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ABSTRACT: As some literature on the susceptibility of different life stages of Macrobrachium
rosenbergii to white spot syndrome virus (WSSV) is conflicting, the pathogenesis, infectivity and
pathogenicity of 2 WSSV strains (Thai-1 and Viet) were investigated here in juveniles using con-
ditions standardized for Penaeus vannamei. As with P. vannamei, juvenile M. rosenbergii (2 to 5 g)
injected with a low dose of WSSV-Thai-1 or a high dose of WSSV-Viet developed comparable clin-
ical pathology and numbers of infected cells within 1 to 2 d post-infection. In contrast, a low dose
of WSSV-Viet capable of causing mortality in P. vannameiresulted in no detectable infection in M.
rosenbergii. Mean prawn infectious dose 50% endpoints (PIDs, ml™!) determined in M. rosen-
bergii were in the order of 100-fold higher for WSSV-Thai-1 (10°3*%4 PID, m1~!) than for WSSV-
Viet (1032292 PID,, ml™!), with each of these being about 20-fold and 400-fold lower, respectively,
than found previously in P. vannamei. The median lethal dose (LDs, ml~!) determined in M. rosen-
bergii was also far higher (~1000-fold) for WSSV-Thai-1 (1054*%* LD4, m1™!) than for WSSV-Viet
(1023#93 LD, m17?). Based on these data, it is clear that juvenile M. rosenbergii are susceptible to
WSSV infection, disease and mortality. In comparison to P. vannamei, however, juvenile M. rosen-
bergii appear more capable of resisting infection and disease, particularly in the case of a WSSV
strain with lower apparent virulence.
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INTRODUCTION potential risk of transmitting infection and disease to

White spot syndrome virus (WSSV) infects a wide
spectrum of crustaceans and is one of the most
important pathogens of cultured penaeid shrimp.
Over 80 species, including freshwater prawns, cray-
fish, lobsters and crabs, have been described to be
hosts or carriers of WSSV (Escobedo-Bonilla et al.
2008). Crustaceans that can carry WSSV pose a
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cultured shrimp (Rajendran et al. 1999, Flegel 2007).

Macrobrachium rosenbergii is the most widely cul-
tured freshwater prawn species worldwide (New
2002) with annual yields exceeding 30000 t (FAO
2009). Compared to penaeid shrimp, it is generally
considered less prone to disease in culture (Bonami &
Widada 2011). With respect to WSSV, however, there
have been some conflicting reports on the suscepti-
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bility of different M. rosenbergii life stages. For
example, some studies have reported larval and post-
larval stages to be susceptible but older prawns to be
quite refractive to acute infection and mortality (Lo et
al. 1996, Peng et al. 1998, Pramod Kiran et al. 2002).
Indeed, in a comparative study including 2 other
Macrobrachium sp. (M. idella and M. lamerrae) as
well as Penaeus monodon, M. rosenbergii juveniles
(1 to 2 g) and adults (5 to 7 g) were confirmed to resist
disease and mortality when challenged with WSSV
by water-borne exposure, tissue ingestion and intra-
muscular injection (Sahul Hameed et al. 2000). Fol-
low-up studies showed WSSV infection to be tran-
sient, diminishing within a few days post-challenge
(Waikhom et al. 2006, Yoganandhan et al. 2006). PCR
tracking of WSSV loads in M. rosenbergii adults
challenged by injection has also shown that the
majority of WSSV is cleared within 5 d post-challenge,
after which time low levels of virus remained de-
tectable in some organs for 25 to 50 d (Sarathi et al.
2008). Although not investigated in detail, there is
some evidence to suggest hemagglutinins or lectins
are involved in the process that protects M. rosen-
bergii against WSSV (Pais et al. 2007).

In the present study, the pathogenicity of WSSV
strains of high (Thai-1) and low (Viet) virulence for
penaeid shrimp (Rahman et al. 2008) was investi-
gated in juvenile Macrobrachium rosenbergii under
standardized conditions used to determine their
pathogenicity for Penaeus vannamei. Tracking of
numbers of infected cells in different organs over
time in prawns injected with high and low doses of
each strain and determinations of prawn infectious
dose (PIDso) and lethal dose (LDsy) 50 % end-points
for the 2 WSSV strains confirmed the greater resist-
ance of juvenile M. rosenbergii to infection and dis-
ease compared to P. vannamei, especially for the
low virulence strain.

MATERIALS AND METHODS
Prawns

Macrobrachium rosenbergii were bred and
reared using standard practices in the aquarium
facilities at Ghent University, Belgium (New 2002).
Prawns used were 3rd generation offspring from
broodstock imported from Thailand. Juvenile M.
rosenbergii (2 to 5 g) were fed commercial pena-
eid shrimp feed pellets at a rate of 2.5% of their
weight per day and maintained at 27 = 0.5°C
water temperature.

WSSV

The WSSV strains used to challenge Macrobrachi-
um rosenbergii originated from diseased Penaeus
monodon from either Thailand in 1996 (WSSV-Thai-
1) or Vietnam in 2003 (WSSV-Viet) (Rahman et al.
2008). WSSV-Thai-1 had been passaged once in Paci-
fastacus leniusculus (Jiravanichpaisal et al. 2001) and
WSSV-Viet had been passaged once in Cherax
quadricarinatus. Crayfish gill homogenates containing
WSSV-Thai-1 (from P. Jiravanichpaisal and K. Soder-
hall, Uppsala University, Sweden) or WSSV-Viet
(from Research Institute for Aquaculture no. 2, Ho Chi
Minh City, Vietnam) were passaged in specific patho-
gen-free (SPF) Penaeus vannamei to produce inocula
and determine infectious titers as described previously
(Escobedo-Bonilla et al. 2005). Shrimp infectious dose
50% endpoint (SIDs,) ml™! titers were 10%% and 10°®
for WSSV-Thai-1 and WSSV-Viet, respectively. Inoc-
ula were stored at —70°C and dilutions used to chal-
lenge M. rosenbergii were prepared in ice-cold phos-
phate-buffered saline (PBS).

Challenge protocols

In all bioassays, WSSV inoculum (50 pl) was
injected into muscle at the junction between the 3rd
and 4th abdominal segments. Methods to assess
WSSV pathogenesis followed closely those described
by Rahman et al. (2008). In brief, 140 Macrobrachium
rosenbergii juveniles (2 to 5 g) were stocked into 501
aquaria (5 prawns per aquarium), each equipped
with a water filter and heater. Based on SIDs, ml™
titers, each WSSV strain was injected into 30 prawns
at either a low dose (LD, 30 SIDs,) or a high dose
(HD, 10000 SIDsg). At 12, 24, 36, 48, 72 and 120 h
post injection (hpi), prawns surviving in 1 tank were
euthanized to collect and process cephalothorax tis-
sue for immunohistochemistry (IHC). Prior to sam-
pling, prawns were observed for gross disease signs
and mortality was recorded. A group of 5 prawns
was sampled at the beginning of the trial (0 hpi).

Bioassays to determine the PID;, were performed
essentially as described previously (Escobedo-Bonilla
et al. 2005, 2006), except that the WSSV infectivity
titer was determined at 48 hpi instead of 120 hpi
based on when most prawns were found to be
infected by indirect immunofluorescence (IIF). In
brief, 5 prawns (2 g) in each of 3 replicate 101 aerated
and covered plastic aquaria (15 prawns per dilution)
were injected with 10-fold serial dilutions of either
WSSV-Thai-1 (107! to 107%) or WSSV-Viet (undiluted
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to 107%). Prawns were examined at 12 h intervals for
gross disease signs and at 48 hpi, all prawns were eu-
thanized and cephalothoraxes were processed for IIF.

The challenge procedure used to determine infec-
tivity was used similarly to determine the LDs;,
except that prawns (2 g) were maintained for longer
(5 d). Prawns were examined at 12 h intervals for
gross disease signs and to record deaths and mori-
bund prawns (considered as dead). At 120 hpi, all
surviving prawns were euthanized to process
cephalothoraxes for IIF.

IHC

Cephalothoraxes of moribund and euthanized
prawns were processed for IHC to detect WSSV-
infected cells using procedures described previously
(Escobedo-Bonilla et al. 2007). As in the study of
Penaeus vannamei (Rahman et al. 2008), WSSV-
infected cell numbers in gills, hematopoietic tissue
and cuticular epithelium of stomach and body wall
were quantified by light microscopy at 400x magnifi-
cation. For gills and hematopoietic tissue, infected
cells in 5 randomly selected fields were counted and
expressed as cells mm™2. For cuticular epithelium,
both WSSV-infected and uninfected cells were
counted in 5 fields selected at random and expressed
as average percentage (%) infected cells. Differences
in numbers of infected cells were tested for signifi-
cance using t-tests.

ITF

Cephalothoraxes of recently dead and euthanized
prawns were processed for IIF to detect WSSV using
procedures described previously (Escobedo-Bonilla
et al. 2006).

RESULTS
WSSV pathogenesis in Macrobrachium rosenbergii

When injected with a low dose of WSSV-Thai-1,
the number of Macrobrachium rosenbergii prawns
displaying disease signs peaked at 48 hpi (all 5
prawns) and then declined, with none of the prawns
displaying disease signs at 120 hpi (Table 1). Over
this period, only 1 of 5 prawns became moribund at
48 hpi, and 2 of 5 prawns at 72 hpi. IHC analysis of
gills, hematopoietic tissue and cuticular epithelium of

stomach and body detected WSSV-infected cells in
the majority of prawns sampled from 36 hpi onwards
(Table 1). In the 3 prawns in which WSSV was
detected at 120 hpi, infected cell numbers were
lower than in prawns sampled at either 48 hpi or
72 hpi. Except for at 24 hpi (p > 0.05), infected cell
numbers seen in organs of M. rosenbergii (Table 1)
were not significantly different from numbers seen in
comparable organs of P. vannamei challenged with
the same dose of WSSV (Rahman et al. 2008)

When injected with a high dose of WSSV-Thai-1,
the number of prawns displaying disease signs
peaked similarly at 48 hpi and declined thereafter
very similarly to the low-dose challenge (Table 1).
More moribund shrimp were evident at 36 hpi and at
48 hpi (3 of 5), 72 hpi (2 of 5) and 120 hpi (1 of 5) com-
pared to the low dose challenge. IHC also detected
WSSV-infected cells earlier (2 of 5 prawns at 24 hpi)
and in all prawns sampled thereafter. Similarly to the
low dose of WSSV-Thai-1, WSSV-infected cell num-
bers increased from 24 hpi to a maximum around 48 to
72 hpi before declining to very low levels at 120 hpi
(Table 1, Fig. 1A). Curiously, except for hematopoietic
tissue at 48 hpi (p < 0.05), infected cell numbers did
not differ significantly in any tissue type compared to
those seen with the low dose WSSV-Thai-1 inoculum.

When injected with a low dose of WSSV-Viet, none
of the prawns displayed gross disease signs, none
died and no WSSV-infected cells were found by [HC
analysis at any time point (Table 1, Fig. 1). At the
high dose, however, 1 of 5 prawns showed disease
signs at 24 hpi and this increased to a maximum of 4
of 5 prawns at 36 hpi and 48 hpi before declining to
no prawns at 120 hpi (Table 1). Despite prawns show-
ing disease signs, no deaths occurred prior to when
prawns were sampled. WSSV-infected cells were
first detected by IHC in low numbers at 36 hpi (12 hpi
later than with WSSV-Thai-1) and numbers peaked
at 48 hpi before declining (Table 1, Fig. 1B). Infected
cell numbers in gill tissues at 36 hpi (5 + 9) and 72 hpi
(18 + 29) were significantly lower (p < 0.05) than
those seen at these times with WSSV-Thai-1 (49 + 32
and 157 + 94, respectively), but at all other times
there were no significant differences (p > 0.05) across
the tissues examined.

Determination of the PID;, of the WSSV strains

Among groups of prawns injected with WSSV-
Thai-1 inoculum diluted 107! to 107°, those injected
with 107!, 1072 and 1072 dilutions began to display
disease signs from 24 hpi. Based on IIF detection of
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Table 1. Macrobrachium rosenbergii. Immunohistochemistry quantification of infected cell numbers in various organs of prawns
(n = 5 per time point) injected with either white spot syndrome virus (WSSV)-Thai-1 or WSSV-Viet. hpi: hours post injection

WSSV  Dose hpi No. of prawns Average no. of infected cells in infected prawns
strain Disease Mortality Infected cells Gills Stomach Cuticular Hematopoietic
signs detected (mm~2) epithelium (%) epithelium (%) tissue (mm™2)
Thai-1 Low 0 0 0 0 0 0 0 0
12 0 0 0 0 0 0 0
24 1 0 0 0 0 0 0
36 3 0 4 39+42 2+4 12+9 23+15
48 5 1 5 129+149 9x12 19+21 53+33
72 3 2 5 239+203 29+13 28+14 15+16
120 0 0 3 1+3 0.8+2 3+5 0
High 0 0 0 0 0 0 0 0
12 0 0 0 0 0 0 0
24 2 0 2 77 0.8+0.7 0.6+0.4 2.5+0.7
36 4 3 5 49+32 10+8 8+8 22+20
48 5 3 5 199+270 1311 14+13 109+23
72 4 2 5 157+94 20+5 22+4 37+24
120 2 1 5 3+3 5+12 6+2 8.6+12
Viet Low 0 0 0 0 0 0 0 0
12 0 0 0 0 0 0 0
24 0 0 0 0 0 0 0
36 0 0 0 0 0 0 0
48 0 0 0 0 0 0 0
72 0 0 0 0 0 0 0
120 0 0 0 0 0 0 0
High 0 0 0 0 0 0 0 0
12 0 0 0 0 0 0 0
24 1 0 0 0 0 0 0
36 4 0 3 5x9 9x+11 0.4+0.8 7.5+9
48 4 0 5 53+33 21+15 30+20 43+21
72 3 0 5 18+29 7+6.5 11+13 10+19
120 0 0 2 15+17 9+7 2+4 21+39

WSSV infection across prawns injected with the var-
ious inoculum dilutions and sacrificed at expected
peak viremia (48 hpi), the geometric mean infectious
dose determined for the 3 replicate prawn groups
(105.05’ 105413 and 105.80 PID50 ml—l) was 10543310.41
PIDs, ml™! (Table 2). Among groups of prawns
injected with WSSV-Viet inoculum diluted up to 1074,
all prawns injected with the undiluted and 107!
diluted inoculum began to display disease signs from
24 hpi. Based on IIF detection of WSSV infection
across prawns from all dilutions sacrificed at 48 hpi,
the geometric mean infective titer determined from
the 3 replicate groups (1028, 10*!3 and 10%% PIDs,
ml™') was 103202044 PID;; m1~! (Table 2).

Determination of the LD;, of the WSSV strains

All prawns injected with 107!, 102 and 10~ di-
lutions of WSSV-Thai-1 began to shown gross disease

signs from 24 hpi. Among prawns injected with dilu-
tions of 107, 1075 and 107°, only those in which in-
fected cells were evident when sampled at 120 hpi
showed disease signs from 24 hpi. Except for no white

Table 2. Macrobrachium rosenbergii. Numbers found to be

infected at 48 h post-injection of 10-fold dilutions (n = 15 per

dilution) of either white spot syndrome virus (WSSV)-Thai-1

or WSSV-Viet as determined by indirect immunofluorescent
staining. ND: not done

Dilution Prawns infected (%)
WSSV-Thai-1 WSSV-Viet

Undiluted ND 100
107 100 100
1072 100 40

1073 100 0

1074 53 0

1075 7 ND
1078 0 ND
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Fig. 1. Macrobrachium rosenbergii. Photomicrographs of gills, cuticular epithelia of the stomach and body wall, hematopoietic tissue,
and antennal glands of juveniles sampled at 48 h post-injection with either 30 SIDs, (shrimp infectious dose 50 % endpoint; low dose)
or 10000 SIDsq (high dose) of either (A) white spot syndrome virus (WSSV)-Thai-1 or (B) WSSV-Viet. Infected cells were detected by

immunohistochemistry using a VP28-specific monoclonal antibody. Scale bars = 50 pm

spots becoming evident in cuticle, disease signs were
comparable to those seen in penaeid shrimp and in-
cluded anorexia, lethargy and whitening of the body.
Deaths occurred from 48 hpi onwards and the LDs,
determined when the bioassay was terminated (120 hpi)
for the 3 replicate groups of prawns (10°°!, 10>!* and
10548 LDs, ml™') was 10°38+921 LD, m1~".

All prawns injected with undiluted and 107! diluted
WSSV-Viet began to show gross disease signs from
24 hpi. Among prawns injected with the 10~2 dilution,
only those in which infected cells were evident when
sampled at 120 hpi showed disease signs from 24 hpi.
Deaths occurred from 48 hpi onwards and the LDs,
determined when the bioassay was terminated (120 hpi)
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for the 3 replicate groups of prawns (10%%, 10>°° and
10230 LDy, ml™!) was 10227025 1D, ml~!. A reduced
LDs, compared to PID5, for prawns injected with the
WSSV-Viet strain was indicative of its lower relative
virulence predicted from bioassays in penaeid shrimp.

DISCUSSION

Some challenge experiments have reported juve-
nile and adult life stages of Macrobrachium rosen-
bergii to be quite refractive to WSSV infection (Sahul
Hameed et al. 2000, Waikhom et al. 2006, Yoganand-
han et al. 2006). However, in the present study, with
bioassays using high and low virulence strains of
WSSV, juvenile (2 to 5 g) M. rosenbergii were found
to readily support WSSV replication and succumb to
disease and mortality. These data concur with alter-
native findings of higher infection levels and mortal-
ity occurring in earlier life stages (larvae and juve-
niles) than in adults (Lo et al. 1996, Peng et al. 1998,
Rajendran et al. 1999, Pramod Kiran et al. 2002).
While the differences in clinical outcomes with juve-
nile M. rosenbergii remain to be determined, possi-
bilities include differences in M. rosenbergii age and
origin, stress factors such as water temperature, and
dose and virulence of the WSSV strain used. In
examining WSSV strain virulence and dose factors in
the bioassays reported here, 18.6-fold more WSSV-
Thai-1 virus and 398-fold more WSSV-Viet virus was
found to be required to establish infection in juvenile
M. rosenbergii compared to Penaeus vannamei
shrimp (Escobedo-Bonilla et al. 2005). These data
indicate clearly that higher doses of WSSV are
needed to establish infection in M. rosenbergii com-
pared to shrimp, and that the WSSV strain origin can
affect what dose is required for it to be capable of
causing disease and mortality.

While both WSSV-Thai-1 and WSSV-Viet origi-
nated from diseased Penaeus monodon, each had
been passaged through different crayfish species
before being passaged through SPF P. vannamei to
prepare the inocula used to challenge juvenile M.
rosenbergii. It is possible that passage through the
different crayfish species had some role in determin-
ing the virulence of the inocula. However, as the dou-
ble-stranded DNA genome of WSSV evolves quite
slowly (Zwart et al. 2010), virulence differences
appear more likely to be inherent to each strain
rather than a factor of their recent passage history.

Published bioassays with Macrobrachium rosen-
bergii have used various, often poorly described con-
ditions and water temperatures ranging between 18

and 32°C. It is quite possible that water temperature,
which is known to affect WSSV replication (Rahman
et al. 2006), had a major impact on the clinical and
virological outcome. Here the water temperature was
standardized to 27°C, as this is optimal for replica-
tion of the WSSV-Thai-1 and WSSV-Viet strains in
Penaeus vannamei (Rahman et al. 2006, 2007).

IHC detection of infected cells in cephalothorax tis-
sues of Macrobrachium rosenbergii showed WSSV to
replicate in the same target organs as found in
Penaeus vannamei (Escobedo-Bonilla et al. 2007,
Rahman et al. 2008), with the exception of the lym-
phoid organ for which no equivalent organ has been
described in M. rosenbergii (P. Sithigorngul pers.
comm.). Apart from the detection of infected cells
being delayed from 24 to 36 hpi in M. rosenbergii
compared to P. vannamei challenged with a low dose
of WSSV-Thai-1, their numbers did not differ signifi-
cantly across the organs examined. Indeed there
were few significant differences between infected
cell numbers seen in any organs at any times follow-
ing challenge with either low or high doses of WSSV-
Thai-1 and a high dose of WSSV-Viet. However, in
contrast to this as well as observations in P. van-
namei, no infected cells were detected in any M.
rosenbergii challenged with a low dose of WSSV-
Viet.

Similarities in infected cell numbers seen in juve-
nile Macrobrachium rosenbergii challenged with
high/low doses of WSSV-Thai-1 and a high dose of
WSSV-Viet are confounding considering the differ-
ences in clinical outcomes. However, fewer infected
gill cells were apparent with WSSV-Viet than with
WSSV-Thai-1, which supports the hypothesis that
gill infection levels provide a good barometer of
clinical outcomes in shrimp (Rahman et al. 2008).
Consistent with previous observations of a transi-
tory viremic period in which disease signs and
WSSV are readily detectable (Sahul Hameed et al.
2000, Waikhom et al. 2006, Yoganandhan et al. 2006,
Sarathi et al. 2008), there was a general trend of
falling numbers of infected cells in M. rosenbergii
between 3 and 5 d post-challenge. More pronounced
clearance effects appear to occur in challenged adult
prawns (Sahul Hameed et al. 2000, Sarathi et al.
2008), and infection during the first couple of days
following challenge has been tracked by immune-
detection of the WSSV VP28 protein (Yoganandhan
et al. 2006).

The mechanism by which WSSV infection is
cleared by Macrobrachium rosenbergii remains a
mystery that, if solved, could help devise strategies to
protect cultured shrimp species. WSSV challenge
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affects levels of prophenoloxidase (proPO), super-
oxide anion, superoxide dismutase, total hemocyte
count and clotting time, factors generally involved in
antibacterial defense responses (Sarathi et al. 2008).
There is evidence to suggest some role for proPO
in defending non-crustacean invertebrates against
viruses (Shelby & Popham 2006). However, the in-
creases in proPO levels in hemolymph and melan-
ized lesions of shrimp infected with Taura syndrome
virus (Hasson et al. 1999, Song et al. 2003) do not
occur in M. rosenbergii infected with WSSV. No
hemocytic infiltrations, encapsulations or ectopic
spheroids typical of bacterial or viral infections in
penaeid shrimp occur in WSSV-infected M. rosen-
bergii (Sarathi et al. 2007), so direct hemocyte-
mediated intervention appears unlikely.

Hemagglutinins or lectins in the hemolymph of
Macrobrachium rosenbergii might be the reason for
their greater tolerance for WSSV infection compared
to Penaeus monodon (Pais et al. 2007). However, if
they are, their mode of action must be far more effec-
tive than the C-type lectins stimulated in response to
WSSV infection in highly susceptible shrimp (Luo et
al. 2003, Ma et al. 2007, 2008, Wang et al. 2009, Zhao
et al. 2009). Moreover, while lectins may have roles
in defending both vertebrates and invertebrates
against viruses as well as bacteria and fungi (Wang
et al. 2009, Cerenius et al. 2010), their function relies
on their carbohydrate recognition domains (Cambi et
al. 2005). As none of the 5 major structural proteins of
WSSV appear to be glycosylated (van Hulten et al.
2002, Wei et al. 2012), any direct interaction between
lectins and WSSV seems unlikely.

Macrobrachium rosenbergii defense against
WSSV involves some mechanism that actively clears
most infected cells within a few days of challenge.
However, as M. rosenbergii that survive WSSV chal-
lenge appear to maintain low levels of virus de-
tectable only by nested-PCR (Peng et al. 1998), the
clearance mechanism might be evaded or deacti-
vated once infection loads reach levels that can be
tolerated indefinitely.

In summary, data reported here confirm that juve-
nile Macrobrachium rosenbergii have lower suscep-
tibility to infection and more effective mechanisms
for clearing infection and thus protecting themselves
against disease than penaeid shrimp. These abilities
were particularly evident here with a WSSV strain of
lower apparent virulence. However, when chal-
lenged with a strain of higher virulence or with high
doses of the low virulent strain, similar numbers of
infected cells are established as in the more suscepti-
ble Penaeus vannamei challenged using identical

conditions. This finding clearly indicates that once
some acute infection load threshold has been passed,
whatever defense mechanisms are mounted by M.
rosenbergii become swamped, and the clinical out-
come of disease through to mortality progresses sim-
ilarly to that in shrimp with acute infection. The dose
and strain variables assessed in this study are likely
to explain in part why differences in the susceptibil-
ity of juvenile M. rosenbergii have been reported,
and highlight the importance of using well-charac-
terized WSSV strains and standardized challenge
conditions. M. rosenbergii and other palaemonid
prawns can serve as useful model crustaceans for
understanding anti-WSSV protection mechanisms
and how these might be primed to protect these and
cultured penaeid shrimp against disease caused by
WSSV and other problematic viruses.
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