, the authors reported
mortality rates in a continuous flow system ranging from 37.5% to 60%
for C. danae and C. exasperatus, respectively.

The main pathogenic microorganisms reported to cause mortality in
Callinectes spp. include the protozoan Hematodinium perezi (Messick and
Shields, 2000; Stentiford and Shields, 2005), bacterium Vibrio spp.
(Thibodeaux et al., 2009), microsporidian Ameson michaelis (Shields and
Overstreet, 2003) and the CsRV1 reovirus (Spitznagel et al., 2019). The
cause of the high mortality rate of C. danae in the present study has not
been determined, but there is no evidence that most deaths were caused
by bacterial or protistan infections. Mortality caused by bacteria occurs
quickly, usually in the first three days of infection, as the bacteria are
typically controlled by the cellular and humoral immune response of
crustaceans (Johnson, 1976). Infections by A. michaelis in crabs are
relatively rare, usually found in low prevalence and infected animals
show severe muscle lysis that results in a condition known as “cotton
crab”, a condition not identified in the animals analyzed (Kennedy and
Cronin, 2007). Hematodinium perezi is a pathogenic dinoflagellate that
causes a high mortality rate in C. sapidus, but has not been detected in
C. danae in previous investigations using RT-qPCR (Tavares et al., un-
published data).

Viral pathogens are the main infectious agents limiting the survival
of crabs in commercial scale aquaculture (Kennedy and Cronin, 2007;
Perazzolo et al., 2012). Among the eight virus species reported in Cal-
linectes spp. along the Atlantic coast, four are lethal, such as Bi-Facies
herpes-like virus (BFV ou HLV) (Johnson, 1977), Chesapeake Bay
picornavirus (CBV) (Johnson, 1977), Rhabdo-like virus (RhVA) (Jah-
romi, 1977) and Callinectes sapidus reovirus 1 (CsRV1) (Bowers et al.,
2010). CsRV1 is the virus most associated with episodes of high and
rapid mortality of C. sapidus in soft-shell crab facilities, with mortality of
up to 100% in a few days after experimental injections (Bowers et al.,
2010; Flowers et al., 2018; Spitznagel et al., 2019; Tang et al., 2011).
The fact that this virus was undetected in any of the C. danae in this
study suggests that either the pathogen is absent from the geographic
region, or that C. danae is not a host for CsRV1. Zhao et al., (2020)

analyzed the presence of CsRV1 in C. sapidus collected in the same re-
gion where C. danae was collected in the present study, the authors
observed that all tested crabs were negative for CsRV1. However, it is
unlikely that CsRV1 is not present, as Zhao et al., (2020) report CsRV1
across the entire geographic range of C. sapidus, including in Rio Grande
do Sul with a prevalence of 33.3%. Furthermore, Zhao et al., (2020)
observed that no other species of Callinectes were infected with CsRV1
during the survey, which further supports the hypothesis that CsRV1 is
likely host-specific for C. sapidus.

No significant difference was observed in the prevalence of the pu-
tative reovirus in dead or surviving crabs in the present study, sug-
gesting that the CsRV2 is not pathogenic to C. danae in these conditions.
Potentially pathogenic viruses can occur at high prevalence in aqua-
culture settings and yet cause no disease or mortality until environ-
mental or developmental stresses combine with infection to cause
disease (Walker et al., 2011). A well-known example is the outbreak of
white spot syndrome virus disease in shrimp farms induced by a rapid
change in salinity or temperature (Granja et al., 2003). In crustaceans,
disease development is also strongly associated with the characteristics
of the host’s life history, such as molting state, physical condition, sex,
and age (Bateman et al., 2011).

Although the association of mortality and infection by the putative
CsRV2 was not evident in the present study, crustacean mortality is
frequently reported in experimental infections with other reovirus spe-
cies. Experimental injection of purified P reovirus initially caused
tremors in 60% of Macropipus depurator, followed by paralysis and
mortality of 70 to 80% of infected animals after 9 days (Bonami et al.,
1976). The experimental infection of Mud Crab Reovirus (MCRV) in
S. serrata by intramuscular injection, bath inoculation and oral inocu-
lation also led to 100% mortality, while cohabitation caused 80%
mortality (Weng et al., 2007). The experimental infection of purified
EsRV905 and EsRV816 in Eriocheir sinensis caused 30% mortality,
moreover, the mortality rate was increased in co-infections with
bunyavirus-like viruses (Bonami and Zhang, 2011; Zhang et al., 2004).

Zhao et al., (2021), proposed that CsRV2 and EsRV905 belong to the
same genus, Cardoreovirus, based on the nucleotides identity and simi-
larity encoded proteins, as well as their electrophoretic genome orga-
nization. Due to the genomic similarity of CsSRV2 with a fatal reovirus for
crabs, understanding the potential for CsRV2 to cause disease will be
crucial for assessing the risks associated with infection with this previ-
ously unknown virus for the soft-shell crab industry in Brazil.

Crab mortality can also be a result of the stress of capture, handling,
transport, temperature, injury and poor water quality, especially in
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poorly-managed aquaculture systems (Johnson, 1976). To avoid exces-
sive stress and the consequent mortality, we strictly followed the process
of collecting and transporting recommended by Chaves and Eggleston,
(2003). Although the sumulative mortality of captive crabs was > 50%
in the current study, there was no pulse of mortality at the beginning of
the culture period, suggesting that capture and transport were not the
major causes of C. danae mortality. In addition, the absence of changes
in metabolites in the hemolymph of uninfected crab corroborates the
efficiency of the collection and transport method.

We also found little evidence that captive crab mortality was related
to water quality parameters during the experiment. Among the water
quality parameters suggested by Hochheimer (1988), and Malone and
Burden (1988) to be ideal for crab aquaculture, only nitrite and dis-
solved oxygen strayed outside these limits. However, as outlined below,
variation of nitrate and oxygen do not appear to have interfered with the
results. According to Ary and Poirrier (1989), blue crabs have a rela-
tively high tolerance to nitrite, the authors recorded a mortality rate of
only 4.5% in premolt crabs after 96 h of exposure to 10 mg/L N-NOs,
representing a concentration 10 x higher than that found in the crab
maintenance systems used in the present experiment. Regarding dis-
solved oxygen, Tomasetti et al., (2018) considered as “moderate hypoxia
conditions” concentrations below 4 mg/L O,. Brill et al., (2015)
concluded that the critical levels of dissolved oxygen for C. sapidus are
on the order of 45% saturation and that the metabolic rates of crabs are
not compromised with dissolved oxygen above 50% saturation.

4.2. Reovirus prevalence

We tested the hypothesis that mortality of cultured C. danae would
be be associated with CsRV1, similar to correlation of this virus with
mortality in cultured C. sapidus (Bowers et al., 2010; Spitznagel et al.,
2019). CsRV1 is present in 30-33% of C. sapidus collected in Lagoa do
Tramandai, Rio Grande do Sul, Brazil (Flowers et al., 2016) and 10% in
Punta del Este, Uruguay (Zhao et al., 2020), which shows that this virus
is endemic to South America. While the absence of CsRV1 in aquaculture
crabs refutes the hypothesis, it does not mean that C. danae is can never
be a host. Viruses have differential abilities to infect, transmit, and cause
disease in specific host taxa, and this capacity in CsRV1 needs to be
better understood by experimental infection studies involving the in-
jection of CsRV1 into C. danae (Stentiford et al., 2012).

The discovery that > 70% of the C. danae in this study were infected
by a novel reovirus was remarkable. The electrophoretic pattern of the
dsRNA (3/4/5) is identical to that of a putative virus, CsRV2, described
by Zhao et al., (2021) in C. sapidus from Southern Brazil. The electro-
phoretic pattern of the CsRV2 genome segments is very similar but not
identical to that of Eriocheir sinensis reovirus 905 (Zhang et al., 2004).
In contrast, the electrophoretic pattern of CsRV1 (1/5/6) is shared by
Carcinus mediterraneus W2 virus (Mari and Bonami, 1988), Macropipus
depurator P virus (Montanie et al., 1993) and Scylla serrata MCRV
reovirus (Bonami and Zhang, 2011; Weng et al., 2007). To confirm
whether the virus observed in this study is indeed CsRV2, some or all of
the viral genome need to be sequenced, and a phylogenetic analysis
needs to be conducted to discern its relationship to reoviruses already
identified in brachyuran crabs.

Even in the absence of virus genome sequence, we developed a semi-
quantitative method to measure CsRV2 dsRNA band intensity on
agarose gels to estimate the viral load in infected animals. Similar semi-
quantitative methods have been used in other studies, to quantify the
intensity of Western Blot bands of shrimp and crab proteins and measure
the abundance of PCR amplicons of the bacterium Fusobacterium nec-
rophorum (Antiabong et al., 2016; Feng et al., 2020; Johnston et al.,
2019; Lin et al., 2012). The semi-quantitative method revealed that
CsRV2 prevalence increased 46.5% over the 14 days experiment and
showed that the average apparent intensity of infection rose signifi-
cantly in surviving crabs. Although the semi-quantitative method has
proved to be useful for estimating the relative viral load of CsRV2, the

Journal of Invertebrate Pathology 190 (2022) 107739

method must be validated by RT-qPCR to determine its accuracy in
determining the concentration of CsRV2 in future studies.

4.3. Biochemical changes in hemolymph and hepatopancreas

Fluctuations in temperature, salinity and dissolved oxygen are
stressful to crustaceans and increase susceptibility to pathogen in-
fections (Chung et al., 2015; Shields and Overstreet, 2003; Spitznagel
et al., 2019; Vinagre et al., 2020b). The crustacean stress response starts
with neuroendocrine alterations that trigger metabolic, physiological
and behavioral adjustments, also known as the secondary stress
response, in order to reestablish internal homeostasis (Aparicio-Simon
et al., 2010; Inohara et al., 2015; Lorenzon et al., 2007; Model et al.,
2019; Zamora-Briseno et al., 2020). Some of these biochemical and
physiological adjustments are monitored as stress indicators/markers
that may be useful in predicting mortalities (Aparicio-Simon et al., 2010;
Model et al., 2019; Stoner, 2012).

Glucose levels in the hemolymph of crustaceans are mainly
controlled by crustacean hyperglycemic hormone (CHH), as it plays a
key role in the regulation of glucose synthesis and release from the
hepatopancreas and muscle, stimulating glycogenolysis in these tissues
(Chen et al., 2020; Verri et al., 2001; Vinagre et al., 2020). Besides CHH,
glucose homeostasis in crustaceans can also be influenced by mono-
amines, such as serotonin, melatonin and cathecolamines, that can act
either directly on metabolic organs or indirectly by stimulating CHH
release from the sinus gland (Inohara et al., 2015; Maciel et al., 2014;
Model et al., 2019). Furthermore, it was recently evidenced that both
cathecolamines, norepinephrine and epinephrine hemolymphatic levels,
can increase during stress conditions in crustaceans (Aparicio-Simon
et al., 2010; Avramov et al., 2013).

Our investigation revealed that the presence of CsRV2 dsRNA was
generally not associated with changes in metabolites when both sexes
are grouped together, except for hepatopancreas glycogen. The levels of
metabolites in uninfected crabs also did not change during the experi-
ment suggesting that, despite the deaths recorded, the environmental
conditions were appropriate. The concentrations of metabolites
measured in the hemolymph and tissues are in agreement with con-
centrations recorded in other crabs such as Ocypode quadrata and Neo-
helice granulata, and validate these analyses as a tool to evaluate crab
health (Vinagre et al., 2020a; Vinagre and Chung, 2016). However,
when crabs were analyzed separately by sex, some differences in me-
tabolites were seen, which suggests that the impact of CsRV2 infection
on intermediary metabolism is different between males and females.

Hemolymph glucose was higher in CsRV2-infected males, but not
females, after 14 days of culture. When decapod crustaceans undergo
stressful conditions, such as infection by viral pathogens (Herrera-Sal-
vatierra et al., 2019; Yoganandhan et al., 2003), glucose in hemolymph
can increase via glycogenolysis in muscle or hepatopancreas, which can
be associated with the release of CHH from the sinus gland into the
hemolymph (Jimenez and Kinsey, 2015). In lobsters Panulirus argus,
infection with the PaV1 virus caused an increase in glucose concentra-
tion in hemolymph and a drastic reduction in glycogen concentration in
the hepatopancreas of infected lobsters compared to uninfected lobsters
(Herrera-Salvatierra et al., 2019).

In the present study, it was also observed that glycogen concentra-
tions were lower in the hepatopancreas of CsRV2-infected crabs, how-
ever, no statistically significant reduction in hepatopancreas glycogen
concentration was observed specifically in CsRV2-infected males, which
may indicate that the increase in circulating glucose in males can be due
to glycogenolysis that occurs in other tissues or even by metabolic
pathways such as gluconeogenesis (Chen et al., 2020; Jimenez and
Kinsey, 2015; Vinagre et al., 2020b). Glycogen depletion can have
negative consequences for CsRV2-infected crabs, such as impaired
locomotion, respiration, and osmoregulation (Gabbott, 2009; Rainer
and Brouwer, 1993; Vinagre et al., 2020). These alterations in carbo-
hydrate metabolism and the expression of CHH should be investigated in
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future studies on the impact of CsRV2 in C. danae.

Triglyceride concentrations in the hemolymph of CsRV2-infected
C. danae females were 50% lower than uninfected females. Although
not significant, hemolymph triglycerides decreased by 40% in infected
males. In PaV1-infected P. argus, hemolymph triglycerides increased and
were associate with downregulation of triacylglycerol lipase, one of the
main enzymes of lipolysis (Zamora-Briseno et al., 2020). Since the
concentration of triglycerides in the gonads and hepatopancreas were
not affected in C. danae of either sex, the decrease in female hemolymph
triglycerides may be related to a sex-specific alteration in lipid meta-
bolism and requires further investigation.

A significant decrease in total hemolymph protein in male and fe-
male C. danae infected by CsRV2 was recorded throughout the experi-
mental period. Although not significant, a similar trend was observed in
uninfected crabs. Therefore, it seems that CsSRV2 infection exacerbates
this protein loss. Pathological processes may explain the reduction in the
concentration of hemolymph proteins in crabs (Findley et al., 1981;
Pauley et al., 1975; Shields and Overstreet, 2003; Yoganandhan et al.,
2003). According to Shields et al., (2003), the metabolic demands due
the logarithmically proliferating pathogens in hemolymph of the host
drains protein and carbohydrate constituents in infected animals.
Crustaceans heavily infected by pathogens also become lethargic and
reduce eating which can cause declines in total protein concentrations
(Herrera-Salvatierra et al., 2019; Shields and Overstreet, 2003; Taylor
et al., 1996). In the transcriptomic comparison between P. argus PaV1-
infected and uninfected, many enzymes involved in amino acid and
protein metabolism were down-regulated, and digestive proteases were
reduced, which suggests that directly or indirectly, virus infection
induced a general disruption of protein metabolism (Zamora-Briseno
et al., 2020).

4.4. Behavioral changes

An animal’s behavior may suffer alterations due to stress caused by
pathogen infection. Behavioral changes include simple or complex ac-
tions such as evasion, aggression, even the loss of specific reflexes
(Mcintyre et al., 1980). The Reflective Action Mortality Predictor
(RAMP) is a method that relates reflex impairment to a mortality
probability (Davis, 2007; Davis and Ottmar, 2006; Stoner, 2012). The
RAMP test was initially developed to predict mortality of Alaskan crab
Chionoecetes opilio bycatch (Stoner et al., 2008), and tested in other
decapod crustaceans (Stoner, 2012; Yochum, 2016; Yochum et al.,
2015). This study was the first to apply the RAMP test in C. danae and to
relate the test results to the presence of a specific virus, such as CsRV2.

Of the six reflexes analyzed, eye retraction and mouth closure were
rarely lost, similar to those reported by Yochum et al., (2015) for
Chionoecetes bairdi and C. opilio collected and discarded from trawls. The
kick reflex was most often lost in C. danae during the experiment, while
in C. bairdi it was only the fourth most lost reflex in response to catching
stress. Studies by Stoner (2009) and Stoner et al., (2008) reveal that
when C. bairdi and C. opilio were subjected to thermal stress, the chela
closure and kick were the reflexes usually lost. Stoner et al., (2008) also
concluded that the kick reflex was one of the most sensitive indicators of
stress in snow crabs. Although the collection, transport and maintenance
in aquaculture facilities are stressful for crabs (Chaves and Eggleston,
2003), the secondary stress metabolites analyzed in the present study
did not differ significantly between the normal crabs and those that lost
the kick reflex.

The RAMP test revealed that C. danae infected with CsRV2 had a
significant kick reflex deficit on the seventh day of experiment, which
was a likely consequence of physiological exhaustion, as previously re-
ported by Raby et al., (2012). Although ours is the first report of the
RAMP test to evaluate viral infection, behavioral changes such as leth-
argy, paralysis and abnormal feeding have been reported in crabs
infected by different species of reovirus (Zhao et al., 2021b). In addition,
lobsters infected by PaVl became lethargic in association with a
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deficient nutritional status (Herrera-Salvatierra et al., 2019). Thus, the
kick reflex should be explored and tested as a tool at crab shedding fa-
cilities to indicate possible infection by CsRV2 or other pathogens that
might predict the premature mortality of premolt crabs.

5. Conclusion

Callinectes danae is of great ecological, social, and economic impor-
tance as a fishery resource, and to the nascent soft-shell crab aquaculture
industry in Brazil, which suffers from > 25% mortality. There is abun-
dant literature showing that mortality in aquaculture is often a combi-
nation of stress and infectious pathogens. This investigation of possible
virus pathogens related to C. danae mortality revealed that a well-known
pathogen of C. sapidus was absent and that a novel putative virus,
CsRV2, was highly prevalent in both live and dead C. danae. Moreover,
the observation of this novel putative reovirus, and the description of
metabolic and behavioral changes affecting the crabs infected with
CsRV2, serves as an indication to the scientific community and to soft-
shell crab farmers that there are many more pathogens to be discov-
ered in C. danae. Although this study’s results did not indicate a clear
association between CsRV2 infection and an increase in mortality rates
in C. danae, this hypothesis cannot yet be ruled out. Therefore, a more
complete investigation of CsRV2 should be carried out, beginning with
three priorities: 1) to assess the degree of virulence and pathogenicity
CsRV2 using experimental infections, so that control or coexistence
measures with the novel virus can be developed if necessary; 2) to un-
derstand the genetic diversity of CsRV2, which will require sequencing
the virus genome and will permit the development of PCR-based
detection methods; and 3) to evaluate the phylogenetic relationship
with the reoviruses already identified.
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