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stained gel electrophoresis. Hacmolymph {0 1 mil) was
also drawn from the sampled shnimp into an equal
volume of 259, fermalin and mixed thoroughly before
making smears on microscope slides for staining with
haematoxylin and eosin {H&E) Finally, the specimens
were fixed in Davidsen’s fixative after haemoelymph
removal. Gills fragments from these fixed specimens
were stained as whole fragments with H&E for micro-
scopic exarmnation as whole mounts (Flegel et al. 1945).

Southern blot hybridization. Southern biot hybrid-
izations were carried out usinyg digoxigenin-laheled
DNA (Bochnnger Mannheim Genius System) accord-
ing to the Boehringer manuai.

RESULTS
Dot-blot seleclion of phM1TY412 probe

A total of 45 transtormed. while clones wore ol
tained on selective medium. Randomly, 12 clones were
digoxigenin labelled and tested by dot blot hvbrichza-
tion Clone phiUY412 [contaiming a 412 base pair (bp)
insert of viral cDNA|] was selected because 1t gave
strongest posihve hybndization with YHVY genomic
RNA but gave negative hybndizatien with healthy
shrimp DNA. WSBV DNA and control transcribed
RNA from plasmud PAWI10Y

Sequence analysis and primer design

The nucleotide sequence of the 412 bp cDNA frag-
ment wus analyzed and a set of PCR primers (10F of
21 bp and 144R of 20 bp) was designed to amplify a
135 bp fragment of YHV genomic RNA. The sequence
of the 135 bp fragment (Fig 1) gave no signmificant
homoelogy with the DNA sequence or putative protein
sequences 1n existing international databases (i.e.
Genbank, EMBL and SWISS PROTEIN databases).

Specificity of RT-PCR for YHYV detection

In specilicity tests of the YHV RT-PCR assay for YHV
using 10F and 144R primers, 2 other economically
important Thal shrimp pathogens (WSBV and HPV)
and other nucleic acid templates (NPV, Salmonella,
Penadeus rnonodon and plasmid PAW 109 DNA} gave
no amplification product. The primers were shown to
be specilic for the selected region of the YHYV genome
(Fig. 2). A negative RT-PCR result was also obtained
with 10 ng and 1 ng of purihed YHV-RNA when the
reverse transcription reaction step was omitted (Fig. 2;
lanes 9 and 10).

Fig. 1 The sequence of the 135 bp YHV fragment n
pMUYA12 The undarhned pornon represents the posihon
af the amphhcaticen prizners 10F and 144R

Sensitivity of detection

To evaludate the sensitivily of the YHY RT-PCR
assay., the reverse transcniption  and  subsequent
amphtication reachons were carnied out using puri-
fried viral genonue RNA - Vanous amounts of YHV-
RINA were prepared by senal dilution in the range of
1 ng to 0 LY tg and subjected ta RT-PCR for 40 cycles
of amphfication. When 20 ul of RT-PCR product from
a 100 pl total reaction volume was directly analysed,
the result showed that an amphfication product
could be visuahized by ethidium bromide staning
when as hittte as 0G1 pg of YH
(Fig. 3Aar Moreover. the sensitivity
could be morcased about 100 tumes when detection
was by Southern blot hvibridization using the digoxi-
genin-dUTPE labeled pNUYA12 parent fragment as a

probe (Fuyp 38)

2NA was used as
the template

bp

135 —

Fig. 2. Ethidium bromide staining of RT-PCR products ampli-
1ed at an annealing temperature of 52°C for 40 cycles using
10and 1 ng of YHV RNA (lanes 1 and 2), WSBV DNA (lane 3],
HPV DNA (lane 4), NPV DNA (lane 5, Salmenella DNA
(lane /), healthy shrimp DNA (lane 7) and control template
RMNA from plasmid PAW109 (tane #) No RT-PCR product was
obtained for 10 ng and 1 ng of purified YHV RNA when the
reachion omitted the step of reverse transcnption {ianes 9
and 10). Lane M contained a 100 bp ladder marker
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Fig. 3. Sensitivity of the RT-PCR assay. [A) Ethidium bromide staining of RT-PCR products amphfied at an annealing temperature

of 52°C for 40 cycles using serially diluted (1:10) YHV genormic RNA in the range of 1 ng to 0.01 fg as the template for RT-PCR

(lanes 10 to 2, respectively). RT-PCR product at 20 pl from a tolal reaction volume ot 100 pl was directly analysed. The gelin (A)

was transierred by Southern blot for hybridization with Dig-dUTP labeled pMUY412 probe {By No RT-PCR product was obtained
using 1) ng of healthy shrimp DNA as the template (lane 1) Lane M contained a 100 bp size marker

Time course RT-PCR detection of YHV in laboratory
shrimp infections

RT-PCR was carned out on haemoelymph samples
at various times after injection of YV extracts into
shrimp in the laboratery. At times , 6, 12, and 18 h post
injection (p.i.), haemolymph was collected and RNA
was extracted by Trizol™ reagent. The extract was
subjected to RT-PCR using the optimized procedure
described above. The results showed that RT-PCR
could detect YHV very early during infec-
tion. It was found that 2 of 3 tested shrimp bp
gave low to moderate RT-PCR products at
6 h pi At 12 and 18 h p.i. all 3 tested
shrimp gave moderate te strong RT-PCR
product bands. No RT-PCR product was
obtained at time 0 h or with normal shrimp
DNA (Fig. 4). The stability of haemolymph
samples was low, Fresh or Trizol-tixed
haemolymph from YHV-infected shrimp
gave positive RT-PCR reactions if stored for
not more than 12 h at -80°C. Longer periods
of storage at —80°C resulted in negative RT-
PCR reactions.

The ability of RT-PCR to detect YHV in ex-
perimentally infected shrimp was compared
to detection by H&E staining, The results
demonstrated that RT-PCR was much more
sensitive, in that YHV could be detected in
all 3 of the YHV-injected shrimp by 12 h p.i.
(Table 1). By contrast, H&E staining of
haemolymph samples and gills revealed typ-
ical YHV histopathology only at 48 h p.i.

For a preliminary field test, haemolymph
samples (10 ul) were collected from 5 shrimp

135 —

randomly selected from each of 6 ponds near to a pond
diagnosed as infected with YHV. The haemolymph
samples from each pond were pooled ;total 50 pl) and
then extracted with Trizol™ reagent. The extracts
were then subjected to RT-PCR using the optimized
conditions described. Of the 6 ponds tested, 2 were
YHYV positive by RT-PCR amplification and 4 were not.
Within 1 mo after sampling, all of the shrimp in 1 posi-
tive pond were losl to YHV, All the other shrimp crops
were lost to YH'/ in the subsequent month.

M 1 2 3 4 5 6 7 8 9 1011 12 13 14

Fig. 4. RT-PCR products at various times post injection of YHV inlo
shrunp. Ethidium bromide staining of RT-PCR products amplified at an
annealing temperature of 52°C for 40 cycles using 10 ng of YHV RNA
tlane 1). RT-PCR products of 3 experimentally infected shrimp at 0 h
(tanes2to 4). 6 h (lanes 5to 7), 12 h (lanes 8 to 10) and 18 h (lanes 11 to 13)
post injection No RT-PCR product was obtained using 10 ng of healthy
shrimp DNA as the template (lane 14). Lane M contained a 100 bp size
marker. The faint bands visible in lanes 2 to 4 are primer dimers
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The pruner parr {105 and T34R) appeared to be YV
RNA speaitic, sinee an RT-RFOR product of cxpocted
size was amplifted only when nuclenc acid sulated
from YHY-infected Perraeus monodon was ased gy a
template. The nuclere acids extiacted frotn hesnes of
naturally ciseased shrimp wth YEIV and (rom shring
with expenmental infections of YHA also consistently
gqave RT-PCR products of the same =ize {data not
shown} As expected, no amplhihication product was
ohtamed when usimg nuclelc acids extracted from the
tesues of chnically bealthy shrimyp and trom vanous
TUCTOOrganisms.

The problem with the normal histalogreal lahoraton
procedures (Le fixing, emb2dding, sectionme. stamn-
ing «nd mounting) s thal they may require several

days to complete and they are too slow (or farmers who

necd raped conhirmation in order to decide on an emer-
dency salvarge harvest before remeaning shnmp de
Rapud staummna of mlls (Fleagel ot all 19973 combined
wath st of haemolyrmph smcars (Nash et al 19035)
can specd np the ditagnosss to within 4 h However, the
charactenstie YHY histopatholegy can be seenan the
cplls of cnly monbund shiimp, so rapnd stamnng of arlls
has o predictry e value The precdictive value of hacnuoe-
Lymph simears iy alsoe be low, since the laborators
tests showed that YHIV tostopatholoay could not e
seencatherthan 42 hipa nearthet cof approachin.g
o bl Thee gross signs of tvpreal YHY infoections
e abnormally high fecding rates betore the aonset of
totlality anud Teght vellow cotoration of the cephalo-
“hotax) do ol help becadse they are not always scen
e AN conbireabks tFclagel et al 199550 Thus, RT-PCR
of osalvaneg th probloms. Hos very

My b g oy Do

sensihive. spetic and capable of providing diagnostuc

results sethin o Jday The technigue may also prove
useful tor comparabive studies of siamilar viruses (e g
that desonbed by Spann et al, 199350 and for screcning
ol carrter shnrmp lavae, canter broodstock and reser-
voerr hosts Flowever, the practicahty and cost-effective-
ness of RT-PCR for rovtine survelllance has not vet
been established theretores,

and, its diagnostic effi-

cencyan field appheotions reman~ to bhe deternuned.
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INTRODUCTION

Black tges stimompr cultasegn Thadand has expanded
tremendousty e the past lesw years and (e cotnitey has
Frvcorne the world's Teading proedoucer of cultivated
shomopr (Rosenbeny 199770 Althowgh the induostry s
vndergome Tapid development oo number ol Asian

connlries, sovcesstul prodoction s inereasingly ham-
“Addiessee dap conpespondence omal o sosbserrnahidol ac th

o Titer - Nesearet 1905

Newodhioo ol fafl artiecle ot pestintled

Phorncesis mreiendor Nosnng =)t

Ul prapidanton

prred by many lactors indudig environnental pol-
liles, poror manaagentent and disease (Floqel ot oal,
19950, Dy Ot Hhe miledtrons discases, bacteral and vira!
aients cither as sigle or multiple pathogens, have
caused most ot the production tossess [Flogel 1907y
White spot syndrome vitns (WSS presently over-
shadows all nother discase agents as the leadhing cause of
pmoduction losses Plegel 19497, Flegel elal 1997) 1 wds
hrstreportedan Thaland as an acaidental intection 1o
laboratory-reared shomp o early 1994 (Waongleerasu-
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paya et al. 1995), but the first farm infeclions were not
reported until late 1994 (Wongteerasupaya et al 1996)
At thal time, the virus was compared to viruses of the
Baculoviridae and 1o the subfamily of the non-occluded
baculoviruses, the Nudibaculoviridae {Francki et al.
1991). In a subsequent report of the Inlernational Com-
nussion for Taxonomy of Viruses (ICTV) (Murphy ct al.
1995), this classification was canceled and the viruses
were left unassigned. IHowever, to avoid confusion, we
will use the old designation (Francki ot al 1991) for
WSSV as a non-occluded baculovirus. The field signs of
WSSV infection are rapid and massive mortahty with
diseased shrimp showing white spots 5 to 6 mm or more
in diameter which remain embedded in the cuticle
when it is removed. The spots are sometimes accompa-
nied by a general reddish coloration of the whole
shrnmp body. Since late 1294, there have heen increas-
ing numbers of field reports of massive shrimp mortality
associated with WSSV in several species of penacid
shrimp (Takahashi et al. 1994, Chou et al. 1995, Durand
et al. 1996, Lo et al. 1996a, Wongteerdasapaya et al
1896, Peng et al. 1997). The disease has also been de-
tected in a wide range of wild crustaceans, including.
crabs, lobsters, and shnmp (penaeid and non-penacid)
by DNA diagnosbic technmques (Lo el al. 1996a, b,
Maeda et al. 1997, Peng ol al. 1997). However, detection
alone, especiatly by histology and polymerase chain
teaction (PCRY technelogy, cannot be used to confirm
whether tested ammals are acuvely infected with the
virus or just mechanical carriers. In situ DNA hybndiza-
non tests (Wongtecrasupaya el al. 1996) and studies
with the electron nircroscope have been used Lo estab-
lish that some af the suspected carriers actually have
active viral infections. However, even if infections are
confirmed, 1t cannot be sutomatically conclnded that
the infected animals can transmit the viras to cullivated
shrimp. Infarmation regarding the incidence of natural
carriers and the potential nisk they pose is of vital tin-
portance to shrimp farmers, if they are to institute effec-
nve measures to prevent viral infections without undue
expense. Unpublished studies in Thailand (B, Withya-
chumnarnkul) implicated several common ¢rab species
as WSSV curriers in feeding trials with shrimp. Some of
the suspecled species and genera corresponded to
those captured and tound to be PCR positive for WSSV
in Taiwan (Lo el al 1996b) and Japan (Macda et al.
1997). In addition, Supamalttaya ct al. (1998} have
shown that crabs can be infected with WSSV by feed-
g on infected shrimp tissue, by immersion in water
containing viral extracls and by injection. Therefore,
the purpose of this study was lo determine whether
3 suspected carrier creb species commonly found in
shrimp-rearing arcas of Thailand could successfully
transfer the viral disease to Penaeus monodon in labo-
ratory tests.
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MATERIALS AND METHODS

Shrimp and crab specimens. Normal Penaeus mon-
adon (approximately 20 g each) were collected from
a shrimp farm in Thailand. All were maintained in
aerated aquana at 30 1o 35°C and fed on a dry com-
mercial shrimp feed diet twice daily. Three adult crab
species, 1.e. Sesarma sp. (approximalely 30 g each), the
mud crab Scyfla serrata (approximately 300 g each},
and the fiddler crab Ueca pugilator (approximalely 30 g
cach), were coliected from shrimp culture areas in the
central region of Thailand. Crabs were maintained
In aquatia under conditions similar to those for the
shnimp, except that they were not completely sub-
merged, and they were fed the same diet regimen.
Hacemolymph samples (50 pl for smears and 5 ul for
PCR = total 55 nl) could be drawn from the shrnimp or
crabs at 12 hinlervals without causing mortality.

In situ DNA hybridization. The DNA probe for WSSV
was prepared from laboratory-infected shrimp as pre-
viously desenbed (Wongteerasupaya et al. 1995) It
was non-radinactively labeled v ith digoxigenin using
the random prime moethod, following the instructions
accompanying the Boehringer Mannheim kit.

In situ hybridization with tissue sections was carried
oul as previously described (Wongteerasupaya et al.
1996). For in site hybndization with shnmp and crab
haemolvmph, Davidson's fixative was modified by the
replacement of acelic acid with distilled water. The
fixative was held in a synnge at twice the volume
(100 ph of the haemolymph to be drawn (50 ul). After
drawing the haemolymph, it was nnmediately mixed
tharoughly with the fixative and then smeared on
Fisher plus microscope slides (Fisher Scientfic) and left
lo air dry. The method for in sifuhybridization was then
carnied out as instructed in the Bochringer Mannheim
Genius kit manual with the following meodifications.
Haemolymph smears were immersed in PBI{ buffer (8 g
NaCl, 0.2 g KC1, 1.44 g Na HPO,, 0.24 g KH,PO,in 11
distilled water adjusted o pH 7.4 with 1N HCI} for
5 min. They were then renioved, air dried and heated at
95°C for 10 nuin before the addition of 20 to 25 ul probe
cocktail (50x Denhart's Solution, 50 °. w/v dextran sul-
fate, 10 ng ml™' sonicated salmon sperm, 20x saline
sodium citrate, SSC, 50% lormamide, 10 ng pl™! digoxi-
genin-labelled probe). The slides were then heated at
96°C for 6 min, After quick cooting un ice tor 1 min, they
were placed in a humid chamber and allowed to hy-
bridize overnight at 42°C. Subsequent processing for
blocking and detection were as described in the man-
val. The slides were then counterstained for 1 min with
0.5% Bismark brown, dehydrated and mounted with
Permount (Fisher Scientilic). There was no protease
treatment step in the haemolymph protocol, since this
was found to yield false negative results.
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PCR amplification tests. Haemolymph samples (5 ul)
were heated in 0.5 ml Eppendorf tubes at 95°C for
10 min (until dry). For amplification, 50 pl of PCR reac-
tion mixture was added (PCR buffer pH 90, 1.5 mM
MgCl,, 1 mM of each deoxynucleotide triphosphate,
1 pM of each primer and 2 units of Tag DNA poly-
merase), PCR primers were prepared based on the
sequence of a specific probe described by Wongteer-
asapaya et al. (1996). These primers yielded a 294 base
pair (bp) fragment specific for WSSV DNA. The PCR
mixture was overlaid with 50 pl of mineral oil to pre-
vent evaporation. The reaction was then carried out for
35 cycles of denaturation, annealing, and polymeriza-
tion. The first cycle included heal denaturation at 90°C
for 3 min, annealing at 60°C for 30 s, and polymeriza-
tion at 72°C for 30 s. The next 33 cycles used heat de-
naturation at 90°C for 30 s, annealing at 60°C for 30 s
and polymerization at 72°C for 30 s. For the last cycle,
the heat denaturation temperature was 90°C for 30 s,
annealing was 60°C for 30 s, and polymerization was
72°C for 5 min. Amplified products were detected by
electrophoresis of 20 pl aliquots through 1.5% agarose
gel in TBE bulffer.

H&E staining. Haemolymph samples were mixed
with modified Davidson's fixative (2:1) and smeared on
slides as described above. After air drying, they were
nmmersed in Mayer's Haematoxylin (5 to 10 min) and
then rinsed with tap water for 15 min. Next, they were
stained with eosin (5 min). dehydrated with an ethanol
series, transfered to xylene and mounted in permount
{Fisher Scientific). Whole moribund shrimp (counted
as dead when removed) and crab specimens at the end
of the tests were preserved in Davidson's fixative and
processed for normal histology as described by Bell &
Lightner (1988).

Experimental transmission tests. Before tests were
performed, haemolymph samples of experimental
animals (shrimp and crab) were first assased for WSSV
by PCR assay to assure that they had no detectable
infection. Preliminary tests were performed in which the
crabs were experimentally infected with WSSV by in-
jection of 100 ul of viral suspension. The viral suspension
was prepared by dilution of haemolymph harvested from
experimentally WSSV infected slirimp in lobster haemo-
tymph buffer (LHB) (Beonyaratpalin et al. 1493). Injected
viral suspensions contained approximately 2.7 x 107
virions as measured by standardized PCR against quan-
tified dilutions of purified viral DNA and considering e
viral genome to be 168 kbp (Wongteerasupaya et al.
1995). For each species of crab, 7 individuals were in-
jected with WSSV and 7 were not. They were then fol-
lowed for 45 d with periodic individual sampling of the
haemolymph (5 pl) for PCR assays. Al Day 45 they were
sacriliced, fixed in Davidson's {ixative and examined
histologically and for WSSV,

For transmission tests, 3 experimentally infected
crabs of each species (separate from the crabs de-
scribed above and also verified WSBV negative by
PCR) were placed (96 h post injection) in aquaria (70 x
30 x 40 cm) at 27°C with 10 uninfected shrimp (verified
by PCR) but separated from them by a wire mesh.
Haemolymph samples {5 pl} were drawn from each
shrimp at 12 h intervals and assayed for W55V using
PCR. Mortality was recorded for both crabs and
shrimp in all experiments. Controls comprised unin-
fected crabs cohabitant (but separated by a wire cage)
in aquaria with 10 uninfected shrimp.

RESULTS
Experimental crab infections

All 3 crab species could be infected with WSSV by
injection. The haemolymph of individual crabs of all 3
species was sampled every 12 h for the first 108 h, then
at daily intervals thereafter for 45 d after injection. The
virus was first clearly detected bv means of PCR analy-
sis of haemolymph samples {rom Uca pugilatorat 24 h
(Fig. 1a), but later for Scylia serrata (36 h; Fig. 1b) and
Sesarma sp. (48 h; Fig. 1¢). The intensity of the first
visible PCR band at 48 h for Sesarma sp. was weak and
did not photograph well. A very clear band was not
evident until 72 h and onwards. The gels in the hgures
show the results for samples up to 96 h only, but later
samples also gave PCR bands of high intensity, indi-
cating relatively high levels of infection. In contrast to
PCR, a much longer time was required before the virus
could be detected by in situ DNA hybridization using
haemolymph smears {(see Table 1). Representative ex-
amples of positive and negative in situ hybridization
reactions and histopathology by H&E staining of gills
are shown in Fig. 2 for U. pugtlator only, but results
for the other crab species were similar. H&E staining of
haemocytes did not reveal any differences between
normal and infected crabs. No positive PCR results,
in situ hybridization results or WSSV histopathologv
were obtained with the control crabs which were not
injected with WSSV. There were no mortalities among

Table 1. Uca pugilator, Scylla serrata and Sesarma sp. Time
post injection for detection of WSSV 1n infected crabs using 2
methods. The crab haemolymph was sampled every 12 h

Crab species  Time post injection required for detection
PCR assay In situ hybndization

U. pugilator 24 h 60 h

S, serrata 36 h 60 h

Sesarma sp. 48 h 72 h
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the control or virus-injected crabs over the 45 d obser-
valion period for these tests, although the infected
crabs were PCR positive for WSSV throughout the
period of observation (Fig. 3).

Hours post injection

M ¢ 12 24 36 48 60 72 84 96
a

-m

nl

B e

T pE———

)

L agem
294
bp

36

a ‘ ‘ b
&
5 .
5
. - 0/ L )
]
— . — ®

Fig. 2. In sito hybndizauon and H&E stening of lissues from Uca pugiator (scale bars
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Transmission experiments

Shrimp kept as cohabitants with infected crabs be-
qan to die within 3 d with Uca pugilalor, Scylla serrata
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Fig. 1. Speatic WSSV PCR product in crab haemolymph at
various times post injection of WSSV into {a) Uca pugilator.
{h) Scylla serrata and (c] Sesarma ~; Bands are clearly visible
for U pugilatorfrom 24 h onwards and for S. serrata from 36 h
onwards. Faint bands were detectable on the gels for Sesarnia
sp at 48 and 60 h but these did not photograph well. Very
clear rands are visible from 72 h onwards Lane M. 100 bp
DNA ladder; remaimng lanes: PCR products [rom haemao-
lymph at vanious times {h} post injection
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haemaolymph from nermal control U pugiatlor at 60 h, showing a negalive hybndizalion reaction, {b) In situ hybridization of

haemolymph from U puctator at 60 1 aller injechion with WSSV, showing a pasitive hybridization reaction {dark staining nucler,

some marked by arrows) () H&E staimng of qull tissue from U pugilator at 94 h post mjection with WSSV (i.e used as a shrimp

cobalatanty Llypestrophied nuciei eontaining hasophilic mclusions typical of WSSV histopathology are clearly visible (some
marked by arrows)
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Mg 3 Specific WS5V PCR product in haemolymph of 7 WSSV~

mnjected Scylla serrata reared for 45 d. Lane M: 100 bp DNA

ladduer; 4+ posiive control; —: negative control; Janes 1 Lo 7: indi-
vidual crabs

and Sesarmeé sp. (Table 2). The presence of W55V
could be delected by normal histology and in situ
hybridization in moribund shrimp with results similar
1o those shown for U. pugilatorin Fig. 2. There was no
crab mortality over the 8 d period of the test, but exam-
mation of the WSSV crabs by PCR and in situ
hybhndization during the test {(data not shownj and by
normal histology at the end of the test (cf. Fig. 2)
showed clear evidence of WSSV infection. With both
the shrimp and the crabs, no differences could be seen
hetween haemocytes of infected and uninfected ani-
mals by H&E staining. All of the shrimp died within
8 «d. There were no mortalilies in the aquaria where
unintected crabs (PCR verified) were reared with un-
miected shrnimp (PCR verified) and all the animals
remamed PCR negalive for WSSV throughout the
period ol the lest. They were also histologically nega-
tive tor WSSV at the end of the test.

Early delection of WSSV by PCR was possible
usimg haemolymph from infected shrimp cohabitants
{Table 2). Earhest detection was obtained when they
were reared with infected Uca pugilator (36 h; Fiq. 4a),

Tatle 2 Tirne to detection of WSSV and ume 1o mortahity for
Ponracus monoden reared waith various WSSV nlected crab
species Ten shoimp weie placed in each aguanum with 3 of
cach test crab species. Haemalymph was sampted and tested

every 12 h
Crab Tine to detechon Shrimp mortality (no |
species i shvmp () at days post exposure
PCR In situ 3d 4d 5d u6d 74 8d
tica pugtlator 36 60 3 4 3
Scyvla serrata 48 G0 3 1 3 1 2
Sesdrnta sp. 48 72 2 3 2 1 a2

while the time with Scylla serrata and Sesarma sp. was
longer (48 h; Fig. 4b, ¢, respectively). Detection before
the onset of mortality was possible by in situ hybridiza-
tion, but this was usually very close to the lime for
onset of mortality.

Hours post exposure
M 0O 12 24 36 48 60 72 84

g 4. Specific WSSV PCR product in haemolymph of Pe-
ndeus monodon at vanous times (h) after initiation of cohabi-
tation with WSSV-infected (a) Uca pugilator, (b) Scvlla serrata
and (¢) Sesarma sp. Clear PCR amplicons are apparent with
U pugiator from 36 h omwards and for 5. serrata and Sesarma
trom 48 h onwards Lane M: 100 hp DNA ladder; remaming
lanes: PCR products from haemolymph sampled at vanous
tumes (h)
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DISCUSSION

The results of the experiments described here clearly
show that the 3 crab species sludied can be infected
with WSSV by injection. Once infected, they rapidly
transferred the infection to Penaeus monodon. This
augments the work of Lo et al. (1996a, b). who re-
ported that W55V could be detected by PCR amplifica-
tion in many crustacean carriers. The rapid expen-
mental transmission of WSSV (o P. monodon indicates
that infected crabs in the shrimp farming environment
could pose & serious threal to black tiger prawn
farmers. The threat may apply to most of the shrimp
cullivation industry, since WSSV also infects several
other cultivated penaeid shrimp {Lightner 1996, Wong-
teerasupaya et al. 1996). In our study the infected crabs
survived for 45 d without any mortality, showing that
they can be actively infected with WSSV for extended
periods without any mortality or gross signs of weak-
enmng Supamattaya et al. (1998) also found this with
Scylla serrata. Although the crabs in this study were
infected by imection of W55V, it has been shown that
they can also be infected by immersion in WSSV con-
taumindated s¢a water and by feeding on WSSV-infected
shrimp (Supamdilaya et al. 1998).

Bucause our tests were carried out in aquaria using
relatively cle«an sed water, itis ditficult to extrapolate Lo
what might happen in an actual farnn setting. Shnimp
pond water contamms a much more complex nuixture of
bacteria, phyloplankton and zooplankton than clean
dquarinm water. The dilution veolume for viral particles
escaping from a potenual carrier 1s alse much greater
These fadtors, along with behavior of the erabs and
shrimp, woukd be important Lo consider in assessing
the actual nisk ol viral transfer from crabs to shrimp n
a Teal aquaculture seluing. Further stedies are neces-
$ary to cstablish the actual degree of nisk. However,
unti] there is1eason to believe otherwise, the results of
s study suggest that farmers would be well advised
to prevent all crabs from entering their shnmp ponds
throughout the culuvation cycle.

One starihing feature of this work was the high
degree of viremia an the crabs, as judged from the
large numbers of infected cells seen in their tissues by
tistology and jn s hybridization and from the strong
PCR amplification signals trom their haemolymph. Yet
they sutfered no visibie 1l effects and no mortalhity
dunnga the period of observation. These results corre-
sponded to those of Supamattava et al. (19948), who also
showed that crabs could carry heevy viral infections
without visithle negative effects. This contrasted with
high mortality in Pepaeus monodon at similar levels of
viteniia i the above authors” and in our tests. Clearly
the crals were not resistant’ to the virus in the tradi-
tional sense. since they did not appear to clear it from

their system or inactivate it. Rather they seemed to tol-
erate it at very high levels of replication. Nor did the
virus appear to have lowered virulence for P. monodon
after replication in the crabs. It is apparent that the
level of viral replication, in itself, was not the cause of
mortalities in the shrimp, and that some other mecha-
nism would have to be invoked to explain it.

Il is well known that insect baculoviruses process
genes that inhibil apoplosis (IAP genes) (Clem et al.
1996) and that these genes allow viral replication to
occur without initiating host cell death. WSSV is prob-
ably a baculo-like virus or related to the baculo-like
viruses (Wongteerasupaya et al. 1995} and it may
therefore contain AP genes tha! function in some
crustaceans hbul not others. Alternatively, 1t may be
that the crabs have a high level of tolerance through
prior adaptive accommeodation to the same or a similar
viral pathogen {Pasharawipas el al. 19497 Flegel &
Pasharawipas 1998). An understanding of the reasons
for differences in mortality from equally heavy wviral
intections may allow us to develop strategies for
linuting mortality from viral pattiogens in shrimp aqua-
culture,
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Yellow head virus irom Thailand and gill-associated viruys from
Australia are closely related but distinct prawn viruses
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ABSTRACT: Corresponding genomic regions of isclates of
vellow head virus (YHV) from Thailand and gill-associated
virus (GAV) from Australia were compared by RT-PCR and
sequence analysis. PCR primers designed from sequences in
the GAV ORF1b polyprotein gene amplified the correspond-
ing 577 nuclectide region of the YHV genome. Comparison of
the amplified region indicated 85.1% nucleotide and 95.8%
amino acid sequence identity, YHV PCR primers designed to
amplify a 135 nucleotide product previocusly described as a
YHV diagnostic probe failed to amplify the corresponding
product from GAV RNA. However, the cognate GAV se-
quence for this and another recently reported YHV sequence
were located in an upstream region of the ORF1b gene. A
comparnison of these sequences indicated identities of 83.0
and 80.9% at the nucleotide level and 86.7 and B6.5% at the
amino acid level, respectively. The data indicate that GAV
and YHV are closely related but distinct viruses for which dif-
ferential diagnostic probes can be applied.

KEY WORDS: Yellow head virus (YHV) - Gill-associated virus
(GAV) - Lymphoid organ virus (LOV) - Penaeus monodon -
RT-PCR - Sequence analysis

Yellow head wvirus (YHV) was first reported to be
associated with mass mortalities of farmed Penaeus
monodon (black tiger prawns) in Thailand in 1990
(Limsuwan 1991). The disease affects juvenile to sub-
adult prawns and is usually characterised by a pale to
yellowish colouration of the cephalothorax and gilis,
and erratic swimming of infected animals near the sur-
face at the pond edge. Enveloped, rod-shaped virions
and helical nucleocapsids are observed by transmis-
sion electron microscopy in the cytoplasm of infected
haemocytes, lymmphoid organ and gill cells (Boonyarat-
palin et al. 1993, Chantanachookin et al. 1993}. In
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1994, a similar virus was identified in healthy wild and
farmed P. monodon in Queensland, Australia (Spann et
al. 1995). Virions and nucleocapsids were morphologi-
cally indistinguishable from YHV, but as they were
observed exclusively within abnormal cell foci in the
lymphoid organ, it was named lymphoid organ virus
(LOV). In 1995-96, mass mortalities of juvenile and
subadult P. monodon at 4 farms in north and southeast
Queensland led to the identification of another similar
virus (Spann et al. 1997). In this case, the lymphoid
organ of diseased prawns displayed extensive struc-
tural degeneration and cellular necrosis and contained
large numbers of helical nucleocapsids and rod-shaped
vinons that were indistinguishable from YHV. The
disease was transmitted experimentally to healthy P.
monodon and, in both naturally and experimentally
infected P. monodon, histopathology resembled that of
YHYV infection. However, mortality was preceded by
varying degrees of red body colouration and there was
no indication of pale body colouration or yellowing of
the cephalothorax as described for YHV. Unlike the
non-pathogenic LOV, high infection levels were
observed in gills as well as lymphoid organs and the
pathegenic virus was named gill-associated virus
(GAV; Spann et al. 1997). In Taiwan, a yellow head-
like virus has also been identified in farmed P. japori-
cus {(kuruma prawns) displaying typical signs of severe
white spot disease (Wang et al. 1995). Although histo-
pathology was characteristic of YHV, its involvement
in clinical disease was complicated by the likely co-
existence of white spot syndrome virus.

Little is known of the molecular structure or the rela-
tionship between these yellow head-like virnuses.
Analyses of purified YHV preparations have indicated
that virions contain a single-stranded RNA genome
(Wongteerasupaya et al. 1995) and 4 major structural
proteins of ~170, 135, 67 and 22 kDa (Nadala et al.
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1997). The 135 kDa protein was shown to be glycosy-
lated (Nadala et al. 1997). Based on a rod-shaped
virion morphology similar to plant rhabdovirases and
preliminary data suggesting that the large {~22 kb)
ssRNA genome may be of negative polarity, YHV has
been provisionally proposed to be a member of the
Rhabdoviridae (Loh et al. 1997, Nadala et al. 1997).
However, we have recently determined the nucleotide
sequence of a 9.1 kb reqgion of the GAV genome which
encodes a long open reading frame (ORF) with signifi-
cant homologies in the functional domains of ORF1b
polyproteins of arteri-, toro- and coronaviruses (Cow-
ley et al. unpubl.). In addition to the ORF1b (replicase)
gene, the genomic region contains a ribosornal frame-
shift site and intergenic promoter elements indicating
that the replication mechanism employed by GAV is
related to these positive-strand ssRNA viruses. In this
paper, we report sequence relationships between YHV
and GAV based on 3 regions of the large ORF1b gene.

Materials and methods. cDNA library preparation:
A GAV cDNA library was prepared by random ampli-
fication (Froussard 1992) of a ~22 kbp dsRINA replica-
tive intermediate purified from lymphoid organ total
RNA of Penaeus monodon infected experimentally
with GAV as described previously (Spann et al. 1997).
Briefly, 200 to 400 pg total RINA isolated using TRlzol-
LS™ (Gibco-BRL) was resolved in a 0.6 % low melting
point agarose-TAE gel containing 0.5 ng ml! ethidium
bromide (Sambrook et al. 1989). A ~22 kbp dsRINA
band was isolated using f-agarase (Boehringer Mann-
heim) digestion according to the manufacturer’s in-
structions. dsRNA (~10 ng) was strand-separated in the
presence of 150 ng uni-primer-dNg (5'-GCCGGAGCT-
CTGCAGAATTC(N)g-3') (Froussard 1992) by incuba-
tion in 12 pl 8% deionised formamide in DEPC-water
at 98°C for 8 min followed by rapid quenching on dry
ice. Representative sequences were randomly ampli-
fied using the rPCR method described by Froussard
(1992) except that 200 U Superscript II (Gibco-BRL)
was substituted for 20 U AMV reverse transcriptase for
first strand cDNA synthesis and that Tag DNA poly-
merase (Promega) was used in place of AmpliTaq
(Perkin Elmer-Cetus). rPCR products were purified
using a QlAquick™ column (QIAGEN) and cloned by
ligation into pGEM-T Vector (Promega) and transfor-
mation of competent E. coli DH5-u¢ host cells (Gibco-
BRL). Plasmidg containing inserts were purified from
colonies selected with ampicillin, X-gal and IPTG as
described by Sambrook et al. (1989).

Primers and. PCR reactions: PCR primers GAV1
(5'-ATCCATACTACTCTAAACTTCC-37), GAV2 (5'-
GAATTTICTCGAACAACAGACG-3'), GAVS (5'-AAC-
TTTGCCATCCTCGTCAC-3') and GAV6 (5'-TGGAT-
GTTGTGTGTTCTCAAC-3') were designed to a 781 bp
cDNA clone (pG12) that contained a continucus long

open reading frame (ORF) and were synthesized using
an Oligo-1000 DNA Synthesizer (Beckman). Total RNA
was extracted from the lymphoid organs of Penaeus
monodon infected experimentally with YHV using
TRIzol-LS™ reagent {(Gibco-BRL). For RT-PCR reac-
tions, 10 ng total RNA and 30 prnol each primer GAVS
and GAV6 were added to a reaction mixture compris-
ing 10 mM Tris-HCI, pH 8.3, 50 mM KCI, 1 U ribo-
nuclease inhibitor (Gibco-BRL), 2 mM MgCl,, 200 nM
each dATP, dTTP, dCTP and dGTP, 200 U Superscript
II reverse transcriptase (Gibco-BRL) and 2.5 U Tagq
DNA polymerase (Gibco-BRL). The mixture was in-
cubated in a thermal cycler using 1 cycle of 42°C for
30 min, 84°C for 2 min followed by 30 cycles of 94°C for
15 s, 52°C for 15 s and 72°C for 15 s and a final elonga-
tion step of 72°C for 5 min. For nested PCR, 0.5 pl of the
primary RT-PCR was amplified with the primer pair
GAV1-2 using the conditions above but with reduced
(i.e. 20) amplification cycles. PCR products were re-
solved in a 2% agarose-TAE gel containing 0.5 pg ml™!
ethidium bromide and visualized using .a UV transillu-
minator. The 618 bp YHV PCR product was purified
using a QlAquick™ column (QIAGEN) and cloned by
ligation into pGEM-T Vector (Promega) as described
above.

Sequence analyses: Both DNA strands of the 618 bp
inserts in 3 YHV PCR clones were sequenced using
universal pUC forward and reverse primers, Thermo-
Sequenase'™ (Amersham) and automated ABI Model-
377 sequencing systems (Applied Biosystems Inc.) at
the Australian Genome Reference Facility, University
of Queensland. Nucleotide sequence translations were
performed using MacVector 3.5 software. Sequence
alignments and estimations of sequence identity were
conducted using Clustal W software at the Australian
National Genomic Information Service at the Univer-
sity of Sydney. Sequences reported in this paper are
deposited in the EMBL/GenBank database under
Accession Numbers AF102827, AF102828, AF102829
and AF126718.

Results and discussion. The relationship between
the morphologically and clinically related YHV from
Thailand and GAV from Australia was determined by
sequence comparison of 3 genomic regions located in
the ORF1b-like gene. The first 618 nucleotide region
was amplified from YHV RNA by RT-PCR using
primers {(GAVS and GAV6) designed from a sequence
overlapping the putative helicase domain of GAV
ORF1b (Fig. 1). The authenticity of the YHV PCR
product was confirmed by nested PCR amplification of
an internal 317 bp product using primers GAV1 and
GAV2. The nucleotide and deduced amine acid se-
quences of the 618 bp YHV amplicon were determined
from the consensus of 3 clones and compared with the
corresponding GAV sequence (Fig. 2a). In each virus,
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Fig. 1. Products of RT-PCR and nested PCR amplification of
YHV RMNA present in total lymaphoid organ RNA isolated from
YHV-infected Penacus monedon. Total RNA (10 ng) was am-
plified by RT-PCR with the primer pair GAV5-6 using 30 cycles
at an anneal temperature of 52°C (lane 1). An aliquot (0.5 ul)
of the RT-PCR was re-amplified by nested PCR with the
primer pair GAV 1-2 using 20 cycles and the same conditions
(lane 2). PCR products were resolved in a 2% agarose/TAE
containing 0.5 pg ml! ethidium bromide. M represents a
100 bp DNA ladder marker (Gibco-BRL)

the region encodes a continuous open reading frame
{ORF). In the 577 bp region internal to primers GAVS
and GAVE, there was 85.1% identity in nucleotde
sequence and 95.8% identity in amino acid sequence.
The majority (77/86) of nucleotide mismatches modi-
fied codons in ‘wobble' positions and were silent. Most
amino acid substitutions (6/8) were conservative as
defined by charge and polarity conservation and
matching of aromatic residues (Poch et al. 1890).

A second comparison was conducted with the GAV
genomic region corresponding to the 135 bp sequence
of a ¢cDNA clone phMUY412 (Fig. 2b) used to establish
a YHV diagnostic RT-PCR (Wongteerasupaya et al.
1997). In each virus, the region encodes a continuous
ORF which is located towards the 5' end of the GAV
ORF1b gene (Fig. 3). Nucleotide sequence identity
{83.0%) was similar to that observed for the down-
stream 577 nuclectide region. However, amino aad
sequence identity (86.7 %) was somewhat lower due to
a higher proportion of codon changes in the first and
second base positions. Significantly, there was consid-
erable divergence between the GAV and YHV se-
quences in the terminal regions of the 135 nucleotide
sequence targeted by YHV RT-PCR primers 10F (6/20

mismatches) and 144R (10/20 mismatches). Four of
these mismatches occur at the extreme 3'-terminus of
primer 144R. As would be expected from this level of
mismatch, all attempts to amplify the corresponding
135 bp product from GAV using these YHV primers
have failed {data not shown).

A 1068 nucleotide region of a YHV sequence re-
cently reported by Tang & Lightner (1999} was also
analyzed. This sequence aligned with the GAV ORF1b
gene upstream of and overlapping the 135 nucleotide
sequence encompassed by the Thai primer pair
10F/144R (Wongteerasupaya et al. 1997). Although
there appears to be an insertion error at G*°® which
results in premature termination of the reading frame,
the corrected sequence (excluding the overlap) shared
80.9% nucleotide and 86.5% amino acid sequence
identity to GAV (Fig. 2¢). A comparison of all 3 ORF1b
regions, the relative positions of which are shown in
Fig. 3, indicates that the overlapping 3’ regions shared
similar levels of sequence identity that were somewhat
lower than that identified in the 3" helicase region, par-
ticularly at the amino acid level. In the helicase region
amplified by pnmers GAV5 a1 . GAVS, the level of
sequence divergence between YHV and GAV is simi-
lar to that observed within the same region of different
strains (A59 and JHM) of murine coronaviruses (Bre-
denbeek et al. 1990, Lee et al. 1991). Moreover, the
ORF1b gene is likely to be more highly conserved than
other genes encoding structural proteins, especially in
those dcrnains of ORF1b associated with enzymatic
activity.

The sequence comparisons reported here support
clinical, histological and morpholegical observations
suggesting that GAV from Australia and YHV f{rom
Thailand are closely related viruses (Boonyaratpalin et
al. 1993, Chantanachookin et al. 1993, Spann et al.
1997). However, the level of sequence divergence
between YHV and GAV is far greater than between
individual Australian isolates of GAV which share
>988.5% identity at the nucleotide level (Cowley et al.
unpubl.). This indicates that YHV and GAV represent
distinct gemnetic lineages and may be considered as
different species or different geographic topotypes.

Regional and international movements of live and
frozen shnmp provide opportunities for the inadver-
tent introduction of exotic pathogens and evidence has
recently been reported for an incursion of YHV into the
prawn aquaculture industry in the Americas via frozen
commodity shrimp (Lightner et al. 1997, Nunan et al.
1998). Sequence analysis of yellow head-like viruses
from various regions in Australasia, India and the
Americas will be required to determine the extent of
molecular diversity among isolates from these distinct
geographical locations. Such molecular data and
comparative pathological studies will be useful in epi-
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