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White spot disease (WSD) is a viral disease thasesacutely fatal and
massive losses in most commercially cultivated neashrimp species. A
longitudinal retrospective study of the risk fastéor WSD outbreaks was
investigated based on management practices ancbemental variables of a semi-
closed farming system. Altogether 384 pond recofdscontinuous production
cycles of a 70-pond farm from January 1998 to Jan2@02 were analyzed using
multivariable logistic regression analysis and galieed estimating equations
(GEE). WSD outbreak ponds were defined as thoseerndteimp gave a positive
result for WSSV infection using a 1-step PCR metHidte average time of shrimp
culture in outbreak ponds was 80 days. While tlexaye days of culture in normal
ponds was 124 days. Forty-three percent of thepbad WSD outbreaks
throughout the study period. Season was the stsbfigetor that affected WSD
outbreaks. Stocking shrimp during the rainy-wirgeason (June 16—December 31)
dramatically increased the risk of disease (OR58)7.0n the other hand, pond
preparation durations longer than 17 days redueedisk of WSD outbreaks (OR =
0.33).

A high value of the transmission coefficief}) {n the rainy-winter season
was found in the dynamic epidemiology study. lidated that season is very
important for epidemic outbreaks of WSD. Fluctuasion water salinity and low
temperature probably had synergistic effects oroimoregulation capacity of
shrimp, increasing susceptibility to infection.

The number of tandem repeats in ORF94 and ORF1ZBRéNvere highly
variable among various Thai-WSSV isolates. Wher2thearkers were used
together, 18 WSSV genotypes were found out of 2i8iple genotypes.

Student’s signature Thesis Advisor’s signature



ACKNOWLEDGMENTS

This research was supported by the Center of Etwesl on Agricultural
Biotechnology, Postgraduate Education and Resézegklopment Office,

Commission on Higher Education, Ministry of Eduoati

I would like to pay my sincere gratitude to Mra8ya Srisawas who kindly
provided all of the recorded data and allowed theime published for the benefit of
the shrimp industry. | appreciate Dr. Chlor Limsuveand Dr. Niti Chuchird who
kindly advice on the discussion part, Dr. Chalerhskcharoensulwvho was the first
man to give me an idea about epidemiological studrel Dr. lan Dohoo and Dr.
Henrik Stryhn who were epidemiology and statistezchers at Atlantic Veterinary
Collage (AVC) that helped me with data analysisuml also highly appreciated Dr.
Jeffery Davidson for his great help during my stathAVC, Canada. Also, |
gratefully acknowledge Dr. Patamaporn Amavisit, Bipat Arunwipas and Dr. Narut

Thanantong for help in correcting English gramnrat spelling.

I would like to express my thanks to my graduatemittee, Dr. Timothy
William Flegel, Dr. Worawidh Wajjwalku and Dr. Pdend Chanratchakool for their
continuing support and guidance thoughout my Pragam.

Finally, 1 would like to than my devoted parents; family and especially
Miss Jinpanee Na-nakorn who always give me heastfpport, encouragement and

unlimited love.

Visanu Boonyawiwat
May 2009



TABLE OF CONTENTS

TABLE OF CONTENTS

LIST OF TABLES

LIST OF FIGURES

LIST OF ABBREVIATIONS

INTRODUCTION

OBJECTIVES

LITERATURE REVIEWS

MATERIALS AND METHODS

RESULTS AND DISCUSSION
Results
Discussion

CONCLUSION

LITERATURE CITED

APPENDICES
Appendix A White spot syndrome virus host range
Appendix B Chemical reagent and substances
Appendix C The standard prtocols
Appendix D Manufacturer’s instruction of commerdiél

Appendix E IUPAC Nucleotide ambiguity codes

Page

22
40
40
73
82
84
106
071
116
119
121
124



ii

LIST OF TABLES

Table Page

1 Chronological order of white spot syndrome viousbreaks in
shrimp farming countries in Asia and America 5
Variables used in the study of risk factors fa88¥ outbreaks 25
3 Estimates of the number of ponds newly infec@d the number of

infectious pondsl], the number of susceptible pon& &nd the

infection rate parameteR) for each week of an epidemic 30
4 Primers used for PCR analysis in WSSV genotyping 35
5 VNTR primers, PCR cycling conditions and expedegtplicon sizes 38
6 Calculation of repeat units numbers in each rateitte locus 38
7 Variables used in the study of risk factors fa88¥ outbreaks 41
8

The univariable regression analysis resultssif factors for clinical

WSD outbreaks in black tiger shrimp for significaariables (P<0.1) 42

9 The Pearson correlation coefficients among sicanit independent
variables from the univariate regression analysis 44

10  Parameter estimatdy (or two different statistical analyses of WSD
data with the same risk factors 45

11  Magnitude of change in odds ratio (OR) for daiWSD outbreaks

across reasonable intervals as used in the geretastimating

equation (GEE) model 46
12  Characteristics of transmission of WSSV betwsamds during three
consecutive phases of the 1998-1999 epidemicisttidy farm 48

13  Minisatellite copy numbers for variable and n@miable repeat

regions within similar genomic loci of three conpl&/SSV

genomes 50
14  Location, date and number of samples colleaethe study 55
15  The numbers of RUs present in the region engo@iRF66, ORF76,

ORF84 and ORF116 56



Table

16

17

18

19

20

21

22

23

24

25

LIST OF TABLES (Continued)

The number of RUs present in the region enco®R§94 and
ORF125

Pattern of ORF94 repeat groups for WSSV outbpeakis sampled
during 1999 — 2002

Pattern of ORF125 repeat groups for WSSV oukippeads sampled
during 1999 — 2002

Repeat units (RU) present in the region encoO@R§75

Pattern of ORF75 repeat groups for WSSV outbpesiis sampled
during 1999 — 2002

Results of Megablast nucleotide analyses ofequenced
minisatellite samples with those of the three catgWWSSV genome
sequences on ORF66, 76, 84 and 116 locus

Results of Megablast nucleotide analyses ofequenced
minisatellite samples with those of the three catgWWSSV genome
sequences for ORF75 loci

Results of Megablast nucleotide analyses ofequenced
minisatellite samples with those of the three catgWSSV genome
sequences at ORF94 loci

Results of Megablast nucleotide analyses ofequenced
minisatellite samples with those of the three catgWSSV genome
sequences at ORF125 loci

Summary of substitutions found in sequencedeamnikpeat regions
of ORF125 for selected amplicons of Thai shrimp glas

11

Page

59

60

61
62

62

65

67

69

71

63



LIST OF TABLES (Continued)

Appendix Table

Al  White spot syndrome virus host range

E1l IUPAC Nucleotide ambiguity codes

v

118

125



Figure

10

11

12

13

14

LIST OF FIGURES

Page
Presence of white spots in the carapace of faffeedeus monodon
infected with white spot syndrome virus. 7
Histopathological lesions of white spot syndromeisi(WSSV)
infection in cells of the stomach epithelium 8
Morphology of the white spot syndrome virus (WSS$irjon 12

General structure of white spot syndrome virus gend hai isolate
(AF369029) 13
Sketch of the farm studied showing 70 culture pams$reservoir

ponds 23
Plot of stocking day versus pond record number

Estimated distribution of the number of virus imtuations per week

and distribution of the number of ponds emergerarydsted during
1998-1999 47
Comparative occurrence of various repeat sizesmilkie three

complete WSSV genomes 49
Representative ORF66 region show the tandem repgaence of 36

bp units, franking regions and primers positions. 51
Representative ORF76 region show the tandem repgaence of 39

bp units, franking regions and primers positions. 52
Representative ORF84 region show the tandem repgaence of 33

bp units, franking regions and primers positions 52
Representative ORF116 region show the tandem repgaence of

42 bp units, franking regions and primers positions 52
Agarose gel showing PCR amplification productsrahprs for

ORF66 by thermal gradient PCR 53
Agarose gel showing PCR amplification productsrahprs for

ORF76 by thermal gradient PCR 53

26



Figure

15

16

17

18

19

20

21

22

LIST OF FIGURES (Continued)

Agarose gel showing PCR amplification productsrahprs for
ORF84 by thermal gradient PCR

Agarose gel showing PCR amplification productsrahprs for
ORF116 by thermal gradient PCR

An example of agarose gel showing PCR amplificatimyducts of
minisatellite locus ORF94

Example of an agarose gel showing PCR amplificgti@ducts of
minisatellite locus ORF125

Comparison of nucleotide sequence of our sequemagidatellite
samples from ORF75 with those of WSSV-TH (AF369069)
Comparison of nucleotide sequence of our sample WisSV-TW
(AF440570) at ORF94

Comparison of nucleotide sequence of our samptesWSSV-TH
(AF369069) at ORF125

Scatter plot of the distribution of ORF94 repeatsiagainst
ORF125 repeat units

vi

Page

54

54

57

58

66

68

70

81



agepl
bp
carricide
CC

Cl

cm

CP
disinfect
DNA
dsDNA
EtBr

ISH

IHC

kb

kDa

M

mM

Hg

i

mi

mg

nm

NP

NS
obfmcrop
OR

ORF
PCR
pdrestdu
PL

LIST OF ABBREVIATIONS

age of postlarvae shrimp
base pair

used carricide
Chachoengsao
confidence interval
centrimeter

Chumphon

used disinfectant
deoxyribonucleic acid
double standed deoxyribonucleic acid
ethidium bromide
In situ hybridization
Immunohistochemistry
kilobase

kilodalton
molar

milimolar

microgram

microliter

milliliter

milligram

namometer

Nakhon Pathom

Nakhon Si Thammarat
WSD outbreak in former crop
odds-ratio

open reading frame
polymerase chain reaction
duration of pond drying
postlarvae

vil



pondsize
predurat
RFLP
RNA
rpm

S.E.
shrimpm
SNPs
ST
stockden
VNTR
uv

walevel

viil

LIST OF ABBREVIATIONS (' Continued)

= pond size

= duration of pond preparation

= restriction fragment length polymorphrism
= ribonucleic acid

= round per minute

= standard error of mean

= shrimp per squaremeter

= single nucleotide polymorphrisms

= Surat Thani

= stocking density

= variable number tandem repeat(s)
= ultraviolet

= water depth



TRADITIONAL AND MOLECULAR EPIDEMIOLOGY TO
DETERMINE RISK FACTORS FOR OUTBREAKS OF SHRIMP
WHITE SPOT DISEASE IN THAILAND

INTRODUCTION

White spot disease (WSD) is a viral disease tHatt many commercially
cultivated marine shrimp species. WSD was initiadlgognized in Japan in 1993 and
then spread rapidly throughout Asia. Currentlys & widely distributed disease and
the most serious viral pathogen of shrimp, witlinegted losses of production
amounting to hundred millions US$ annually. In Téadl the first outbreak of WSD
was reported in1994 and it is still a major causeconomic loss for Thai shrimp

farmers.

The principal clinical sign of the disease is thegence of white spots in the
cuticle of infected shrimp. Affected individualsdmene lethargic and lose their
appetite and mortality can reach up to 90-100%iwiBq10 days after the first signs
of disease. The causative agent of the diseashiis spot syndrome virus (WSSV).
It is a bacilliform, enveloped virus, with a doudiganded DNA genome that has an
approximate length of 305 kbs. There are two miajotes of transmission of WSSV,
one is vertical transmission via infected broodskrand the other is horizontal
transmission via carriers. Several methods have adepted to prevent WSSV
outbreaks, but serious outbreaks still occur eyeey. During the past 3 years,
several molecular marker assays have been develop@dSSV. Results from
genomic DNA fragment analysis indicated extremeghtDNA sequence homology
for WSSV. However, variation in repetitive DNA fragnt lengths allows researchers

to distinguish among WSSV isolates.

This report describes (1) investigation into ttsk fiactors for WSD outbreaks
in intensive shrimp culture systems in Thailand,g\2aluation the potential for



horizontal transmission of WSSV in different seasdB) attempts to develop new
VNTR markers and to use 3 minisatellite markers F@R ORF75 and ORF125) as
epidemiological markers for genotyping WSSV fromirsip in Thailand. The
knowledge from this study contributes to a bettetarstanding of WSSV
epidemiology in Thailand. Finally, a best fit pretige control program is described

for distribution to Thai shrimp farmers.



OBJECTIVES

1. To study the risk factors associated with WSBthreaks in shrimp farms

using a retrospective study.

2. To evaluate the potential for horizontal trarssion of WSSV between

ponds during difference seasons.

3. To establish new VNTR markers to be used vatmer markers in
genotyping WSSV isolated from diseased shrimp iail@hd.



LITERATURE REVIEW

1. White spot disease (WSD)

The rapid expansion of intensive shrimp farmingeys worldwide has been
accompanied by the occurrence of many threatengeases of shrimp. One of these
is white spot disease (WSD) caused by white spadreyne virus (WSSV). WSD has
been formally recognized since it first occurred 893 in the northern part of the
Asia. Thereatfter, it spread rapidly throughoutAlsgan continent (Takahasht al,
1994; Wanget al, 1995; Wongteerasupagaal, 1995).

In 1992, a new virus appeared in shrimp farms h@on China causing
disease and massive mortality (Cledial, 1995). In late 1993, the viral agent was
first isolated from an outbreak in Japan (Inoeyal, 1994) and within a few years
this new pathogenic agent spread to several stfampgng countries (Flegel, 1997).
At first, it was thought that different viral ageritad simultaneously appeared in
different regions and each was assigned a speafite: rod-shaped nuclear virus of
Marsupenaeus japonic®V-PJ) (Inouyeet al, 1994),Penaeus monodamon-
occluded baculovirus (PmNOB IIl) (Wargg al, 1995), systemic ectodermal and
mesodermal baculovirus (Wongteerasupatyal, 1995), white spot baculovirus
(Chouet al, 1995; Lightner, 1996), hypodermal and haematdigamecrosis
baculovirus (HHNBV) (Lightner, 1996) and penaeid#shaped DNA virus (Inouye
et al, 1994; Venegast al, 2000). Subsequently, it was recognized that glesiviral
agent was responsible for these reports. Finatlynformal consensus was reached to
call it white spot syndrome virus (WSSV). CurrenilySSV is found in many shrimp
cultivation countries and is considered to be drt® most serious diseases of
shrimp aquaculture. The reports of WSSV outbreak&rious shrimp farming

countries are shown in Table 1.



Table 1 Chronological ordeof white spot syndrome virus outbreaks in shrimp

farming countries in Asia and America.

Year of Country Reference

occurrence

1992 Taiwan Choet al, 1995

1993 China, Japan, Korea Zhatnal, 1998; Inouyeet al,
1994; Parket al, 1998

1994 Thailand, India, Bangladesh ebal, 1996a; Karunasagat
al., 1997; Mazid and Banu, 2002

1995 USA Lightner, 1996; Wanrgf al, 1999a

1996 Indonesia, Malaysia, Sri Lank®urandet al, 1996;
Kasornchandrat al, 1998; Rajan
et al, 2000

1997 Vietnam Bondad-Reantasbal, 2001

1998 Peru Rosenberry, 2001

1999 Philippines, Ecuador, Magbanueet al, 2000; Bondad-

Colombia, Panama, HondurasReantaset al, 2001; Hossaiet
Nicaragua, Guatemala, Beliceal., 2001; Wuet al, 2001

1999-2000 Mexico Bondad-Reantasgal, 2001

2002 France, Iran Dieet al, 2004; Markset al,
2005

2005 Brasil APHIS-USDA, 2005

Source: Escobedo-Bonill&t al, 2008

Since its discovery in Taiwan in 1992, the virugesil quickly, causing
serious losses to commercial shrimp farming in ncoshtries where shrimp are
cultivated (Flegel, 1997). In China, productiondes of 80% of farmed shrimp were
attributed to WSSV in 1992 (Zhaat al, 1998). The WSD outbreak in Thailand was
first reported in 1994 and it resulted in more tB&0 million US dollars loss during
1996 (Flegel and Alday-Sanz, 1998). At present]dks to Thai shrimp production



associated with WSD may be more than 20% of tatadyction annually. In Asia, it
is still the most serious viral pathogen of shrimjih estimated losses in production

amounting to hundreds millions of US$ per year ¢Ele1997).

The spread of WSSV to other shrimp farming cousttigeatens the
development of shrimp aquaculture. WSSV is ableftect all commercially
cultivated marine shrimp species (Flegel, 20062062, WSSV was found in wild
crustaceans of the French Mediterranean coast @k, 2005). The presence of
WSSV in the area may interfere with the developnoéishrimp aquaculture,
especially in North African countries. The introtioo of WSSV-infected organisms
to areas where the pathogen was previously unkmoaynbe possible through ballast
water from cargo ships (Flegel and Fegan, 2002yen frozen shrimp commodities

if they are fed to cultivated shrimp (Duraatlal, 2000).

White spot disease affects all of the commercialijivated marine shrimp
species (Choet al, 1995; Flegel, 2006). It also has a broad hoggeancluding at
least 18 cultured and/or wild penaeid shrimp (Weegdsupayat al, 1996; Durand
et al, 1997; Luet al, 1997; Chouet al, 1998; Lightneret al, 1998; Parlet al,

1998), eight caridean species (Sahul Haneted, 2000; Shiet al, 2000; Pramod-
Kiran et al, 2002), seven species of lobster (Changl, 1998a; Rajendraet al,
1999), seven species of crayfish (Wat@l, 1998b; Corbeét al, 2001; Hossairet
al., 2001; Jiravanichpaisat al, 2001; Edgerton, 2004; Jiravanichpaisgal, 2004),
38 crab species (Let al, 1996a; Kanchanaphuet al, 1998 Kouet al, 1998; Sahul
Hameedet al, 2001; Sahul Hameeat al, 2003), six non-decapod crustacean species
(Supamattayat al, 1998; Otteet al, 1999; Hossaiet al, 2001), members of the
phyla Chaetognata and Rotifera (Yetral, 2004, 2007), polychaete worms (Sugk
al., 2005; Vijayaret al, 2005) and some aquatic insect larvaeLal, 1996a ;
Flegel, 1997) that have been found to be WSSV-pedity PCR (Apppendex A).
Although many of these species have been confitmedpport WSSV replication
under experimental conditions, some other spedksated from the wild have only
been found WSSV-positive by PCR. This indicates thany such species are not
necessarily WSSV natural hosts, but may only behaw@cal carriers.



1.1 Clinical signs

A principal clinical sign of WSD is the presenceobivious white spots
of 0.5-3.0 mm in diameter embedded in the cutitiefected shrimp (Figure 1) (Lo
et al, 1996b; Kasornchanded al, 1998). The exact mechanism of white spot
formation is not known. It is possible that the WS8fection may induce
dysfunction of the integument resulting in the analation of calcium salts within
the cuticle and giving rise to white spots (Wa@l, 1999b). Other signs of disease
include reddish discolouration of the body and aplages because of the expansion
of chromatophores (Lightner and Redman, 1998be@&éd individuals become
lethargic and reduce their feed intake (Clebal, 1995; Flegel, 1997) and mortality
can reach up to 90-100% within 2-7 days after st &ppearance of gross signs of
disease. In grow-out ponds, juvenile shrimp obgks and sizes are susceptible to the
disease but massive mortality usually occurs 1 miogths after stocking
(Kasornchandrat al, 1998). In addition, the persistence of infectimthe shrimp .
monodoi population for a very long time in the absencenafssive mortality has also
been demonstrated (Tsztial, 1999).

Figure 1 Presence of white spots in the carapace of faPeadeus monodon

infected with white spot syndrome virus.



1.2 Pathology

Histopathological studies have demonstrated hygehted nuclei with
eosinophilic inclusion and marginated basophilicoamatin in the cells of ectodermal
and mesodermal origin in the early stage of infec{MWongteerasupayet al, 1995).
These intranuclear inclusions are markedly distamzt bigger than the Cowdry A-
type inclusions characteristic of infectious hypwdal and haematopoietic necrosis
virus (Wongteerasupayat al, 1995). In the late stage of infection, infectentlei
become progressively more basophilic and enlargiegife 2). Karyorrhexis and
cellular disintegration may also occur in necratieas characterized by vacuolization
(Chang, 1996; Kasornchandetal, 1998; Wanget al, 1999b).

Figure 2 Histopathological lesions of white spot syndrorres (WSSV) infection
in cells of the stomach epithelium at the stage/&SV infection showing
hypertrophied nuclei with basophilic intranucleaclusions (x400).



1.3 Pathogenesis

Simulated natural routes for experimental infecbdVSSV have been
developed. These inoculation methods incude wateebchallenge by immersing
animals in water containing WSSV cell-free suspamsiChouwet al, 1998) and by
feeding them with WSSV-infected tissues (Lighteeal, 1998). The ingestion route
is considered to be the most important in natundl@lture conditions (Choet al,
1998; Wuet al, 2001; Lotz and Soto, 2002). According to experitakdata on
feeding shrimp with WSSV-infected tissues, the anyrsites of WSSV replication in
early juvenileP. monodorare the subcuticular epithelial cells of the stoimard cells
in the gills, the integument and connective tissine hepatopancreas, as determined
by in situ hybridization (ISH) (Chang, 199®). monodonnoculated by immersion
showed many WSSV-positive cells in gills and onfga in the stomach epithelium.
Recently, a standardized oral inoculation methos eeveloped (Escobedo-Bonita
al., 2006). With the standardized inoculation techajgbe primary sites of WSSV
replication as determined by IHC were the epithekdls in the anterior stomach
chamber, cells in the gills, and only with a higisd (10 000 SID50), in cells of the
antennal gland (Escobedo-Boni#aal, 2007).

The mechanism of viral spread from the primaryiogpion sites to other
target organs is still unclear. Several studieshaglicated that WSSV infects shrimp
haemocytes and travels throughout the body toattget organs (Wanet al, 2002).
Other studies have shown that WSSV might reachr ¢éinget organs through
haemolymph circulation in a cell-free form (Escobdbnilla et al, 2007). White
spot syndrome virus targets cells of organs ofdsrtmal and mesodermal origin,
including those of the epidermis, gills, stomadhgdgut (Wongteerasupaya al,
1995; Chang 1996), antennal gland, lymphoid or@angndet al, 1996; Changt
al., 1998a), muscles, eye-stalks, heart (l€bal, 1998), gonads (Let al, 1997),
haematopoietic cells and cells associated witm#reous system (Rajendranal,
1999; Wanget al, 1999b). Epithelial cells of organs of endoderorégin such as the
hepatopancreas, anterior and posterior midgut castanidgut trunk are refractory
to WSSV infection (Sahul Hameed al, 1998). In the late stages of infection, the
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epithelia of the stomach, gills and integument fnagome severely damaged (Chang
1996; Wanget al, 1999b). This may cause multiple organ dysfunstiand it
probably leads to death.

1.4 Transmission and Prevention

WSSV has two major routes of transmission, oneiical transmission
via an infectious brooder stocks. Accordingly, WS3NK be found in the reproductive
tissues of male and fema®e monodorbroodstock and in their postlarvae (PL) (Lo
and Kou, 1998). Hence, infected PL are a majorerofientry for WSSV into culture
ponds (Limsuwam, 1997). The other is horizontalgraission via waterborne contact
or oral ingestion from intake water and carriers&ny potential carriers of WSSV
have been detected using PCR techniques. Redtitstied that wild marine shrimp
such asvietapenaeus dobsoni, Parapenaeopsis styliferapSoéraindica, Squilla
mantis small pest Palaemonid shrimp, copepods (subdlagsepodaSchmackeria
dubia) and pupae of an Ephydridae insect were carrieM/8SV. Moreover, marine
crabs such aSharybdis annulata, C. cruciata, C. feriatus, Porig pelagicus, P.
sanguinolentus, Macrophthalmus sulcatus, Gelasimasonis nitidus,
Metopograpsus messand the pest crabelice tridensalso have the potential to be
carriers of WSSV (Leet al, 1996a; Hossaist al, 2001). Experimental infection
studies have demonstrated that the freshwaterishafFherax quadricarinatus and
the mud crabScylla serratq (Chenet al, 2000; Shiet al, 2000) may also be
carrieres. Experimental transmission has been figatéed withP. monodorandP.
japonicusvia waterborne contact and oral ingestion (Cabal, 1998). In addition,
transmission of WSSV from infected cral&egarma sp., Scylla serraaadUca
pugilator) to shrimpPenaeus monoddmas been achieved by cohabitation
(Kanchanaphunet al, 1998) (Appendex A).

WSD outbreaks can be prevented by eliminating piatevectors in
intake water by filtering or chemical treatmenirdfike water and by screening PL
for WSSV with the polymerase chain reaction (PGRRhhique before stocking
(Flegel, 1997). Although the PCR method has beed tsscreen for WSSV in PL
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before stocking in many countries, the effectiverteass varied in different countries.
Working in Thailand has shown that the 1- step R&Rnique employing 50 PL may
give 23- 43 % false-negative WSSV- PCR results iiyachumnarnkul, 1999). This
was supported by results from a comparative staaedn India (Thakuet al,

2002). Hence, the main reason of lack of succeB€iR screening was false negative
results (Chanratchakool and Limsuwan, 1998). Fopgses of improving test
sensitivity, it is now recommended that PL scregrior WSSV be carried out using a
nested PCR test with a sensitivity of less than\ifidbns per PCR reaction vial and
using a template DNA extract from samples of 30(aBjusted to approximately 150
ng total DNA (never exceeding 300 ng) per reactiah (Flegel, 2006). However, the
MPEDA/NACA results suggest that the prevalence &W among PL might be
more important than the mere detection of the vimubke batch. Stocking density, for
example, may play a critical role in the effecM@8SV in PL. Moreover, the
sucessful screening of PL to decrease the riskf8D outbreaks depended on the
farming sytem (Corsiet al, 2005). No benefit of PCR screening was founthdia
and Vietnum where open and regular water excharagerautinely applied.

2. White spot syndrome virus (WSSV)

2.1 Morphology

White spot syndrome virus (WSSV), is a bacilliforemyveloped virus,
with a double-stranded DNA genome (Wagtaal, 1995; Lightner, 1996). Intact
enveloped virions range between 210 and 380 nenigth and 70—-167 nm in width
(Chang 1996). A tail-like appendage at one enth®MWSSV virion can be observed
in negatively stained electron micrographs (Wongtegpayaet al, 1995; Durandet
al., 1996) (Figure 3 a and b). The viral envelope-ig 6m thick and is a lipidic,
trilaminar membranous structure with two electraansparent layers divided by an
electron-opaque layer (Wongteerasupatyal, 1995; Durancet al, 1997). The
nucleocapsid is located inside the envelope aadstacked ring structure composed
of globular protein subunits of 10 nm in diameteaaged in 14-15 vertical striations
located every 22 nm along the long axis, giving aross-hatched appearance (Durand



12

et al, 1997; Nadala and Loh, 1998). When released ffaretvelope, the
nucleocapsid increases in length indicating thattightly packed within the virion.
The size of the nucleocapsid varies from isolatedtate and ranges between 180 and
420 nm in length and 54—-85 nm in width, with a 64tmck external wall
(Kasornchandrat al, 1998; Sahul Hameest al, 1998).

Miarlee: mpud

W am

Tl iy appendage

Figure 3 (a) Morphology of the white spot syndrome virlgSSV) virion. (b)
Electron micrograph showing WSSV virions with tiglle appendages
(black arrows) (bar = 250 nm).

Source: Durandet al, 1996

2.1 Genome and classification

The WSSV genome is a circular, ds DNA molecule w&ithA+T content
of 59% homogeneously distributed. The genome sazies according to the viral
isolate; 307 kb of Taiwan (WSSV-TW,; AF332093; Waetal, 1995), 293 kb of
Thailand (WSSV-TH; AF369029; van Hultetm al, 2001b) (Figure 4) and 305 kb of
China (WSSV-CN; AF440570; Yargf al, 2001)
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S,

WSSV genome ﬁ oy
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4 292 967 bp
Kpnl

150 kb

Figure 4 General structure of white spot syndrome virusogee Thai isolate
(AF 369029).
Source: Escobedo-Bonill&t al, 2008

Sequence analysis shows that the WSSV genome osiiteiween 531
and 684 open reading frames (ORFs). Of these, BBLORFs are likely to encode
functional proteins with sizes between 51 and 68mMiho acids. These represent 92%
of the genetic information contained in the gendien Hulten and Vlak, 2001;
Yanget al, 2001). About 21-29% of such ORFs have been sliowncode WSSV
proteins or share identity with other known proseifihese proteins include enzymes
involved in nucleic acid metabolism and DNA replioa such as DNA polymerase
(Chenet al, 2002), a small and a large subunit of ribonuatkoteductase (van
Hultenet al, 2000b), thymidine kinase, thymidylate kinase arahimeric
thymidine—thymidylate kinase (Tsai al, 2000). At least 38 structural proteins have
been located in the WSSV virion. These consisRbfenvelope proteins, 10
nucleocapsid proteins and five tegument proteinmuative structure located between
the envelope and nucleocapsid) (Tesaal, 2004). A cell attachment motif that
suggests a role in viral entry has been founderethvelope proteins VP31, VP110
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and VP281 (Huangt al, 2002; Tsakt al, 2004; Liet al, 2005; Xie and Yang,
2006), the tegument protein VP36A and the nuclesidgmrotein VP664 (Tsagt al,
2004; Leuet al, 2005) and VP136A (Tsait al, 2004; Xie and Yang, 2006).

A recent report indicates deleted DNA at the ORFBV&39,
WSBV492, WSBV493, WSBV495 and WSBV479 can causevoulence of WSSV
(Lanet al, 2002). ORF 151, 366 and 427 (Thai isolate) maypda putative proteins
involved in WSSV latency (Khadijaét al, 2003). Results frorm vivo neutralization
assays using antibodies against different struicpucdeins showed a significant delay
of shrimp mortality, indicating that proteins suah VP28 (van Hulteet al, 2001a),
VP68, VP281, VP466 (Wat al, 2005) and VP24 (Xie and Yang, 2006), might have
an important role in virus penetration. A 25-kDamfgane protein from shrimp
haemocytes was found to bind to recombinant VP28 86V virions. This protein
has high homology to the small GTP-binding protab7.In vivo neutralization
assays with anti-Rab7 antibody inhibited the bigddhWSSV virions to the cells and
significantly reduced mortality upon WSSV challer{§eitunyalucksanat al, 2006).
In crayfish, neutralization assays with the envelppoteins VP31, VP33 (also known
as VP36B) and the tegument protein VP36A strongybited WSSV replication,

indicating that these proteins also have an importae in infection (Liet al, 2006).

Sequence analysis of the DNA polymerase and thenargtion of
several ORFs known to encode WSSV structural preteere different from those of
known baculoviruses, demonstrating that theWS\biclosely related to this virus
group (van Hulteret al, 2000a). As WSSV is a distinct new virus, the in&tional
Committee on Taxonomy of Viruses (ICTV) approvee thxonomic position of the
virus as a new viral familyNimaviridag and a new viral genuS\hispoviru3 (Vlak
et al, 2005).

2.2 Genetic variability in WSSV strains

The various geographical isolates of WSSV idertdiBe far are very
similar in morphology and proteome. Limited diffeces in RFLP patterns have been
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reported, suggesting a high degree of genomiclgyafiio et al, 1999; Markset al,
2004). Little difference in virulence among vaisol/SSYV isolates has been reported
(Wanget al, 1999a). After complete sequencing of three difféMWSSV isolates, the
major variable loci in the WSSV genome were magpedlignment of those
sequences (Market al, 2004). All of the complete genome sequences havaverall
identity of 99.32%. The five major differences tkatst among the isolates include a
large deletion region of ~13.2 kb in WSSV-TH anil.2 kb in WSSV-CN relative to
WSSV-TW, a variable region prone to recombinateiransposase sequence present
only in WSSV-TW, variation in the numbers of refgeiat variable number tandem
repeat (VNTR) regions, single nucleotide indels simgjle nucleotide

polymorphrisms (SNP) (Dieet al, 2004; Shekaet al, 2005). The variations
associated with ORF 23/24 and ORF 14/15 within WS$Vare prone to deletion
and recombination events, respectively, and arerteg to be useful in identifying
evolutionary changes in WSSV (Marksal, 2005).

3. Diagnosis of white spot disease

An efficient disease control programme must ineltite prompt reporting of
outbreaks and rapid and accurate diagnosis. Smecghrimp immune system lacks
immunoglobulins (Ig), T cell receptors (TCR) and thajor histocompatibility
complex (MHC), identification of the agent itsedfthe only way to diagnose WSD
(Arala-Chaves and Sequeira, 2000).

3.1 Histology

The most commonly applied laboratory test is direitiroscopic
examination and routine histology and histochemigtistological findings typical of
WSSV infection include enlarged nuclei in tissuesdodermal and mesodermal
origin. The most convenient tissue for diagnosihiéssubcuticular epithelium.
Usually, the subcuticular epithelium of the stompobvides excellent views
revealing pathognomonic enlarged nuclei contaibiaspphilic inclusions and
surrounded by vacant cytoplasm. Nuclei at the estdge of infection show Cowdry
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A-type inclusions (i.e., marginated chromatin safped from a central reddish
inclusion by a ring of unstained nucleoplasm).ddition to tissue sections, it is also
possible to prepare rapidly stained whole gill mswand sub-cuticular epithelial
tissue. These show the same histologocal signsisémsisue sections but can be
prepared much more conveniently and much fastertibaue sections (Alday de
Graindorge and Flegel, 1999; Flegel, 2006). Otimgrartant techniques used less
frequently are bioassay and enhancement that gokoged for the detection of
subclinical or carrer-states of infection (Lightn£896).

3.2 Virus isolation

Only primary shrimp cell cultures have been sudodiggrepared from
the lymphoid organ, heart (Nadatal, 1993; Tong and Miao, 1996) and ovaries
(Kasornchandrat al, 1999). This limits the use of cell cultures tol&e and assay

the virus.

3.3 Serological methods

Polyclonal antibodies against VP19 and VP26 stratfuroteins
(Chaivisuthangkurat al, 2006a, 2006b) and also a monoclonal antibodynagai
VP28 structural protein (Chaivisuthangktaal, 2004) have been developed.
Several serodiagnostic methods have been devefopade in shrimp disease
diagnosis (Lightner and Redman, 1998a; Poatad, 2001; Liuet al, 2002;
Okumuraet al, 2004). Assays utilizing HRP-conjugated virus-siiepolyclonal
antibodies have been developed for detection oMB&V in gill homogenates of
infected shrimp spotted onto nitrocellulose memésafiNadala and Loh, 2000).
Lateral flow chromatographic detection strips hals® been described (Powetlal,
2006; Sithigornguet al, 2006; Wang and Zhan, 2006).

3.4 Nucleic acid recognition methods

3.4.1 Polymerase chain reaction (PCR)
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PCR has been documented for the diagnosis of W88Werous
primer sets have been developed from different ceam(Loet al, 1996b; Takahashi
et al, 1996; Boonyawiwaet al, 2000; Hstet al, 2000; Kiatpathomchaat al, 2001;
Tsaiet al, 2002; Hossaiet al, 2004). The method described by éial. (1996b) is
the standard used by the International OrganizdtaoAnimal Health, although a
current publication suggests, this test may gilgefpositive results with the
Australian crayfisftCherax quadricarinatu¢Claydonet al, 2004). Methods for real-
time PCR (Dhaet al, 2001) and isothermal DNA amplification (Koebal, 2004)
have also been described. PCR has been appliedhogen detection, research for

new hosts and pathogenicity studies of the WSSV.

3.4.2 Insitu hybridization

Non-radioactive labeled DNA probes have been d@esldor
investigating the presence of WSSV in tissue sasnfdeinan and Lightner, 1997;
Wanget al, 1998a). The results from situ hybridization examination showed
positive signals in the following tissues and ogarieopods, gills, the stomach,
muscles, hemolymph, the midgut, the heart, pereispihe lymphoid organ, the
integument, nervous tissue, the hepatopancreass tevaries, spermatophores,

compound eyes and eye stalks @ial, 1997).

4. Epidemiological study of WSSV

During the period of initial WSD outbreaks, theestific community
hypothesized a number of potential risk factorsoiaitbreaks based on information
from other diseases, experimental tests, pathogyestadies and circumstantial
evidence. For example, natural carriers were fdorize potential sources of disease
transmission (Kanchanaphuehal, 1998), as were infected postlarvae
(Withyachumnarnkul, 1999) and contaminated watéo{{®t al, 1998). Stress
(Sudhaet al, 1998) was also suggested to be a possible rstrfior WSD
outbreaks. Lotet al, 2001 has suggested that two basic epidemiolgpooaches
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can be used for epidemiology studies in shrimp agjtiare disease control. One
approach consists of statistical epidemiology imablves the application of statistical
models to identify factors that are associated wighexpression of disease. The other
is dymanic epidemiology that involves attemptsnderstand epidemics from a cause
and effect relationship, and focuses on the prookgansmission and spread of
pathgens. However, to date only a limited numbdretd studies have been
conducted and, of those, only a few have used @emlogical approach
(Thompsoret al, 1997; Corsiret al, 2005). Among those, the most extensive
investigations were conducted in Vietnam (Coedial, 2001, 2002). The statistical
epidemiology studies on the Vietnamese rice-shifemming system indicated that
pond location, average weight at 1 month afterkstgcand earlier date of stocking
consitituted risk factors for WSSV infection (Corgt al, 2001). However,

variability in environment and management practmeshrimp culture may lead to

differences in the risk factors associated with W&iEbreaks.

Prevalence of WSSV in PL &f. monodorhas been studied in India. The
results showed that the prevalence in hatcherystaakied from 15 —92 % in different
provinces, with sample sizes of 150 PL per batchredver, the study showed that
testing needed large sample sizes of PL in ordexdoce errors of false negative
results (Thakuet al, 2002).

Dynamic epidemiology studies have been conductedtimate the
parameters (i.e. transmission rate, virulenceaaterecovery rate) of WSSV
infections in populations df. vannameandL. setiferugn the laboratory (Soto and
Lotz, 2001). The results indicated that ingestibnamlavers of infected shrimp was a
more important mode of transmission for WSSV thalmabitation. On the other hand,
similar studies have never been performed usinghghirom production ponds. The
S-I-R model introduced by De Jong (1995) has playethjor role in mathematical
/quantitative epidemiology. In the S-I-R model,applation is divided into three
groups: the susceptible S, the infectives I, aedétovered R, indicated by symbols

s, i, andr respectively. The total populationns=s+i + r. The susceptible are those
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that are not infected and not immune, the infestiae those that are infected and
able to transmit the disease, and the recoverext tthat have been infected but are

immune (recovered).

Transmission of WSD between ponds can be expressttw pond
reproduction ratioR,, which is defined as the average number of oukisreaused by
one infectious pond. From the definitionR{fis >1, the virus will continue to spread.
Only when the number of infected ponds is smalthainitial phase of an epidemic,
may chance processes result in the extinction @jpghemic even thoudR, is >1
(Metz, 1978). From the above, it follows that measuo eliminate WSSV must
reduceR, to below 1. Measures that reduce the transmissiarpathogen between
ponds include decreases in one or more of thewollg aspects (adapted from
Koopman and Longini, 1994): (1) the infectivityiofected ponds (the number of
shrimp that excrete virus); (2) the susceptibiifynon-infected ponds; (3) the amount
of viable virus that is transferred during a cotité€) the rate at which contacts occur;
and (5) the number of different ponds that come auntact.

5. Study of molecular markers of white spot syndrme virus

Genomic analyses of WSSV indicated that conseges@s, often used in
molecular epidemiological studies to unwind evalnéry relationships by
phylogenetic analysis, are too homologous for pligpose (Market al, 2004). For
instance, the complete DNA polymerase gene of W&&\ains only three SNP and
a 1 bp and 3 bp deletion when the three complsedyenced WSSV isolates were
compared (Chent al, 2002; Markset al, 2004). Similar high homologies were
found for other conserved WSSV genes (Cheingl, 2001). Moreover, the major
structural protein genes, which for some virus fesishow relatively large numbers
of mutations due to antigenic drift or adaptatiorifferent hosts, showed 99.5 -
100% nucleotide homology between several geograpWSSV isolates (Markst
al., 2004). The restriction fragment length polymogohi(RFLP) patterns of isolates
show only limited differences, suggesting a higgrde of genomic stability (Nadala
and Loh, 1998; Let al, 1999; Wanget al, 2000). These data indicate that the
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WSSV isolates are very closely related and probabdjved recently from a common

ancestor.

Study on the major variable region ORF23/24 angomvariable region
RF14/15 showed various sizes of deletions amorigrdiit geographical isolates.
Based on gradually increasing deletions of botlatée regions from a study in
Vietnam (VN), it was suggested that the VN isolati@nd WSSV-TH had a common
lineage that branched off from WSSV-TW and WSSV-€#y on, and that WSSV

entered Vietnam by multiple introductions.

Tandem repeat loci exhibiting variability in thewpy numbers are referred to
as variable number tandem repeats (VNTR). VNTR iofosatellites (with repeat
unit tracts ranging from 1-6 bp) and minisatellife=ppeat unit tracts of 7-100 bp)
occur in both prokaryotic and eukaryotic genomeghWv genomes, VNTR can be
located in either protein-coding or non-coding oegi. Studies on the inter-individual
variability in copy numbers of VNTR have found apption in DNA fingerprinting
in human and other organisms. In bacteria, in aadib studying genotypic
variation, VNTR serve as potential markers forittentification of pathogenic

bacteria and for virulence factors associated thgir pathogenicity.

A number of variable microsatellites, minisatei@nd megasatellites have
been reported as markers for WSSV. The variablebentandem repeats (VNTR)
associated with the 3 minisatellites, ORF94, OR&71® ORF125, have been
suggested as potential markers for epidemiologitalies (Dietet al, 2004; Marks
et al, 2004; Shekaet al, 2005). The minisatellite in coding regions of CRF
ORF125 and ORF75 consist of a 54, 69 bp uniforreatgpand a compound repeat of
45 and 57 bp, respectively. Wongteerasupyal (2003) first demonstrated a
practical method of differentiating WSSV genotypesed on the VNTR associated
with ORF94 located between genes encoding the [&B4) and small (RR2)
subunits of the ribonucleotide reductase gene rAffigt, the ORF94 locus was used
for genotyping WSSV and for studing the distribataf genotypes in various
locations (van Hulteet al, 2000b; Wongteerasupagaal, 2003; Dieuvet al, 2004;
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Hoaet al, 2005; Pradeept al, 2008). Recently, three minisatellites have bessdu
for variation studies in India and Vietnam (Dieual, 2004; Pradeegt al, 2008).
The results suggested that an important souragf@ttion was infected postlarvae

(Wongteerasupayet al, 2003; Pradeegpt al, 2008)
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MATERIALS AND METHODS

1. Study 1 of risk factors for WSD in black tigershrimp

The retrospective study was conducted on a shramp §elected because of
its good record system for risk factor analysis\BD (i.e. environmental factors,
management, post-larvae quality, disease preveptimtiocols, production data and
WSSV outbreak data). Univariate and multivariatgdtic regression were used to
identify and quantify the risk factors. Commeraamputer software was used for

analysis.

1.1 Study site and general farm information

Data for this study were extracted from all the gpoecords produced at
an intensive black tiger shrimpé¢naeus monodgarm in the southern part of
Thailand. The farm consisted of 70 culture pondee data from 8 continuous
production cycles from January 1998 to January 2062 used. Because of the
irregular nature of the farm operation, the nunidfesperated ponds varied over the 8
production cycles studied, and were 42, 46, 5558726, 77 and 35 ponds. Thus, a
total of 384 pond records were analyzed in theystlile farm was operated on a
semi-closed intensive system in which the resema@ume was around 30% of the
pond volume used for shrimp culture. Two shrimpdoiction cycles were completed
in each year. The distance between the farm ansefigide was approximately 1
kilometer (km). The water for farming was suppli®dthe two canals located on the
left and right hand sides of the farm. Several ottearby farms of medium (5-20
ponds) and small (less than 5 ponds) size weratsiuvithin a 5 km radius around
the studied farm and some of these nearby farnesuslksd water supplied from the
same canals as the study farm (Figurél'&g salinity of the water changed over the
period of a year. High salinity occurred during sfuenmer period while low salinity
occurred during the rainy season. Ponds were dielayéhe drying method
(Chanratchakoott al, 1998). During the pond preparation process, insdes (e.qg.
trichlorfon) and disinfectants (e.g. calcium hyplocihe, povidone iodine,
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benzalkonium chloride) were used to eradicate destaarriers (e.g. wild shrimp,
crabs, insects, etc.) and pathogenic microorganssiols as the WSSV.

S'Q‘ D Cu“uu axxn.

Le 1‘+ i
; Rzm R‘s*r\/oirfvwl

A
'7 Waste sloray pord

Figure 5 Sketch of the farm studied showing 70 culturedsoand reservoir ponds.

Postlarvae (PL) were obtained from many privatetaies. All of the
stocked postlarvae were negative for WSSV infectith 1-step PCR testing on
pooled samples (50 post larvae). These shrimptested negative for monodon
baculovirus (MBV) infection using the impressioneantechnique and also gave
good scores using a PL quality assessment methgdoghavior, proportion of
muscle to gut in the last abdominal segment, mdggyp formalin stress test, etc.).
The caretaker fed commercial pelleted feed oniteeday of stocking at a rate of 0.5
to 2 kg/100,000 PL and then adjusted the feed atrtmufollowing the feed
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manufacturer’s instructions until 30 days post lsitog. Thereafter, feed nets were
used to control the feeding rate. Fresh feed weeditb some of the ponds that
experienced slow growth rates, especially whemptbduction cycle was getting
close to the end. No water was exchanged untest |40 days post stocking and
minimum water exchange was used to reduce thefidisease transmission. Early

harvesting was carried out soon after a pond espeeid a WSD outbreak.

1.2 Description of variables

The clinical WSD outbreak pond was the only depahdariable
considered in this study. The independent variatbesisted of nine factors related to
management practices and one environmental fallorariables from each pond

record used in the study are listed and brieflyl@rpd in Table 2.

1.2.1 Dependent variable

The clinical WSD outbreak pond (1 = yes, 0 = no}¥ \wee
dependent variable. Any ponds that gave a posti&SYV infection result from
testing by 1-step PCR in pooled samples of morilsimdnp was categorized as a
WSD outbreak pond. The PCR testing was carriesdoytonds with clinical signs of
white spots in the cuticle and a drop of more tha% in feed consumption rate
compared to the preceding day. In case of negRIBR results, repeated testing was
carried out during the following 5 to 7 days utité pond recovered (absence of
clinical signs and increased feed consumption)nit it gave a positive result.
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Table 2 Variables used in the study of risk factors fa88W outbreaks (384 ponds
records, Thailand, 1998-2002).

Variables Units of interest Description
Dependent
Clinical WSD pond Whether or not shrimp in ponds showed white

outbreak pond (yes=1;n0=0)

Independent
Management practices

Age of postlarvae (PL) day (#)
Duration of pond day (#)
drying

Duration of pond day (#)

preparation

WSD outbreak in the pond
former crop (yes=1;n0=0)
Stocking density shrimpf(#)
Pond size hectare (#)
Used disinfectant pond
(yes=1;n0=0)
Used carricide pond
(yes=1;n0=0)
Water depth cm (#)

Environment
Season (season) pond
(rainy-winter = 1;

summer = 0)

spots in the cuticle, reduced feed consumption
more than 15% in a day and a positive result
for WSSV by 1-step PCR

Age of shrimp atking date
The duration from the harvest date of preyi
crop to the date of pumping water into the pond
for the succeeding crop.
The duration from the date of pumping water

into the pond until the stocking date.
Whether or not a WSD outbreak occurred in the
pond during the previous crop.

Stocking density of PL at the stocking date

Size of the pond
Whether or not a disinfectant was applied to the

water during the pond preparation periods

Whether or not a carricide was applied to the

water during the pond preparation periods

Depth of water in the ponds

Whether ponds were stocked during the rainy-

winter season or summer season.
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1.2.2 Independent variables

Ten independent variables were investigated. Tivese
categorized into 2 types. The management practidabhes consisted of 9 variables
related to the production cycle. Of the 9 variapbesiere continuous variables
including age of postlarvae at stocking date (#ayfs), duration of pond drying (# of
days), duration of pond preparation before stockihgf days), stocking density (#
shrimp m¥), pond size (# hectares), water depth (# cm).cEher 3 variables were
categorical variables including WSD outbreaks dyitlre previous crop and use of

disinfectants and insecticides during pond preparat

Season was considered as an environmental fadter. A
preliminary data analysis by plotting shrimp stockday (365/year) against pond
record number, we found that the 2 crops per yealdde categorized into 2 crop
operation seasons (Figure 6). Ponds categorizedhetsummer season were stocked
during the interval January 1 to June 15 while ¢heetegorized in the rainy-winter

were stocked at any other time of year.
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Figure 6 Plot of stocking day versus pond record number.
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1.3 Statistical analysis

All of the descriptive statistics, data manipulatitgistic regression and
generalized estimating equation (GEE) models weceraplished using the statistical
software package STATA (Version 8.2, Stata Corgdlege station, TX). The
associations between predictor variables and azomé variable were evaluated
using a smoothed scatter plot of the log-odds efaltcome against the predictor
variable prior to the logistic regression analy$ise logistic regressions were
performed according to maximum-likelihood logit net&l All the independent
variables were initially run in a univariate regies analysis with WSD status as an
outcome variable, and those giviRgralues < 0.10 were selected for further analysis.
To identify if predictors were highly correlatednple (linear) correlations among
factors were determined. The best-fit model wasdololy a manual backward
selection process in which the likelihood-ratia {&&RT) was used to test the
significance P-value < 0.05) of subtracting one variable at a&timom the models.
The production cycle variable was included in theded to take an account of the
hierarchical effects of repeated measures nestiihve production cycle. Logistic
regression model evaluations were performed iftbeel fit according to the
Hosmer-Lemeshow goodness-of-fit test. ConsequeB®BE models with an
exchangeable correlation structure were used fitdibg the final model to collect

the potential hierarchical effects within a pond.

2. Study 2 on the potential for horizontal transmssion of WSD between ponds

2.1 Model to quantify transmission of WSD betwgends.

The transmission of WSSV between ponds can be adrirom the
relationship between the number of ponds newlyctef@ per unit of time (that is the
number of virus introductions per unit of time) ahd number of infectious ponds
present during the same unit of time. If there Hasen no new introductions from
outside, every new infection must have been cabgexhe of the ponds that was
infectious at the time of virus introduction. Ingfanalysis, it was assumed that a
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simple deterministic SIR model (De Jong, 1995) daldscribe the transmission of
WSSV between ponds. In this modeis the number of susceptible pontls the
number of infectious ponds aRds the number of recovered ponds. Because ponds
were depopulated upon detection and there wer@ndspn which a major outbreak
had faded out before depopulati® 0 at all times in this study. In the model, the
rate at which susceptible ponds become infectedeatescribed a€ =3 =SVIN, in
which Cis defined as the number of virus introductionsyp@t of time into a
susceptible pond and 3 as the infection-rate pasaria order to estimatg the
parameter€, S | andN have to be calculated from the data collectednduain
epidemic. Furthermore, infected ponds were deptgailat the rate dd =a X 1, in
which D is defined as the number of infected ponds deadedlper unit of time and
a as the depopulation-rate parameter. The paramésehe inverse of, the average
period that a pond is infectious. FinalR, can be estimated from (De Jong, 199%):
=3 /a. To evaluate the potential for horizontal transius between ponds during
various seasons, it was necessary to estifatelR, for the rainy-winter and

summer seasons.

2.2 Data extraction and phase of study

The same data used in study 1 were transformedlatesbased data. The
8 continuous production cycles from January 1998arauary 2002 were examined.
Since WSSV can be transmitted either verticallpanizontally, the cases had to be
divided accordingly as a production cycle thatmod have an outbreak pond
suspected to arise via vertical transmission, mmoduction cycle that had an index
case (first outbreak pond of the crop) relatedextioal transmission. The incubation
period following stocking infected WSSV-PL into thends was 40-45 days
(Withyachumnarnkuét al, 1999). Therefore, ponds where disease occurredtp
50 days post stocking and in the absence of watdramge were categorised as cases
of vertical transmission. Using these criteria,yahle first to third (from January 1998
to August 1999) production cycles were includethmanalysis. In study 2, we
evaluated the transmission of WSSV during 3 phak#se epidemic. The first
(15/1/1998 to 31/8/1998) and third (1/2/1999 ta881999) phases occurred in the
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summer season. The second (1/9/1998 to 31/1/1%9@&epoccurred in the rainy-

winter season.

2.3 Estimation of the model input parameters

Section 2.1 shows that to estim8tior each unit of time, it was necessary
to establistf, C, | andN in that unit of time. In subsequent estimationRgrwe also
had to calculatd@ (1/ a). In the following sub-sections, it is explaineahestimations
were done fof5, C, | andT from the data collected during an epidemic ushey t

formulaN = C+I+S.

2.3.1 Number of susceptible pon&s (

The operation ponds were increased by stockirgl.dhto empty
ponds. Therefore, the number of susceptible pohdsged over time. During an
epidemic,Sdecreased by emergency harvesting of the WSS\¢tadegponds and by
normal program harvesting (Table 3). Therefore aimeome of the model changed
considerably. This is because the ratio of the rermobinfectious ponds to the
number of susceptible ponds at any given time obduextremely as a result of
stocking rate and harvesting rate.

2.3.2 Number of newly infected ponds per unit @eof time C)

During an epidemic, it is usually unclear for mokthe infected
ponds when the virus was introduced (Withyachumkadrri999). However, it is
possible to estimate this time from the incubapenod. The incubation period in
experimental infections of WSSV is 4 to 7 days {&npipatet al, 1996).
Subsequently, to create the day that ponds changedsusceptible to newly infected
ponds we randomly selected a number of incubatesiog@s between 4 to 7 days for

each infected pond.



Table 3 Estimates of the number of ponds newly infect@d the number of
infectious pondsl}, the number of susceptible pon&; &nd the infection

rate parametef3 for each week of the epidemic.

Week Phase C I S 3
98-18 1 0 0 41 0
98-19 1 0 0 40 0
98-20 1 0 0 40 0
98-21 1 0 0 40 0
98-22 1 4 0 36 0
98-23 1 2 2 30 1
98-24 1 1 1 26 2
98-25 1 0 0 23 0
98-26 1 1 0 21 0
98-27 1 0 1 19 0
98-28 1 0 0 16 0
98-29 1 0 0 14 0
98-30 1 0 0 13 0
98-31 1 0 0 15 0
98-32 1 0 0 18 0
98-33 1 0 0 25 0
98-34 1 0 0 30 0
98-35 1 0 0 36 0
98-36 2 0 0 39 0
98-37 2 0 0 42 0
98-38 2 0 0 44 0
98-39 2 0 0 43 0
98-40 2 0 0 44 0
98-41 2 1 0 44 0
98-42 2 0 1 44 0
98-43 2 1 0 43 7
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Week Phase C T S B
98-44 2 3 1 42 3
98-45 2 4 1 40 4
98-46 2 6 3 34 3
98-47 2 3 5 28 1
98-48 2 2 3 24 1
98-49 2 2 2 21 1
98-50 2 3 0 19 8
98-51 2 4 2 14 2
98-52 2 1 2 13 1
99-01 2 4 1 10 4
99-02 2 0 1 6 0
99-03 2 2 0 4 20
99-04 2 0 1 1 0
99-05 2 0 1 0 0
99-06 3 0 0 0 0
99-07 3 0 0 4 0
99-08 3 0 0 12 0
99-09 3 0 0 16 0
99-10 3 0 0 25 0
99-11 3 0 0 37 0
99-12 3 0 0 46 0
99-13 3 0 0 55 0
99-14 3 0 0 56 0
99-15 3 0 0 56 0
99-16 3 0 0 56 0
99-17 3 0 0 56 0
99-18 3 0 0 56 0
99-19 3 0 0 55 0



32

Table 3 (Continued)

Week Phase C T S S
99-20 3 0 0 55 0
99-21 3 1 0 54 0
99-22 3 0 0 54 0
99-23 3 2 0 53 0
99-24 3 1 1 52 1
99-25 3 0 1 51 0
99-26 3 2 1 48 2
99-27 3 1 1 44 2
99-28 3 1 0 37 0
99-29 3 2 2 31 3
99-30 3 0 0 27 0
99-31 3 0 0 21 0

2.3.3 Number of infectious ponds (

The infectious ponds are those that are infectédcan transmit
the disease. Usually, shrimp contacts between paredsnpossibile. The pattern of
disease spread in farms suggests that the virusectnansferred among ponds by
water borne vectors (Kanchanaphetral, 1998; Supamattayet al, 1998) such as
crabs or dead shrimp dropped by birds during WSibreaks. For this analysis, a
pond was considered infectious from the day therghshowed clinical signs. Then,
the spread of virus to other ponds would beginirkacted pond was removed from

the analysis on the day it was emergency harvested.

2.3.4 Average period that a pond is infectiols (

The duration from the date that a pond becametioies until the

date that it was emergency harvestedliis the model. The time between the
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appearance of clinical signs and positive resoit$’CR analysis varied depending on
the attention of the caretaker and the sensitofithe test. Therefore, for each

separate phase, a specifibad to be determined.

2.4 Analysis of data

Beginning with 15 January 1998, the number of nanfigcted ponds, the
number of susceptible ponds and the number oftioiex ponds were estimated for
each week as described in Section 2.3. The nunolbsrssceptible and infectious
ponds were corrected for the day in the week wherpond was infected or became
infectious, respectively. For example, a pond Hemiame infected on Friday of a
week had infectivity of 3/7 during that week. Usiing model described in Section
2.1, was estimated for each week. Subsequently, waatstd the averad&for
each of the three phases (p1-p3) described inde2t?2. The values & were
compared non-parametrically. Using KruskalxWallN®@VA, we first tested HOR1
=32 =33. The null hypothesis was rejected, if (i@alue was less than 0.05. In that
case, the distribution in a phase was comparedtiwthlistribution within the
preceding phase by the Mann-Whitney U test. Whefopaing two pair-wise
comparisons according to Bonferroni inequality sthaull-hypotheses are rejected if
the P-values < 0.025 (0.05/2) (Miller, 1966).

FurthermoreT was estimated for each of the three phases asluk$m
Section 2.3.4. The rankit plots and WilkzShapiratistics showed that did not have
a normal distribution in all of the three phasesing the KruskalxWallis ANOVA we
first tested HOT1 =T2 =T3. If HO was rejected, then dlls were compared pair-wise
by the Mann-Whitney U method. Since there were pain-wise comparisons,
according to Bonferroni inequality, differences weonsidered significant if the P-
value < 0.025 (0.05/2).

Finally, R, was estimated frofd x T for each of the three phases. Under
the assumption th&andT are independent of each other within a phasestdreard
deviation ofR, was estimated according to the following formula.
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sd(R) =V (varRx vaiT + 3* x varT + T~ x varR)

However, because the distributionRyfwas not known, the different
observations of this parameter could not be contpstaistically. In contrast 1, the
values ofR, for the three phases could not be compared bygacametric statistical
test either. This is because weekly estimatd®, @fere not availabl@.e. because we

had no weekly estimates of).

3. Study 3 on the molecular epidemiology of whitepot syndrome virus

3.1 Analysis of complete WSSV gemones for thegqmes of VNTR loci

The three complete WSSV genomes in GenBank (accessimber
AF332093 (Taiwan), AF369029 (Thailand) and AF4483D%Zhina) were analyzed
for the presence of tandem repeats using the TaRgeats Finder (TRF) program
(Benson, 1999). The program was run with the patarmmeset to +2, -7, -7 (match,
mismatch, indel), minimum score adjusted to 30 tllednaximum period size 200
bps. Tandem repeats were thus obtained accordiggntomic location. For
comparative analysis, the repeats obtained werg@aced for similarity regions and
for copy variability within these regions using BEA and ClustalW programs
incorporated in ‘BioEdit’ Sequence Alignment Editrogram version 7.0.1. The
presence of repeats within coding and non-codiggpns was identified based on the

annotation of the WSSV genomes in GenBank.

3.2 Design of primers and optimizing PCR condgion

The franking regions of the same tandem repeabloall of the complete
WSSV genomes were aligned with ClustalW to findssamed regions. New primers
were designed using PRIMER3 online software (Hftpdo.wi.mit.edu/cqi-
bin/primer3/primer3_www.c@i For ORF94 (Wongteerasupagtal, 2003), ORF75
(Dieu et al, 2004) and ORF125 (Pradeepal, 2008) previously described primers
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were used (Table 4). New primers were tested wiSW DNA using thermal

gradient PCR. The temperature range 52&8vas evaluated.

Table 4 Primers used for PCR analysis in WSSV genotyping

Primers Source of
Primer Sequence (5’-3)

specific for Primers

WSSV W201F CAAGGACT(CT)TGCACTAGACAA Boonyawiwat
W201R GAGGAGGTACATCCACTGTT et al, 2000

ORF66 ORF66F ACCAATGGGAGTGCCAGTAA This study
ORF66R TGGGAAGTGGGTTGGTATTC

ORF75 ORF75 GAAGCAGTATCTCTAACAC Pradeepet al,
Flank(F) 2008
ORF75 CAACAGGTGCGTAAAAGAAG
Flank(R)

ORF76 ORF76F TGGAGTATGGAAAGCACCAG This study
ORF76R TGCTATGAGCAAAGAGCAAGTG

ORF84 ORF84F GGGAAATACTTGCCCAACAA This study
ORF84R TTGGACGTGATTTCTGTACCC

ORF94 ORF94-F TCTACTCGAGGAGGTGACGAC  Wongteerasup
ORF94-R AGCAGGTGTGTACACATTTCATG ayaetal,

2003

ORF116 ORF116F TCGCATTGGAAGATTTCTTG This study
ORF116R ACCCTTCTGCTGCAAGCAT

ORF125 ORF125F TGGAAACAGAGTGAGGGTCA Pradeepet al,
ORF125R CATGTCGACTATACGTTGAATCC 2008
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3.3 Shrimp specimens

Altogether, 49 WSSV DNA samples were prepared fstimmmp
specimens from ponds experiencing outbreaks of W&mD Chacheongsao, Surat
Thani, Chumporn and Nakhonsrithumarat Provincendyitie interval October 2000
to January 2002. These were kindly provided by@hinarong Wongteerasupaya. A
further 15 specimens were obtained from Nakhonpathimvince during October
1999 to January 2000 from ponds exhibiting clingighs of WSD. Gills from
moribound shrimp were clipped with cleaned scissois placed directly in 95%

ethanol for transport to the laboratory.

3.4 Nucleic acid purification

Viral DNA was extracted from clinical samples aatiog to the protocol
published by Laet al.(1996b). In brief, approximately 100-200 mg ofisip tissue
were homogenized with a disposable stick in a 1.Biorofuge tube with 600 ul of
lysis solution (100 mM NaCl, 10 mM Tris/HCI, pH8& 2nM EDTA (ethylene
diamine tetra-acetic acid), 0.5% SLS (sodium N-kmarcosinate) or 2% SDS
(sodium dodecyl sulfate) and 0.5 mg/ml proteinagadded just before use). After
homogenization, samples were incubated &E66r 1 hour before addition of 5 M
NacCl to a final concentration of 0.7 M. Next, 1/d0vne of N-cetyl N,N,N-
trimethylammonium bromide (CTAB)/NaCl solution (1084 AB in 0.7M NacCl) was
slowly added with thorough mixing. After incubatiiat 65C for 10 minutes, and
then at room temperature, an equal volume of cfdamvisoamyl alcohol (24/1) was
added with gentle mixing. This was followed by eduagation at 13,00@Q for 5
minutes and transfer of the aqueous solution teshf1.5 ml tube and the phenol
extraction process was repeated 1 to 2 times. inaeupper layer was collected to a
new 1.5 ml tube and mixed gently with two volumésldoroform/isoamyl alcohol
(24/1) and centrifuged at 13,09Gor 5 minutes. The upper layer was transfered to a
new 1.5 ml tube and the DNA was precipitated byiragltivo volumes of 95% or
absolute ethanol followed by standing at 22Cfor 30 minutes or —8C for 15
minutes. After, centrifugation at 13,090or 30 minutes, the ethanol was discarded
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and the DNA pellet was washed with 70% ethano&dland resuspended in 100 ul
sterilized double-distilled water at 86 for 15 minutes. It was stored at —ZDuntil

used. A quantity of 1 ul of this DNA solution wased for one PCR reaction.

3.5 Diagnostic PCR for WSSV.

Samples containing WSSV DNA were identified usirgtdp PCR using
primers WSV201 F/R (Table 2). The reaction mixtcoatained 10Xbuffer (10 mM
Tris-HCI (pH 8.3), 1.5 mM MgGl 50 mM KCI, 200 uM each of dATP, dTTP, dCTP
and dGTP and 2.5U Fhusion TagDNA polymerase (FINNIES®) (Appendix B).
The mixture was incubated in the DNA Engine DYADJResearch) thermo cycler
using 35 cycles of 9% for 30 s, 55C for 30 s and 72C for 30 s, and a final
elongation step at 7Z for 10 min. PCR products were resolved by 1.5%r@sp gel
electrophoresis at 5 V ¢mCycling conditions and expected product sizes are

summarized in Table 5.

3.6 Analysis of variable number tandem repeatsT®RN

For all WSSV positive samples, PCR was carried@uf minisatellite
regions, consisting of ORF66, ORF75, ORF76, OREZ-94, ORF116 and
ORF125 (Table 4). The reaction mixture containedidfer (10 mM Tris-HCI (pH
8.3), 1.5 mM MgC]J, 50 mM KCl, 200 uM each dATP, dTTP, dCTP and dGifH
2.5U Fhusion TagDNA polymerase (FINNZYMES®). Cydioonditions and

expected product size are summarized in Table 5.
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Table 5 VNTR primers, PCR cycling conditions and expedcetplicon sizes.

Primers Cycling conditions No. of Product
Denaturation Annealing Extension cycles size (bp)
W201F/R  95Cfor45s 58Cfor30s 72Cfor30s 35 201
ORF66F/R 98Cfor45s 58Cfor30s 72Cfor30s 35 Variable
ORF75Flan 95°Cfor80s 48 for80s 72Cfor80s 30 Variable
k(F/R)
ORF76F/R 98Cfor45s 58Cfor30s 72Cfor30s 35 Variable
ORF84F/R 98Cfor45s 58Cfor30s 72Cfor30s 35 Variable
ORF94-FIR 98Cfor45s 58Cfor45s 72Cfor45s 35  Variable
ORF116F/R 9% for45s 58Cfor30s 72Cfor30s 35  Variable
ORF125F/R 9% for30s 68Cfor30s 72Cfor30s 35  Variable

The PCR products were resolved by 1.5% agarose ebpgtrophoresis

(Nusieve 3:1) at 5 V cih stained with EtBr and visualized using a gel doent

system (AlphaDigidoc®). The amplicon sizes wereedained using AlphaEase®FC

version 6.0 software. The numbers of repeat umitthe amplicons obtained were

calculated as shown in Table 6.

Table 6 Calculation of repeat unit numbers in each mieitite locus.

Minisatellite loci

Calculate the number of repeaitsi

ORF66
ORF75
ORF76
ORF84
ORF94
ORF116
ORF125

[amplicon size - (52+64)]/36
need DNA sequencing
[amplicon size — (70 + 40)]/39
[amplicon size — (69 + 70)]/33
[amplicon size — (78 + 105)]/54

[amplicon size — (105 + 150)]/42
[amplicon size — (44 +14+3)]/69
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3.7 Sequence analysis

PCR amplicons were purified from agarose gels uaihgicleospin quick
Gel Extration Kit (Nucleospin). The direct sequent®CR products was determined
using ABI Prism®BigDye ™ Terminator Cycle Sequencing Ready Reaction Kits
(Applied Biosystem). The sequencing reactions ve@ayzed at the Bioservice unit,
Thai National Science and Technology Developmerdgrnsy. The sequences
obtained were analyzed for the presence of tanépeats using Tandem Repeat
Finder (TRF) program (Benson, 1999). Comparati\a\ais of repeats was
performed using BLAST and ClustalW programs. Theeets were also compared
with the 3 complete WSSV genomes at GenBank.
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RESULTS AND DISCUSSION

Results

1. Study on risk factors for WSD in black tiger shimp

1.1 Descriptive results and univariable analysis

Out of 384 ponds, 165 (43%) developed clinical Wisfections. The
average duration from stocking in the growout pamakd start of the outbreaks was
80 days (range: 20 - 145 days). The average dugnatst for healthy ponds was 124
days (range: 20 - 162 days). The prevalence of W&Dbreaks from production
cycles 1 to 8 was 19, 85, 18, 89, 18, 85, 14 anthbespectively. The median
number of operation times per pond during the spetjod was 5 with a range of 1-8.
The descriptive statistics for all independentafales are presented in Table 7.
Categorized variables were generated if the relahip between a continuous
predictor and log odds of the outcome was not tinElae cut-offs were decided at the
point of the most change in log odds when the ieddpnt variables changed and
these were incorporated with biological reasonisesg variables were transformed
into categorized variables and recorded as dumnuesarior to being included in

the regression model (Table 7).
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Table 7 Variables used in the study of risk factors for $¥Soutbreaks (384 ponds
recorded, Thailand, 1998 - 2002).

Variables Description and Levels Transformation
Dependent
Clinical WSD outbreak 1 =yes, 0 =no, N=384 -

pond

Independent
Management practices

Age of postlarvae range = 11 - 23, mean = 16.4,Category

shrimp (agepl) SD=2.2,N=348 (1=<19;2=19)
Duration of pond drying range =0 - 309, mean = 126, Category
(pdrestdu) SD =105, N = 349 (1 =<51; 2>51)
Duration of pond range = 1 - 395, mean = 34, Category
preparation (predurat) SD =30, N =384 1=<17;2=17)

WSD outbreak in former 0 =no; 1 =yes, N = 336 -

crop (obfmcrop)

Stocking density range = 29 - 74, mean = 54, Category

(stockden) SD=7,N=380 (1 =<48;2=>48)
Pond size range = 0.74 — 1.41, mean = Category

(pondsize) 0.97, SD =0.08, N = 384 (1 =<0.96; 2 =>0.96)
Used disinfectant 0=no; 1=yes, N=2384 -
(disinfect)

Used carricide 0=no; 1=yes, N=2384 -
(carricide)

Water depth (walevel) range = 90 - 170, mean 5 13Bategory

SD =13, N=384 (1 =< 140; 2> 140)
Environment
Season (season) 0 = summer, 1 = rainy-winter , -

N = 384
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All independent variables of interest were assediatith the presence of

clinical WSD outbreaks at a significant levEetgalue< 0.10) when the univariable

regression analysis was performed with the WSistas an outcome variable (Table

8).

Table 8 The univariate regression analysis results &ffastors for clinical WSD
outbreaks in black tiger shrimp (Thailand, 1998-20@r significant

variables P< 0.10). S.E.: standard error; CI: confidence wdér

Risk factors (levels) No. of odds-ratio S.E. 95%CI P-value
records (OR) (OR) (OR)

Age of postlarvae shrimp 348
1 268 1 - - -
2 80 2.3 0.6 14-38 0.001
Duration of pond drying 349
1 109 1 - - -
2 240 0.24 0.06 0.15-0.39 <0.001
Duration of pond preparation 384
1 55 1
2 329 0.28 0.09 0.15- 0.52 <0.001
WSD outbreak in former crop 334
Yes (1) 200 0.31 0.07 0.19-0.5 <0.001
No (0) 136 1 - - -
Stocking density 380
1 76 1 - - -
2 304 0.36 0.10 0.22-0.61 <0.001
Pond size 384
1 289 1 - - -
2 95 1.8 0.4 11-28 0.016



43

Table 8 (Continued)

Risk factors (levels) No. of odds-ratio S.E. 95%CI: P-value
records (OR) (OR) (OR)

Use of disinfectants 384
Yes (1) 283 1 - - -
No (0) 101 2.0 0.5 1.3-3.1 0.003
Used of carricides 384
Yes (1) 85 0.39 0.10 0.24-0.63 <0.001
No (0) 299 1 - - -
Water depth 384
1 244 1 - - -
2 140 0.34 0.08 0.22-0.54 <0.001
Season 384
0 240 1 - - -
1 154 22 6 12 - 38 <0.001

1.3 Correlations among significant independentofiac

The correlations among significant independenifiacivere determined
by the Pearson correlation method (Table 9). Mbttecorrelations among variables
were small. Therefore, multi-collinearity was nanajor concern for the regression

analysis.



Table 9 The Pearson correlation coefficients among sigaifi independent variables from the univariableaggjon analysis. Only

statistically significant correlation®€ 0.01) were shown.

variables agepl pdrestdu  predurat obfmcrop stockdgondsize  disinfec  carricide  walevel season
agepl 1.00

pdrestdu -0.17 1.00

predurat - - 1.00

obfmcrop - -0.17 - 1.00

stockden -0.42 0.21 - - 1.00

pondsize - - - - -0.13 1.00

disinfec -0.14 0.20 - -0.14 0.27 - 1.00

carricide - - 0.15 - -0.21 - -0.43 1.00

walevel - - - 0.20 - - - - 1.00

season 017  -0.32 -0.14 -0.40 : : 0.19 o0z 0¥ A0

4%
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1.4 Multivariable model

In the final model that included 2 predictive véies (e.g. season and
predurat), age of shrimp at harvest date (aghas)asmfounding factor and
production cycle number were considered as hiei@akthffects on the data set. The
other independent factors were dropped from theaioecause they hativalues
larger than 0.05.

Shrimp ponds operated in the rainy-winter seasae were likely to
experience WSD outbreaks than in the summer. Byrasty ponds with preparation
periods before stocking longer than 17 days shavesver incidence of outbreaks.
Interactions among the significant predictor vaealwere not present. The Logistic
regression model fit well to the data using the HesLemeshow goodness-of-fit test
(P-value = 0.46). The GEE model with an exchangeaditeelation structure gave
slightly different parameter estimates and stanearars from the logistic regression
model (Table 10). The estimated intra-class catiimgiacoefficient (a measure for the

strength of dependence between observations vatpond) was small (r = -0.0027).

Table 10 Parameter estimatds) for two different statistical analyses of WSDalat
with the same risk factors.

Logistic regression Generalized estimating equatio
Variable b S.E. 95%CI: P-value b S.E. 95%CI: P-value

Season 203 0.86 0.35- 0.018 203 086 0.35- 0.018

3.71 3.71

Predurat -1.1 0.55 -2.18 - 0.047 -1.1 055 -2.18- 0.047
-0.02 -0.02

Aghav - 0.008 -0.08- <0.001 - 0.008 -0.08- <0.001
0.065 -0.05 0.065 -0.05

Constant 5.37 1.79 1.86 - 0.003 5.37 1.79 1.85- 0.003
8.89 8.88
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The effect of the presence of all independent b&sgon the magnitude
of the odds ratio of risk of WSD is shown in Table The seasonal variable was the
most powerful predictor variable for the model. Tugls ratio for WSD outbreaks
was increased by 7.58 times when the ponds wemratipgin the rainy-winter
season. By contrast, the risk of WSD outbreak vesethsed by a factor of 3.03 if

pond preparation periods were longer than 17 days.

Table 11 Magnitude of change in odds ratio (OR) for claligVvSD outbreaks across

reasonable intervals as used in the generalizedasig equation (GEE)

model.
Variable Magnitude of 95%CI: for OR P-value
change (OR)
Season
- summer 1 - -
- rainy-winter 7.58 1.41-40.68 0.018
Duration of pond preparation (days)
-<17 1 - -
->17 0.33 0.11-0.98 0.047

2. Study on the potential of horizontal transmissio of WSD between ponds

In Table 3 the estimates 6f |, Sandf3 are listed for each week of the
epidemic. Figure 7 shows how the distribution aflyeinfected pondsQ) is related
to the distribution of the number of emergency kated pondd) during the

epidemic.
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Figure 7 Estimated distribution of the number of virugaauctions per week and
distribution of the number of ponds emergency hstea during 1998-1999

The average estimates/dfor each phase are listed in Table 12. The refult
the ANOVA test indicated that the probability distitions off3's for the different
phases were significant. The results of the paseveiomparison d¥'s showed tha
of phase 2 was significantly larger than that cdgEh1 P-value = 0.0043) and phase
3 (P-value = 0.0038). The difference between phasexiBBavas not significanb{
value = 0.7039)

The average values @fand their standard deviations are shown in Table 1
The result of the Kruskal-Wallis ANOVA showed this f all phases had the same
probability distribution P-value = 0.512). The Rvalues for the three phases, and
their accompanying standard deviations are alsawshio Table 12. The highestR
was observed in phase 2 whereas thefRhase 1 was lower than that of other

phases.



Table 12 Characteristics of transmission of WSSV betweeamgaluring three

consecutive phases of the 1998-1999 epidemicsisttidy farm.

Phase  Number Number R T Ry
of weeks of case
1 18 8 0.17(x0.5%) 0.41(x0.4f  0.07(0.3)
2 22 36 2.47(x4.54)  0.63(x0.75]} 1.57(+4.82)
3 26 10 0.3(x0.77) 0.61(+0.6f  0.18(+0.68)

'Average number of introductions per infectious ppedweek.
"Average number of cases caused by one infectiond. po

Data in the same column having different letteessagnificantly different®-value <
0.025).

3. Molecular epidemiology study of white spot syndme virus

3.1 Analysis of the complete WSSV gemone for ttes@nce of VNTR loci

The repeat unit size and the total number of oetwes of those repeats

within all three complete WSSV genomes is showkigure 8. The output of TRF

software analysis showed that there was a relgtevéhrge number of repeat regions

ranging between sizes 1-90 bp within the 3 WSSVogess. A similarity in the

pattern of repeat occurrence, size and copy numbsrobserved. Additionally, the

short repeats occured more frequently than laeeats.
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Figure 8 Comparative occurrence of various repeat sizédsmihe three complete
WSSV genomes (AF332093 (Taiwan), AF36029 (Thailamt) AF440570
(The republic of China).

Computer analysis also revealed the presence ahigatellite copies
with 3 polymorphic VNTR loci of varying repeat s&m the WSSV genomes. Table
13 summarizes the repeat sizes, genomic positiopy, numbers, classification of
repeats, presence within coding or non-coding regand associated open reading
frames (ORFs) for minisatellite VNTR within the ¢élergenomes. The repeat loci were
classified as “perfect” or “compound” based on vieetthey occured as a single unit
or in combination with two or more repetitive unifour loci (ORF66, ORF75,
ORF84 and ORF116 based on accession number AF35806®&ed no variation in
copy numbers among three complete WSSV genomesetwhree polymorphic
VNTR loci (ORF75, ORF94 and ORF125) were found. \®NORF75 was a
compound repeat with a 45 bp repeat unit intergglensth a 57 bp nucleotide
sequence. The 45 bp unit was a perfect repeatngonly in copy number. The copy



50

numbers for the 45 bp unit for the 3 complete W@@Womes (AF332093,
AF369029 and AF440570) were 15, 11 and 21 copesperctively. While the copy
numbers for the 57 bp unit were 4, 3 and 5 copesgectively. The VNTR ORF94
and ORF125 were classified as perfect repeatssithnd 69 bp, respectively. The
repeat units of ORF94 among the complete WSSV gesdar332093, AF369029
and AF440570 were 12, 6 and 6 copies, respectiVélg.repeat units of ORF125
among the complete WSSV genomes AF332093, AF36808RAF440570 were 8, 6
and 6 copies, respectively. While those of ORF128\v8, 6 and 6 copies,

respectively.

Table 13 Minisatellite copy numbers for variable and noni&hle repeat regions
within similar genomic loci of three complete WSg§®¥homes.

Repeat Genome position Copy numbers Classification  Asgedia
unit (bp) ORF
36 AF332093 47052-47137 (36), Perfect wsv103

AF369029 96004-96089 (36), Perfect ORF66
AF440570 80633-80718 (36), Perfect wssv159
45and  AF332093 59013-59926 (45),57(45)57(455 Compound  wsv128

57 57(45%57(45)

AF369029 107964-108686 (45),57(45)%57(45x Compound  ORF75
57(45)

AF440570 92594-93835 (45),57(45)57(45), Compound  wssv183
57(45%57(45)
57(45)

39 AF332093 60066-60149 (39) Perfect non-coding
AF369029 108826-108909 (39), Perfect ORF76
AF440570 93945-94058 (39) Perfect non-coding

33 AF332093 70619-70689 (33) Perfect wsv143
AF369029 119382-119452 (33), Perfect ORF84

AF440570 104525-104579 (33), Perfect wssv198
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Table 13 (Continued)

Repeat Genome position Copy numbers Classification ~ Asdedia

unit (bp) ORF

54 AF332093 93475-94134 (54)12 Perfect wsv178
AF369029 142744-143079 (54)% Perfect ORF94
AF440570 127388-127723 (54)% Perfect wssv234

42 AF332093 128025-128135 (42) Perfect non-coding
AF369029 176986-177096 (42), Perfect ORF116
AF440570 161628-161738 (42), Perfect non-coding

69 AF332093 138949-139487 (69) Perfect wsv249
AF369029 187912-188294 (69) Perfect ORF125
AF440570 172565-173085 (69) Perfect wssv304

3.2 Primer design and PCR optimization
The previously described primers for ORF94 (Wongtsgpayaet al,
2003), ORF75 (Dieet al, 2004) and ORF125 (Pradeepal, 2008) were used in
this study. New primers for 4 other minisatellibeilwere designed based on the
conserved sequence of the franking regions of taatem repeat locus. The tandem
repeat sequences and flanking regions with prirositipns for ORF66, ORF76,
ORF84 and ORF116 are shown in Figures 9, 10, 11 anckspectively.

ACCAATGGGAGTGCCAGTARGAAGAGGCGTCTCACGCCTGACACTAGTAAT
ATGGGAACAAGCACTGATGTGCARGAATTCCAAACE
ATGGGAACAAATACTGATATGCAAGAATTCCAATCA
ATGGGAACARATAC

R R TR R T T T AT e T TE AR TR ARE A TTEERA

(186 bp)

Figure 9 Representative ORF66 region showing the tandenateygguence of 36 bp

units, flanking regions and primer positions.
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T GGG AT GGG A O RGARCOTAORGET TAAAETGTEEOTE
AACATCACATATACAAGTTAATT GGA
TAATTGAAACAATTTGACTTTTTAGTACTTAATGTTTAT
TAATT GAAACAAT TCGEACTC T T TCCTACCT ARGGT TTAT
AT TG ACA T TEL T AR CACTTECTCTTIGC TCATAGER
(188 bp)

Figure 10 Representative ORF76 region showing the tandg®atesequence of 39

bp units, flanking regions and primer positions.

GGGAAATACTTGCCCAACAACTTCAAGAAATGAAAGA
ACAAATGCGCATARAGGAAGAGGAGAGGCGGA
AAGAACTAGCAGATAAGGAGGAAGAAAAACGTC
GAGAACTAGCAGCCAAGGAGGAAGAARAGCGTC
AAGAAATATTAGCTAAAGAAGAGCAACTTGAAABATT
GAATTTCCAGTTGGGTACAGAARTCACGTICCAA
(205 bp)

Figure 11 Representative ORF84 region showing the tandemategequence of 33

bp units, flanking regions and primer positions.

TCGCATTGGAAGATT TCTTGT GTACATTTCT GAGAGATTCTTTT
TGITCCTCAGAGACT TTGAAAAGTTGTTCAGTTT CGATATACGA
GEEVELEPACTLERETE
TCTTTACTACTTGTGTTTCTAGTTCCTTTTCAACTTTTGT GG
TCTTTACTACTTGTGTITTCTAGTITCCTTTTCAACTTTTGTGE
DB IECERC LR GERET TR GRA G R I G G R AT Te L EARA T
T T ERECLAARSTURTUEUET AU EGHEEERRECT R €A PLAET
GTATAAGAT AACAGCGTAGGCTAGTGT CGAAAGGTACATTTCAA
TGCTTECABCAGARRAGHEET (339 b

Figure 12 Representative ORF116 region showing the tandpeatesequence of 42
bp units, flanking regions and primer positions.
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The news primers were tested with genomic DNA exé& from WSSV
infected shrimp by thermal gradient PCR in the terafure range 52-88. PCR
products on 1.5% agarose gel electrophoresis fromeps ORF66, ORF76, ORF84
and ORF116 are shown in Figures 13, 14, 15 andce$pectively.

Ne 268 5,40 5. 0. |

Figure 13 Agarose gel showing PCR amplification productprainers for ORF66
by thermal gradient PCR, Marker = 1 Kb Plus DNA ded(Invitrogen®),
N = negative control. For lanes 1-7 annealing ta@tpees were 52, 53,
54.6, 55.6, 56.6, 57.6 and 88, respectively.

e 3k oz

Figure 14 Agarose gel showing PCR amplification productprainers for ORF76
by thermal gradient PCR, Marker = 1 Kb Plus DNA ded(Invitrogen®),
N = negative control. For lanes 1-7 annealing ta@ipees were 52, 53,
54.6, 55.6, 56.6, 57.6 and 88, respectively.
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L 25 4 56 7N

Figure 15 Agarose gel showing PCR amplification productpririners for ORF84
by thermal gradient PCR, Marker = 1 Kb Plus DNA ded(Invitrogen®),
N = negative control. For lanes 1-7 annealing temapees were 52, 53,
54.6, 55.6, 56.6, 57.6 and 88, respectively.

Figure 16 Agarose gel showing PCR amplification productprirners for ORF116
by thermal gradient PCR, Marker = 1 Kb Plus DNA ded(Invitrogen®),
N = negative control. For lanes 1-7 annealing temaipees were 52, 53,
54.6, 55.6, 56.6, 57.6 and 88, respectively.

Results from thermal gradient PCR revealed thahalnew primers
gave good amplicon yields when annealing tempezatwere between 54 — 86.

Therefore, the annealing temperature of all newers was set at 5&. The PCR
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cycling conditions of all the primers used in teiady are shown in thEable 5

(materials and methods).

3.3 Shrimp specimens and diagnostic PCR for WSSV

Of the 64 samples analyzed, 41 samples (64.1%¢ pasitive for WSSV.
All positive samples were used for the study ofatéon in number of tandem repeats
in each minisatellite locus with the primer sewigated in Table 14. The numbers of
samples used for VNTR study by year of samplin@@1 2000 and 2002) were 7, 16
and 18, respectively. The numbers of samples camegbby location as central or

southern of Thailand were 21 and 20, respectively.

Table 14 Location, date and number of samples collectethi® study.

Province Location Date No. of No. of samples
Samples positive to
WSSV primers

Chacheongsao Central Thailand2000 12 0
near Bangkok 2002 13 13

Chumphon Mid-SW coast, 2000 4 2
Gulf of Thailand 2002 1

Nakhon Pathom Central Thailand1999 14 7
near Bangkok 2000 1 1

Nakhon Si Thammarat Lower SW coas000 2 2
Gulf of Thailand

Surat Thani Lower SW coast,2000 11 11
Gulf of Thailand 2002 6 4

Total 64 41
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3.4 Analysis of variable number tandem repeat (RINflegions.

3.4.1 PCR for repeat unit examination in ORF66 FO&® ORF84 and
ORF116

The percent of samples that successfully yieldegliaoms with
primers specific to minisatellite loci ORF66, ORFTORF84 and ORF116 were
95.12, 82.93, 90.24 and 58.54%, respectively. N@tran in repeat unit (RUs)
numbers were found for minisatellite loci ORF66,F0®B, ORF84 and ORF116
(Table 15).

Table 15 The number of RU present in the regions enco@Rg66, ORF76,
ORF84 and ORF116. DF= detection failure

VNTR loci No. of RU Amplicon size  No. of Frequency
(bp) samples (%)
ORF66 (36 bp RU) 2 186 39 95.12
DF - 2 4.88
ORF76 (39 bp RU) 2 188 34 82.93
DF - 7 17.07
ORF84 (33 bp RU) 2 205 37 90.24
DF - 4 9.76
ORF116 (42 bp RU) 2 339 24 58.54

DF - 17 41.46
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3.4.2 PCR for repeat unit examination in ORF94 @RF125

Out of 41 samples, 34 (82.93%) successfully yiel®glicons
with primers specific to minisatellite locus ORF®#even different repeat types
ranging from 5 to 20 RUs were found in ORF94. TlemBank records for WSSV-
TH and WSSV-TW (6 repeats) and WSSV-CH (12 repdatkyvithin this range. The
most frequent repeat type had 8 RUs (19.51%) vilydes with 11, 13, 14, 16 and 18
RUs were not observed (Table 16). For the benéékplanation, we numbered these
repeat regions ORF94-6 to ORF94-20. As an examgéd eepresenting the
fragments of 5, 7, 9, 10, 12 and 15 repeats is showigure 17.

Figure 17 An example of agarose gel showing PCR ampliftccaproducts of
minisatellite locus ORF94. Marker = 1 Kb Plus DNAdder

(Invitrogen®); Lanes 1 to 8 show amplicons for 5779, 9, 10, 12 and 14
RUs respectively.

Out of 41 samples, 32 (78.05%) successfully yiel®gplicons
with primers specific to minisatellite locus ORF1Zight different repeat types

ranging from 5 to 14 RUs were found in the ORFI&&u$. The GenBank records for
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WSSV-TH and WSSV-CH (6 repeats) and WSSV-TW (8 atgpefall within this
range. The most frequent repeat type had 6 RU3%34). while types with 12 and 13
RUs were not observed (Table 16). For the benéékplanation, we numbered these
repeats regions ORF125-5 to ORF125-14. An exanfgeldragments representing
3,4, 5, 8 and 9 repeats is shown in Figure 18.

Figure 18 Example of an agarose gel showing PCR amplibogbroducts of
minisatellite locus ORF125. Marker = 1 Kb Plus DNAdder

(Invitrogen®); Lanes 1 to 7 show amplicons for 3545, 8, 8 and 9 RUs
respectively,
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Table 16 The number of RUs present in the region enco@R§94 and ORF125.
Result studied from India and Thailand (Pradeteal., 2008,
Wongteerasupaya et al., 2003) is in parenthespergively.

No. of ORF94 (54 bp RU) ORF125 (69 bp RU)

RU Amplicon size Frequency (%) Amplicon size Frequency (%)
(bp) (bp)

2 290 0 (8.5, 0) 199 0(2.8,-)

3 344 0 (6.6,0) 268 0(1.9,-)

4 398 0(2.8,0) 337 0(47.2,-)

5 452 2.44 (0.9, 0) 406 12.2 (15.1, -)

6 506 12.2 (5.7, 13.9) 475 34.15 (0, -)

7 560 7.32(11.3,12.3) 544 9.76 (4.7, -)

8 614 19.51 (8.5,29.3) 613 2.44 (16.0, -)

9 668 17.07 (2.8, 15.4) 682 9.76 (0.9, -)

10 722 7.32 (6.6, 7.6) 751 4.88 (1.9, -)

11 776 0(0, 1.5) 820 2.44 (0.9, -)

12 830 7.32 (2.8,6.2) 889 0(0.9,-)

13 884 0(0.9,0) 958 0(0,-)

14 938 0(0.9, 3.1) 1027 2.44 (0.9, -)

15 992 2.44 (2.8, 1.5)

16 1046 0(2.8,0)

17 1100 2.44 (0, 3.1)

19 1208 2.44 (0, 4.6)

20 1262 2.44 (0, 1.5)

DF 17.07 (38.7,0)  DF 21.95 (6.6, -)
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When comparing the number of ORF94 repeats foundhai
WSSV isolates, there was no particular patternhm repeats for farms located in
various farming areas (Table 17). However, ORF94r@8l 9 were found to be
dominant in Surat Thani in 2000 but not found iM20The fragments ORF94-6 to
ORF94-15 were found mainly in Chacheongsao in 200% large numbers of
repeats (i.e. ORF94-17 to 20) were found especialljNakhon Pathom province
during 1999 -2000.

Table 17 Pattern of ORF94 repeat groups for WSSV outbpeaids sampled during
1999 — 2002. NP=Nakhon Pathom, CP=Chumphon, NS=dia&ih
Thammarat, ST=Surat Thani, CC=Chacheongsao, DRectia fall

No of 1999 2000 2002 Total
repeats NP CP NP NS ST CcC CP ST
5 1 1
6 3 2 5
7 2 1 3
8 1 2 3 2 8
9 2 3 1 1 7
10 2 1 3
12 1 2 3
15 1 1
17 1 1
19 1 1
20 1 1
DF 1 1 3 1 1 7
Total 7 2 1 2 11 13 1 4 41

When comparing the number of ORF125 repeats fouridhai
WSSV isolates from various shrimp farming areas(@d8), there was no particular
pattern, except that ORF125-6 was found to be damiim Surat Thani and Nakhon
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Si Thammarat in 2000 and in Chacheongsao in 20BE1Q25-7 dominanted in
Nakhon Pathom province.

Table 18 Pattern of ORF125 repeat groups for WSSV outbpeakls sampled
during 1999 — 2002. NP=Nakhon Pathom, CP=ChumpK8&aNakhon Si
Thammarat, ST=Surat Thani, CC=Chacheongsao, DReetiten fall

No of 1999 2000 2002 Total
repeat NP CP NP NS ST CcC CP ST
S
5 1 3 1 5
6 2 5 6 1 14
7 3 1 4
8 1 1
9 1 2 1 4
10 1 1 2
11 1 1 1
14 1 1
DF 4 1 1 2 1 9
Total 7 2 1 2 11 13 1 4 41

3.4.3 PCR for repeat unit examination in ORF75

Out of 41 samples, only 17 (41.42%) successfulyog@d
amplicons with the primers specific to minisatellibcus ORF75. Three different
amplicon sizes were found. The most frequent aropl&gze was 656 bp (24.4%)
(Table 19) When comparing the number of ORF75 repeats fouddhan WSSV

isolates from various shrimp farming areas, thems no particular pattern (Table 20).
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Table 19 Repeat units (RU) present in the region enco@Rg75. Result studied

from India (Pradeept al, 2008) is in parenthesis. DF= detection failure

ORF75 (45 and 57 bp RUs)

Amplicon size (bp) No. of samples  Frequency (%)

320 0 (1) 0(0.9)

427 0(1) 0(0.9)

525 0 (25) 0 (23.6)
610 0 (15) 0(14.2)
656 10 (0) 24.4 (0)
778 0 (3) 0 (2.8)
1028 6 (0) 14.64 (0)
1355 1(0) 2.44 (0)

DF 24 (56) 58.28 (52.8)

Table 20 Pattern of ORF75 repeat groups for WSSV outbpeadds sampled during
1999 — 2002. NP=Nakhon Pathom, CP=Chumphon, NS=tiash
Thammarat, ST=Surat Thani, CC=Chacheongsao, DRectia fall

Size 1999 2000 2002 Total
(bp) NP CP NP NS ST cC CP ST
656 1 1 1 3 3 1 10
1028 1 2 2 1 6
1355 1 1
DF 6 1 6 8 3 24

Total 7 2 1 2 11 13 1 4 41




3.5 Sequence analysis

3.5.1 Sequence analysis on ORF66, ORF76, ORFSORR1.16

Selected amplicons for repeat groups of WSSV obthusing
ORF66 (F/R), ORF76 (F/R), ORF84 (F/R) and ORF11R])primers were
sequenced and the results are presented in Tabfe@imparative analysis of the
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sequences showed 100% identity with those of treetiSSV complete genome

sequences published.

Table 21 Results of Megablast nucleotide analyses of eguenced minisatellite

samples with those of the three complete WSSV gersequences on

ORF66, 76, 84 and 116 locus. ST=Surat Thani, CCel#@ngsao

Loci Isolate size (bp) accession number  maximumtitde(%)

ORF66 ST#1-1 150 AF332093 100
AF369029 100

AF440570 100

ST#2-3 150 AF332093 100

AF369029 100

AF440570 100

CC#2-3 150 AF332093 100

AF369029 100

AF440570 100

ORF76 ST#2-3 142 AF332093 100
AF369029 100

AF440570 100

CC#2-3 142 AF332093 100

AF369029 100

AF440570 100
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Table 21 (Continued)

Loci Isolate size (bp) accession number  maximumtitde(%)
ORF84 ST#1-1 163 AF332093 100
AF369029 100
AF440570 100
ST#2-3 163 AF332093 100
AF369029 100
AF440570 100
CC#2-3 163 AF332093 100
AF369029 100
AF440570 100
ORF116 ST#1-1 273 AF332093 100
AF369029 100
AF440570 100
CC#2-10 273 AF332093 100
AF369029 100
AF440570 100

No variations in tandem repeat sequence numbeis oteerved
for all isolates tested with ORF66 (F/R), ORF7&RF-/ORF84 (F/R) and ORF116
(F/R) primers. The amplicons showed repeat pattef6 x 2, 39 x 2, 33 x 2 and 42
X 2, respectively.

The nucleotide sequence of selected ampliconsrautaising
ORF75 FLANK (F/R) primers showed high but not coetelidentity to the three
WSSV complete genome sequences (Table 22). Seqgeoicselected fragments
confirmed the presence of 45 and 57 bp tandem temkntical to those in WSSV-
TH, WSSV-TW and WSSV-CH at GenBank.
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Table 22 Results of Megablast nucleotide analyses of eguenced minisatellite
samples with those of the three complete WSSV gerssquences for
ORF75 locus. NS = Nakhon Si Thammarat, CC = Chaleao

Isolate size (bp)  Accession number Maximum ider{éty

CC#2-2 589 AF332093 97
AF369029 08

AF440570 97

NS#1 723 AF332093 97
AF369029 97

AF440570 98

The sequence of a 656 bp fragment obtained fromMGREANK
(F/R) primers revealed a compound repeat patter@op57(45x57(45%57 (Figure
19) that differed from (4%%7(45)57(45%57(45) for the ORF75 region of WSSV-TH
(AF369029). Sequencing of a larger fragment of 16@&howed a repeat pattern of
(45),57(45%57(45%57(45%57(45). Comparing all 45 bp RUs within one isolate, they
contained SNPs at positions 4, 16, 31, 43 and 4%hje the 57 bp RUs showed an
extra SNP at position 39 bp. Each of the RUs cdndldrecognized by its specific
SNPs.
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GAAGCAGTATCTCTAACACCAGTCCAT GAAGATATGCCAGATTTCTTCCCCTAC

COTCACCCTEAGCATCCCATTGEAGGECGTCTACC
COTCACCCTEEECACCCOATTGEAFHEEFTCTACE

AT AAGCAGC T
AT AAGCAGETT
COGTEAAGCAGT
GOGT A AGCAGE T
GO FAAFCAGA AT
OGO AAFCAGA AT
GO AAGCAGE T
GOGOFAAGCAGCT
GEGNFAAGCAGE TN
GOGCFAAGCAGCTC
GOSN A AGCAGE T
GOGCEAAGCAGC T
GOSN AAGCAGCTE
GOGEFAAGCAGE T
GOGERAAGCAGAAT
GCOGOFAAGCAEA AT
GOGOFAAGCAGC T
GOSN A AFCAGC T
GO A AGCAGC T
GEGEAAGCAGE T
GOGOFAAFCAGE T
GO AAGCAGC T
OGO AAFCAGA AT
GOSN AAGCAEA AT
GOGEEAAGCAGT T
OGO AAGCAGCTC]

I

FCACTTAAAGET ]
FCACTIA4AGET T
PCACTTAAAGET G
FCACTTAAAGET GG
M F AFGAAG 30T
MG GAFGAAGAACTT
FCACTIAAAGETEdA
PCACTTAAAGET A
FCACTTAAAGETET A
FCACTTAAAGET TG
MCACTT AL AGETE G
FCACTIAdACET A
PCACTTAAAGET A

e FAFGAAGAACTT
MrEAFFAACAACTT
FCACTTAdAGCT A
MCACTT A AGET T
FCACTTI AL AGCET GG
FCACTTAAAFET T
PCACTTAAAGET A
FCACTTAAAGET A
M EAFCAACAACTT
MG GAFAAE AT
FCACTTAAAGET T

[T FrACCGT AS

[T EEACGTAS

I AT A S
PrTEEACGTAS
PO TRCT R 3
FIGTCTGCTE S
MGG ACGTE 3

[T FEACGTAS
[T GHE ACGT A S
[T GEACGTAS
PTG AT 3

PITGEEACGTAS
PTG EACGTA S

P 7.3
FIGICT (e
PTG EACGTAS
M ACGTAS
P GEACGTAS
[T HE AT A 3
PTG EACGTAS
MGG ACGTAS
FIGTCTGTTGS
FIGTCTGTT S S
PIT AT AS

LY da o MGy Gy Gy By Gy i
o e I S e R O

QQMQQQHPEIQQC&EH

(%]

(%]

47AA0FTGAA4a43
4¢AA0FNGAA4a8

4¢AACETA44a4
1FAA0FN 44448

1-AACFTGAAAA
4FAA0FT A48

COOCCAAGCAGCAGTAGEAGOTATGCCTCOCCOTEALGACGATOTCGA
A ACCA G A CACCAGCT AT COTOC O COTEALGACGATOTC GA
CTTC DT T T ACGCACCTGTTE

CTTCTTTTACGCACCTETTE

Figure 19 Comparison of nucleotide sequences of our se@aeminisatellite
samples from ORF75 with those of WSSV-TH (AF36908%) 45 bp
SNPs positions are indicated by long blocks ofinatl text while a 57 bp

SNPs position is indicated by a small block. Red @alic letters indicate

repeat sequences. Primer binding sites are unddrl{idC = Chacheongsao
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3.5.3 Sequence analysis on ORF94

The nucleotide sequences of PCR products obtaisiad ©ORF94
(F/R) primers showed high but not complete idertbtyhe three WSSV complete
genome sequence (Table 28equencing of selected fragments confirmed the
presence of 54 bp tandem repeats of identical hetogthose in WSSV-TH, WSSV-
TW and WSSV-CH at GenBank.

Table 23 Results of Megablast nucleotide analyses of eguenced minisatellite
samples with those of three complete WSSV genompeesees at ORF94
locus. NS = Nakhon Si Thammarat, CC = Chacheongsao

Isolate  size (bp) accession number maximum identity (%)

NS#2 695 AF332093 96
AF369029 96
AF440570 98

CC#2-4 518 AF332093 99
AF369029 98
AF440570 98

The fragment of 560 bp revealed a repeat pattebd of 7 copies
that differed from 54 x 6 copies for the ORF94 oegof WSSV-TW (AF440570).
The single nucleotide polymorphism (SNP) at th& B&se of T — 6" RUs of WSSV-
TWwere T, T, T, G, T and T, respectively. While tBNP at the 48base of T— 7"
RUs of a sample taken from Chacheongsao provin2802 were G, G, T, T, G, T
and T, respectively (Figure 20).
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AF440570 TCTACTCGAGGAGET GACGACGACGACGACGATGACGATGGAGGAACTTTC
o I GGACTTTC
AF440570 GATACAGTAGGGTCTGGTATACTTGEA

cCc#z2-4 GATACAGTAGEETCTGGTATACTTGGEA -
AF440570 CGCAAAAAGCGTGOCGCACCT CCACCT GAGGAT GAAGAAGAGGAT GATIITCTAC
CCH2=4 CECAAAAAGCGTGLOGCACCT CCACCT GAGGAT GAAGAAGAGEAT GAGI TCTAC
AF440570 CECAAAAAGCGTGOCGCACCT CCACCT GAGGAT GAAGAAGAGGATGATIITCTAC
cC#2-4 CGCARAAAAGCGTGCCGCACCTCCACCTGAGGATGARAGAAGAGGATGAGIITCTAC
AF440570 CECAAAAAGCGTGCCGCACCTCCACCT GAGGATGAAGAAGAGGATGATIITCTAC
cCcH#z-4 CGCAAAAAGCGTGOCGCACCT CCACCT GAGGAT GAAGAAGAGGAT GATITCTAC
AF440570 CECAAAAAGCGTGUOGCACCT CCACCT GAGGAT GAAGAAGAGGAT GAGITCTAC
cCc#z2-4 CECAAAAAGCGTGCCGLACCT CCACCT GAGGAT GAAGAAGAGCEAT GATIITCTAC
AF440570 CECAAAAAGCGTGCCGCACCT CCACCT GAGGAT GAAGAAGAGGAT GATIITCTAC
cC#2-4 CGECAAAAAGCGTGCCGCACCTCCACCTGAGGATGAAGAAGAGGATGAGIITCTAC
AF440570 CGCAAAAAGCGTGCCGCACCT CCACCTGAGGAT GAAGAAGAGGATGATFTCTAC
cCc#z-4 CGCAAAAAGCGTGLCGLACCT CCACCT GAGGAT GAAGAAGAGGAT GAGITCTAC
SRR 00 e e e e e e e e e e e e e e e e
cCc#z2-4 CECAAAAAGCGTGUCGCACCT CCACCT GAGCGAT GAAGAAGAGCGATGATIITCTAC
AF440570 CGCABAARGCGT TAAAC TACGCACGARAGTGACGGTGET TGAAGARTAGAC TAR
CC#2-4 CECAARAAGCETTARACTACGCACGAAAGTGACGETGET TGAAGARATAGRC TAD
AF440570 TATTGTTGATATGTTAACCCCTTTTTTTCATGAAATGTGTACACACCTGCT
cCcH#z2-4 TATTGTTGATATGTTAACCCCTTTTTTTCATGAAATGTGTAACAACCTGCT

Figure 20 Comparison of nucleotide sequence of our samleWSSV-TW
(AF440570) at ORF94 locus. The SNP positions atecated by a block
of outlined text. Red and italic letters indicatles repeat sequences.
Primer binding sites are underlined. CC=Chacheangsa

3.5.4 Sequence analysis on ORF125

The sequence of PCR amplicons obtained using ORE/E)
primers showed high but not complete identity ®ttiree WSSV complete genome
sequences (Table 28equencing of selected fragments confirmed theepaesof a
125 bp tandem repeat identical in length to thas&/5SV-TH, WSSV-TW and
WSSV-CH at GenBank.
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Table 24 Results of Megablast nucleotide analyses of eguenced minisatellite
samples with those of three complete WSSV genompeesees at
ORF125. NP = Nakhon Pathom, ST = Surat Thani

Isolate  size (bp) accession number maximum ide ()

NP#1 493 AF332093 95
AF369029 96
AF440570 96

NP#8 493 AF332093 96
AF369029 96
AF440570 96

ST#1-5 333 AF332093 96
AF369029 96
AF440570 96

A fragment of 406 bp and two fragments of 544 bpeated 69 bp
repeat units of 5 and 7 copies, respectively (leiget). The copy number differed
from 6 copies for the ORF125 region of WSSV-TH (ABB29). Sequencing of the
first repeat unit reveled SNPs at positions 29,487 43, 46, 48, 50, 51, 53, 54, 61, 64
and 65, and in the last repeat unit at positions336 39, 41, 45, 48, 50, 53, 55 — 59,
61, 62, 64, 65 and 66. By examining variation ofPSNn the inner repeat unit, the
single nucleotide polymorphisms that had the paembr variation studies were at
position 2, 9, 50, 53 and 61. A summary of SNP1dbin sequenced ORF125 of
selected amplicons compared to GenBank referemecegafwan, Thailand and China

is shown in Table 25.
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AF365025 TGGAAACAGAGTCAGGETCAACCACACAGCCATCAGTGAARAGC

STHL-5  —mmm o

NP#8 o o _

AF36302% AGRACAAGGAGGAAGAAGACGUGAGGATAAAGCETGTAGCCGTCAGGACAT TTRACAGCCATCAGAGARAAGT
ST#1-5 i e QERCCAACAAGACGUCAGGATAAAGCCTCTAGCCGTCAGGAC AT ITRCAGCCATCAGAGAARAGT
NE#8 e i S B 1 5L F A S I AAGCGTGCAGCCGTCAGCACAT TTRACAGCCATUAGAGAAAAGT
AFZ09025 AGRACAAGGRGGAAGAAGACCCGAGGATCAAGCCTGCAGT U CACA TG TCRCAGCCATUCAACSAAA
ST#1-5 ACAACAAGGRGGAAGAAGAUGUGAGGAT CAAGCGTIGLAGTCGACATGCOTGICFCAGCCATUAACGAAA
NP#8 AGRAACAAQGRGGAAGAAGACGUGAGEATCAAGCGTGCAGTUGACATGCOTEICFCAGCCATUAACGAAR
AF36902% ACRAACAAGGRAGGCAAGAAGACGUGAGGATCAAGCCTGCAGTCGACATCGOIGTICECAGCCATUCAACGARAR
ST#1-5 AGAACAAGCRGFAAGAAGACGUGAGGATCAAGCGTGLAGTCGACAT GGG ICEFCAGCCATCAACGAAA
NE#3 AGRACAAGCAGCCAAGAAGACGLGAGGAT CAAGC GTGCAGTCCACATCCOT G ICFCAGCCATCAACGAAA
AF36902% ATRACAAGGRGGAAGAAGACGUGAGFATCAAGCGTGCAGTCGACATHGOGE T TCAGCCACTAACGARAA
ST#1-5 AGRACAAGARGGAAGCAAGACGCGAGGATCAAGCGTGLAGTCGACAT GGG ITFCAGCCACCAACGAAA
NE#8 ATRACAAGGRGGFAAGAAGACGUGAGGATCAAGCGTGLAGTCGACATCGOTGICFCAGCCATUAACGAAR
AFE69025 ACRACAAGARGGAAGCAAGACCCGAGCAT CAAGC ST CCAGTUCACATEGUGEITRCAGCCACCAACEAAA
STH1-5  A~p———mo e, . .
NP#8 ATAACAARGRGFAAGAAGACGCGAGGATCAAGCGTGCAGTUGACATGCOGEITIFCAGCCACTAACGAAA
AF369029 ~f———— e e
STH1-5  {-F-———1 TSR R S
NE#8 AGRACAAGARGCAAGAAGACGCCAGGATCAAGCCTCCAGTCCGACAT GGG TTFCAGCCACCAACGAAA
AF369029 AGRACAAGARGGAAGAAGACGLGAGGAT CAAGC GTATAATTGACT TCATE I T-ATATCAGFATTCAAC
ST#1-5 ACAACAARARGCAACAAGACGCGAGEAT CAAGCET AT AA TTCACTIGAOTEITFATATCACEATTCAAC
NE#8 ACRACAAGARGCAAGAAGACGUGAGCATCAAGCGTATAATTGACT TCAGT F T ATATCAGFATTCAAC

AF369029 GTATAGTCGRCATS
ST#1-5 GTATAGTCGACATG
NP#8 GTATAGTCGACATG

Figure 21 Comparison of nucleotide sequences of our samyptesNVSSV-TH
(AF369069) at ORF125. The SNP positions are inddtaty blocks. Red
and italic letters indicate repeat sequences. Piimmeling sites are
underlined. CC = Chacheongsao, ST = Surat Thani

The SNPs at position 2, showed an alternate T dh@é.G
nucleotide dominated overall, while T was foundéodominant in ORF125-4. At
position 9, variation in alternate G or A was obger G was found to dominate in
this position. At position 50, three bases (A, T &) were found, but T was
dominant. However A and G were dominant in ORF126vd ORF125-6,
respectively. At position 53, a variation in C ahevas found. C was found mainly in
early repeats while T was found mainly in late egpeAt the last position (61), three
bases T, C and G were found. T was found to be mmmhin early repeates while C

was found mainly in late repeats (Table 25).
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Table 25 Summary of substitutions found in sequenced tanedg®at regions of
ORF125 for selected amplicons of Thai shrimp samfstam Nakhon
Pathom (NP) and Surat Thani (ST), compared to GekBzferences for
white spot syndrome virus (WSSV) in Taiwan (AF440b&nd China
(AF332093) (8 repeats) and Thailand (AF369029¢(&ats). DF =

detection failure

Position Isolation ORF125 repeat number
1 2 3 4 5 6 7 8
2 ST#1-5 DF G G G G - -
AF369029 G G G T G G -
NP#1 DF G T T T G G
NP#8 DF G G T T G G
AF332093 G G G T G T T G
AF440570 G G G G G T G G
9 ST#1-5 G G G A A - -
AF369029 G G G G A A -
NP#1 DF G G G G A A
NP#8 G G G G G A A
AF332093 G G G G G G G A
AF440570 G G G G G G A A
50 ST#1-5 A T T G T - -
AF369029 A T T G G T -
NP#1 A T T T G G T
NP#8 A T T T G G T
AF332093 A T T G T G G T
AF440570 A T T T T G G T
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Position Isolation

ORF125 repeat number
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6

53
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Discussion

1. Study 1 on risk factors for WSD in black tigershrimp cultivation

1.1 Significant risk factors

The season of shrimp cultivation was the most phweariable
associated with the WSD outbreaks in this studiruft fluctuations in temperature
and salinity were documented during the rainy-wipteriods. Temperatures lower
than the optimum level (e.g. 28 - 32) increased mortality in shrimp experimentally
infected with WSSV (Vidakt al, 2001; Rahmaet al, 2007). Also, frequent changes
in water temperature have been demonstrated teaserstress and susceptibility to
diseases of cultured shrimp (Kaustsky, 2000). 8glahanges have an effect on
shrimp immune responses and are also associatednereased susceptibility to
WSD (Liu et al, 2006).

A seasonal variation of WSSV i monodorbroodstock and PL was
demonstrated by infected seed that has been reporteecur at higher frequency in
the winter season (Withyachumnarnktlal, 2003). Moreover, the 1-step PCR
protocol that was used to screen for WSSV infedtioRL probably led to a high
frequency false negative test results (Thadtual, 2002). Therefore, the seasonal
variation in WSSV might be associated with differesin the WSSV status of PL
used for stocking ponds.

The purpose of pond preparation is to provide trerg of subsequent
crops with a sanitary environment, high qualityevaand also a pond that is free
from predators, disease carriers and pathogenanigns. Pond preparation requires
a lot of work that has to be carried out betweearheshrimp production batch. The
pond bottom sediment can be removed or decompagsadybsuitable means (e.g. dry
or wet methods) to reduce organic material accutedlby intensive culture. WSSV
is able to infect not only cultivated penaeid shjiut also a wide range of other

decapods, including crabs, wild shrimp, copepodspassibly aquatic insect larvae
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(Flegel, 2006). Thus, filtration, insecticides @asidfectants can be applied to avoid
contamination by potential WSSV carriers in theava¥ater quality adjustment (e.g.
pH, alkalinity) and plankton stimulation are thstlawo steps taken before stocking
the PL. The plankton provides oxygen during dayre@und is a natural food
resource. It also reduces shrimp stress by prayididark environment and
controlling water temperature. Hence, pond preparas a very important
managerial practice that can help to prevent deseatbreaks, and pond bottom
preparation and water management prior to stockiagnain strategies in the better
management practices (BMPs). A BMP program impldgetewith small-scale

shrimp farmers in southern India helped to avoiglatiee impacts of WSD
(Subasinghe, 2005). Following this program, prorhucperformances of
demonstration ponds improved significantly when paned to non-demonstration
ponds. Although, pond bottom and water treatmerg®Hective measures, the whole
process requires at least two weeks to be complatstort period between each
production cycle indicates lack of an appropriadagpreparation and it increases the
chance of a WSD outbreak.

1.2 Confounding factors

Recording of pond observations was stopped whedgexperienced an
outbreak. Thus, ponds that stayed in the studiofayer periods could have bridged
seasons. Therefore, the age of shrimp at harves{aghav) was investigated as a
potential confounder. A significant difference beem the crude odds ratio and the
adjusted odds ratio for seasonal factors was obdesthen the age at harvest date was
put into the model. Thus, the confounding effechgé at harvest was considered,

even though it was not considered to be an integeptedictor.
1.3 Comparison of statistical approaches
Data with small correlation coefficients and larganbers of cluster

members are best analyzed using the GEE approaol,(Z000). In contrast, loss of

accuracy can be quite significant for large clustee data. Hence, GEE analysis was
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suitable for our data given that it had a very $indéa-class correlation (r = -0.0027)
and data sets for large numbers of ponds (70antbe seen that the standard error of
the estimated parameters for the GEE analysis l@as to that obtained by ordinary
logistic regression analysis. However, resultdeftivo logistic-type multifactorial
statistical analyses gave the overall impressianttie estimates and standard errors
were agreeable. The results indicated that ordilwayigtic regression was robust
enough to handle the longitudinal data that conegrimany pond data sets and only 2
levels of data structure.

2. Study 2 on the potential for horizontal transmision of WSD between ponds

In this study, we describe a method to quantifyhtbezontal transmission of
WSSV between ponds from data collected during ahreak. With this method, we
estimated and compared the transmission of WSShgl® phases of the 1998 —
1999 epidemics in the study farm. With no differeno T value among the three
study phases, the horizontal transmission of WS@¥ highest in the second phase
during the rainy-winter season. The observed vahieR, exceeded 1 and,
consequently, the epidemic continued to grow. Haxethe transmission rate was
very low in phases 1 and 3 witk, value <1. Therefore, the epidemic faded in the

summer season.

The high value oB in phase 2 indicated that season was very impoidan
epidemic outbreaks of WSD. Usually, sudden flucturest in temperature and salinity
were documented during the rainy and winter peindtie area of the study. Changes
in ambient salinity may disrupt the osmotic balaimcshrimp. In order to readjust the
osmotic balance, shrimp may have to use a con$ildegaiantity of energy (Chen and
Lin, 1998). Moreover, change in ambient temperatarealso effect to the osmotic
characteristics of fluids, particularly in livingsgtems by influencing water
movements across cell membranes and the uptakessdf ions (Vernberg and
Silverthorn, 1979). A previous studyBenaeus chinensjaveniles, concluded that
the osmolality of the hemolymph increased withrareéase in salinity, and decreased
with an increase in temperature (Chatral, 1995). Therefore, fluctuations in water
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salinity and low temperature could have a synametect on osmoregulation
capacity in shrimp. Stress induced by extreme obsimgtemperature and salinity can

make shrimp more susceptible to infection (Kaust2k¥O0; Liuet al, 2006).

Several previous reports have indicated a relshignbetween pathogenesis of
WSSV infection and ambient temperature. The favdlereemperature range for
WSSV replication was 23 to 2&. This temperature gave the highest WSSV
replication rate, the shortest LT50 and the masbgs infections wittPenaeus
japonicus(Guanet al, 2003). During infection with WSSV, the total heryte count
(THC) decreases in severely infected shrimp. Thusld/most likely be due to a very
large number of haemocytes being infected by WS&Y/dropping out of circulation.
Further, the haemopoietic tissue is infected sbtthamopoiesis is prevented.
Crustacean haemocytes play an important role ildlseimmune responses
including recognition, phagocytosis, melanizatiod aytotoxicity. Decrease of THC
can affect crustacean resistance to pathogenss(etsal, 1987). In crayfish,
mortalities reached 100% when the animals wer@#2 2ZC while it could be delayed

after transfer to a temperature below’@gJiravanichpaisadt al, 2004).

The relationship between environment and WSSViktlhas been reported
previously. The virus is viable for at least 30 slay 30°C in sterile seawater under
laboratory conditions (Momoyanet al, 1998). It remains infective for 10, 7 and 5
days at 4, 25 and 28 °C, respectively, when susgggkmdsea water at a low
concentration (Maedet al, 2000). It is viable in ponds for at least 3-4 slay
ambient temperature (Chaegal, 1998b; Maeda&t al, 1998; Nakanet al, 1998).
The previous information showed relatively simieriods for WSSV infectivity at

shrimp cultivation temperature.

Usually, the transmission potential of a pathogetween ponds increases if
one or more of the following aspects increase: arhofiviable virus that is
transferred during a contact increases, the subdéptof non-infected ponds
increases, the rate at which contact occurs ineseaisd the number of different ponds
that make contact increases (Koopman and Longd®4)L Much evidence indicates
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that the risk of WSSV infection increases for shiaultured in the rainy-winter
season due to increased stress, decreased immigabl@gponse and more virulence
at low temperature. This study confirmed the imgace of the environment (i.e.
temperature and salinity) in triggering WSSV ouéke

3. Study 3 on the molecular epidemiology of whitepot syndrome virus

Genotyping of WSSV is based mainly on the variadumber tamdem repeats
(VNTR) associated with DNA minisatellites in the B genome and on SNPs
associated with these repeats. Of the 3 minis&t®liin the WSSV genome, ORF94
with a 54 bp repeat region has been most commadg tor previous attempts in
genotyping (van Hulteet al, 2000b; Wongteerasupaghal, 2003; Dieuvet al,

2004; Hoeet al, 2005; Musthagegt al, 2006). In this study, the 3 minisatellite regions
from ORF75, 94 and 125 plus other tandem repeaatmlyzed using novel primer

sets were used for genotyping WSSV isolates inl@hdi

The novel primer sets designed for the flankingaeg of ORF66, ORF76,
ORF 84 and ORF116 failed to detect variation ireegunit loci. However, the
amplification success for ORF66 (95.1%) and ORFE&42%) were rather high when
compared to success for primer sets for ORF76 &id1®6. The low amplification
performance of primer sets hinders their usefulf@sspidemiological analysis.
However, the results from this study showed thasé¢hloci were conserved regions

that could not be referred to as variable numheidéen repeats (VNTR).

The primers ORF75FLANK (F/R) had poor amplificaticegpability (41.5%)
with WSSV isolates in Thailand. Those results datesl with the observations of
Pradeept al (2008) for Indian isolates (47.2%). The failundACR could not be due
to low levels of WSSV or the poor quality of DNAtelate since good amplification
results were obtained using the same templateatlfitér primer sets [i.e. ORF94
(82.9%)]. It is possible that variation in primardget sequence was sufficient to result
in reduced primer binding and false negative assaylts, particularly for very low
copies of viral DNA (Kiatpathomchait al, 2005; Pradeegt al, 2008). The lower



78

rate of failure in the case of ORF94 PCRs sugdbstprimer binding region flanking
the RU is more stable and less prone to genetiati@r. Due to the fact that we used
unpurified WSSV virus for DNA extraction, the highoportion of host DNA present
also could have affected the efficiency of the g@piog PCR. The ladder effect
sometimes seen as bands smaller than the expeouacphas also been recorded as
an amplification artifact. The ladder effect canrbgolved by dilution of the sample

template while the expected product remains (etoal, 2005).

The ORF75 VNTR is a compound repeat of 45 and 5#&peat units. This is
in agreement with the previous observation of Shekal (2005), but is in contrast
with those reported by Marlet al (2004) and Dieet al (2004) who found RUs of
102 and 45 bp. Compared to the other two VNTR QRF94 and ORF125), the
repeats in ORF75 seem to be rather conserved véttdrbetween each sampling
location in Thailand. This result correlated witstady of ORF75 in samples
collected from different areas in Vietham (Dietual, 2004) and India (Pradeepal,
2008). ORF75 gave 6 genotypes with Indian isolatesonly 3 genotypes with
Vietnam isolates (Dieet al, 2004). The amplicon sizes of WSSV-IND (India &e)
were mainly 525-540 bp while those for the WSSV-Xhktnam isolates) were
mainly 527-532 bp and the largest fragment was i@ he Thai isolate gave larger
fragments than those found in both these othertaesnBecause this locus included
a compound repeat unit (i.e. 45 and 57 bp), DNAIsaqging was necessary to know
the exact numbers of each RUs. Thus, it is moreement to use to the other two
minisatellites for genotyping WSSV. The low am#tion success was also a
problem for this locus. Perhaps the high incidevfdailure could be reduced by

design of different primers.

The largest genomic variation among the Thai isslatas observed for the
tandem repeats located in ORF94. In the presedyssamples collected from
Nakhon Pathom, central of Thailand supplementeatintion reported in a pervious
study (Wongteerasupay al, 2003). No specific pattern was observed with the
Nakhon pathom isolates, except that they showeg fragments (i.e. 17 to 20 repeat
units) when compared to isolates from other location the previous study, large
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amplicon sizes were found mainly in the samplekisd from Chachoengsao
province in 2000. These samples from both locatweie obtained from outbreak
ponds over the interval 1999 — 2000. However, th@adce between the two
provinces is approximately 150 km. The results sgtgyl that these outbreaks were
caused by the same type of WSSV, dispite separafiorore than 100 kilometers
and different water sources used. This being tke,dtis unlikely that the ponds
became infected by cross contamination (i.e. hateddransmission). On the other
hand, Chachoengsao is an important postlarvaeg@plier for inland shrimp
culture areas in central Thailand. The PL stockeakhon Pathom and nearby areas
are mainly supplied from nurseries in Chachoengsabthe single—step PCR assay
gives large numbers of negative results (Kiatpaitiwaret al, 2005). It is also
considered that WSSV infected PL are the main 0of&V/SD outbreaks in Thailand
(Withyachumnarnkul, 1999). Unfortunately, we did have isolates of
Chachoengsao in 2000 for DNA sequencing and SN/ sAdditional studies would
be needed to prove our hypothesis regarding vettex@smission of WSSV in
Thailand.

In Thailand during 2000 to 2002, RU of 6 to 9 agted for 70% of samples
from outbreak ponds (Wongteerasupayal, 2003). In Vietnam during 2001 to
2002, repeats of 7 and 9 were dominant and thpeategenotype was absent in
outbreak ponds (Hoet al, 2005). In India during 2002 to 2004, genotypeth\8i 7
or 8 RUs accounted for 57% of outbreak samples (hagget al, 2006). In general it
appears that WSSV genotypes with less than 9 repe&RF94 are dominant in
outbreak ponds (Pradeepal, 2008).

As with ORF94, there were also variations in thenber of 69 bp RUs in
ORF125 (Dietet al, 2004; Pradeesgt al, 2008). Those authors reported three RU
genotypes ranging from 5 to 7 in Vietnam while ele\RU genotypes were reported
from India. The main genotype found in India wak\3 (47.2% prevalence). We
found that number repeats varied from 5 to 14 aatlthe 6 RU type was dominant
(34.15% prevalence). Also, we observed that therskto the penultimate RU
contained SNP at positions 2, 9, 50, 53 and 6hibg this contrasted with the report
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from Vietnam (Dieuet al, 2004), Thailand (Markst al, 2004) and India (Pradeep
al., 2008).

Previous studies indicated that the ORF94 remembn had potential for use
in epidemiological studies of WSSV outbreaks anttacing the origin and spread of
infections in farming areas. In this study, the QRS and ORF75 were also tested for
genotyping of WSSV. ORF125 was highly variable umter of repeats as with
ORF94 although this result contrasted with thestnd/ietham by Dietet al
(2004). ORF75 seemed to be more stable. Thus, ORI be suitable for study of

WSSV spread on a more regional scale.

Using ORF94 and ORF 125 together might give merebt than using either
one alone for genotyping WSSV among outbreak pantiee same farm or for
tracing the sources of the pathogen (i.e., PLogickl carriers, vector, e.t.c.). The
result indicated 18 actual WSSV genotypes outmdssible total of 216 (ORF94
*ORF125 : 18 * 12) if we use both two markers tdget(Figure 22).
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Figure 22 Scatter plot of the distribution of ORF94 repeaits against ORF125
repeat units. The plot indicated 18 actual WSS\oggres. Letters in

parentheses indicated numbers of samples fourebfdr pattern.
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CONCLUSION

Traditional epidemiology was conducted to detesrihre risk factors and
possibility of horizontal transmission of white $ggndrome virus between ponds.
Genetic markers (VNTR) were investigated to develdyetter system for tracing the
origin of the pathogen.

The field study on risk factor identification wasnclucted to identify and
demonstrate the strength of association betweehqbiree variables and WSD
outbreak ponds. Shrimp seemed to be more senwtMéSD outbreaks during the
rainy-winter season. Therefore, seasonal cultuge $é¢ocking shrimp during the
summer, mid January to early June) would be the mg®ortant preventive measure
against WSSV infection. Good pond preparation \&jpropriate duration of fallow
would also be a strategy to avoid WSD outbreaks.

The potential for horizontal transmission of WSDOMpeen ponds during the
rainy-winter season was very high when comparedesummer season. This
circumstance could result from 2 factors. Firsg, shrimp may be more susceptible to
infection with WSSV due to the synergistic effettlactuations in salinity and low
temperature stress in the rainy-winter season.r&g,o0WNSSV may survive longer in
the environment at low temperature. Thereforeatheunt of viable virus that is
transferred during a contact might be increasedlasdctould increase the
transmission potential between ponds. Althoughs@aal culture would be the best
method to avoid disease occurrence, improved @itturing the rainy-winter season
may focus on factors that alter osmoregulatiomeéghrimp. Under pond production
conditions, temperature is difficult to control matinity monitoring and adjustment
to maintain stable conditions may be possible.

This study showed potential for the use of genatckers to study WSSV
epidemiology. Using the two VNTR (ORF94 and ORF )lt&gether might be more
beneficial than using either one alone, to traeestburces of WSSV during outbreaks.
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Unfortunately, during studies 1 and 2, WSSV sampleie not collected and genetic

markers to analyse them were not developed utdiea date.
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Appendix A
White spot syndrome virus host range



Appendix Table A1 White spot syndrome virus host range

Source Escobedo-Bonilla et al., 2008
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Type of infection

Experi Detection Country
Animal Species Natural mental method (references)
Penaeid Farfantepenaeus X Histo USA®
shrimp aztecus
F. duorarum X Histo USA®
Fenneropenaeus X X Histo, ISH, China, Korea,
chinensis PCR Thailand® # %
F. indicus X X Histo, PCR, India, Indonesia,
TEM Thailand* *°
F. merguiensis X X Histo, PCR, Malaysia,
IIF Thailand* ** *°
Litopenaeus X Histo USA®
setiferus
L. stylirostris X X Histo USA, Latin
Americd® '3
L. vannamei X X Histo, ISH, USA, Latin
TEM America® '3
Marsupenaeus X X Histo, PCR, China, Japan,
japonicus TEM Indig't 13 23 24 26
Metapenaeus X X Histo, PCR,  India*'®
dobsonii TEM



Appendix Table A1 (Continued)
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Type of infection

Experi Detection Country
Animal Species Natural mental method (references)
M. ensis X X ISH, PCR Taiwah ' >4
M. monoceros X PCR Indid®
Penaeus monodon X X Histo, ISH, At least eight Asian
PCR countries 14 1>2%
24, 26
P.penicillatus X ISH, PCR Taiwah %
P. semisulcatus X X ISH, PCR India, Taiwar ™ ?*
Parapenaeopsis X PCR Indid
stylifera
Solenocera indica X PCR Indi&
Trachypenaeus X X ISH, PCR Taiwaft" *
curvirostris
Caridean Alpheus sp. X PCR Thailandf
shrimp
Callianassa sp. X PCR Thailandf
Exopalaemon X ISH, PCR Taiwaft 2
orientalis
Palaemon sp. X ISH, PCR TaiwaH
P. adspersus X TEM, ISH, Francé

PCR, dot-blot



Appendix Table A1 (Continued)
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Type of infection

Experi Detection Country
Animal Species Natural mental method (references)
Macrobrachium X Histo, WB India®
idella
M. lamerrae X Histo, WB Indid’
M. rosenbergii X X Histo, ISH, India, Taiwart **
PCR 15, 23, 24
Lobster  Panulirus homarus X Histo Indid®
P. longipes X X ISH, PCR Taiwaff
P. ornatus X X Histo, ISH, India, Taiwarl®>
PCR
P. penicillatus X ISH, PCR India, Taiwan?®®
P. polyphagus X X Histo Indid®
P. versicolor X X ISH, PCR Taiwah >
Scyllarus arctus X TEM, ISH, Francé
PCR, Dot-blot
Crayfish  Astacus astacus X PCR Swedeh
A. leptodactylus X TEM, ISH, Francé
PCR, Dot-blot
Cherax destructor X Histo, Dot-blot Australia
Pacifastacus X Histo, ISH Swedéeh

leniusculus



Appendix Table A1 (Continued)
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Type of infection

Experi Detection Country
Animal Species Natural mental method (references)
Procambarus X ISH, PCR China, Taiwarr
clarkii 23
Orconectes limosus X TEM, ISH, Francé
PCR, Dot-blot
Crab  Atergatis X PCR Indid®
integerrimus
Calappa philarigus X X Histo, ISH, India, Taiwart *°
PCR
Callinectes lophos X ISH, PCR Taiwaft
Cancer pagurus X TEM, ISH, Francé
PCR, Dot-blot
Carcinus maenas X TEM, ISH, Francé
PCR, Dot-blot
Charybdis annulata X X Histo, PCR Indi& °
C. cruciata X PCR Indi&
C.feriatus X X Histo, ISH, India, Taiwart *
PCR 2
C. granulata X ISH Taiwart *
C. lucifera X X Histo, PCR Indi& *°



Appendix Table A1 (Continued)
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Type of infection

Experi Detection Country

Animal Species Natural mental method (references)

C. natatus X X Histo, ISH India, Taiwan,

PCR Thailand" *°

Demania X PCR Indid®

splendida

Doclea hybrida X Histo, PCR Indi&

Gelasimus X PCR Indi&

marionis nitidus

Grapsus X Histo, PCR Indi¥

albolineatus

Halimede X Histo, PCR Indi&

ochtodes

Helice tridens X PCR Taiwan, Thailarid

11

Liagore X Histo, PCR Indi&

rubronaculata

Liocarcinus X TEM, ISH, France,Indi& *®

depurator PCR, Dot-blot

L. puber X TEM, ISH, France, Indi& ™

PCR, Dot-blot
Lithodes maja X Histo, PCR Indi¥



Appendix Table A1 (Continued)
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Type of infection

Experi Detection Country

Animal Species Natural mental method (references)
Crab Macrophthalmus X PCR Indi&

sulcatus

Matuta miersi X Histo, PCR Indi&

M. planipes X PCR Indid?

Menippe rumphii X PCR Indid®

Metapograpsus sp. X Histo India, Taiwaf?

Metapograpsus X PCR Indi&

messor

Paradorippe X Histo, PCR Indi¥

granulata

Paratelphusa X Histo, PCR, Indi&

hydrodomous

P. pulvinata X Histo, PCR, Indi&

Parthenope X Histo, PCR Indi¥

prensor

Phylira syndactyla X Histo, PCR Indi¥

Podophthalmus X Histo, PCR Indi&

vigil

Portunus X X Histo, ISH, Taiwan, Thailand

pelagicus TEM 11,21



Appendix Table A1 (Continued)
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Type of infection

Experi Detection Country
Animal Species Natural mental method (references)
P. sanguinolentus X X Histo, ISH, India, Taiwar * 1
PCR 24
Sesarma sp. X Histo, ISH, India, Thailand *°
PCR
S. oceanica X PCR Indid?
Scylla serrata X X Histo, ISH, India, Taiwan,
PCR Thailand * > 192
S. tranquebaricca X Histo Indid®
Thalamite danae X Histo, PCR  Indi&
Uca pugilator X Histo, ISH  Thailand
Other Sergestoidea, X X Histo, ISH, Thailand*
Acetes sp. PCR
Cirripedia X X PCR Mexico, Thailant*°
Balanus sp.
Branchiopoda X PCR Mexica®
Cladocera
Branchiopoda X PCR Indid?
Artemia sp.
Stomatopoda, X PCR Indid

Squilla mantis

Copepoda X PCR

Mexico, Thailand
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Appendix Table A1 (Continued)

Type of infection

Experi Detection Country

Animal Species Natural mental method (references)

Chaetognata X PCR Mexica®

Rotifera X PCR Chin&

Polychaeta, X PCR Indid?

Marphysa sp.

Coleoptera X PCR Taiwah'

Ephydridae

References'Chang et al. 1998Corbel et al. 2002%Edgerton 2004*Hossain et al.
2001;°Huang et al. 200PJiravanichpaisal et al. 2001, 206kanchanaphum et al.
1998;%Kou et al. 1998 %Lightner et al. 1998''Lo et al. 1996a*’Lo et al. 1999**Lu

et al. 1997 *Rajan et al. 2000°Rajendran et al. 199%°Ramirez-Douriet et al. 2005;
’Sahul-Hameed et al. 2008Sahul-Hameed et al. 200€Sahul-Hameed et al. 2003;
203hi et al. 2000*'Supamattaya et al. 1998YVijayan et al. 2005*Wang et al. 1998a;
*Wang et al. 1998°Yan et al. 2004°°Zhan et al. 1998:.

Note: Histo, Histopathology; PCR, polymerase chaintieacISH, in situ
hybridization; TEM, transmission electron microsgolF, indirect

immunofluorescence



116

Appendix B

Chemical reagents and substances
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1. Protocol for PCR with Phusion™ Hot StartHigh-Fidelity DNA Polymerase
(FINNZYMES)

Component Volume / 20pl reaction  Final concentration
Water, nuclease-free add to 20 -
5x Phusion HF Buffer* 4l 1x
10 mM dNTPs 0.4 200uM each
primer A** X ul 0.5uM
primer B** X ul 0.5uM
template DNA xul 10pg-1ug
Phusion Hot Start DNA
Polymerase (2 W) 0.2ul 0.02 Uil

* Optionally 5x Phusion GC Buffer can be used, segtion 4.2. for details.
** The recommendation for final primer concentratis 0.5uM, but it can be varied
in a range of 0.2-1.4M if needed.

2 Reagent for DNA Extraction

2.1 Lysis solution
2.1.1 100 mM NacCl
2.1.2 10 mM Tris/HCI, pH8
2.1.3 25 mM EDTA (ethylene diamine tetra-aceticlpc

2.1.4 0.5% SLS (sodium N-Laurylsarcosinate) or@B& (sodium
dodecyl sulfate)

2.1.5 0.5 mg/ml proteinase K (added just befos.us
2.2 5M NaCl

2.3 1/10volume of N-cetyl N,N,N-trimethylammonilromide
(CTAB)/NaCl solution (10% CTAB in 0.7M NacCl)

2.4 chloroform/isoamyl alcohol (24/1)
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2.5 95% or absolute ethanol

3. Buffer for agarose gel electrophoresis

3.1 20X TAE buffer pH 8.3 stock solution
3.1.1 0.8 M Tris HCI
3.1.2 0.4 M sodium acetate
3.1.3 0.04 M NgEDTA
3.1.4 Adjust pH with glacial acetic acid to pH &3d bring to 1 litre
with distilled water.

3.2 10X loading buffer / dye
3.2.1 20% glycerol
3.2 2..0.01% bromphenol blue
3.2.3 add TE to final volume

3.3 5 mg/ml ethidium bromide (EtBr)
3.3.1 500 mg EtBr
3.3.2 add distilled water to 100 ml
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Appendix C

The standard protocols
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1. Agarose gel electrophoresis (Sambroadk al., 1989)

1.1 Prepare an agarose gel, according to redgiesd. 1% gel in 1XTAE
buffer, by combining the agarose with buffer ie Erlenmeyer flask and wrapped
with clear pored plastic (low gel temperature aganmay also be used) and melt the
agarose for 3 minutes by microwave oven. Checlgéi¢éemperature before pouring

the gel onto plate, the desired temperature istai®®0°C.

1.2 Pour the gel onto a taped plate with castorglis in place. Allow 20 - 30

mins for solidification.
1.3 Carefully remove the tape and the gel castorgbs and place the gel

in a horizontal electrophoresis apparatus. AddAk electrophoresis buffer to the

reservoirs until the buffer just covers the agamgesie

1.4 Add at least one- tenth volume of 5x agaraddéogding dye to each
DNA sample, mix, and load into the wells. Electiopesis the gel at 50 - 100 V/cm

until the required separation has been achieved.
1.5 Incubate the agarose gel in EtBr tank for @3vnutes.

1.6 Visualize the DNA fragments on a long wave ligjit box.
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Appendix D

Manufacturer’s instruction of commercial kit
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1. Protocol for DNA extraction from agarose gelsNucleoSpin® Extract |1 )
1.1 Excise DNA fragment / Solubilize gel slice

1.1.1 Take a clean scalpel to excise the DNA fraignfrom an agarose gel.

1.1.2 Excise gel slice containing the fragmenéftdly to minimize the gel
volume.

1.1.3 Determine the weight of the gel slice aadsfer it to a clean tube. For
each 100 mg of agarose gel add gDBuffer NT.

1.1.4 Incubate sample at®&Duntil the gel slices are dissolvés10 min).

1.1.5 Vortex the sample briefly every 2-3 min utite gel slices are

completely dissolved.
1.2 Bind DNA

1.2.1 Place a NucleoSfifExtract Il Column into a CollectionTube (2 ml)
and load the sample.

1.2.2 Centrifuge for 1 min at 11,000 x g. DiscHogv-through and place the
NucleoSpiff Extract Il Column back into the Collection Tube.

1.3 Wash silica membrane

Add 600ul Buffer NT3. Centrifuge for 1 min at 11,000 x gisBard flow-
through and place the NucleoSPiEixtract I| Column back into the Collection Tube.

1.4 Dry silica membrane
Centrifuge for 2 min at 11,000gto remove Buffer NT3 quantitatively.

Make sure the spin column does not come in comtdbtthe flow-through while

removing it from the centrifuge and the Collectitube.
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1.5 Elute DNA

1.5.1 Place the NucleoSfiExtract Il Column into a clean 1.5 ml
microcentrifuge tube (not provided).

1.5.2 Add 15-5Qu Elution Buffer NE and incubate at room temperatiar
1 min to increase the yield of eluted DNA. Cenfgéuor 1 min at 11,000 x g.
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Appendix E
IUPAC Nucleotide ambiguity codes
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Appendix Table E1 IUPAC Nucleotide ambiguity codes

Nucleotide ambiguity symbol Nucleotide
A A
T
C
G
A/C
AIG
AIT
CIG
CIT
GIT
AICIG
A/ICIT
AIGIT
CIGIT
XIN AITICIG

WO I< X< mnmsExomZIToo o4
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