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Abstract

White Spot Syndrome Virus (WSSV) causes a devastatlisease in shrimp
aguaculture that has spread worldwide and prohabhgased in virulence over time.
Understanding WSSV epidemiology and evolution isréfore important for
developing novel intervention and management gfieée Both of these goals require
finding suitable molecular markers to identify addcriminate WSSV strains, and
hereby help infer their origin and track their smte Five major variable WSSV
genomic loci were evaluated as markers for vir@niiication and virus spread on
different spatiotemporal scales. In this thesis gleaetic variation between WSSV
isolates from the key shrimp production regions Viretham was analyzed. A
statistically supported model of spread suggests rthultiple introductions of WSSV
occurred in central Vietnam, and that the virusatadl out over time to the south and
the north. Spurious variation was generated dunogecular cloning of WSSV VNTR
sequences, while no variation occurred in multipplicates of amplification of
VNTRs by Polymerase Chain Reaction. Moreover, VNSEuences were stable over
two passages of infectiom vivo, indicating thatin vivo cloning can be applied to
study heterogeneity within WSSV isolates origingtinom a single shrimp. Genetic
deletion of variable region variants appear to beremstable in extensive farms
compare to intensive farms over time, indicatingtthiarm practices affect the
evolutionary dynamics of WSSV. Genetic variatiortween Asian WSSV isolates
provides support for evolution of genome size agdicgy to a geometric model of
adaptation, where incrementally smaller genomietimis are substituted over time.
The relationship between the molecular data andithe of first disease occurrence
implies that shrimp transportation played an imaattrole in the quick, long range
spread of WSSV. Overall, the thesis results shoat WSSV variable loci can be
effectively employed as molecular markers to stMd$SV spread and evolution on
different spatiotemporal scales. However, the markave different properties and the
choice of a suitable marker for a pertinent quesiccritical.



Abstract

White spot syndrome virus 18y 6 gay #nh wi tacdong hiy diét dbi véi nghé nudi
tém, kenh da lan trugn khip thé gisi vai doc tinh ngay canging. Héu vé dich € hoc
va tién hoa da WSSV vi vy rat quan tong dé phat trén cac chin luoc phong nga
va quin ly bénh. Muc dich iy yéu @u xacdinh cac $u t danh diu di truyén phan i
dé xacdinh va phan I8t cac cling WSSV, nk d6 gidp plbng doanduoc ngbn goc
va bét dugc dudng lan trugn bénh aia chdng. Lan an hy da danh gia ki ning
thich hop 1am yéu t danh diu di truyén phan & cho s lan truyn cia virus @a rim
vi tri bién ddi di truyén chi yéu trong & gen WSSV cac plam vi khdng gian va thi
gian khac nhau. Chang t8& phan tichis bién d6i di truyén ¢ cac \i tri gen Ay gira
cac cling WSSV tr nhitng ving $n xuit tdm chi yéu cia Viét Nam. $ liéu nghién
ctru Vi su hé tro caa phan tich #ng kéda dé nghi mot md hinh lan trugn cia virus
v6i nhiéu duong xam nkp dau tién vao Mén Trung VEt Nam va lan trugn dén mién
Nam va m¢n Bic. Cacdoan gen clra cacdon vi 1ap lai lién k& thé hién ar bién doi di
truyén théng qua qui trintad dong phanit nheng ki khdng bén déi trong qué trinh
nhiém qua hai th h¢ lién tiép cia tdm ding nhr qua nhéu lan 1ap lai véi ky thuat
PCR. K&t qua ndy cho thy sr tao dong trén ca thsbng coé tié dugc ung ding dé
nghién ¢u sr da chng di truyén trong qén thé caa mdt ching WSSV ¢6 ngén gbc tir
mot ca the tdm. Sr mit doan gen @a cac chng virusd cac ao theo md hinh nudi
quang canh th hién ar 6n dinh di truyén qua tldi gian so wi md hinh nudi tham canh.
Diéu niy cho thy md hinh nudi %i cach qan ly khac nhauwld anh lxong dén dong
ning tién héa @a WSSV. & bién ddi di truyén gita cac chng WSSV & cac mréc
khac nhaw Chau A b trg cho gh thiét & ar tién hoa @a kich thréc bd gen @a virus
tuan theo rdt md hinh hinh bc cia sr thich nghi Wi nhitng sr mat doan di truyén c6
kich thréc ting din theo thi gian. Mi quan & giita dr liéu phan & va thyi diém xuit
hién bénh ln dau tién & cac mréc cho thy ring sr van chuyn tdm qua giao igh
thwong mai déng vai trd quan dng trong véc lan truygn rong rai va nhanh chongia
WSSV. Tém i, két qua nghién ¢u aia luin &n cho thy raing cacdoan gen bén doi
c6 thé dugc tng ding hiéu qua nhe nhitng Yéu t6 danh diu di truyén dé nghién &u ar
lan truyén va tén hoa @éa WSSV. Tuy nhién cadoan gen Ay véi cacdic diém khac
nhau cAd¢ hitu dung khac nhau theo cacgrh vi khéng gian va i gian khac nhau.
Vi vay sr lua chon yéu tb danh diu di truyén thich yp cho trng pram vi 1a ét quan
trong.
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Chapter 1

General Introduction

Shrimp aquaculture

Shrimp is one of the most traded seafood productsdwide, occupying about 14%

of the total value of fishery products. Shrimp farghis one of the main forms of
global shrimp production with an increase in cdnttion from 6% in 1970 to 69% In
2004 and has become a ‘booming’ business (Rosenl02; FAO 2006). Shrimp
farming provides a major source of income for srfalners and plays a potential role
in the poverty alleviation in developing countriexluding that in small coastal
villages (Adger, 1998; Lewist al, 2003). Moreover, shrimp aquaculture has been and
still is significantly contributing to national esomies in South-East Asia and Central
and South America (Walker & Mohan, 2009).

Shrimp production has been sustainable for cerstume many countries.
However, it has quickly become an important exm@ttor for foreign exchange
earnings and this success has encouraged manyiesuotenter into export-oriented
industrial shrimp farming. The local farmers canmaifill the high standards and
safety requirement of the production, pricing, nedikg and processing chain. This
practice then with its negative social and envirental impact has been proven to be
unsustainable (Bardhan, 2006; FAO, 2006). Nearlyhah quality shrimp was
exported and the high prices paid by processingofi@s have made shrimp
unaffordable for local consumers (Abila, 2003). iBles social problems, destruction
of coastal areas (mangroves) and pollution of serf@ater and land, shrimp farming
has also led to a conflict or competing claims wiibe farmers (Whitmarsh &
Palmieri, 2008). The requirements for large arehd$and in extensive and semi-
intensive shrimp farming practices have led to ificent natural habitat loss through
conversion of wetlands into shrimp ponds. In indaktshrimp farms with poor
environmental management, shrimp feed and excremsentetimes combined with
antibiotics and fertilizer, are often dischargedhwut any treatment directly into
nearby waterways and onto surrounding lands. Intiadd resulting plankton (a
natural food source for shrimp) explosions deplleéeoxygen for shrimp and other sea
life (Lebel et al, 2002). Although there are many other reasonwelk industrial
shrimp farming is considered to be the most impartzause of coastal mangrove
destruction. Major shrimp crop failures have ocedrand, in many cases, ponds were
abandoned. Therefore, the economic growth due gb Iprofitability and foreign
exchange from shrimp exports does not simply tedashto a reduction of poverty or
improving food security for the country and thedbpopulation (Pradhan & Flaherty,
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2008). It is also clear that two of the top shripmeducing countries in the world
(Bangladesh, Myanmar) still belong to the High loigel Poor Countries group (CIA,
2007) and three of these (Vietham, Myanmar, HorgJudaelong to the Least
Developed Countries list (Rivera-Fere al., 2009). Many new strategies have been
suggested and explored in efforts to achieve swabée shrimp production
(Consortium Program, 2006).

In order to fulfill export-oriented industrial shap farming, farmers have been
developing diversified approaches, including ribeiap and mangrove-shrimp
farming, with various levels of shrimp productiontansity such as extensive,
improved extensive and intensive systems. Coastalfields have been converted into
rice-shrimp farms and the mangrove forests hawe la®n destroyed to make shrimp
ponds. Extensive shrimp farming is a farming practihat typically requires very
large ponds — up to hundreds of hectares — withstmeking density (2-3 shrimpsfjn
Spring tides are used to seed and harvest the @ortithe shrimp feed on naturally-
occurring food (i.e. plankton consisting of zoopdenm with copepods, jellyfish,
crustaceans, larvae of fish, starfish and crab,maredoscopic plants) produced by the
mangrove forest. Semi-extensive shrimp farmingnisnaprovement of the extensive
system, requiring (i) the stocking of ponds withsptarvae (PL) to obtain higher
stocking densities (10-15 shrimp$jmand (i) the limited use of shrimp feed. Modern
intensive farming uses dry feeds, antibiotics, pathping aerator systems with high
stocking densities of shrimp (from 20-30 PE/m 50-60 PL/r). The pond water must
be repeatedly or continually treated to removeisctaarge the resulting pollution. The
semi-extensive farming system requires considerdédsdyg input than the intensive
farming with lower shrimp stocking densities (Lebsl al, 2002). Rice-shrimp
farming is an attractive rotation system in thewssar intrusion zone, where the land
is less suitable for conventional rice farming. iDgrthe dry season, brackish water is
used to flood the rice fields for shrimp cultura.the beginning of the wet season,
remaining salts are flushed from farmers’ fieldsréy and inundation with fresh river
water, allowing for the planting of rice. One riaad two shrimp crops are typically
grown every year. Some farmers nurse shrimp frg small pond next to the field
releasing the nursed shrimp into the field afteviag rice. Shrimp consume naturally
occurring food from the field (Vuong, 2001). MaRgnaeusspecies are cultured on
shrimp farms. The giant black tiger shrinfp. (nonodohwas previously the leading
shrimp species in terms of production compareBdnaeus vannaméalso known as
Litopenaeus vannameiPenaeus chinensiand Litopenaeus stylirostrigFigure 1).
However, at preserf®. vannameis the most produced shrimp species in the world
(FAO, 2006), primarily becaug® vannamereplaced®. monodonn South-East Asia.
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Figure 1. World production of cultured shrimp species (198836)

Shrimp aquaculture in Vietnam

Vietnam has great potential for shrimp aquaculgiven its natural features: a 3,260
km long coastline, a large number of bays, lago@tsits and numerous river
systems. Shrimp farming has rapidly developed iathdm, with unplanned farms
expanding due to high profitability and supportigevernment policies. Shrimp
production increased dramatically since the ea8l90k and especially after the year
2000 because of the impacts of Resolution 09/20Q60NP
(http://vbgppl.moj.gov.vn/law/en/1991 to 2000/2@mI009/200009060002_en).
Over time Vietnam became one of the top five shripnpducing countries in the
world, having the largest area for shrimp cultudhiong et al, 2006). Shrimp
aquaculture also became an important economic rsesaoning significant foreign
currency for Vietnam. In 2003 shrimp contributé&t®bof the national fisheries export
value (World Bank, 2004). The export value of shrimcreased 33-fold from 1999 to
2006, corresponding to 3.86% of GDP and 354,608 afrcultured shrimp produced
in 2006 (Dan, 2007). However, shrimp farming in tvieem is based mainly on
individual households: a small production scalé¢ thaften associated with poor pond
management practices. High intensity of productiath poor management has led to
negative environmental impacts with mangrove degjrad, ecological imbalance,
pollution and, consequently, disease outbreaks (FA@5). Most of the shrimp
culture area in Vietnam is concentrated in the Mekdelta, responsible for 82% of
the shrimp production, followed by 15% producedha central coastal regions, and
3% in the northern provinces (Dan, 2007). The trawial extensive farming practice
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has been reduced and replaced by the improved ssx¢eaystem. Nowadays, semi-
extensive farming has become the dominant aquaeulawltivation method in
Vietnam (MOFI, 2004). The rice-farming rotation nebds mostly concentrated in the
Mekong delta. Whilst two crops are often harvesgs@ry year in the south of
Vietnam, only one crop can be obtained in northaatnam.

Over the last ten years the technology for shrimytuce has improved
significantly in Vietnam. The number of shrimp Hagdes has increased 2.5 fold and
production levels reached 26 billion PL15-20 by 20MOFI, 2005). Those hatcheries
are mostly located in the central coastal area ieftrn@m, although hatcheries are
nowadays being set up in southern areas. Thesadngs supply shrimp seed for
almost the whole country; even the northern proesnmainly use imported seed from
the central provinces, although they also used $emd southern China (MOFI,
2001). The main shrimp species cultured in Vietmeas been for a long time the black
tiger shrimp P. monodoh White leg shrimpR. vannamgiwas introduced in 2001,
however, this species can only be cultured legalthe northern and central provinces
of Vietham. The Viethamese government has carrigdseveral projects to translate
the “International Principles for Responsible ShpinfFarming” (MOFI, 2006;
NACA/SUMA, 2005) into practices to improve shrimpoguction, obtain higher
product quality and target to environmental andiceconomic sustainability.
However, many issues still remain to be solvecetxh this goal, including the control
of viral diseases (Khang, 2008).

Viral diseases

Industrial shrimp farming, in combination with poananagement in shrimp
aquaculture, has quickly led to severe pollutiorslimimp ponds, thereby creating a
suitable environment for development of bacteriabt(discussed here) and virus
diseases. Of the more than 20 viruses known toecdisease that reduces shrimp
yields (Table 1), white spot syndrome virus (WSS¥)the most important one,
followed by Taura syndrome virus (TSV) (OIE, 20Q34)JSSV causes up to 100%
mortality within 7-10 days in intensive shrimp fanresulting in large economic
losses to the shrimp farming industry (Lightner9@p Because of high susceptibility
to WSSV and yellow head virus (YHVF.. monodorhas gradually been replaced by
P. vannameior P. chinensisculture in South-East Asia (Briggst al, 2004;
Rosenberry, 2004; FAO, 2006). WSSV is a highlydétstress-related virus, usually
accompanied byibriosis, which is caused byibrio bacteria (Phuoet al, 2009).
These bacteria exist naturally in coastal wateis ianshrimp as part of the natural
bacterial flora in the gut, but become pathogenervshrimps are stressed e.g. by
poor water quality, disease or crowding (HorowitH&rowitz, 2001).



General Introduction

Abbreviation full name Key references.

BP-type = Baculovirus penaei-type viruses
(PVSNPV type sp.):

BP from the Gulf of Mexico Couch, 1974a,b
BP from Hawaii Brocket al, 1986
BP from the Eastern Pacific Lightnetrral, 1985

MBV-type = Penaeus monodon-type baculoviruses
(PMSNPV type sp.):

MBYV from S.E. Asia Lightneet al, 1983c
MBYV from lItaly Bovoet al, 1984

PBV =Penaeus plebejusaculovirus Lesteet al, 1987
BMN-type = baculoviral midgut gland necrosis type

viruses:

BMNV = from P. japonicusn Japan Sanet al, 1981

TCBV = type C baculovirus ¢®. monodon Brock & Lightner, 1990a

WSSV-type = white spot syndrome baculoviruses
(PmNOBII-type):

SEMBYV = systemic ectodermal and mesodermal  Wongteerasupayet al, 1995
baculovirus

RV-PJ = rod-shaped virus Bf japonicus Takahashet al, 1994
HHNBYV = hypodermal and hematopoietic necrosis Huanget al, 1995
baculovirus

WSSV = white spot syndrome virus Vlekal, 2005

PHRV = hemocyte-infecting nonoccluded baculovirus we@s, 1993

Other viruses:

IHHNV = infectious hypodermal and hematopoietic Lightneret al, 1983a,b; Bonangt al, 1990
Nnecrosis virus

HPV = hepatopancreatic parvovirus Lightner & Redni®85

LPV = lymphoidal parvo-like virus Oweret al, 1991

IRDO = shrimp iridovirus Lightner & Redman, 1993

TSV = Taura syndrome virus Lightneral, 1995; Broclet al,
1995; Hassoet al, 1995

REO-III = type Il reo-like virus Tsing & Bonami,9B7

REO-IV = type IV reo-like virus Adams & Bonami, 199

LOVV = lymphoid organ vacuolization virus Bonastial, 1992

YHV/'YBV’ = yellowhead virus of P.monodon Boonyaratpaliret al,, 1993;
Flegelet al, 1995

RPS= rhabdovirus of penaeid shrimp NagHlal, 1992

GAV = Gill-associated virus Spann et al. 1997; May@. Owens 1998;

Cowleyet al1999; Callinan & Jiang 2003;
Callinanet al 2003
IMNV = Infectious myonecrosis virus Lightnet al 2004; Senapiet al 2007.

Table 1. The main viruses causing diseas€@naeushrimp
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WSSV

White spot syndrome virus was first reported atnsprfarms in northern Taiwan in
1992 (Chowet al, 1995) and has been found world-wide within aadiec(Escobedo-
Bonilla et al, 2008). WSSV has also been found in wild shringgles in the Americas
and is held responsible for devastating Ecuadamaps in 1999 and 2000, and hereby
bringing this country to the brink of economic egise (Rosenberry 2001; Lightner,
2003). The virus was given different names sucliygsdermal and hematopoietic
necrosis baculovirus (HHNBV) (Durandt al, 1996), P. monodonnon-occluded
baculovirus (PmNOB Ill) (Wanget al, 1995), rod-shaped nuclear virus of
Marsupenaeus japonicuRV-PJ) (Inouyeet al, 1994), penaeid rod-shaped DNA
virus (Venegaset al, 2000), systemic ectodermal and mesodermal baicutov
(SEMBYV) (Wongteerasupayet al, 1995) or white spot baculovirus (WSBV) (Chetu
al., 1995), as the viral agents causing diseaseffiaréint regions were thought to be
different. Finally, WSSV was approved as a new vigpecies by the International
Committee on Taxonomy of Viruses (ICTV), when itsn@acognized that a novel viral
agent with a uniqgue genome and pathology was radgenfor this disease (Vla&t
al., 2005). WSSV is the most important disease agansing outbreaks in various
shrimp farming countries and has already costedwbdd-wide penaeid shrimp
industry billions of dollars (OIE, 2003a). The ingbaof WSSV was disastrous on
farmed shrimp production around the world (Fig(R2AO 2006).

WSSV owes its name to the white spots of 0.5-3.0iuthameter embedded in
the exoskeleton of infected shrimp (ebal, 1996a). It has been suggested that these
spots are calcifications as a result of WSSV-induttgsfunctioning of the integument,
although the exact mechanism of white spot formmat® not known (Wanget al,
1999a). WSSV infected shrimp can also show a réadduoration and reduced feed
intake (Lightneret al, 1998), a lethargic response to stimulus (Durandl, 1997),
loose cuticle (Lcet al, 1996b), swelling of branchiostegites becausacstimulation
of fluid (Otta et al, 1999), enlargement and vyellowish discoloratioh the
hepatopancreas (Sahul-Hamestdal, 1998), and thinning and delayed clotting of
haemolymph (Wanet al, 2000). In the field stress factors such as envirent, pond
conditions (salinity, shading and temperature) afwd could enhance the
development of the WSSV disease in juvenile shriofpall ages and sizes, but
massive mortality usually occurs 1 or 2 monthsradtecking (Kasornchandrt al,
1998). WSSV-infected shrimp often gather near tbadpedge and present clinical
signs 1 or 2 days before the first mortalities od&ou et al, 1998).
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Host range of WSSV

WSSV has a wide host range among decapod crustacaaleast eighteen cultured
and wild penaeid shrimp, eight caridean speciegsersespecies of lobster, seven
species of freshwater crayfish and thirty-eighbcspecies (Durandt al, 1997; Chou
et al, 1998; Lightnert al, 1998; Loet al, 1996b; Sahul-Hameest al, 2003) have
been found to contain WSSV. In addition, WSSV hagrb detected in six non-
decapod crustacean species (Supamatetyaal, 1998; Hossainet al, 2001),
Chaetognatapredatory worms, rotifers, polychaete worms anthes@quatic insect
larvae. In experimental conditions WSSV replicatltas been confirmed to occur in
many of these species. However, some wild speciels as polychaete worms may
function as mechanical carriers, which only shoWé8SV positive by polymerase
chain reaction (PCR) (Escobedo-Bon#aal, 2008). WSSV can also be transmitted
from instars to reproductivértemia cysts, but is lost during hatching as it was
undetectable in nauplii stage (i al, 2003).

Natural epizootics

The rapid growth of thepenaeid aquaculture industry, together with increased
international movement of live and dead infectednsps, have contributed to the
quick spread of WSSV and threatens the developmieshrimp aquaculture world-
wide (Durandet al, 2000). High opportunity of horizontal transmassiof the virus
through cannibalism and the waterborne route oftersexplanation for the quick
spread of the virus in shrimp populations (ponds),the extent that WSSV s
considered a pandemic disease (8Yal, 2001). Epidemics of this disease have been
reported throughout Asia, after first discoverytlod virus in Taiwan in 1992 (Chaat

al., 1995; Escobedo-Bonillat al, 2008). In 1993 WSSV caused massive mortalities
among thepenaeidshrimp in Japan and Korea and this virus strais stgggested to
originate from the same ancestor as the Taiwan)affthand China isolates (Inougée
al., 1994; Mooret al, 2003). WSSV was found in cultur® monodonn Malaysia in
1994 (Wanget al, 1999b), while the Indian subcontinent outbrela&ge occurred in
both PL and culture®. monodonManivannaret al, 2002; Selvin & Lipton, 2003).
WSSV was detected in Texas in 1995 (Rosenberry)1®nce 1999 it also induced
mortality of culturedP. vannamein Ecuador (Rodrigueet al, 2003) and Mexico
(Galaviz-Silvaet al, 2004), causing severe damage to the shrimp tnesiof both
central and south America (Global Aquaculture Alta, 1999a,b). The import of
frozen shrimp has been suggested to be the schatspgreads WSSV from Asia to the
Americas (Lightnert al, 1997). WSSV is thought to have reached shrinnmgdan
Australia and Spain in 2000-2001 by introductiorisfrozen infected shrimps that
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were used as fresh food for broodstock, althouggs ias not been confirmed (OIE
2003a).

400 -

—China

w

o

o
I

— - Ecuador

Shrimp production in
metric tons (x 1000)

Year

Figure 2. Impact of white spot syndrome virus on farmedssprproduction in China and
Ecuador (FAO, 2006). Arrows indicate year of fostbreak reported for each country.

WSSV was also reported to cause shrimp diseaserancé€ and Iran in 2002
(Rosenberry, 2002). WSSV was also shown to be ptesewild populations of
Atlantic blue crab (Chanet al, 2001).

WSSV is a reportable disease by the OIE and didigrniests are available to test
for the virus (OIE, 2003a). The first test was deged by Loet al (1996a), based on
specific nucleotide sequence amplification (PCRym@ercial kits are now available
to test for the presence of WSSV in feed, broodstisg and PLs.

Transmission

WSSV can be transmitted vertically and horizontallghrimp (Wuet al, 2001; Lotz

& Soto, 2002) and other cultured and wild crustacs@ecies and aquatic organisms,
such as crayfish, crabs, copepods etc., causifgyetift levels of mortality depending
on the host species (Jesetsal, 2007). Infection of shrimp with WSSV arises from
many sources; rapid transmission of WSSV in cultaystems may occur from
infected shrimp, through water and by cannibalisrmoribund shrimp (Changt al,
1996, Wuet al, 2001). However, infected spawners and post laaraealso major
sources of infection for shrimp farms. Potentialrees for WSSV transmission
include human activities, seabirds or other anisnatimigration, infected frozen food
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products, infected pond sediments, contaminated@dture tools or instruments and
untreated infected shrimp by-products from procgsglants (Lightneet al, 1997).
PCR results show that different arthropods, inclgdiopepods and insects, can act as
vectors of WSSV (Leet al, 1996b; Flegel, 1997; Hameedal., 2003). Furthermore,
some of these arthropods, suchPastunus pelagicusind Acetessp., are common in
shrimp culture areas and may transmit WSSV betvpeenls and farms (Supamataya
et al, 1998). Other vectors can also get into shrimpdgothrough pumped water
(Hameedet al, 2003). Several species of crabs have been shovzarry WSSV,
implicating them as asymptomatic carriers @taal, 1996b; Otteet al, 1999; Cheret

al., 2000; Changt al, 2001).

WSSV genome
WSSV is one of the largest animal DNA viruses segad so far (Filee & Chandler,
2008) and has been assigned as a species of thes gathispovirus, family
Nimaviridae by the ICTV (ICTV, 2008). WSSV is thels member of the genus
(Whispovirus) and the family (Nimaviridae). WSSV righs are ellipsoid to
bacilliform in shape and of considerable size (20-kX 250-380 nm). They have a
unique, tail-like appendage when in solution; hetieefamily name (nima = thread,
appendage). Virions contain a large double-straridié molecule wrapped into a
rod-shaped nucleocapsid with an envelope. The acafesids have a striated
appearance. The WSSV genome encodes about 180 repdmg frames (ORFS)
(depending on the variant) and so-called nine hogmls regions containing direct
repeats, inverted repeats and palindromes dispatsed the genome (van Hulten
al., 2001a; Yangt al, 2001).

There is variation in the WSSV genome size, ran@iom 292,967 bp (WSSV-
TH, GenBank accession No. AF369029, van Hukral, 2001a) to 305,107 bp
(WSSV-CN, GenBank accession No. AF332093, Yahal, 2001) to 307,287 bp
(WSSV-TW, GenBank accession No. AF440570) for ddfe geographical isolates
originating from Thailand, China and Taiwan, regpety. However, the sequences
shared by these genomes are almost identical; otigdeidentity is 99.3%. The size
differences are mostly due to several small insesfideletions in regions with
repetitive DNA, to a genetically variable in a r@giof about 750 bp and one large
approximately 13 kbp deletion (Marks al, 2004; Figure 3). Recently, a new WSSV
isolate was discovered with the largest WSSV gename record, containing
approximately 5 kbp more DNA than the largest sstquenced isolates. This isolate
may be the potential common ancestor of the chenaetl WSSV isolates up to date
(Markset al, 2005).
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Virions comprise at least forty-five structural fgms that are arranged in three
morphologically distinct layers (Tsat al, 2004, Liet al, 2007). Most ORFs have a
low, if any, level of amino acid identity compartathe proteins of other viruses or
organisms (Lightner, 2003), underscoring the unitp@nomic position of WSSV
(Vlak et al, 2005).

binding 11 BamH|
(gam;; 1 WSSV‘TH 25—
292,967 bp

Hr7

Outer ORF circle: nonoverlapping ORFs; Inner ORF circle: overlapping ORFs

) ORFs <750 bp BamHl restriction fragments
=) ORFs >750 bp EEEE Hs
® ORFs with predicted function > Repeat unit of Hr

# Structural protein ORFs »  Partial repeat unit of Hr

(VP/vp: Major/minor protein ORFs)

Figure 3. Genome of the WSSV isolate originating from Thaila(1996) and completely
sequenced by van Hulten al. (2001a).
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Up to now WSSV isolates have shown little genenid &iological variation in
terms of sequence and host range, suggestinghaate closely related and emerged
from a single source (Lightner, 2003). On the otiend differences in virulence have
been noted and it remains to be seen to what etttergenetic differences are related
to virulence.

Control of WSSV

WSSV-induced economic losses in the aquacultureusing have prompted
researchers to develop strategies to control oraga WSSV infection and disease
occurrence. Several studies on WSSV control haea lolwne and control measures
showed some efficacy against WSSV under experirheotaditions. Chemotherapy
with STEL (STerility and ELectrochemistry) waterh&n used continuously, showed
effective prevention of WSSV infection in shrimpa(R et al, 2004). Mytilin, an
antimicrobial peptide abundant in mussel’s haenmesgytould prevent replication of
the viral DNA (Dupuyet al, 2004).Addition of g-1,3-glucan to the shrimp feed also
showed significant improvement of the immunity awvival of P. monodonafter
WSSV challenge (Changt al, 2003). Crude fucoidan (CF) could inhibit WSSV
infection and the growth dfibrio harveyj Staphylococcus aure@ndE. coli through
oral administration irP. monodor(Chotigeatet al, 2004). The peptides derived from
some antiviral genes iR. monodorcould specifically bind to WSSV and block virus
infection, suggesting their potential to be ex@difs an antiviral peptide drug (Lab
al., 2003; Yiet al, 2003).

Modulating environment factors has also been sugdess a method to control
WSSV disease, although the effectiveness of varrmoaasures varies greatly. Low
water temperatures (12-21°C) reduced WSSV pathotjgm@ind inhibited mortality in
crayfish and shrimp (Dupusgt al, 2004; Jiravanichpaisat al, 2004). Hyperthermia
also increases the survival of infected shrimp,sfbg through the facilitation of
apoptosis in WSSV-infecteR. vannameiGranjaet al, 2003). Mortality reduction
was observed irP. vannameijuveniles at 33°C, but only in the early stages of
infection (Rahmaret al, 2006).

Although invertebrates lack a genuine adaptive imenuesponse as with
vertebrates, several products have shown potetatialon-specifically stimulate the
invertebrate immune system in experiment. The dserabiotic bacteria (Solano &
Soto, 2006; Liet al, 2007; Balcazaret al, 2007; Balcazar & Rojas-Luna, 2007;
GOmez & Shen, 2008; Mathieet al, 2008), based on the principle of competitive
exclusion, and the use of immunostimulants (Chatigeal, 2004) are two preventive
methods explored against WSSV disease during gtefdésav years. Probiotic strains
isolated from shrimp culture water or from the stiiee of different penaeid species
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have been shown to significantly enhance toleramceesistance to WSSYiqiu et
al., 2009). The successful strains belong to the géhlbso and Bacillus and the
speciesThalassobacter utilisProduction or induction of digestive enzymesha gut
was proposed as the protective mechanism of piobjamproving shrimp digestion,
health and stress resistance. However, the ladolaf evidences on their successful
use and action mechanismis vivo makes application of probiotics in aquatic
environments a controversial concept. Effects ataoe probiotic bacterial strains
were shown to be highly sensitive to many environtale factors. Therefore,
development of optimum fermentation technologiesaquired to avoid bacterial
strain misidentification, which has been a problenctommercial probiotic cultures
(see Ninawe & Selvin, 2009).

Vaccination has also been suggested as one ofdtteods to control WSSV (see
Johnsoret al, 2008). It was shown that there is possibly a haheeutralizing factor
in convalescent shrimp after challenge with WSS\ér{&gast al, 2000; Wuet al,
2002), which could potentially be developed as eattnent against WSSV. Viral
accommodation at low levels, providing “specificmay” of previous infection, was
proposed to explain this protection (Flegel, 200H9wever, molecular evidence of
this hypothesis remains elusive. Intramuscularcipa (Namikoshiet al, 2004) or
oral feeding (Singlet al, 2005) of formalin inactivated virus showed sfgant but
only short protection against WSSV up to 10 dayst p@ccination. Recombinant
expressed WSSV envelope proteins, which were usesubunit vaccines revealed
enhanced tolerance and partial protection agaifS6Win one crayfish species and
various shrimp species. The protection was achidr@ad both purified protein and
protein delivered in inactivated bacteria expregsthe protein (administered by
injection, immersion or orally), but only up to #ldys post vaccination (Witteveldt
al., 2004; Witteveldet al, 2006; Vaseeharagt al, 2006; Xuet al, 2006;Du et al,
2006; Jhaet al, 2007;Rout et al, 2007). The mechanism involved in this defense
response is still unclear. Recently envelope pnod#P28 expressed in eukaryotic
expression systems has been shown to protect shnayfom WSSV infection.
Interestingly the eukaryotically expressed progave better protection compared to
bacterially expressed product (Bai al, 2006). This may reflect efficiency of the
correct folding and/or posttranslational modificatiof this protein, which possesses
several putative glycosylation and phosphorylatisites when expressed in a
eukaryotic system. DNA vaccines, consisting of mbmant DNA plasmids that
express envelope proteins VP28 or VP281 under tméral of the CMV promoter,
have been shown to proteEt. monodonfrom WSSV for up to 50 days post
vaccination. However, the protective response coubd be achieved with the
nucleocapsid proteins VP15 and VP35 (Retital, 2007). All of these evidences
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suggest that the protective mechanism requiresctiméinuous presence of specific
viral surface proteins for recognition of virus faes prior to cell entry. In

conclusion, a better understanding of the mechanismderlying protection is

essential for developing a feasible vaccinatioategyy (Johnsoat al, 2009).

Genetic markers and molecular epidemiology

“Molecular epidemiology” is an approach that inaangtes molecular, cellular, and
other biological measurements into epidemiologyaesh (Schulte & Perera, 1993).
Genetic markers were suggested as “a quantum Ieaptheé evolution of
epidemiological ideas” (Schulte & Perera, 1993)eyltan be used as vital tools to
link molecular and epidemiological studies. Quacdifion of marker variations can be
performed with greater precision, and hence provigdter data for statistical
comparisons than many other types of ecologicalsoreaents. Polymorphic genetic
markers can be used to track movement of indivilbaktween populations and infer
population structures. However, not all sectionthefgenome are useful as molecular
markers. On the other hand, no genetic markereial itbr all applications. Organisms
with differences in polymorphism level require difént markers. Some markers are
sufficiently variable to detect differences amongpylations, but are rarely
sufficiently polymorphic to distinguish between sjfie individuals. Protein
polymorphism and allozymes have been used as polwadrkers for several decades
to address ecological and evolutionary questionay(M.992). However, this type of
marker only reveals sufficient variation among speat some protein-coding loci and
Is not suitable in case of low variation betweepylations within the same species.
DNA markers, on the other hand, are advantageotsuise of their ease of extraction
and use, and given that they can be extracted fbnost every cell type of an
organism throughout its entire life cycle.

Development of the polymerase chain reaction (PG&Y created powerful
molecular-based tracking methods for epidemioldgstady. This led to techniques
such as Restriction Fragment Length PolymorphisfaL@® followed by Amplified
Fragment Length Polymorphism (AFLP) as powerful keartechniques to examine
the historical origins and geographic distributioh eukaryotes (Vitic & Strobeck,
1996) as well as viruses (Gouvea al, 1998; Sammel®t al, 1999). However,
restriction fragment analysis of total genomic DMAproblematic for discriminating
genotypes when there are low levels of geneticrdityeand is limited because they
require a large amount of DNA. As a general poi@RFbased markers have the
important advantage of requiring minimal amountdisdue. In molecular microbial
ecology, ribosomal gene sequences dominated as ersarikh the literature.
Nevertheless, distinguishing closely related miogaaisms proved to be problematic
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with these markers. In traditional molecular epid#agy of viral infections, genetic
markers are also the key tools to assist epidegidb investigation. However, there
are no universal viral gene sequences (i.e. virtis®@® no ribosomal genes of their
own). DNA polymerases are often used as genetikemaras their PCR amplicons
often give diverse electrophoretic profiles. Manguses do not have these genes and
some contain RNA rather than DNA. Hence, most @& tbchniques designed for
microbial cells can therefore not be relied uporewkvorking with viruses. Currently
separate analysis of all components of biologicgtesns dominates molecular
research. However, integrative molecular epidengplavith supporting mathematical
and computational modeling, can result in more aaingnsive coherent studies of
pathogen molecular evolution, phylogeny and popariagenetics, leading to better
insight into disease occurrence and dynamics (&agh, 2008).

Although many studies, mentioned above, have shbanshrimp can partly be
protected against WSSV under experimental conditioro adequate treatments are
available yet to effectively control WSSV in thelfi. Therefore, at present, excluding
pathogens from shrimp farms (sanitation) is the tnedfective approach for WSSV
control. Methods to exclude WSSV include disinfiegtponds and water, preventing
entrance of potentially infected animals by scregnior the presence of WSSV,
stocking SPF shrimp, correct monitoring of shringmgles and evaluation of newly
introduced broodstock, eggs, post larvae and jlestirimp for the presence of
WSSV. Combination of these preventive measures athgtr control methods
mentioned above is the best way to reduce theofiskWSSV outbreak up to date.

WSSV prevention and management requires an insgyrapproach, in which
understanding of WSSV transmission, epidemiologyl @&wolution is one of the
important issues. In the context of an emergindlam such as white spot disease,
insights into WSSV origins and spread patternslmamchieved by linking predicted
evolutionary histories with epidemiology using alewmlar approach. However, the
current level of understanding of the spread of WSSn both small and large scale
— is insufficient: many possible transmission reuee known, but what are the actual
routes taken by the virus? Moreover, viruses rgpedolve like most other infectious
disease agents, meaning that an evolutionary petrépeon WSSV is required (e.g.
Grenfell et al, 2004) to predict future developments. WSSV hlasws marked
variation in genotypic (Markst al, 2004, 2005a) and biological characteristics such
as virulence (Market al, 2005a), but insight into the evolutionary praesssleading
to (a) virulence is lacking. Therefore we need ol track the genetic structure of
WSSV populations in order to infer patterns of sprand follow virus evolution over
time and space (phylogeography; Avise, 2000). Algdgographic approach has been
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taken for many diseases that threaten human heailth, as influenza, dengue, rabies,
influenza and HIV to understand the origin and agref the virus (Holmes, 2004).

Aim of the thesis

Industrial shrimp farming is associated with uncoltéd movement of broodstock and
PL, high-density monoculture, transport of infectemken shrimp, etc. These factors,
together with poor sanitation and management inmghraquaculture, provide
convenient conditions for many viral diseases -uiog white spot disease — to
become pandemic. However, many questions aboutrtgm and spread of the virus
and how it evolved genetically and biologically oveéme and space remain
unanswered. Patterns of WSSV distribution are poounderstood because
conventional methods for WSSV epidemiology, based farmer reports, met
difficulties in monitoring disease outbreaks (Cors®t al, 2002). The role of
intermediate or carrier hosts in the rapid emergesfcthe disease is also obscure. In
addition, the current PCR tests for WSSV are veepegic, do not allow for the
discrimination of different variants and are theref unsuitable for tracking the
evolution of the virus.

Finding suitable methods to identify and discrimen®/SSV strains — and infer
their origin — is therefore important for WSSV fostcs and understanding WSSV
epidemiology and evolution. Moreover, the genetdatedness between WSSV
isolates and the history of shrimp sources coulg heer virus origins and identify
other factors involved in spread of WSSV. Molecudgnidemiology with suitable
genetic markers is a potential approach, in whibdniification and validation of
informative molecular sequences are essential stepthis process. Five major
variable loci in the WSSV genome were identified\Mbgrkset al (2004) based on the
alignment of three completely sequenced WSSV isslairiginated from Taiwan
(WSSV-TW), China (WSSV-CN) and Thailand (WSSV-THhese variable loci were
suggested to be promising genetic markers for thdysof WSSV diversity. This
thesis analyzes these loci in detail and tests thetability as molecular markers to
study WSSV epidemiology and evolution.

The availability of well-defined genetic markersgcass to well-recorded
longitudinal sample sources of WSSV and a relagivehdisturbed, regionally
organized shrimp industry are very important faguacessful study of the molecular
epidemiology of WSSV. These requirements are metVietham, where semi-
intensive and intensive shrimp culture developdditikely late (2000), with limited
shrimp introductions from abroad and governmenticdled shrimp practices. This
situation and these conditions provide a uniqueodppity to use molecular markers
in combination with epidemiological models to expldhe evolutionary path of a
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virus, in this case a virus in an aquatic environtn&/SSV. This largely retrospective
study will provide a basis for future experimenséidies on this aquatic virus-host
system to further understand the epidemiology of S¥WSand to design novel

intervention strategies.

Outline of the thesis

Chapter 1: In this chapter a short account is given on spricnlture and shrimp
production systems and on the consequences foerttezgence of diseases. Among
the virus diseases, WSSV is the most importantae an account is given on the
taxonomic status of the virus, its molecular chemastics and pathology and its
current epidemic status

Chapter 2: An eclectic selection of WSSV isolates from vasaegions in Vietham,
but mainly the central and southern regions of dbentry (the earliest regions for
industrial shrimp production), were used in thiagter for a preliminary evaluation of
whether the major variable loci of WSSV genome sugable as genetic markers to
study the epidemiology of WSSV and to devise a rmodehe spread of the virus in
Vietnam.

Chapter 3: In this chapter the spread model was further atdd by extending the
number of samples representing key areas of shprogluction, covering all of
Vietnam from the north to the south. A statistiaaalysis was performed to test which
variable loci are appropriate markers for WSSV epitblogy at this spatiotemporal
scale. Moreover, a statistically supported modaM&SV spread in Vietnam could be
inferred.

Chapter 4. The WSSV variable loci that are the most appré@rmaolecular markers
for the small geographical scales (local) are \deiaaumber tandem repeat (VNTR)
loci (Chapters 2 and 3). In this chapter it wase@svhether VNTRs could be used to
study genetic heterogeneity within WSSV populatigres from individual shrimp).

Chapter 5: The sample source is very important in epidemiplddsing molecular
markers it is evaluated whether shrimp farming ficas (intensive / extensive) affect
the genetic structure of WSSV populations over tiMereover, the data allow for
inferences on suitable sample sources for retréispdc studying the spread of
WSSV.
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Chapter 6: The variable locus that proved to be an appropriaiéecular marker for
large geographical scales (Chapter 2) was useddcritbe the spread and evolution of
WSSV on the continental scale, i.e. spread throAgjh. This chapter also shows the
relationship between the genomic deletion sizes WISV evolution: a simple
geometric model can describe the adaptive trajpcbWSSV genome size evolution.

Chapter 7: In this chapter the outcome of the previous chapierdiscussed in the
broader context of the use of molecular markersnderstanding virus epidemiology
in general. Furthermore an outlook is given on guential implications of the
acquired knowledge and the future research thetgsired to better understand the
epidemiology and evolution of WSSV.
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CHAPTER 2

Molecular epidemiology of White Spot Syndrome Viruswithin Vietnam

Abstract

WSSV, sole member of the virus famiimaviridae is a large dsDNA virus infecting
shrimp and other crustaceans. By alignment of thceenpletely sequenced isolates
originating from Taiwan (WSSV-TW), China (WSSV-Cldphd Thailand (WSSV-TH), the
variable loci in the genome were mapped. The vianauggests the spread of WSSV from a
common ancestor originating from either site of Tlaéwan Strait to Thailand, but support for
this hypothesis through analysis of geographiamégliates is sought. RFLP analysis of eight
Vietnamese WSSV isolates, of which six were colldatlong the central coast (VN-central)
and two along the south coast (VN-south), showgrhiegnt sequence variation in the variable
loci identified previously. These loci were chamed in detail by PCR amplification,
cloning and sequencing. Relative to WSSV-TW, ak ®N-central isolates showed a
approximately 8.5 kb deletion in the major “varmllegion ORF23/24” (ORF = Open
Reading Frame), whereas the two VN-south isolatesamn a deletion of approximately 11.5
kb and approximately 12.2 kb, compared to a apprately 1.2 kb and approximately 13.2
kb deletion in WSSV-CN and WSSV-TH, respectivelyheT minor “variable region
ORF14/15" showed deletions of various sizes contpdace WSSV-TH for all eight VN
isolates. The data suggest that the VN isolates/é88V-TH have a common lineage, which
branched off from WSSV-TW and WSSV-CN early on, démat WSSV entered Vietham by
multiple introductions. We present a model for spgead of WSSV from either site of the
Taiwan Strait into Vietham based on the graduatigreasing deletions of both “variable
regions”. The number and order of repeat units iwitbRF75 and ORF125 appeared to be
suitable markers to study regional spread of WSSV.

Key words: White spot syndrome virus, molecular epidemiolog5SV variable loci, strain
identification, PCR genotyping, Vietnam, shrimptau

This chapter has been published as: Dieu, B. T.Nlarks, H., Siebenga, J. J., Goldbach, R. W.,
Zuidema, D., Duong, T. P. & Vlak, J. M. (2004jolecular epidemiology of White Spot Syndrome
Virus within Vietnam.Journal of General Virologg5, 3607 — 3618.
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Introduction

White Spot Syndrome Virus (WSSV) is a large dsDNAIs belonging to the virus
family Nimaviridae(Mayo, 2002). Since its discovery in China (Fu)ian1991/1992,
the virus quickly spread causing serious lossescdmmercial shrimp farming
worldwide (Caiet al., 1995; Flegel, 1997). The natural marine ecologyalso
threatened by WSSV as the virus has a wide hogferancluding salt and brackish
water penaeids, crabs, spiny lobsters and freskrvgirimp and crayfish (Let al.,
1996b; Flegel, 1997; Wangt al., 1998; Chenet al., 2000; Maedaet al., 2000;
Hameedet al.,2003). An overt clinical sign of infected shringpthe presence of white
spots on the exoskeleton (Chetal, 1995).

Electron microscopical analysis showed that WSSYsts of a rod-shaped
nucleocapsid with a crosshatched appearance, sgleduby a trilaminar envelope
with a unique tail-like appendix at one end (Woegasupayat al., 1995; Durancet
al., 1997; Nadaleet al., 1998). The circular double-stranded DNA genom&dSV
has a size of around 300 kb and is one of the $arg@mal virus genomes that has
been entirely sequenced (van Huletral., 2001; Yanget al., 2001). Only 6% of the
putative 184 ORFs encoded by the viral genome hawalogues in public databases,
mainly representing genes encoding enzymes forentide metabolism, DNA
replication and protein modification (van Hultenhal.,2001).

Except for South-East Asia, WSSV also has beenrtegpdrom the United States
in 1995 (Rosenberry, 1996), and from central- amatls America since early 1999
(Rosenberry, 2000). In 2002, WSSV was also detantédance and Iran (Rosenberry,
2002). The various geographical isolates of WSSnhidied thus far are very similar
in morphology and proteome. Limited differences restriction fragment length
polymorphism (RFLP) patterns have been reportegyesting either a high degree of
genomic stability or a recent emergence (Nadalao&,1998; Loet al.,1999; Wang
et al., 2000a, b; Markst al., 2004). Preliminary studies indicated that theralso
little difference in virulence between various WSSSolates, although direct
comparisons were not made (Wagteal., 1999b; Laret al.,2002). After the complete
sequencing of three different WSSV isolates origngafrom Taiwan (WSSV-TW;
Wanget al., 1995), China (WSSV-CN; Yanet al.,2001) and Thailand (WSSV-TH;
van Hultenet al.,2001a), the major variable loci in the WSSV genomesge mapped
by alignment of these sequences (Markal.,2004). Roughly, the variable loci can be
divided into deletions, variable number of tandepeats (VNTRS), single nucleotide
indels and single nucleotide polymorphisms (SNPB§g variation within these loci, in
particular in the large genomic deletions, suggkstegeographical spread from a
common ancestor from either site of the Taiwan iStma Thailand (Markset al.,
2004), but genetic intermediates were missing ppstt this hypothesis.
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The present study focuses on WSSV isolates frontinga (VN), from eight
different locations along the central and southstoBhe variable loci, as identified by
Marks et al. (2004), were subject of detailed analysis, inalgdsequencing. Using
these newly characterized WSSV-VN genotypes, theevaf each of the identified
loci as genetic marker for strain identification a®ll as epidemiological and
ecological studies is evaluated. Furthermore, nubdedyping was used to analyze the
relationship between the eight WSSV isolates fromtnam and those from Taiwan,
China and Thailand. The genetic changes could belated with spread of WSSV
radiating out from either site of the Taiwan Sttaifl hailand.

Materials and methods

Infected shrimp sampling

The origin of the collected WSSV infected shrinipefaeus monodpranalyzed in
this study is shown in Table 1. The shrimp werawésl with ethanol and transported
in liquid nitrogen from the respective ponds to dmo University (Vietnam), where
they were stored at -8 till further processing.

Table 1 Origin of the Viethamese WSSV isolates used is study

Name of Place Province Date of Origin of  Abbreviation
the pond (district) collection  postlarvae*
central WSSV-VN isolates
Khanh Hoi An Da Nang 18/03/2003 Local K
Thanh Son Tinh Quang Ngai  19/03/2003 Da Nang T
Luong Qui Nhon Binh Dinh 20/03/2003 Local L
;:Ju Tuy Hoa Phu Yen 21/03/2003 Local
Anh Ninh Hai Ninh Thuan  22/03/2003 Local A
south WSSV-VN isolates
C. Thanh A Long Hoa Tra Vinh 10/01/2004  Unknown Tv
T. Sang Kien Luong Kien Giang  04/03/2003 Local Kg

*All ponds obtained their post larvae from hatcherithe location of this hatchery is mentionechia tolumn.
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DNA extraction

DNA extracts of collected shrimp were obtained framscle tissue. A small piece
(approximately 50 mg) of the tail of dead shrimpsw@mogenized using a disposable
rod and mixed with 200 pl 5% (w/v) Chelex X-100 ire¢BioRad) and 16 pl
proteinase-K (20 mg il stock). This mixture was incubated overnight at°85
followed by 10 min at 95C to inactivate the proteinase-K and centrifugafion 1
min at 18,000 g to pellet cellular debris. Queof the supernatant was used in PCR
reactions.

PCR analysis of WSSV-infected shrimp

To screen for WSSV, we developed a standardized-BP£38d WSSV detection
protocol. Oneul of DNA extract was tested in two similar singkeys PCR reactions
with a shrimp 16S rRNA or a WSSV VP26 primer pdialjle 2a), usingrag DNA
polymerase (Promega). The 16S rRNA primer pair dmapla shrimp mitochondrial
DNA fragment coding for the 16S ribosomal RNA, aadised as a positive control
for the presence of host DNA. The VP26 primer anplifies part of the WSSV
VP26 ORF (van Hulteret al., 2000b), and is used to screen for WSSV positive
shrimp. PCR conditions used and sizes of the PORuyats are shown in Table 2a.

PCR analysis for WSSV variable loci

PCR on the genomic variable loci of WSSV was pentat with 1ul DNA extracts,
usingTaqDNA polymerase (Promega). The specific primer, 98GR conditions used
and sizes of the PCR products are shown in Table 2b

Table 2a.Primers used during PCR analysis for WSSV scrgenin

] Annealing )
Primer _ WSSV-TH  Size (bp)
i Primer temperature
pair Sequence (5'-3") 0 , sequence of PCR
name ("C) / elongation _
name , coordinates  product
time (s)

16S-FW  GTGCGAAGGTAGCATAATC
16s rRNA 52 /50 414
16S-RV  CTGCTGCAACATAAGGATAC

VP26-FW  ATGGAATTTGGCAACCTAACAAACCTG 228835-228809
VP26 52 /50 304
VP26-RV GGGCTGTGACGGTAGAGATGAC 228532-228553
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Annealing Size
Primer pair  Primer temperature’C) Sequence (bp) of
) ] Sequence (5'-3) ] ]
name orientation / elongation coordinates PCR
time (s) product
Forward ATGGGCTCTGCTAACTTG 4359-4376*
VR23/24-1 50/ 360 10833*
Reverse ATGATTGTATTCGTCGAAGG 15191-15172*
VR23/24-  Forward CACACTTGAAAAATACACCAG 5503-5523*
49/ 65 9088*
screen Reverse GTAAGTTTATTGCTGAGAAG 14590-14571*
VR23/24-  Forward CTACAACGGCCAAGTCAT 30701-30718
49 /100 1555
south Reverse CGCAATTCTCCTCGCAGTT 32255-3223%
VR14/15-  Forward GAGATGCGAACCACTAAAAG 22904-22928 .
49/75 1254
screen Reverse ATGGAGGCGAGACTTGC 24157-24141%1
Forward GTGGATAATATTCGTCTTCAAC 253988-254000 1489*
Transposase 55/120 "
Reverse CTCAAAGACAACGACATTAG 254138-254119  (1571))
Forward GAAGCAGTATCTCTAACAC 107875-107893 .
ORF75-flank 49/ 80 68
Reverse CAACAGGTGCGTAAAAGAAG 108742-108723
Forward GTGCCGCAGGTCTACTC 142656-142672 N
ORF94-flank 51/80 82
Reverse CATACGACTCTGCTTCTTG 143337-143319
Forward CGAAATCTTGATATGTTGTGC 187791-187811 "
ORF125-flank 52 /100 652
Reverse CCATATCCATTGCCCTTCTC 188442-188423
Forward CAATATTACACGCCCTTCAG 35867-35886 N
Polymerase 49 /60 504*
Reverse GCTTGCATGATTTTTCTCC 36370-36352

*WSSV-TW sequence coordinates or WSSV-TW sizes
TWSSV-TH sequence coordinates or WSSV-TH sizes

Cloning of PCR products
PCR products were purified from 1% agarose gelsguai DNA extraction Kit (MBI
Fermentas). These products were subsequently clortedDH50 competent cells
using the pGEM-T easy vector system | (PromegasmRids containing the correct
insert, as screened by restriction enzyme analgsd/or by colony PCR, were
prepared for sequencing by purification with thegdiPure Plasmid Isolation Kit

(Roche).

Virus production and purification
The virus isolate WSSV-TH used in this study or&ged from infected®. monodon
imported from Thailand in 1996 and was obtainedlescribed before (van Hultext
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al., 2000a). The virus WSSV-VN isolate T (Table 1) oraged from a single infected
P. monodon Tissue of a WSSV-VN-T infecte®. monodonwas homogenized in
330mM NacCl. After centrifugation at 1,700 x g fd¥ fnin the supernatant was filtered
(0.45um filter; Schleicher & Schuell) to obtain the virdsrayfishOrconectes limosus
or Astacus leptodactylugere injected intramuscularly with a lethal do$eWsSSV
(WSSV-TH or WSSV-VN-T), using a 26-gauge needledfidfine B&D). Virus was
isolated and processed according to published guves (van Hulteet al.,2000a).

Purification of viral DNA and restriction enzymeadysis

Viral DNA was isolated from purified virions as debed by van Hulteret al.
(2000a). WSSV DNA was digested witsanHI (Invitrogen) and fragments were
separated by electrophoresis in a 0.6% agarosat g€l VV (1.3 V crit) for 20 h. After
separation, the gels were stained with ethidiumimenf0.5ug mi* in Tris-Acetate-
EDTA (TAE)).

Sequencing and computer analysis

Plasmid clones were sequenced using universal @baBp6 primers, and by primer
walking in case inserts were >1.5 kb (BaseCleaNb&therlands). Sequence data were
analyzed using the software package DNASTAR 4.2ABNAR Inc.) and the output
was edited in GeneDoc, version 2.6.000 (Nichaasal. 1997). Complete WSSV
sequences were obtained from the NCBI databank
(http://lwww.ncbi.nim.nih.gov/entrez/query.fcgi?dbe®leotide) using the accession
numbers for WSSV-TW (AF440570), WSSV-CN (AF332098hd WSSV-TH
(AF369029). Dotplot analysis was performed using PriRdker
(http://bio.cse.psu.edu/pipmaker/

Results

Shrimp Penaeus monodgrinfected with WSSV and analyzed in this study aver
collected in 2003/ 2004 from eight shrimp cultuengs in Vietham (Table 1). The
ponds are distributed over seven different prowsnedich are located along the coast
from central- to south-Vietnam (Fig. 1la: K till Kghhree shrimp from each pond were
chosen randomly from juvenile. monodorshowing gross signs of WSSV infection.
All collected shrimp were tested positive for WSSMing a single-step PCR.
Therefore, from each pond one shrimp was chosesmdbm as representative for that
pond and used for further analysis. All WSSV-VNl&es, including the abbreviations
used in this paper, are listed in Table 1.
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'éapa-'Laa Cal

Common

“Hanoi An-1  Ancestor

eHalong Bay
‘Hmplll.‘r‘[;g * % u
P

sDien Bien Phu

WSSV-TW

700 km

——» Deletion in variable region ORF23/24
- | e % Deletion in variable region ORF14/15

Figure 1. (a) Map of Vietnam, showing the geographical origifishe isolates used for this
study, indicated by K, T, L, X, S, A, Tv and Kgspectively, according to Table (b) Model

of spread of WSSV in South-East Asia from eith& ef the Taiwan Strait towards the West.
Circular dots represent identified isolates, wisitpiare dots represent hypothetical isolates.
Each line represents a single-step deletion. Ancéstabbreviated as An, WSSV-VN isolates
are abbreviated as VN.

The WSSV genomic loci, which were shown to be \@eain their genetic
make-up among different WSSV isolates (Magtsal., 2004), were used for our
analysis. These loci were studied in detail forheat the VN isolates by PCR
amplification, cloning and sequence analysis. Thaable loci screened for can be
divided into () a genomic region prone to large deletions, retero as “variable
region ORF23/24” (this region is called “13 kb d&la” by Markset al. (2004)), {i) a
genetic variable region, which will be referreda® “variable region ORF14/15%ji()

a genomic region encoding a putative transposade(igpthe VNTRs located in
ORF75, ORF94 and ORF125. Furthermore, we analyzecbreserved genomic
fragment encoding part of WSSV DNA polymerage The data for each of these loci
will be dealt with separately. To reduce the pasgitithat the VN isolates have major
genetic differences at loci which were not screefoeda detailed restriction enzyme
analysis (RFLP) was performed for one of the VNates (WSSV-VN-T) and the
result was compared to WSSV-TH.
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Figure 2a. Schematic representation of the “variable regioRF@3/24” of WSSV-TW,
WSSV-CN, WSSV-TH, three different isolates from @hi2001 (WSSV-CN - A, - B and -
C, respectively: map numbers are in accordance Wi8BSV-CN; Lanet al, 2002) and the
VN isolates. The map numbers, indicated above eésalate, are in accordance with the
numbers in the NCBI databank for the genomic secgief each isolate. The coordinates of
the WSSV-VN isolates are according to the WSSV-TWwhatation. The length of the
fragments is indicated within boxes or sequencée. gositions of the ORFs located in this
region are indicated by closed arrows, which aksoresent the direction of transcription.
ORFs are numbered in accordance with the numbersegl by Markset al. (2004). Open
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(i) Variable region ORF23/24

Previously, this genomic region was shown to contiletions of approximately 1.2
kb and approximately 13.2 kb in WSSV-CN and WSSV-Tébpectively, compared
to WSSV-TW (Fig. 2a; Markst al.,2004). Three other unique deletions in this region
were reported in Chinese isolates collected in Tamgnd Anhui in South-East China
(2001) (Fig. 2a: WSSV-CN -A till -C; Laat al.,2002.

We mapped this locus initially in WSSV-VN isolate b performing PCR
reactions with primer pairs equally distributed otlee genomic region 2332-15861
(WSSV-TW coordinates), which harbors the “varialdgion ORF23/24”. Based on
the primer pairs that failed to give a product, tlaking primer set “VR23/24-1"
(Table 2b; Fig. 2a) was used to exactly pinpoird toordinates of the deletion.
Cloning and sequencing of the approximately 2.3frlgment obtained in the PCR
revealed that a deletion of 8,539 bp existed in W&8I isolate K compared to
WSSV-TW (Fig. 2a). The flanking sequences presanthe approximately 2.3 kb
fragment were 100% homologous to the sequences BSWTIW and WSSV-CN.
Based on this result, a new PCR reaction was paddrwith primer set “VR23/24-
screen” (Table 2b; Fig. 2a) flanking this delettonspecifically detect this deletion in
all VN isolates. The amplified fragment had a sanisize of 548 bp for the six VN-
central WSSV isolates, indicating that they haw#eketion of about 8,539 bp in this
locus compared to WSSV-TW (Fig. 2a). The VN-soustblates (Tv and Kg) failed to
give a product in this PCR reaction.

We mapped the “variable region ORF23/24” in isdales and Kg using a
similar method used to map the deletion for WSSV-\ddlate K. Cloning and
sequencing of the approximately 1.6 kb PCR prodbtiained with primers VR23/24-
south-forward and VR23/24-1-reverse (Table 2b; BE&).showed that isolate Tv has a
deletion of 11,450 bp relative to the WSSV-TW geeofhig. 2a). A PCR with the
primer pair “VR23/24-south” (Table 2b; Fig. 2a) fasolate Kg resulted in a
approximately 2.6 kb PCR product, which after ahgnand sequencing showed that
this isolate contains a deletion of 12,166 bp naato the WSSV-TW genome (Fig.
2a). We previously mapped 5 SNPs and a 1 bp delatithin WSSV-TW coordinates
16447-16773 (flanking the deletion) compared to W&N and WSSV-TH (Marks
et al., 2004). With respect to these genetic differenceslate Kg is identical to
WSSV-CN and WSSV-TH, suggesting that this isolateore closely related to these
isolates than to WSSV-TW.

Dot plot analysis showed that, except for tims (van Hultenet al., 2001a), the
genomic region in WSSV-TW in which these deletiogsur contains the most direct
and inverted repeats of the entire WSSV genome gl However, for the deletion
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307287

WSSV-
'w

13,210 bp of
“variable region ORF23/24”
not present in WSSV-TH

0 WSSV-TW 307287

Figure 2b. Dot plot comparison of the nucleotide sequenceSV&SV-TW to itself (the
adenine residue at the translation initiation codbWP28 was designated as starting point for
the numbering of WSSV-TW in this dot plot), incladian enlargement (of original WSSV-
TW coordinates 425-20425).

in the VN-south isolates Tv and Kg as well as i@ §ix VN-central isolates no direct
repeats, which could be involved in recombinataeye identified within 300 bp
flanking the putative recombination sites iIS8¥-TW. (Fig. 2b; sequence data not
shown).

(if) Variable region ORF14/15

The "variable region ORF14/15” is centered in aiwagf 842 bp in size in WSSV-
CN, of which 257 bp of its 5’ end is only presemtWSSV-TH, while the remaining
585 bp of its 3’ end is only present in WSSV-TWgFB8a; Markset al.,2004). This
locus was thought to be a variable region pronet¢ombination (Market al., 2004).
However, a partly characterized isolate recentiglistd by our laboratory, contains at
least all unique sequences present in this loaggesting that WSSV-TW, WSSV-
CN and WSSV-TH are derived from a common ancesjatdetions of various sizes
(Fig. 3a). Because WSSV-TW, WSSV-CN and WSSV-THheaontain unique
sequences, these isolates seem to be distinctrabdlpy evolved separately. Using
the same strategy as used for the “variable re@iBR23/24”, this locus was mapped
for all VN isolates using primer set “VR14/15-sane¢Table 2b; Fig. 3a). WSSV-TH
DNA, taken as positive control for the PCR, showlesl expected fragment of 1,254
bp, whereas the VN isolates showed fragments derémt sizes ranging from
approximately 500 bp to approximately 700 bp (RBbQ). Cloning and sequencing of
these fragments revealed that all VN isolates dedmave deletions between 563 bp
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(a)
"Variable region ORF14/15"
WSSV putative ﬂ |
common ancestor 440 Ek ‘ 8l \
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267203 267460 . el 267461 268046
wesven  —— T m
22961 2618 e T e 23619
WSSVETH 257 400 ]
= primer pair VR14/15-screen o=
22961 Py I 23983
WSSV-VN o T
KTLTvKD) 257 714 relative to WSSV-TH F—
= primer pair VR14/15-screen L
BRBOT BRORR st et 23728
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=§ primer pair VR14/15-screen =
(b) VN isolates
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Figure 3. (a) Schematic representation of the “variable regidRF04/15” of the WSSV
putative common ancestor, WSSV-TW, WSSV-CN, WSSV-Tahd the VN isolates.
Different gray tints represent unique sequenceliwthe WSSV putative common ancestor,
WSSV-TW, WSSV-CN, WSSV-TH. The map numbers, indidahbove each isolate, are in
accordance with the numbers in the NCBI databanki® genomic sequence of each isolate.
The coordinates of the WSSV-VN isolates are acogrdo the WSSV-TH annotation. The
length of the fragments is indicated within boxassequences. Open arrows represent
primers.(b) PCR on the “variable region ORF 14/15” using geimoDNA of the WSSV-VN
isolates as template. The lanes indicate the ragpe¢N isolate used. C+ is the same PCR on
genomic DNA of WSSV-TH, used as positive contral ke PCR. M represents a 100 bp
DNA marker of which some of the sizes are indicatext to the gels (in kb).
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and 714 bp relative to WSSV-TH (Fig. 3a). The fliagksequences of the deletions
present in the approximately 500 bp to approxinyaf®0 bp fragment were identical
to the sequences of WSSV-TH. The VN isolates KL,TTv and Kg had the same
deletion of 714 bp, VN isolates X and S had a dmiedtf 634 bp, while VN isolate A
had the smallest deletion of 563 bp compared to WES (Fig. 3a).

(iii) A genomic region coding for a putative tramsase

The genome of WSSV-TW encodes a putative transposasich is not present in
WSSV-CN and WSSV-TH. Using primer pair “Transposgdable 2b) flanking the
transposase gene in the WSSV-TW genome, we obtair®dR fragment of ~150 bp
for all VN isolates (data not shown). A fragmentswilar size was obtained with
WSSV-TH DNA, used as positive control. Therefore, @onclude that all VN isolates
do not contain this particular transposase sequence

(iv) Genetic variation in VNTR loci

Three nonhAr unidirectional tandem repeats, in the region cpdor ORF75, ORF94
and ORF125, have been shown to be variable in timbar of repeat units (RUS)
between the WSSV isolates identified thus far (€aB&; Wongteerasupay al.,
2003; Markset al.,2004). The repeats are positioned in the middia®ORFs, which
have non-repeated 5 and 3’ ends. For both ORFBbQ@RF94 around 50% of the
coding region consists of repeats, while for ORFagtund 20% of the coding region
consists of repeats. Differences in the numberld$ Bo not cause frameshifts for the
respective ORFs, since the length of these RUsdwaya a multimer of 3 bp. The
protein encoded by ORF75 has been shown to berres®/SSV virions (Huangt
al., 2002). ORF94 may have a similar function as ORE85the repeat units of both
ORFs share a common motif at the protein level isting of four basic amino acids
(R or K) followed by two Alanines, two or three Bnes and a stretch of acidic amino
acids (E or D).

To study the VN-central isolates for each of this®, we performed a PCR
reaction with a specific primer set (Table 2b) Keag the nonhr unidirectional
tandem repeats. The results for ORF75, ORF94 andl@Rare shown in Fig. 4. For
all three loci a major band was observed for eaolate, often different in size among
isolates. The PCR fragments of all VN isolates wadomed, sequenced and aligned.
The sequenced regions flanking the tandem repbat&éen the primers used and the
actual repeats) on both the 5’ and the 3’ end sbHo9&6-100% nucleotide identity
with the corresponding sequences of WSSV-TW, WS®V/dhd WSSV-TH. This
indicates that the correct fragment had been amglibr each of the three loci of the
VN-central isolates, eliminating the possibilityfafse annealing of the primers.
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Table 3a.Number of repeat units present within the monunidirectional repeats of

ORF75, ORF94 and ORF125
WSSV ORF75 (45 bp and 102 bp*) JORF94 (54 bp*)/ ORF125 (69 bp*) /

isolate 107965-108675 142744-14306 187899-188312
W 21 (16and 6 8
CN 15 (11 and 3 12 8
TH 12 (9 and 3 6 6
K 53 and !) 10 6
T 5 (3 and 9 17 5
L 5 (3 and 2) 10 6
X 5 (3 and 2) 7 7
S 14 (10 and 3 7 7
A 6 (4 and ) 10 6

*Length of RUs
"WSSV-TH coordinates of total repeat
*Number of 45 bp and 102 bp RUs, respectively

VN-central isolates
M C+ K T L X S A

&

ORF75

ORF125

Figure 4. PCR on the nomw unidirectional repeats of ORF75, ORF94 and ORF12tg
genomic DNA of the WSSV VN-central isolates as tate The lanes indicate the respective
VN isolate used. C+ is the same PCR on genomic NAVSSV-TH, used as positive
control for the PCR. M represents a 100 bp DNA rearf which some of the sizes are
indicated next to the gels (in kb).
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ORF75: For all WSSV isolates characterized thus far, ORR&$ two types of RUs
with a length of 102 bp and 45 bp, respectivelyb{&@a8b). The first 45 nucleotides of
the 102 bp RUs are identical to the RUs of 45 bpmg@arison of all RUs within one
isolate showed that they contain SNPs at positjatb330, 40, 42 and 44, the RUs of
102 bp have an extra SNP at position 83. Eache@RUs can be recognized by its
specific SNPs.

The number of RUs present in ORF75 of the WSSV-\éNt@l isolates is
summarized in Table 3a, while Table 3b shows tleeearder of appearance of the 45
bp and 102 bp RUs. The number of RUs identifieceeh isolate corresponded to the
respective sizes of their PCR fragments showngn&iVN isolates K, T, L and X are
identical at this point. VN isolate A has an ex®d of 45 bp, which is, based on the
SNPs, located after the second repeat unit (sequagita not shown). The VN isolate
S has a higher number of RUs and, based on the,Sh#?e resembles the genotype
of WSSV-CN (sequence data not shown).

ORF94:0RF94, in all WSSV isolates characterized thustfas, tandem RUs of 54 bp
with a SNP at position 48 (either guanine or thyshinvhen comparing the RUs
mutually within one isolate (Table 3c). The numimérRUs was highly variable
between the various isolates for which this locas been characterized: WSSV-TW,
WSSV-CN, WSSV-TH, and 55 other isolates originatirgn Thailand. The number
of RUs varied from 6 to 20 repeat units (van Hukéml.,2000a; Wongteerasupaga
al., 2003; Markset al.,2004).

Table 3b. Number and position of the RUs located within tlo@-hr unidirectional repeat of
ORF75

WSSV Number Positioning of 45 bp and 102 bp RUs
isolate of re.peat 1 2 3 4 5 6 7 8 9 10 11
units
TW 21 45 102 4*45 102 3*45 102 2*45 102 4*45 102 2*45
CN 15 45 102 4*45 102 2*45 102 2*45 102 2*45
TH 12 45 102 4*45 102 2*45 102 2*45
VN-central
K 5 102 45 102 2*45
T 5 102 45 102 2*45
L 5 102 45 102 2*45
X 5 102 45 102 2*45
S 14 45 102 4*45 102 45 102 2*45 102 2*45
A 6 102 2*45 102 2*45

"Number of successive tandem repeat units of 45dpwmmarized as x*45
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The WSSV-VN-central isolates contained between @ &n RUs (Table 3a),
corresponding to the respective sizes of their R@Bments (Fig. 4). The identity of
the nucleotide at position 48 of each of the VNases is shown in Table 3c. Isolates
X and S are identical, while the other isolate)algh some having the same number
of RUs, all have a unique pattern of the nucleatiaieposition 48. The VN isolates K,
T and L had a thymine deletion at position 143M&EV-TH coordinates), located in
the 3’ end flanking the repeat. As this is outditke coding region, it will not cause a
frameshift in ORF94.

ORF125:0RF125 contains tandem RUs of 69 bp, of which tis¢ fwo as well as the

last can be recognized by their specific SNPs wbemparing the RUs mutually

within one isolate (Table 3d). The other RUs (tﬁ'etiBthe penultimate) contain SNPs
at position 8, 18, 25, 66 and 69 (Masdsal., 2004). The WSSV-VN-central isolates
contained between 5 and 7 RUs (Table 3a), correbpgrio the respective sizes of
their PCR fragments (Fig. 4). VN isolates X ané@$ywell as VN isolates A and L, are
identical in this locus (Table 3d). The genotypehaf VN isolates A and L is identical
to the genotype of WSSV-TH (Table 3d).

Table 3c.Genotype of the SNP of each RU within the monmidirectional repeat of ORF94

Numb Successive RU*
WSSV er of
. 1 1 1 1 1 1 1 1
isolate rep'eat 12 3 4 5 6 7 8 9 0O 1 2 3 4 5 6 7
units
TW 6 TT T G T T
CN 12 TT G G G G G G T T T T
TH 6 TG G G T T
Thai:
Sur #1 9 TT T T G T T G T
Sur #2 8 TT G T T G G T
Chu #2 7 TT T G T G T
Chu #3 8 TT G T T G G T
Chu #4 6 TT T G G G
VN-central:
K 10 GG GG T T T G G T T
T 7 &GT T T T G T T T G T G G G G T T
L 10 GG G G G G G G G G
X 7 TT T T G T T
S 7 TT T T G T T
A 10 GG G T G G T T T T

*Genotype of each of the successive RU at pos#®(guanine (G) or thymine (T)) is shown
"Data on the Thailand isolates are cited from Waemgtsupayaet al. (2003). These isolates originate from
different ponds in Surat Thani or Chumporn (ablatad as Sur and Chu, respectively), Thailand, 2000
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Table 3d. Genotype of the SNPs of each RU within the horunidirectional repeat of
ORF125

Numbe Successive RU*
WSSV r of
isolate repeat C D E F G H I
units
T™W 8 TGGTC - TGGTC TGGTC - TTGGT CGAGT
CN 8 TGGTC TTGGT TGGTC - TTGGT TTGGT
TH 6 TGGTC - - - - TTGGT CGAGT
VN-central:
K 6 TGGTC - TGGTC - - TTGGT
T 5 TGGTC - - - - TTGGT -
L 6 TGGTC - - - - TTGGT CGAGT
X 7 TGGTC - TGGTC - - TTGGT CGAGT
S 7 TGGTC - TGGTC - - TTGGT CGAGT
A 6 TGGTC - - - - TTGGT CGAGT

* The order of the RUs is kept, but the RUs aregatized (C-1) by genotype, starting from tH&RU (C) to the
penultimate RU (I). In case no RU is present, indicated by -
'Genotype of each successive RU at position 8, 386& and 69, respectively, is shown.

(v) Fragment encoding part of DNA polymerase

To further classify the WSSV-VN isolates, a PCR vpesformed on a conserved
genomic fragment encoding part of WSSV DNA polynserausing primer set
“Polymerase” (Table 2b). Within this genomic fragmea single nucleotide deletion
occurs in WSSV-CN (WSSV-TH coordinates 36030) comgao WSSV-TW and
WSSV-TH, causing a frameshift in the polymeraseeg@henet al.,2002; Markset
al., 2004). The WSSV-VN isolates gave a PCR fragmenthefsimilar size as the
positive control WSSV-TH. Cloning and sequencingtlod 8 PCR fragments of the
central and south VN isolates failed to detect dante deletion as is present in
WSSV-CN. The PCR fragments showed 100% nucleotldatity with the respective
fragments of WSSV-TW and WSSV-TH.

(vi) Restriction enzyme analysis of VN isolate T

The RFLP analysis between WSSV-TH and WSSV-VN-Bhswn in Fig. 5. The
BanHI restriction pattern of WSSV-TH exactly matchke expected pattern based on
the complete nucleotide sequence (van Hudteal., 2001), except for the 3 smallest
fragments which are not visible due to their estedasize of <1 kb. Two clear
polymorphisms (shifts) are visible between WSSV-a@itl VN isolate T, indicated
with A and B, respectively. Shift A, in which a ¢rment of approximately 27.5 kb for
VN isolate T shifts to approximately 24.5 kb for 8\ TH, can be explained by the
observed sequence diversity in “variable region QRRA5” and “variable region ORF
23/24”, which are both located on this large fragtmelhe approximately -3 kb
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discrepancy is the sum of the observed differenté¥CR mapping of both “variable
regions” of approximately 0.7 kb and approximatély7 kb, respectively (Fig. 3a &
2a). Shift B, in which a corresponding fragment hasize of approximately 11.2 kb
for WSSV-TH and of approximately 11.8 kb for VN liate T, can be explained by the
sequence variation of the repeat in ORF94 (Tab)e Bae difference of 11 RUs of
each 54 bp results in a shift of 594 bp. The déifees in the repeats in ORF75 and
ORF125 are not clearly visible. ORF75 is locatedadarge fragment (approximately
20 kb) for which the 350 bp difference in size wvaitily show a minor shift, whereas
the difference in the repeats of ORF125 between WBS and VN isolate T is
marginal (138 bp).

M TH VN-T TH VN-T

15.7

9.0

53

3.7

Figure 5. WSSV genomic DNA of WSSV-TH (TH) and WSSV-VN isd@afl (VN-T)
digested withtBarmHI. M represents a molecular size standard (lantigested withBanHI-
EcoRI-HindlIll), of which some of the sizes are indicated tnex the gels (in kb). The
enlargements focus on the major (>20 kb) and mixdrkb) fragments on similar gels. The
clear band shifts between the two isolates areated by A and B.
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Discussion

Genomic analyses of WSSV showed that conservedsgefieen used in molecular
epidemiological studies to unravel evolutionanatenships by phylogenetic analysis,
are too homologous to use for this purpose in cAs&SSV (Markset al, 2004). For
example, the complete DNA polymerase gene of WS&Y oontains 3 SNPs and a 1
bp and 3 bp deletion when comparing this gene Herthree completely sequenced
WSSV isolates (Cheat al., 2002; Markset al. 2004). Similar high homologies were
found for other conserved WSSV genes (Chahgal., 2001; Markset al., 2004).
Moreover, also the major structural protein gemdsch for some virus families show
a relative high number of mutations due to antigehift or adaptation to different
hosts, show 99.5%-100% nucleotide identity betwseweral geographical WSSV
isolates (Mooret al.,2003; Markset al.,2004). These data indicate that the isolates of
WSSV identified thus far are very closely related @robably evolved recently from
a common ancestor. The DNA polymerase sequencemettfrom all VN isolates,
showing 100% identity with WSSV-TW and WSSV-TH, ther confirmed this
observation. Therefore, we chose the most variddae of WSSV to classify new
WSSV isolates from Vietnam (Markst al., 2004). The RFLP analysis between
WSSV-TH and WSSV-VN-T (Fig. 5) confirmed the higbgilee of homology among
WSSV isolates, but indeed identified the major geigoinsertions and deletions in
WSSV-VN (isolate T).

Based on both “variable region ORF23/24” and “Valearegion ORF14/15”, we
propose a model to explain the genotypic change&/8EV during its geographical
spread from either site of the Taiwan Strait towgafree west to Thailand between 1992
and 1995 (Fig. 1b). In this model, both loci evaliedependently, and both deletions
in the “variable regions” showed a progressiveaase in length during the spread of
WSSV. The WSSV common ancestor (Fig. 1b) contaigeretype similar to WSSV-
TW in the “variable region ORF23/24” (Fig. 2a) amdenotype similar to the putative
common ancestor in “variable region ORF14/15” (Fg). WSSV-TW evolved from
this common ancestor by a deletion in “variablaae@RF14/15”, while WSSV-CN
evolved by a deletion of approximately 1.2 kb iafiable region ORF23/24” (Fig. 1b:
An-1) followed by a deletion in “variable region ®R4/15". Based on the observation
that the genotypes of the VN isolates seem to kawésed from a genotype similar to
WSSV-TH in “variable region ORF14/15”" by separataque deletions of different
sizes, the VN isolates and WSSV-TH probably haveoamamon lineage, which
branched off at an early stage from WSSV-TW and WE&SI. However, the extra
sequences in the “variable region ORF23/24” presetite VN isolates compared to
WSSV-TH exclude the possibility that the WSSV-VNol&tes are derived from
WSSV-TH. Therefore, WSSV-TH and the WSSV-VN isofatprobably have a
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common ancestor An-3 (Fig. 1b), which could conthi@ genotype of WSSV-TH in
“variable region ORF14/15”, but the approximatelg &b deletion similar to the VN-
central isolates in “variable region ORF23/24". kit the three different WSSV-VN
genotypes in “variable region ORF14/15", each costainique sequences, and thus
probably evolved separately. Therefore, WSSV edtekdetham by multiple
introductions from the common ancestor An-3, froreve it further spread within
Vietnam (VN isolate Kg; Fig. 1b). WSSV isolates|lected along the further coast of
South-East Asia (i.e. isolates from north-Vietn&hjna (Hainan) and Cambodia), are
genotyped to confirm and further detail this model.

The mechanism(s) by which the changes or (gradiedétions in both “variable
regions” occur is unclear. For WSSV-TH, it was segjgd that the deletions in
“variable region ORF23/24” might have occurred lmyrtologous recombination, as a
direct repeat is present at both ends of the delétt WSSV-TW (Markset al.,2004).
However, no direct repeats that could be involvetecombination were identified for
the deletion in the VN-south isolates Tv and Kgwesdl as in the six VN-central
isolates (Fig. 2b). Maybe the deletions in the iatalle region ORF23/24” can be
explained by the genomic pressure on the virusstwadd redundant sequences, as Fig.
2b show that WSSV-TW contains a lot of duplicateduences and ORFs (especially
genes of WSSV gene family 4; van Hultet al., 2001a) in this region. It is also
possible that the host species or an intermediase tas an effect on the size of the
deletion, as WSSV-CN -AMetapenaeus engjs-B (P. japonicu$ and -C P.
vannamei P. monodonP. chinensis were isolated from different host species (Fig.
2a; Lanet al., 2002). However, within one host species, WSSVaissl can show
different sizes of deletion, as WSSV-TW, WSSV-THS®BV-CN -C and the VN
isolates were all obtained frofn monodonand WSSV-CN and WSSV-CN -B were
both isolated fron®. japonicus To date, there seems to be no difference in laogfe
between the characterized WSSV isolates (Waingl., 1998; Wanget al., 1999b;
Chenet al.,2000; Laret al.,2002; Hameeét al.,2003).

Based on the genetic make-up in both “variable argji and the thymine
deletion shared by the isolates K, T and L in thdléhking region of the repeat
located in ORF94, three groups of VN-central issdatan be distinguished ((K, T, L)
and (X, S) and (A); Fig. 1b). Within these groupach of the not unidirectional
tandem repeats located in ORF75, ORF94 and ORF&2t 40 have their own,
independent genesis in terms of insertion or d@lef repeat units (Table 3).
Possibly, insertion or deletion of repeat units generated during homologous
recombination or replication slippage, as is pregodor repeats such as the
baculovirus homologous repeatdir) (Garcia-Maruniaket al., 1996) and the
herpesvirus direct repeats (DRs) (Umene, 1991).
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Compared to the other two ndm- unidirectional tandem repeats (ORF94,
ORF125), the repeats in ORF75 seem to be ratheseceed within and between the
three groups of VN-central isolates. The additiamgleat unit in VN isolate A could
be explained by a single insertion event. The langember of repeat units present in
ORF75 for WSSV-VN-S is surprising. Especially besmaihe VN isolates X and S,
whose geographical origins are very close (appratelg 10 km) and maybe even
originate from postlarvae from the same supplieg, ia all other loci screened for
completely identical. Analysis of more WSSV isofatat this locus from different
infected shrimp from the same pond may provideifatation whether this is the
common genotype of WSSV isolates derived from p&dr whether it is an
irregularity. Also for the repeats in ORF125, thengtypic differences in VN isolates
can be explained by a one step deletion or insedfoa single repeat unit (Table 3).
Analysis of the genotypes present within the WSSV-4foup K, T, L suggests that
this locus has a higher mutation frequency than BRF

The largest genomic variation among the VN-cengalates was observed for
the nonhr unidirectional tandem repeats located in ORF94e hhmber of repeat
units within ORF94, as well as the SNP locatedositfpn 48, already appeared highly
variable for WSSV isolates within Thailand (Wongesipayaet al., 2003). Also
between the isolates characterized within Vietnamvjde range of genotypic variation
was found for this locus without any obvious catiein with its geographical
location. It is interesting to note that the repeat ORF94 are highly variable in
number, whereas the repeat in ORF75 seems to be stalrle, although both repeat
regions share structural properties on the prdeiel. In conclusion, the repeats of
ORF75 and ORF125, each having its own mutation wmhycs different from both
more stable “variable regions”, seem suitable wowWWSSV spread at a more local or
regional scale.

This paper shows the potential to use genetic msrke study WSSV
epidemiology and ecology. However, more informatadiout the mode of spread of
WSSV is necessary to further understand the relstip between the VN isolates.
Often, WSSV infection in a pond can be traced kdacthe broodstock supplier or the
postlarvae producers. Therefore, on a regionaéscabst likely the virus spreads in a
myriad way during the turnover of shrimp. Howeven a global scale, this study
provides support for the contention that WSSV oaged from either site of the
Taiwan Strait and evolved concurrently with its gephical spread over time in
South-East Asia.
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Chapter 3

Valuation of White Spot Syndrome Virus variable DNAloci as molecular
markers of virus spread at intermediate spatiotempmal scales

Abstract

Variable genomic loci have been employed in a nurobenolecular epidemiology studies of
white spot syndrome virus (WSSV), but it is unknowhich loci are suitable molecular
markers for determining WSSV spread on differemttispemporal scales. Although previous
work suggests that multiple introductions of WSSMwrred in central Vietnam, it is largely
uncertain how WSSV was introduced and subsequesphgad. Here, we evaluate five
variable WSSV DNA loci as markers of virus spreadam intermediate (i.e. regional) scale,
and develop a detailed and statistically-supporteatiel for the spread of WSSV. The
genotypes of seventeen WSSV isolates from alongdhst of Vietham — nine of which were
newly characterized in this study — were analyzedathieve sufficient samples on an
intermediate scale and to allow statistical analySinly the ORF23/24 variable region is an
appropriate marker on this scale, as geographipatiximate isolates show similar deletion
sizes. The ORF14/15 variable region and variablabar tandem repeat (VNTR) loci are not
useful as markers on this scale. ORF14/15 may itebéel for studying larger spatiotemporal
scales, whereas VNTR loci are probably suitablesfoaller scales. For ORF23/24, there is a
clear pattern in the spatial distribution of WSSMe smallest genomic deletions are found in
central Vietnam, and larger deletions are foundhm south and the north. WSSV genomic
deletions tend to increase over time with viruseadrin cultured shrimp, and our data are
therefore congruent with the hypothesis that WSSg wtroduced in central Vietnam and
then radiated out.

Key words: White spot syndrome virus, molecular epidemiologM TR, variable loci, PCR
genotyping

This chapter has been published as: Dieu, B. T.Méarks, H., Zwart, M.P. & Vlak, J. M. (2010).
Valuation of White Spot Syndrome Virus variable DNoEi as molecular markers of virus spread at
intermediate spatiotemporal scaldsurnal of General Virolog94: 1164-1172
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Introduction

White spot syndrome virus (WSSV), the major caubdame economic losses in
shrimp farming, is a large, double stranded DNAD(#) virus belonging to the
family Nimaviridae, genus Whispovirus (Vlakt al, 2005). WSSV was first
discovered in 1992 in Taiwan and China, and thesvaubsequently spread quickly to
most countries in South-East Asia, the Indian soboent, and north and south
America. In addition to shrimp, WSSV can infect eodd range of crustaceans
including crabs and crayfish. This broad host raisgignought to be a major cause of
the rapid and extensive spread of WSSV (Flegel7199

Molecular methods for genotyping WSSV isolates pmverful tools for
understanding viral spread and epidemiology (Maksl, 2004; Dieuet al, 2004,
Pradeepet al, 2008a,b). Initial studies using molecular methtml€ompare WSSV
isolates suggested that genetic differences betweaeous isolates were small, as
these studies used insensitive techniques such essiction fragment length
polymorphism (RFLP; Let al, 1996a,b; Nadala & Loh, 1998; lai al.,1999, Wang
et al.,2002, Moonet al.,2003). However, differences between WSSV isolategdc
be detected readily by using more sensitive methsualsh as PCR. Laet al. (2002)
for example found host-dependent differences am@&SV isolates with a PCR-
based method. Marlet al. (2004) aligned three completely sequenced WSS\4tiss)
originating from Taiwan (WSSV-TW) (Wangf al, 1995), China (WSSV-CN) (Yang
et al, 2001) and Thailand (WSSV-TH) (Van Hultehal, 2001). Although the overall
nucleotide identity was more than 99%, five vamaloici were identified, consisting of
two regions with genomic deletions (ORF23/24 and=D4# 15 variable regions) and
three loci with a variable number tandem repeatblT®) (ORF75, ORF94 and
ORF125) (Markst al, 2004).

A number of subsequent studies on WSSV epidemioh@ye used the regions
with genomic deletions (Musthast al, 2006; Waikhomet al, 2006; Pradeept al.,
2008b) or one or more VNTR loci (Haat al., 2005; Kiatpathomchagt al, 2005;
Kang & Lu, 2007; Pradeegt al.,2008a; Taret al, 2009), or both (Dieet al.,2004;
Marks et al., 2005; Pradeepet al, 2009) as genetic markers to characterize WSSV
variants. VNTRs appear to be more variable thandiletions (Dieuet al., 2004).
High degrees of polymorphism for VNTR-like loci lealseen reported in various other
large dsDNA viruses such as Cytomegaloviruses @©etvial, 1999). This suggests
that, whilst VNTRs may be useful for studying WSSMead on small spatiotemporal
scales, genomic deletions are more suitable fatygtg spread on intermediate and
large scales. We use the following terms to desatlifferent scales on which WSSV
has spread: (i) very small: spread between pondgsaams (10 km), (ii) small: spread
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between clusters of shrimp farms and villages (@), (iii) intermediate: regional
spread within and between countries (1000km), anddrge: continental and global
spread (10,000 km). A systematic comparison oftwe approaches — using VNTRs
or genomic deletions — to studying spread on tddgerent spatial scales has not been
reported.

The presence of WSSV in Vietnam (VN) was first sonéd by PCR analyses
on samples collected in 1997 (Corsinal, 2001), but it is not clear how many times
the virus was introduced from abroad. Also, it ielear where WSSV originated and
how it subsequently spread to other regions inndet from the original introduction
site(s). Epidemiological studies have been facdad wiimerous design and execution
problems, making it difficult to infer WSSV sprebdsed on farmer reports of shrimp
health and screening ponds for WSSV (Cogtil.,2002). Finding suitable methods
to identify and discriminate WSSV strains — andemtheir origin — is therefore
important for WSSV forensics and epidemiology. Weevously reported a
preliminary study of genomic variation in centrakiham, based on the mapping of
deletions and VNTRs of eight WSSV isolates. Vietnignan ideal location to study
the spatiotemporal spread and evolution of WSSVabse of the relatively late
introduction of large-scale shrimp culture, the ei@de socio-economic development
around the turn of the millennium, small-size fargioperations and an accurate
WSSV reporting system. Our previous results suggestat WSSV originated from a
common ancestor — reported in Taiwan — and subsdgspread to Vietnam through
multiple introductions (Dielet al., 2004). However, WSSV isolates from important
shrimp production regions in northern and south&etnam were not available during
the previous study. Isolates originating from thesgions are important to develop a
statistically-supported model of the introductiondaspread of WSSV in Vietnam.
This analysis is now even more relevant as WSSV hsae®me more virulent over
time, which could be attributed to the above gemomutations (Market al, 2005a).
Here we study genomic variation in WSSV isolatesamied from all important
shrimp-production regions in Vietnam. We performgenomic analysis on two
northern, one central, and six southern WSSV iseslafor our analysis we used the
five variable loci described by Marlet al. (2004). These loci were characterized for
each Vietnamese isolate by PCR amplification, clgnand sequencing. We could
further test and validate our previous hypothesishe spread of WSSV in Vietnam
(Dieu et al., 2004). Finally, we could for the first time systdioally evaluate the
utility of each of the variable regions as genatarkers for studying WSSV spread
and epidemiology on an intermediate spatiotem=wale.
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Materials and methods

Infected shrimp sampling

The origin of the WSSV infected shrimpgnaeus monodpmnalyzed in this study is

shown in Table 1. The shrimp were cleaned with &iB&anol and kept in 96% ethanol
during transportation to Can Tho University (Viatnja After transportation, the

ethanol was removed and the samples were stor0a€C until further processing.

Analysis of variable loci

DNA extracts of collected shrimp, primarily fromllgissue, were screened for the
presence of WSSV with specific primers #P26 as described by Diezt al. (2004).
PCR on the genomic variable loci of WSSV was penfat with 250ng DNA extract
using Tag DNA polymerase (Promega). The specifim@r sets, PCR conditions used
and sizes of the PCR products are shown in TablePER products were cloned,
sequencednd analyzed according to published proceduresu(&ial.,2004).

Statistical Analysis

All statistical analysis was performed in SPSS 1&BSS Inc., Chicago, IL, USA).
We considered the following quantitative traits fbfferent loci: (i) the number of
repeat units (RUs) for VNTR loci with one repegigy(ORF94 and ORF125), (ii) the
total number of RUs, regardless of the identityhaf repeat, for the VNTR locus with
multiple repeat types (ORF75), or (iii) the sizetlod genomic deletion (ORF23/24 and
ORF14/15 regions). WSSV isolates were given annatdiode corresponding to their
relative location along the Vietnamese coast, froorth to south (e.g. VN-HP = 1,
VN-ND = 2, [...], VN-BL = 14, VN-CM = 15, VN-Kg = 16 VN-HT = 17), and a
‘runs test’ (Wald & Wolfowitz, 1940) was then pemieed. A ‘run’ is a series of
consecutive samples with a trait value greater thratess than the cut off point, a
threshold value for which we used the mean ofia ffais procedure tests whether the
number of runs in a sample is greater than or Idivan the number of runs expected
if trait values are independent for each sampl®VH#SV spread along the Viethamese
coast, a suitable genetic marker should give aifgigntly smaller numbers of runs
than expected by chance, because geographicabynpate isolates (i.e. from
consecutive locations along the coast) are likelyave similar trait values.

A Jonckheere-Terpstra test (see Bewstkal, 2004) was used to determine
whether median RU number or deletion size increasatecreased when the samples
were ordered from north to south. We tested fivéabde loci, and a Sidak correction
(Sokal & Rolff, 1995) was therefore made to thengigance threshold. for both the
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runs test and the Jonckheere-Terpstra test, sathhth thresholé®-value iso’ = 1-(1-
a)¥" = 1-(1-0.05¥° = 0.010.

Results

Description of WSSV isolates

WSSV-infectedP. monodorshrimp were collected from nine shrimp culture poid
Vietnam in 2004 and subsequently genotyped (TaBleThe ponds from which
samples we collected were distributed over ninéeght provinces, covering 2,500
km of the Viethamese coast (Fig. 1). Juvenilersprivere selected for WSSV testing
if () there was a WSSV outbreak in the pond, o tthe shrimp showed reduced
feeding. All chosen shrimp tested positive for gresence of WSSV using a single-
step PCR fovP26 One WSSV-infected shrimp from each pond was ahosedomly
for further analysis, and assumed to be represeatat that pond and region.

Table 1. Origins of the Viethnamese WSSV isolates usetimgtudy.

Regionin  Name of Place Province Origin of Date of  Abbre-
Vietnam the pond (district) postlarvae collection  viation

north Hai Phong Do Son Hai Phong central regidi®/08/2004 HP
Nam Dinh Nam Dinh Nam Dinh  central regior01/09/2004 ND

central Hue Phu Vang Hue central regio28/06/2004 H
couth Ba Ria Xuyen Moc Ba Ria Unknown 22/02/2004 BR
Tra Vinh -b  Duyen Hai Tra Vinh Local 10/02/2004  Tov-

Soc Trang My Xuyen  Soc Trang Unknown 05/03/2004 ST
Bac Lieu Vinh Loi Bac Lieu Unknown 15/2/2004 BL
Ca Mau Tan Thanh Ca Mau Local 20/02/2004 CM
Ha Tien Thuan Yen Kien Giang central regiod0/02/2004 HT
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Figure 1. Map of Vietnam, showing the geographical originstloé isolates used for this
study, indicated by HP, ND, H, BR, TV-b, ST, BLMC and HT (in bold), respectively,

according to Table 1. The isolates K, T, L, X, §,TA& and Kg, used in our previous study
(Dieuet al, 2004), are also in indicated (in italics).

Variable region ORF23/24

In order to map the ORF23/24 locus, we first penfed a PCR with the “VR23/24-
screen” primers on all samples (Table S1). Thesmgrs were previously used to
detect deletions in six WSSV isolates from centfigitnam (Dieuet al.,2004). Only
isolate H - from central Vietham - tested positixendering a 548 bp amplicon (Fig.
2). Cloning and sequencing of this PCR fragmenicatdd that isolate H was identical
to the other VN-central WSSV isolates, with a deletof about 8,539 bp compared
with  WSSV-TW. New primers were developed to genetyfvariable region
ORF23/24” for the other isolates from across Vietn&N isolate ND gave a product
of approximately 3.8 kb with primer set VR23/24-NBtP gave a product of
approximately 850 bp with primer set VR23/24-HP.tBBAPCR products were
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sequenced to reveal the exact identity of the eletup to the nucleotide level (Fig.
2). Overall the data indicate increasing deletiare of the isolates from central
Vietnam relative to the ND and HP isolates from tiwth (Fig. 2). Isolates from
southern Vietnam produced unique PCR amplicons wittlifferent set of primers
(VR23/24-south) indicating a larger deletion. ST,, EM, and HT all gave the same
PCR product of approximately 400 bp which, aftequsncing, indicated that they
contained the same deletion of 11,866 bp, as cadpaith the WSSV-TW sequence.
Isolate BR produced an approximately 400 bp amplieath this primer set.
Sequencing indicated a 13,210 bp deletion, ideniic®/SSV-TH (Dieuet al, 2004).
PCR on the Tv-b isolate using the same primerdtegsin an approximately 1.6 kb
amplicon, similar to in size to Tv, a previouslyalyzed isolate but from a different
district in Tra Vinh province. Restriction enzymaasysis of the PCR products
confirmed that the amplified sequences are the qa@aia not shown). Together, the
data indicated that WSSV isolates show an incrgadeletion size from central to
southern Vietnam (Fig. 2).

Table S1.Primers used in PCR analysis for the variable ¢tdaiVSSV, the size of the PCR
products is dependent on the isolate to be genstgpe therefore not mentioned in this table.

Primer Primer Anneal. Temp. fC)/ WSSV-CN sequence
) ) Sequence (5’-3") o _
pair name  orient. elongation time (s) coordinates
VR23/24 - Forward CACCCCTTCTCTAAATAATC 30402-30421*
51/200
ND Reverse ATGATTGTATTCGTCGAAGG 286706-286687
VR23/24 - Forward CAGATAATGCAAACACGAGACAC 275794-275816
51/120
HP Reverse ATGATTGTATTCGTCGAAGG 286706-286687
VR23/24 - Forward CACACTTGAAAAATACACCAG 278179-278199
49 /75
screen Reverse GTAAGTTTATTGCTGAGAAG 286105-286086
VR23/24 - Forward GTAGTGCATGTTTCTCTAAC 275032-275051
49 /100
south Reverse GTAAGTTTATTGCTGAGAAG 286105-286086
Forward CTACAACGGCCAAGTCAT 274802-274819
VR23/24 -Tv 49 /100
Reverse ATGATTGTATTCGTCGAAGG 286706-286687
VR23/24 -  Forward GAGTAGTCTTCAATGGCAATGT 55/80 275008-275029
BR Reverse GATGACTCGGTACGCTTTAG 287376-287357
VR14/15- Forward GAGATGCGAACCACTAAAAG 22904-22923*
49 /75
screen Reverse ATGGAGGCGAGACTTGC 24157-24141*
Forward GAGATGCGAACCACTAAAAG 22904-22923*
VR14/15-1 49/80
Reverse GAAAAATAAATCACGGGCTAATC 23646-23624*

* According to the WSSV-TH sequence (van Huletral, 2001)
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Figure 2. Schematic representation of the “variable regiodRFO23/24” of WSSV-TW,
WSSV-TH-96-1I, WSSV-CN, WSSV-TH, and the VN isolateThe map numbers, indicated
above each isolate, are in accordance with the awsnb the NCBI databank for the genomic
sequence of each isolate. The coordinates of th&WAMAN isolates are according to the
WSSV-TW annotation. The length of the fragmentsdicated within boxes or sequences.
The positions of the ORFs located in this regiom iadicated by closed arrows, which also
represent the direction of transcription. ORFsrambered in accordance with the numbering
used by Market al, 2004 and Dieet al, 2004. Open arrows represent primers.
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Variable region ORF14/15

The TH-96-II isolate has an additional 6,436 bpnsegt region in the ORF14/15
variable region compared with all other known WS8¥dlates, and Market al.
(2005) suggested that this genotype is represeetati the common ancestor of
WSSV in South-East Asia. The coordinates and sizéh® genomic deletions in
ORF14/15 were determined for the new Vietnamedates® using a similar approach
as was used for the ORF23/24 variable region. THIF9@as used as a reference
sequence for determining the size of the dele#oRCR reaction with the “VR14/15-
screen” primers (Table S1; Fig. 3a) was performfddcost all the new WSSV-VN
isolates (ND, HP, H, ST, BL, CM and Tv-b) showed approximately 500 bp
amplicon, similar in length to that reported premsly for isolate K (Fig. 3b).
Restriction enzyme analysis of the PCR products$icoad that these isolates have the
same 6,031 bp deletion as most WSSV-VN isolateb/zed previously (Fig. 3a; Fig.
3c; Dieuet al.,2004). However, the HT and BR isolates failed teega PCR product
with this primer set. Using the VR14/15-1 primeas, approximately 900 bp product
was obtained for the HT isolate, whilst an appratiely 750 bp product was obtained
for the BR isolate (Table S1). Cloning and sequemaf these PCR products showed
that isolate HT had a genotype similar to that @SV-TW, whilst BR was similar to
WSSV-TH (Fig. 3a).

VNTR loci ORF75, ORF94 and ORF125

The known WSSV VNTR loci were also analyzed. ORpoSsesses two types of
repeat units (RUs), with lengths of 102 and 45MRF94 and ORF125 have RUs with
a single type of repeat sequence of 54 bp and 69dspectively. These loci were
analyzed for the nine WSSV-VN isolates (Table 2) B§R and sequencing. The
number of RUs present in ORF94 ranges from folgeteenteen, whereas those from
ORF125 range from four to ten. The RU unit of 1@Rdppeared to be present at a
frequency ranging from one to four, whereas thd@5%epeat is present between five
to forteen times (Table 2). This variation in RYwvery similar to what has been found
previously in other Vietnamese WSSV isolates (De¢wl, 2004; Hoaet al, 2005).
Overall, however, there do not seem to be any sr@amthese data (Table 2).

Statistical Analysis

To test which loci are suitable as genetic markeranferring WSSV spread on an
intermediate scale, a runs test was performed @mtimber of repeat units (ORF75,
ORF94 and ORF124) or the size of genomic delet@RK 23/24 and ORF14/15). The
ORF23/24 variable region was the only one giargignificant outcome for this test
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Figure 3. @ Schematic representation of the “variable regidRFD4/15” of the WSSV
putative common ancestor (WSSV-TH96-11), WSSV-TWSBV-CN, WSSV-TH, and the
VN isolates. The map numbers, indicated above esaate, are in accordance with the
numbers in the NCBI databank for the genomic secpi@f each isolate. The length of the
fragments is indicated within boxes or sequencegenOarrows represent primers. (b)
Restriction enzyme analysis usiNgd andPst of PCR products of WSSV-VN isolates with
primer VR14/15-screen.
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Table 2. Number of repeat units (RUs) present within the-homnidirectional repeats of
ORF75, ORF94 and ORF12¥4n Hultenet al, 2001) WSSV isolates genotyped within
the context of the current study are in bold, thgseotyped by Dieet al. (2004) are regular
text.

Region WSSV ORF75 (45 bp and 102 bp*) / ORF94 (54 bp*)/ ORbF plif (69
isolate 107965-108675 142744-14306 187899-188319
north HP 12 (9 and 3) 9 10
ND 7 (6 and 1) 4 T
central H 5 (3 and 2) 12 5
K 53 and 2) 10 6
T 5(3and 2) 17 5
L 53 and 2) 10 6
X 53 and 2) 7 7
S 14 (10 and 4) 7 7
A 6 (4 and 2) 10 6
south BR 5 (3 and 2) 8 7
Tv 8§ 8§ §
Tv-b 6 (4 and 2) 10 9
ST 53 and 2) 4 5
BL 6 (4 and 2) T 9
CM T 9 4
Kg 5@ and 2) 15 7
HT 5(4 and 1) 11 6

*Length of RUs

"WSSV-TH coordinates of total repeat
FPCR reaction gave no product.

§: no data.

Table 3. Statistical analysis of data for all five genonocil The runs test determines whether
the number of runs in a sample is greater or leas the number of runs expected if the
outcomes for a trait were independent. A suitaleleetyjc marker should give a significdtt
value (indicated by an asterisk), indicating thegpeat unit (RU) or deletion size values of
consecutive geographic samples are not indepehdémnélated. The Jonckheere-Terpstra test
was used to determine whether RU or deletion sa&aeg increase or decrease when the
samples are ordered along the Viethamese coast, rfasth to south. For all statistical tests,
the significance threshold was adjusted< 0.010) because multiple comparisons are being
made. StandIT = standard JT-value

Variable Jonckheere-
Cases Runs Test
Locus Terpstra Test
Runs Z-value P-value StandJT P-value

ORF75 15 4 -1.139 0.255 -1.018 0.309
ORF94 15 6 -1.059 0.290 0.301 0.763
ORF125 15 10 0.556 0.578 0.051 0.959
ORF23/24 17 3 -3.002 0.003* 2.853 0.004*
ORF14/15 17 6 0.000 1.000 -1.290 0.197
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(Table 3). A significantly lower number of runs thaxpected by chance was found,
indicating that geographically-proximate isolatesrevrelated for this locus. For ORF
14/15, ORF75, ORF94 and ORF125 thesalue was higher than 0.010 and hence
there was no evidence that deletion size (ORF14h8)repeat unit number (ORF75,
ORF94, ORF125) were spatially structured.

We then performed a Jonckheere-Terpstra test, $b ftg increasing or
decreasing median trait value if the WSSV isoldtesn Vietham were ordered
sequentially from north to south. This test indechtthat there was a significant
increase in median deletion size in ORF23/24 if samples were ordered along the
Viethamese coast from north to south (Table 3). &brother loci, there were no
significant increases or decreases found with tdss. The results from the runs test
and Jonckheere-Terpstra test are therefore congr(iemhe runs test indicates that
only the ORF23/24 variable region is a suitablek®aon an intermediate scale, and
(i) the Jonckheere-Terpstra test indicates thateths a significant trend in trait value,
but only for this locus.

Discussion

The development of genetic markers for identifyamgl distinguishing WSSV isolates
from different geographic origins is the first stepreconstructing, monitoring and
ultimately controlling the spread of WSSV infectionshrimp farmingln a previous
study we showed thatwo variable regions with large deletions (ORF23/&dd
ORF14/15) and three VNTR loci (ORF75, ORF94 and OFF could be used as
molecular markers for epidemiological studies (Detual., 2004). Others have also
employed one or more of these loci as markers éoacterize WSSV isolatégloa et
al., 2005; Kiatpathomchaet al, 2005; Markset al., 2005; Musthaget al., 2006;
Waikhomet al.,2006; Kang & Lu, 2007; Pradeep al.,2008a,b; Pradeegt al, 2009;
Tanet al, 2009), but a statistically supported model wasderived. Moreover, the
degree of between-isolate variation for these lappears to be very different.
Therefore, a suitable WSSV marker locus should &ected depending on the
spatiotemporal scale to be considered in a stubdg # population structure in and
around shrimp ponds, or global virus spread.

We found that the ORF23/24 variable region was italsie marker locus for
determining patterns of WSSV spread at an interatedispatiotemporal scale.
Geographically-proximate isolates had similarlyesizdeletions in this genomic
region, and there was a clear overall spatial patteletion size tended to become
larger along the coast of Vietnam, from north tateo(Table 3). On the other hand,
the other WSSV variable loci were not suitable reesskat this scale. For the
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ORF14/15 variable region, there may be too littktween-isolate variation at an
intermediate spatiotemporal scale. Although thesrdest gave an insignificant
outcome, twelve out of seventeen WSSV-VN isolat&s the same 6,030 bp deletion
(Table 3). Conversely, for VNTR loci ORF75, ORF3aORF125, there appears to
be too much between-isolate variation at this scake geographically-proximate
samples were unrelated (Table 3). Our data theresoiggest that the ORF14/15
variable region may be a suitable marker at lasgates (i.e. global spread), whereas
VNTR loci may suitable markers at smaller scales. petween-farm spread). These
conclusions are congruent with reported levels BFD4/15 variation at large scales
(Marks et al.,2004; Dieuet al.,2004; Pradeept al, 2008b), and VNTR variation at
small (Pradeept al.,2008a) and very small (e.g. Heaal, 2005) scales.

To date, single or multiple locus sequences of exesl and functional genes
(Greiser-Wilkeet al, 2000; Uzcateguet al, 2001; Eyer-Silva & Morgado, 2006),
RFLP (Edeet al, 2007) and amplified RFLP (ARFLP; Gouvelal, 1998; Sammels
et al, 1999; Hamancet al, 2005) have been used as genetic markers fos viru
molecular epidemiology, depending on level of betmesolate genomic variation. To
our knowledge, we report here for the first timesystematic comparison between
VNTR loci and variable genomic deletions as molacwharkers to devise a model to
explain the geographic spread of a DNA virus.

Our results indicate that a genomic deletion camabsuitable marker at an
intermediate spatiotemporal scale, and probabty @idarge scales. The application of
genomic-deletion markers is, however, probably blothted and transient, as it
requires selection for the removal of redundantisages from the viral genome. Such
selection occurs only if a virus is introduced isfmecific novel environments — those
allowing for adaptation in genome size — and foloag as size of the virus genome is
evolving rapidly. In the case of WSSV, this meahattwhilst ORF23/24 is an
excellent marker for studying spread early in th8 W outbreak (i.e. until ~1998), it
may be less useful for studying later WSSV sprdasl épread in the Americas).
VNTRs are probably not useful markers on an inteliate spatiotemporal scale,
regardless of whether the virus is adapting rapidlg novel environment or not. This
conclusion is more general because the occurrehogar@tion in VNTRS is not
dependent on adaptation.

WSSV isolates fromP. monodonin central and southern Vietnam showed
deletions ranging from 8,539 to 12,166 bp in theFR&R24 variable region (Dieet
al., 2004). The nine new isolates characterized in shugly also had a deletion size
within this range, and deletion size become pragvesy larger from central Vietham
to either the north or the south (Fig. 2; Tablel8plates from central Vietnam (K, T,
L, H) were similar, and these isolates have thellsstaORF23/24 deletion size of all
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Vietnamese WSSV isolates (Fig. 2; Dieual.,2004). We therefore propose that (i)
the first introduction of WSSV in Vietham was innteal Vietnam, and (ii) that the
virus then spread to the south, and probably ththrad Vietnam from this site (see
spread model in Fig. 4). This suggests that theagpof WSSV was concomitant with
the spread of shrimp aquaculture in Vietnam, whi@s first introduced in central
Vietnam and later in the south and the north otnden (Nguyen, 2008). However, we
cannot rule out the possibility that WSSV in north&ietham may have originated
from China, which was reported to be a source aofrghseed for northern Vietnam
(MOFI, 2001). As more data on WSSV become avail&iehis region (Taret al.,
2009) it may become possible to evaluate and coaghifferent spread models.

An alternative explanation of the patterns obseri@dthe ORF23/24 locus
(Fig. 2) is that they stem from environmental déieces along the Vietnamese coast.
As the Vietnamese coastline extends further thad02&n, there are differences in
temperature, salinity, rainfall, vector species @hdir densities, and aquaculture
practices. Central Vietnam, for example, is a neddy hot and dry region, and this
may explain why certain ORF23/24 variants only appthere. However, small
ORF14/15 deletion variants typical of Viethnam (Xa&d A; Fig. 3) are only found in
this region (HT and BR are not typical of Vietnathe presence of these variants
probably stems from import of post larvae as disedselow). Although conditions in
central Vietnam could result in selection for vatg@awith smaller deletions at both
loci, we think that the most parsimonious explasrais that these variants reflect the
spread of WSSV.

We found two variants that are present as uniquegrsups for Vietnam,
represented as follows: (i) isolate HT, from theauthoof Vietnam, has the same
genotype in ORF14/15 as WSSV-TW, which suggeststhig isolate may have been
generated through recombination between directtpduced WSSV-TW and existing
Vietnamese variants (Fig. 4). (ii) Isolate BR, hlas same genotype as WSSV-TH in
both the ORF23/24 and ORF14/15 loci, suggesting peshaps this WSSV variant
was introduced from Thailand (Fig. 4).

The presence of these variants in Vietnam suggiestdhiuman activities — such
as the transportation of post larvae and broodstdt&ve contributed to the long range
spread of WSSV. However, these molecular data rbestinterpreted carefully,
because there can be genetic diversity within W®8pulations (Hoaet al, 2005;
Pradeepet al, 2008a; B.T.M. Dieu & J.M. Vlak, unpublished data)d the methods
used here are expected to detect only the predotgesmotype in an isolate.
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Figure 4. Model of spread of WSSV in Southeast Asia fromwiai and China towards the
West. Circular dots represent identified isolates,groups of isolates, while square dots
represent hypothetical isolates. An intermediateeator is abbreviated as An.

We collected WSSV isolates at different geograpboations at a single time
point (i.e. 2003 / 2004). However, the word “sptiporal” is used to describe in the
underlying spread process, to stress a temporal peoemt implicit to our
understanding of spread: WSSV molecular evolutionngj site-to-site transmission,
and at each site where the virus has become edtalli The stability of WSSV
genotypes at a geographic site will therefore eriice how suitable these methods are
for retrospective determination of the spread ofSNSIn other words, is the WSSV
genotype(s) sampled at a location genetically sspr&tive of the WSSV strains first
introduced into this area? Striking spatial patteseen for WSSV isolates (Dietial.,
2004; Pradeept al, 2008b) suggest that this is the case, but sahplirgcal support —
e.g. longitudinal studies of WSSV evolution — isssing. WSSV variable loci are
considered key elements for understanding the rapidrgence and evolution of this
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rampant virus in shrimp culture, but a completgezimentally supported framework
would be valuable for interpreting marker data &mdwing the limitations of the
conceptual model.
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Chapter 4

Can VNTRs be used to study genetic variation withinvhite spot syndrome
virus isolates?

Abstract

Variable number tandem repeat (VNTR) loci are usafolecular markers for studying white
spot syndrome virus (WSSV) epidemiology and spatmporal spread. To test whether
VNTRs could also be used to study within-isolate SWSyenetic heterogeneity, clonal VNTR
sequences from ORF75, ORF94 and ORF125 were clated plasmid vector. Surprisingly,
we found that a small percentage of clones hadweerlomumber of repeat units than the
original sequence. No variation could be deteatechultiple replicates of PCR amplification,
indicating that PCR-based genotyping alone is talla strategy. We then passaged WSSV
twice in Penaeus vannamewith 20 replicates, and found that VNTR sequerwere stable
in all replicates. WSSV VNTR loci are therefore fuéntly stable to be used as molecular
markers on short time scales. As the WSSV dosesnsgp relationship corresponds to
theoretical predictions, we propose in vivo clonargl genotype discrimination by VNTRS to
study within-isolate heterogeneity.

Key words: White spot syndrome virus, VNTR, genetic variatiovietham, PCR
genotyping.

This chapter has been published as: Dieu, B. TZMart, M.P. & Vlak, J. M. (2010). Can VNTRs be
used to study genetic variation within white spgtdrome virus isolates®urnal of Fish Diseasgin
press).
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Variable number tandem repeat (VNTR) loci are DNéngents consisting of adjacent
repeat units (RUs) that are highly polymorphic (Retet al, 2003). VNTRs have
been extensively used in forensics (Jeffretyal, 1985) and for strain typing bacteria
(e.g., Liuet al., 2003). Moreover, RU numbers have been linked teatis severity
(Hummerich & Lehrach, 1995). VNTRs have also beseduto demonstrate high
levels of between- and within-population genetication (Daviset al., 1999; Dieuet
al., 2004). The repetitive nature of VNTRs could fdate DNA rearrangements
through recombination, as proposed for baculovinosnologous repeats (Garcia-
Maruniak et al, 1996) and herpes virus direct repeats (Umenel)199ternatively,
DNA rearrangements could occur through ‘slip-stramdpairing’ (e.g., Levinson &
Gutman, 1987).

White spot syndrome virus (WSSV) is an emerginggdadsDNA virus that
adversely affects shrimp aquaculture worldwide (#&gal& Mohan, 2009). Market
al. (2004) identified non-hr unidirectional VNTR loci ORF75, ORF94 and ORF125.
High levels of genetic variation at these loci hbeen found between isolates (Ditu
al. 2004), whereas Tragt al. (2005) and Pradeegt al. (2008a,b) suggest that there
may be variation within WSSV isolates, as some dasnendered major and minor
PCR products. Here we define a virus isolate asld $ample collected from a single
host. High levels of biologically significant, withisolate variation have been found
for some invertebrate dsDNA viruses (e.g., baculmas; Lee & Miller, 1978; Corgt
al., 2005). On the other hand, genetic variation witWSSV isolates has not been
studied, but could have major implications for WS@Wdaptation and virulence
evolution.

We first evaluated a cloning-based approach toysMwESV within-isolate
variation in VNTR sequences. The approach wasiyd®CR amplify a VNTR locus
with specific primers flanking the repeat region) ¢lone PCR products into a
bacterial plasmid vector, and (iii) PCR genotypd arquence clones. This approach
could be both sensitive and possibly semi-quaitéai.e. clone frequency could
roughly indicate genotype frequency in the isolait&)wever, to measure variation in
the virus isolate, the experimental procedurefitselst not generate variation. Here,
we test whether or not this procedure generateati@ar using clonal (i.e., a single
number of RUs) starting material.

To evaluate this approach, we used WSSV isolates Yietham we previously
characterized (Diest al, 2004). Viral DNA was extracted (Dieat al, 2004) and the
VNTR regions in ORF75, ORF94 and ORF125 were PCRRl&ied with specific
primers (Table 1). PCR products were run in a 1%r@ge gel, and the major VNTR
band was excised and purified by a gel band patiba kit (GE Healthcare; Chalfont

58



VNTRs in heterogeneity study within WSSV isolates

St. Giles, UK) to give clonal starting material.igltclonal DNA was ligated into the
pPGEM-T easy vector (Promega; Madison, WI) and etetinsformed into competent
Escherichia colDH5a cells. White-colony insert size was checked by RGRg the
SP6 and T7 primers (binding up- and downstreanhefctoning site). Plasmid DNA
was purified (Fermentas Plasmid Miniprep Kit, Fentas GMBH; St. Leon-Rot,
Germany) and sequenced from individuallonies that showed variation in PCR
amplicon size. Sequence data were analyzed usingIWR 4.2 and GeneDoc
(version 2.6.000; Nicholast al, 1997).

Between-clone variation in RU number was founddibithree ORFs (Table 2). Only
variants with a lower number of RUs than the closialrting material were found.
Significant differences between loci in the freqoyelat which variants occurred were
not found P > 0.1 for all pair-wise comparisons of proportiofspp.test’, R 2.7.0; R
Foundation, Vienna, Austria). As a further test, MMas PCR-amplified from a
culture of singlekE. coli clone containing ORF94. The single-band PCR produss
purified and re-cloned as described above. We dgaimd between-clones variation in
RU number, and again only clones with a lower numtie RUs (Table 2). The
frequency of variants was not significantly diffetéo the previous experiment with
ORF94 P = 0.384). We therefore consistently found thatatswn in RU number was
generated during the cloning procedure. The amotimariation generated did not
differ significantly between experiments, regardlegs VNTR locus and source of
DNA for the PCR.

Table 1.Primers used for VNTR PCR of WSSV

. WSSV-TH
Pg;rilrer Orientation  Sequence (5'-3) Aerl]grfgzlitifrrlnt?ﬁqgc()s; sequence
coordinates
%;TS' Forward GAAGCAGTATCTCTAACAC 49/ 80 107875-107893
Reverse  CAACAGGTGCGTAAAAGAAG 108742-108723
ORF94- d / 80 2656142672
flank Forwar GTGCCGCAGGTCTACTC 51 142656-14267
Reverse CATACGACTCTGCTTCTTG 143337-143319
325&25 Forward CGAAATCTTGATATGTTGTGC 52 /100 187791-187811
Reverse ~ CCATATCCATTGCCCTTCTC 188442-188423
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Table 2. VNTR RU number forE. coli colonies with clonal DNAThe RU number in the
clonal DNA source has been marked with an asterisk.

VNTR locus DNA source Number of clones analyzedjtiency)
Totai 10RU 7RU 5RU 4RU 3RU 2RU 1RU
ORF75 Isolate K 90 83* - - 5 1 1
(1.00) (0.92) (0.06) (0.01) (0.01)
ORF125 Isolate T 72 - - 71* 1 - - -
(1.00) (0.99) (0.01)
ORF94 Isolate K 100 94~ 3 2 - - - 1
(1.00) (0.94) (0.03) (0.02) (0.01)
ORF94 E. coli clone 74 - 66* 2 3 - 2 1
(Isolate T) (1.00) (0.89) (0.03) (0.04) (0.03) (0.01)

These results demonstrate that our proposed apgprizaaot suitable for
detecting within-isolate variation in RU numberchese variation is generated during
the cloning procedure itself. The source of thisateon could be mutation i&. coli
(Vogler et al, 2006) or a cloning artefact. We excluded variatio the starting
material by purifying the single gel band from P@Rduct prior to cloning. However,
others have reported PCR-induced artefacts whemyugNTRs (Campbelket al,
2001). To investigate whether this occurs for WS8&8 we performed 10 replicates
of PCR amplification of the ORF94 VNTR on four WS®wlates with different RU
numbers, which previously only gave a single basdlgtes ST, K, H, S; Dieat al
2004; Dieuet al, 2010). Only the expected band was visible upestedphoresis for
all forty samples. As a further test, we perforni@€d-eplicates of a PCR on the ORF94
VNTR of a single plasmid clone originating from lsi@ T (Dieu et al, 2004). Upon
electrophoresis we found only the expected bandafbrreplicates; PCR-induced
variation (0%) was therefore significantly loweathmean cloning-induced variation
(8%, P=0.003, two-sided exact binomial test, R 2.7.0)c&sese the identity (i.e., RU
number) of the major band was conserved in allti@as, we conclude that PCR
amplification does not appear to introduce varatio RU number and has no
implications for the interpretation of WSSV VNTRtda

Our data support PCR-based methods for analyzingR&\ while showing
complications with methods based on molecular dgniTo study WSSV within-
isolate heterogeneity, other methods will therefbae to be considered. Possible
approaches include (i) VNTR southern blot (Campbehl 2001), (ii) cloning-based
methods on loci without repetitive elements (i@RF14/15 and ORF23/24 variable
regions; Dieuet al, 2004), (iii) ultra-deep pyrosequencing (Waetgal., 2007), and
(iv) in vivo cloning of genotypes: the infection of hosts withoe dose resulting in
infection by one or a few virions (Smith & CroolQ88). A benefit ofn vivo cloning
is that the cloned genotypes are available foh&rrtnolecular and biological analysis.
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However, this method will only identify genotypdsat are capable of autonomous
infection, and a stable genetic marker is required.

We therefore tested the stability of WSSV VNTR ws&ices by passaging
WSSV isolate T — amplified iil©rconectes limosugRafinesque) — in SPPenaeus
vannamei Isolate T was used because we did not detectiigaragiation within this
isolate (Dieuet al., 2004). Post-larvae of 6-10 gram of weight werectgd with a
high dose (10xLE, = 10 virions), and then individually caged. A secona- u
injected shrimp was added to the cage of eachtageshrimp. For 20 un-injected
shrimps that died of WSSV infection, we determitieel RU number of ORF94, which
is the most variable WSSV VNTR (Dieat al.,2004; Traret al, 2005; Pradeeet al.,
2008a, b). All 20 shrimp gave the expected PCR-0@3® bp, corresponding to 7
RUs). Over two passages vivo (i.e., infection of injected and subsequently un-
injected shrimp), VNTR sequences were stable. Welade thatn vivo cloning on
WSSV isolates that give multiple VNTR PCR bands miaya suitable method to
investigate heterogeneity within WSSV isolates, dose WSSV VNTR loci are
sufficiently stable. All cloned genotypes shoulddetected in the original isolate by
PCR, however, to excludke novovariation.

If each WSSV virion can infect the host indeperljewirus genotypes can be
efficiently clonedin vivo. We therefore tested whether WSSV dose-responte da
support independent action theory, i.e., the il@aane virion can cause infection and
that virions act independent of each other (Drug®52; Smith & Crook, 1988).
Independent action leads to a fixed-shape dosemssprelationship, which has been
shown to be a good indicator for determining a@tdibty of the theory (Zwaret al,
2009). We therefore fitted the independent-acti@sedresponse equation (Druett,
1952):

(1) m=1-¢e"P

to published dose-response data (Figure 1) (vateHlet al.,2001a; Prioet al, 2003;
Markset al.,2005a) using non-linear regression (SPSS 15.6SSRc., Chicago, IL),
wherem is mortality,p is infection probability anah is viral dose. The data appear to
be congruent with independent-action predictiorss,esidenced by high®walues
(Figure 1). This strongly suggests timatvivo cloning methods can be efficiently used
to isolate autonomously replicating WSSV genotyddeir in vivo stability qualifies
VNTR sequences as suitable molecular markers feectieg and discriminating
WSSV genotypes, provided analysis of PCR produn¢s ehot require cloning.
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Panel Data Virus isolate Host P SEM r?
A van Hulten et al., 2001 TH-1-96 P. monodon 2.1x10% 3.0x 107 0.99
B Prior et al., 2003 - injection USA 97, S.C. P. vannamei 2.6 x10%® 2.3x107 0.88
C Prior et al., 2003 - emersion USA 97, S.C. P. vannamei 5.0x 107 9.0x 108 0.44
D Marks et al., 2005 1 (circles) TH-1-96 P. monodon 6.7 x 10 1.0x10°% 1.00
D Marks et al., 2005 2 (squares) TH-11-96 P. monodon 8.9 x 107 3.2x107 0.82

Figure 1. Fit of dose-reponse equation derived from independetion (see Zwaret al,
2009) to published WSSV data. Virus dilutions weoaverted to dose on a convenient, arbit-
rary scale prior for non-linear regression (the eidd concerned only with relative doses).
For all panels, log10 of dose is on the x-axis tedproportion mortality is on the y-axR.is

the infection chance (see equation 1), SEM is thedsrd error of the mean gfand f is the
co-efficient of determination from the non-line@gression. High?values (close to 1) are
used as indicators of good model fit. All the dimtand gave high’values (> 0.80), with the
exception of emersion data from Preral. (2003). The latter is a small data set with only
three similar doses. Note that between-experimemiparisons of values cannot be made.
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Chapter 5

Effects of extensive and intensive shrimp farmingmthe genetic composition of
white spot syndrome virus populations

Abstract

White spot syndrome virus (WSSV) has a major nggaiimpact on shrimp farming and
industry. There are many different shrimp farmingqtices, and these may affect the
genotypic composition of WSSV populations and gagshe virulence of the virus. Here we
investigated whether extensive and intensive fagnpnactices (1) result in selection of
WSSV genotypes, and (2) affect genotypic compasitiwer time in WSSV populations.
WSSV samples were collected from Viethamese farms/arious sites over a period of
several years and the samples were then genotypedound no significant effect of farm
practice on the genotypic composition of WSSV papahs. On the other hand, we found an
effect of farm practice on change over time in @®RF23/24 variable region: this region was
significantly more stable in extensive farming. §hesult is a first observation suggesting that
farm practice may affect the evolutionary dynamésWSSV. Moreover, these data also
suggest that for retrospectively studying the spre WSSV, it is better to sample from
extensive farms than from intensive farms becauS&Wpopulations in extensive farms will
be more stable over a long period of time.

Keywords: White spot syndrome virus, shrimp farming, shriaguaculture, genetic marker,
epidemiology

This chapter is accepted as: Dieu, B. T. M., Zwst®. & Vlak, J. M. (2011). Effects of extensive
and intensive shrimp farming on the genetic comjmsiof white spot syndrome virus populations.
In: Diseases in Asian Aquaculture {lones et al., eds.Fish Health Section, Asian Fisheries
Society, Manila (in press).
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Introduction

White spot syndrome virus (WSSV) has been a scoongshrimp farming since the
early 1990s, causing massive mortality and majanadge to all sorts of shrimp
farming operations, from extensive to high-intepgiractices (Escobedo-Bonillet
al., 2008). During this period of time the virus hasdergone distinct genotypic
change resulting in the occurrence of variants avaide and in variants with
increased fitness and virulence (Mar&s al, 2004, Marks,et al, 2005a). This
suggests an adaptive evolution to the novel enment and ecological niche provided
by shrimp ponds. In shrimp ponds host density tyglically be much higher than in
natural habitats. The between- and within-specagtion in hosts is also likely to be
lower in intensive ponds than in natural environtagmnd hosts are likely to be
stressed due to pond conditions. All of these facgpwobably contribute to generating
a novel environment in which WSSV can thrive andher optimize its fitness.

Shrimp-farming operations are, however, highly edriExtensive and improved
extensive shrimp farms (i) stock shrimp larvae aigefrom the sea, in part or entirely,
(i) have a relatively low density of shrimp, and) (have overlapping generations of
shrimp. On the other hand, intensive shrimp farinstock shrimp post-larvae (PL)
from hatcheries, and the broodstock can originaim fgeographic locations far from
the farm, (ii) have a relatively high density ofrigfip, and (iii) have non-overlapping
generations of shrimp. Typically a pond is seedéti post-larvae (PL) and they are
subsequently harvested together, after which timel @ drained and cleaned. Because
extensive and intensive shrimp farms provide suéferdhg environments, farming
practice may lead to differential selection of WS§hotypes. Moreover, in intensive
farming operations, virus populations present ingsomay be largely discontinuous.
This discontinuity will arise because (1) regulaaidage and cleaning of the pond
removes infectious host cadavers or debris, and n@y-overlapping shrimp
generations preclude between-cohort transmissiothefvirus by infectious shrimp.
This may have implications for the genetic composit evolutionary dynamics and
epidemiology of WSSV populations.

Here, we hypothesize that different farming pragiavill have an effect on
WSSV genotype composition and population structW8SYV isolates were collected
from Vietnamese improved extensive and intensivensaat different geographic
locations and different time points. These isolatesn each type of farm were
genetically characterized, allowing us to test \wbketfarming practice affected
genotypic composition and change thereof over time.
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Materials and methods

Classification of shrimp farms

WSSV infected shrimp were purposely collected frehmimp farms with different
farming practices. We classified the farms based farm organization and
management, in a manner similar to Nhu@ntal. (2002) using the following three
categories:

(1) Intensive shrimp farming: Pond size variesrfrd.2 to 0.6 ha, and stocking
density from 15-30 post larvae pef.nShrimp are stocked only once for each crop,
industrial shrimp food is used, and water oxygeppbuis augmented by machinery.
PLs are bought from local hatcheries, but the origf the broodstock is typically
unknown. Shrimp crops are harvested after about feonths. If there are disease
outbreaks, shrimps are quickly harvested and thed pge chemically treated and
drained for cleaning prior to new stocking.

(2) Improved extensive farming: Pond size greatly \&rranging from 1 to 15
ha, including ditches and surrounding dikes. Shremed are trapped from wild stock
by making use of tides, and sometimes farmers sapgt wild stock with PL from
hatcheries (approx. once a month, although thigesagreatly between farms). This
results in a low stocking density of 1-2 shrimp p&r No additional feed is required
in this system as shrimp use natural feed in pé@dmers typically harvest shrimp
once or twice a month, based on tides. Large sharagrapped by nets as marketable
harvest, although small shrimp suffering of diseasealso often trapped and hereby
removed from the pond.

(3) Shrimp-rice farming: similar to improved extensiaming in terms of farm
management, although the plots used are somewtlakesrthan improved extensive
ponds. In the Mekong Delta of Vietham, farmers tigesame plot to cultivate rice in
the rainy season, when freshwater is abundant,sancp in the dry season, when
saline water is used to flood the plot.

Collection of virus isolates

Shrimp showing disease symptoms characteristi®86V were selected, cleaned on
the outside with 70% ethanol, and stored in 96%rethduring transportation to Can
Tho University (Vietnam). The ethanol was then reatband samples were stored at -
20° C until further processing. All shrimp selectegere Penaeus monodon
Information on the WSSV infected shrimp collectedd recorded in Table 1, and
geographic locations are given in Figure 1.
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Table 1: WSSV isolates:

. . Place Farming Origin of . Abprevi
Region Province o : Date of collection ation
(district) practice post larvae
central VN Quang Nam  Nui Thanh Intensive centrglae 2003, 2008 QN
south VN Tra Vinh Duyen Hai Intensive Unknown 200006 TV
Ha Tien Thuan Yen Intensive Unknown 2004, 2005 HT
Kien Giang  Kien Luong Intensive central region 202005 Kg
Soc Trang My Xuyen  Rice-shrimp Unknown 2002, 2008 ST
Bac Lieu Vinh Loi Extensive Unknown 2004, 2008 BL
Ca Mau Tan Thanh Extensive Local 2002, 2004, 2005, CM

2006, 2007, 2008
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Figure 1: Location of the Vietnamese farms that were samfidedhis study, indicated by

QN, TV, ST, BL, CM, Kg and HT. See Table 1 for het details.

Genetic characterization of virus isolates

The characteristics of WSSV have been describe¥lal et al. (2005) and further
ICTV updates (www.ictvonline.org). Markset al. (2004) identified five variable
regions (see Figure 2): three loci with variablanber of tandem repeats (VNTR;
ORF75, ORF94 and ORF125; ORF nomenclature accortingan Hultenet al,
2001a), and two loci with large deletions (ORF23/@2&RF14/15). These variable loci
have been employed as markers in different stuzhedifferent spatiotemporal scales
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(e.g. Dieuet al., 2004; Markset al, 2005; Waikhomet al., 2006; Pradeept al.,
2008a, 2008b). Here we employed these five variag®mns as markers.

DNA was extracted from tissue behind the heads allected shrimp, and
screened for the presence of WSSV according toighdd procedures (Dieet al
2004). PCR on the genomic variable loci of WSSV wasformed with 1ul DNA
extract (approx. 250 ng DNA), using Tag DNA polyass (Promega). Specific
primers, PCR conditions used and and amplicon tengte shown in Table 2. PCR for
VNTRs is described elsewhere (Dieu et al., 2004JRPproducts were analyzed,
sequenced and computational analysis was done daegoto published procedures
(Dieu et al., 2004). For analysis of the deletion loci (ORRB4And ORF23/24), two
WSSV infected shrimp from each pond were PCR aedlyz

Statistical analysis

To analyze VNTR data we considered the number peat units (ORF94 and
ORF125). For ORF75, we considered the total lemdtthe repeat region, since this
variable locus contains two types of repeats. Talya@e data from genomic deletions
(ORF14/15 and ORF23/24) we considered the lengtthefgenomic deletion. We
refer to these quantitative data as ‘locus trailes.

Table 2.Primers used in PCR analysis for the variable dd&8/SSV (WSSV-TH sequence)

Primer pair Anneal. Size (bp)
name/ Primer Temp. WSSV-CN of PCR
(Detected orient Sequence (5'-3") cC)/ sequence product
deletion) ' elongatio coordinates for VN
n time (s) samples
VR(213(’)/§‘710_ET)V5“ Forward ~ GAGTAGTCTTCAATGGCAATGT o 100 275008-275029
P Reverse = GTAAGTTTATTGCTGAGAAG 286105-286086
VR23/24 - CM  Forward CACATAATGCAAACACGAGACA . 275704275816
(11045 bp) REVEISe 1 AAGTTTATIGCTGAGAAG 286105-286086
VR23/24 —screen Forward =~ CACACTTGAAAAATACACCAG 49 /75 278179-278199 ..
(8539 bp) Reverse GTAAGTTTATTGCTGAGAAG 286105-286086
VR23/24 —south GTAGTGCATGTTTCTCTAAC
Forward 275032-275051
(11866 bp) Reverse  CTAAGTTTATTGCTGAGAAG 49/100 286105-286086 400
VR23/24 -TV CTACAACGGCCAAGTCAT
Forward 30701-30718
(11450 bp) Reverse  ATGATTGTATTCGTCGAAGG 49/100 Jons i soesgs  ~1600
CTACAACGGCCAAGTCAT
VR23/24 —Kg Forward 30701-30718
(12166 bp) Reverse CGCAATTCTCCTCGCAGTT 49/100 3295539237 2600
VR14/15-screen GAGATGCGAACCACTAAAAG
Forward 22904-22923
(6031bkp)>p:;md 5950 Reverse ATGGAGGCGAGACTTGC 49 /75 24157-24141 500/600
VR14/15-HT Forward  GAGATGCGAACCACTAAAAG 49/ 80 22904-22923 ~900
5138 b Reverse GAAAAATAAATCACGGGCTAATC 23646-23624
( p) Z
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Because the data set is limited, we grouped imgt@xtensive and shrimp-rice farms
together as being ‘extensive’, and compared themtémsive farms.

A simple test of whether farming practice had ariecf on genotypic
composition, we performed a Mann-Whitneytest (SPSS 15.0; SPSS Inc., Chicago,
IL, USA), with farming practice as the independeatiable and locus trait value (RU
number, total length of TRs or deletion size) as tependent variable. We only
included data from the years 2002, 2006 and 208/ the CM site (Ca Mau, Table 1)
to avoid biasing our analysis due to high numbesahples from a single site and
small time intervals (see Table 3). CM 2006 wasseinoas the intermediate sample
because for that year the VNTR data are complete.

To test whether farming practice had an effect d¢ranges in genotypic
composition over time, we first determined whettiere was a change in locus trait
value between samples from the same site. For &itedich more than two samples
were available, we compared the earliest and tlestlavailable samples only. Thus
the genotypic data from two samples from differemie points represent one event:
locus trait values are either the same or theynateWe recorded the total number of
locus trait value changes for each locus, and tested whether intensive farms had
more changes in locus trait value than extensiuagausing a one-sided test of equal
proportions (R 2.7.0; The R Foundation for StatetComputing, Vienna, Austria).

Results

Genotyping of WSSV isolates

All shrimp samples tested positive for the presesfcé/SSV using a single step PCR.
VNTR variable regions were analyzed for all thedgd isolates (Table 3). In order to
map deletions in the ORF14/15 and ORF23/24 variadxgons, we first performed
PCR with the “VR14/15-screen” and “VR23/24-scregorimers on all samples,
respectively (Table 2). These primer sets wereipusly used to detect deletions in
six VN-central WSSV isolates (Dieat al, 2004). Those samples which failed to give
a PCR product were then analyzed by means of &imgaPCR’ with different primer
sets, starting from two ends of variable regionsn@ypes were detected with the
corresponding primer set (Table 2). All PCR produetre cloned and sequenced to
confirm their identity and map the exact positidritee deletion. The location and size
of the genomic deletion was determined using WS$WJIb-Il (acc. no. AY753327;
Marks et al.,2005) as a reference sequence for ORF14/15, andWVT$6 (acc. no.
AF440570; Wanget al, 1995; see also Market al, 2004) as a reference for
ORF23/24.
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VP28 ~ORF14/15 VR
" .~ORF23/24 VR

WSSV-TH
292,967 bp

"""" VNTR ORF75

VNTR ORF125
“VNTR ORF94

Figure 2: The location of the five variable regions used hereharacterize WSSV samples,
shown in the WSSV-TH genome (Van Hultenhal, 2001a; Markst al, 2004). VR stands
for variable region, and VNTR for variable numbértandem repeats. The location of the
major WSSV virion envelope protein geviP28is given as a reference point anly

Effects of farm practice on genotypic composition

A Mann-WhitneyU-test (Table 4) demonstrated that there was nafggnt effect of
farming practice (extensive or intensive) on anguktrait values (RU number, total
length of TRs or deletion size) for all geograplications.

Effects of farm practice on changes in genotypragosition

A test of equal proportions (Table 5) demonstratieat for the ORF75, ORF94,

ORF125 and ORF 14/15 variable regions, there wasffeat of farming practice on

change in locus trait value in consecutive samfy@® a single geographic location.
However, for the ORF23/24 variable region, theres aasignificant effect of farming

practice on change in locus trait value (i.e. detesize). For the intensive farms a
change in locus trait value for ORF23/24 was alwapserved (4 changes in 4
observed events). For the extensive farms no chanigeus trait value was observed
(no changes in 3 observed events included in staisanalysis, no changes in 8
observed events in total).

Although we analyzed changes in trait locus valoesr time, the interval between
sampling at different locations was irregular (esige farms: 5.33 £ 0.58 [mean %
SE]; intensive farms: 2.50 + 0.87). The mean timernval was twice as long on the
extensive farms meaning that our analysis of changeral genotypes over time is

probably conservative.
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Table 3: Genotyping of five variable loci in the WSSV is@at An asterisk (*) indicates the
PCR reaction failed. A double dagger (%) indicdkes the data were excluded from statistical
analysis to avoid biases. For ORF75, (a) standsrioRU with 102 bp, and (b) for RU with
45 bp.

';":‘;';”t'irc‘g Location Year ORF75 ORF94 ORF125 ORF14/15 ORF23/24

RUs (total) TR Length

2004  abbab (5) 339 4 5 6031 11,866
2008  babb (4) 237 * 4 5950 11,866
BL 2004  babb (4) 237 * * 6031 11,866
2008  babb (4) 237 10 7 5950 11,866
CM 2002  ababb (5) 339 3 4 6031 11,045
20041 * * * * 6031 11,045
2005% abbabb (6) 384 9 * 6031 11,045
2006  abbab (5) 339 7 5 6031 11,045
2007+  ababb (5) 339 * 7 6031 11,045
2008  babb (4) 237 6 8 5950 11,045
CIntensive QN 2003 ababb(5) 339 10 6 6031 8539
2008  abbabb (6) 384 6 7 6031 11,866
HT 2004  babbb (5) 282 11 6 5138 11,866
2005  abbab (5) 339 10 5 5950 10,970
Kg 2003  abbab (5) 339 15 6 6031 12,166
2005  abbab (5) 339 12 9 6031 11,866
TV 2004  abbab (5) 384 10 9 6031 11,450
2006  abab (4) 294 6 7 5950 10,970

Table 4: Comparison of locus trait values between extenai intensive farms. Note that
analysis was performed on different measures (Amly A Mann-WhitneyU-test was
performed to test for significant differences iaitrvalue between extensive and intensive
farms. No significanP-values were found.

Mann-Whitney

+
Locus Analysis Samples Mean £ SE U-test
Extensive Intensive Z P

ORF75 Total length TRs (bp) 16 293.6 +22.0 3372H -1.441 0.149

ORF94 RU number 14 7.33+1.67 10.00 +1.05 -1.370.169

ORF125 RU number 15 5.86 + 0.67 6.88 £ 0.52 -1.173.241
ORF14/15 Deletion size (kb) 16 6.00 + 0.00 5.8910 -0.185 0.854
ORF23/24 Deletion size (kb) 16 11.56 + 0.15 11.1044 -0.507 0.613
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Table 5: Comparison of change in locus trait values overetibetween extensive and
intensive farms. A test of equal proportions wadgeeed to test for significant differences
in changes in trait value between extensive anengive farms. SignificanP-values are
marked with an asterisk (*).

L Changes / Total Observed Test of equal
ocus . .
(Proportion) proportions
Extensive Intensive X° P

ORF75 2/3(0.67) 2 /4 (0.50) 0.000 0.5000
ORF94 1/1 (1.00) 4] 4 (1.00) - -
ORF125 2/2(1.00) 4/4(1.00) - -
ORF14/15 3/3(0.00) 2/4(0.50) 0.365 0.727
ORF23/24 0/3(0.00) 4 /4 (1.00) 5.405 0.030*

Discussion

We investigated the effect of extensive or inteasshrimp farming on WSSV
genotypic composition and on changes in WSSV ggnotgomposition over time.
We found no effect of shrimp-farming practice on 8¥Sgenotypic composition for
any of the five variable loci investigated (Tab)e Bhis suggests that the environments
associated with extensive and intensive farms atedivergent enough to impose
differential selection for WSSV genotypes. On thieeo hand, the number of samples
was relatively small, making it difficult to dravefinitive conclusions from these data
alone. More intensive sampling in the future folemlvby genetic analysis should
substantiate this claim.

For four out of five variable loci (ORF75, ORF ®aRF 125, ORF14/15) we found no
effect of farming practice on changes in locusttvalue over time (RU number, total
length of TRs or deletion size; Table 5). For ORR23 however, we did find a
significant effect of farming practice on changelacus trait value (deletion size);
whereas deletion size never changed over time forexensive farm, it always
changed for intensive farms (Tables 3 and 5). Meggothe average time between
sampling was twice as long on the extensive farsnsnaintensive farms, meaning that
viral populations on extensive farms had twice ascimtime to undergo genetic
change. Overall, these data therefore suggest dhbat hypothesis that WSSV
populations on intensive farms will be more vamalid correct. An effect of farm
practice on viral genotypic stability is probablyedto (i) frequent seeding of PLs
infected with different virus strains (Withyachumnnlaul, 1999) and (ii) pond drainage
and cleaning regimens.

Why do the data suggest an effect only for ORF2324 not for the other loci?
First, this is a preliminary study with a limitedmsple size, the power of the statistical
test used is low. However, there appears to bentaneisting trend for the ORF14/15
data. For samples from four out of five geograpbaations in which the deletion size
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changed over time, there was a shift from the @ff8dleletion to the 5950 bp deletion.
Moreover, the 5950 bp deletion was found only imgles from later years (2005-
2008; see Table 3). This suggests that there weastisa for a genotype carrying this
slightly smaller deletion during that period of @mWhat could have caused the
occurrence of selection at most of the sites? iyghriod of timePenaeus vannamel
was widely introduced in Vietnamese shrimp farneglacingP. monodonRaux et
al., 2006; Corsin, 2005)0thers have shown that passaging in different bBpsties
can result in differential selection of WSSV gemay (Waikhomet al., 2006),
lending credibility to this explanation. Moreovéing 5950 bp deletion appears to be
selected for when WSSV samples obtained fi@mmonodonare passaged iR.
vannamei{B.T.M. Dieu & J.M. Vlak, unpublished data).

We observed no trends in the VNTR data (Tables 2n@ 4). The data of
Pradeepet al. (2008a, 2008b) suggest that VNTR loci (ORF75, ORFIRF125) are
more variable than deletion loci (ORF14/15, ORF23/2V/e have also found a similar
trend for the spread of WSSV in Vietnam (Detual, 2004; Dieu et al., 2010). These
observations may explain why we did not find areefffof farming practice on locus
trait value for VNTRS: variation is generated tapidly for VNTRs to be useful
markers on larger spatial - and temporal - scales.

Our data suggest that extensive farming led to feslanges in deletion size for
the ORF23/24 variable region, as compared to intengarming. This result has
important ramifications. First, it suggests thatusipopulations in extensive farms will
be more stable than in intensive farms, a resattwe hypothesized based on the way
ponds are managed under these farming practices. Wit have consequences for
WSSV evolutionary dynamics. For intensive farmiygtems, infection of a pond can
be an evolutionary dead end as the pond will eatlytibe drained and cleaned,
leading to the destruction of most virions. On dlleer hand, if ponds are not carefully
cleaned and viruses reach into the surrounding®.gy marine crabs, fresh water
prawn Macrobrachium rosenbergijHossainet al, 2001) or polychaetes (Vijayaat
al., 2005), a disease-free intensively-managed psrtiedn a resource which can be
best exploited by highly virulent genotypes, asdhie no cost of virulence (i.e. the
pond will be drained irrespective of virus behayidn extensive farming systems the
costs of virulence may be maintained i.e. killihg thost at any point in time means
that host introduced into the pond at a later taaenot be directly infected. This line
of thought may also extend to shrimp-rice farmibgcause the plots used are never
completely drained and cleaned. WSSV is known teseaasymptomatic or avirulent
infections (Withyachumnarnkul, 1999; Flegal al, 2004), which may be important
for maintaining the virus in low-density host pogiibns, for example by vertical
transmission. Genetic composition of WSSV popufetionay be one factor which
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determines virulence, as has been shown by Mairksd. (2005a) and suggested by
Hoa et al. (2005). There will, however, be many other factetsich will determine
WSSV virulence, such as farm management (Coetinal, 2001), temperature
(Rahmaret al, 2006), salinity (Liuet al, 2006), ammonia-N (Jiangt al, 2004) and
adaptive shrimp responses (Flegel, 2007).

Finally, effects of shrimp farming practice on cbas in locus trait value have
implications for studying the spread of WSSV by mseaf molecular epidemiology
(Dieu et al, 2004; Pradeept al, 2008a, 2008b; Dieu et al., 2010). If WSSV
populations in intensive farm systems are moreabégi this means that the original
genotype which colonized the farm - and the sum@umnregion - is less likely to be
maintained in the virus population than in an esiem farm. Hence, if samples are
taken retrospectively to determine virus spreagl. (@ieuet al, 2004, 2010), then it is
best to sample from extensive farms, because tts yiopulation sampled is more
likely to be representative of the genotypes thextefirst introduced - or first became
predominant - in that area. The effects of farmpngctice on the stability of WSSV
populations should therefore be given consideraitiothe design of experiments to
study the spread and epidemiology of WSSV.
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Chapter 6

Adaptive trajectory of genome size evolution in amerging shrimp virus

Abstract

White spot syndrome virus (WSSV) is the sole mendfehe novel Nimaviridae family, and
the source of major economic problems in shrimpaagliure. WSSV rapidly spread
worldwide after the first reported outbreak in #erly 1990s. Large genomic deletions occur
at two loci in the WSSV genome, ORF14/15 an®F@3/24, and these variable loci
have been used as molecular markers to spadtgerns of viral spread. Here we describe
for the first time the dynamics underlying the mes of genome size evolution using
empirical data. We genotyped new WSSV isolatesnffive Asian countries, and analyzed
this information together with published dateen@me size appears to stabilize over time,
and deletion size at ORF23/24 was significantlyateel to when the first outbreak of
WSSV occurred in a country. A simple mathepstmodel of genome size evolution was
developed, and parameter estimates support a geomsddel of genome size evolution:
incrementally smaller genomic deletions are sttetl over time. Based on an vivo
assay, we found that WSSV isolates with a smadeogie size had increased infectivity and
decreased median host survival time, suggestingkabetween genome size and fitness in an
aquaculture environment.

Keywords: WSSV, aquaculture, genome, evolution, adaptiveed¢tajy, genomic deletions,
molecular epidemiology

This chapter has been submitted as: Dieu, B. T.2Wart, M. P., Hemerik, L. & Vlak, J. M. (2010).
Adaptive trajectory of genome size evolution inesmerging shrimp virus.
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Introduction

White spot syndrome virus (WSSV) was first reporiadshrimp aquaculture in
Taiwan in the early 1990s (Lotz, 1997). The viras fsince spread worldwide, and
has had a major negative impact on shrimp aquaeuldscobedo-Bonilleet al,
2008; Walker & Mohan, 2009). WSSV is a dsDNA vinwgh a 300 kilo base pair
(kbp) genome (van Hulteet al, 2001a; Yanget al, 2001), having one of the largest
genomes of the animal viruses (Filee & Chandler0820 The virus has been
recently assigned as the sole member ofew wmirus family, the Nimaviridae
(Vlak et al, 2005).

During WSSV spread in Asia the virus has shownkisigi changes in
biological characteristics (Market al, 2005a) and genotype (Dieet al, 2004;
Marks et al, 2004; Pradeegt al, 2008a,b). Relative to the putative ancestralsyir
a WSSV variant that evolved in shrimp aquacultweharacterized by (i) causing
higher host mortality, (i) having a shorter hosirvéval time, and (iii) having a
higher within-host competitive fitness (Mark$ al, 2005a). The most important
genotypic changes during WSSV spread in Asia appedre two genomic deletions,
in the ORF14/15 and ORF23/24 variable regifDeu et al, 2004; Markst al,
2004; Markset al, 2005a). The total size of the genomic deletitsch have
occurred between the oldest and the most recentMNiS@ates analyzed to date is
almost 15 kbp (Markset al, 2004; Pradeepet al, 2008a,b), accounting for
approximately 5% of the genome.

Deletions in the ORF14/15 and ORF23/24 variableioreg have become
progressively larger as the virus has spreadl ewolved, to the extent that these
deletions can be used as molecular markessutty the patterns of virus spread on
intermediate to large spatiotemporal scales. Thigraach has been used to study
WSSV spread to Vietnam (Dieet al, 2004; Dieuet al, 2010) and India (Pradeep
et al, 2008). However, beyond the patterns of virugagrfrom Taiwan to Thailand
(Marks et al, 2004; Markset al, 2005a), Vietham and India, little is known about
the dynamics in space and time of the change isetlgenomic deletions and the
consequences for WSSV evolution and virulence.

A number of relevant questions on the spread antugon of WSSV therefore
remain unanswered. First, it remains to be seerthehggenome size has stabilized
during the spatiotemporal spread of the virus. Genagize can only decrease until
non-redundant or essential genes and regulatoryesegs are disrupted or lost.
What is the limit to deletions at the ORF14/15 &F23/24 variable loci, and has
this deletion size been reached? Second, if onsidens when WSSV outbreaks
occurred in different countries (see Fig. 1, Tahlsee also pg. 2 in (Escobedo-Bonilla
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et al, 2008), the temporal pattern does not suggesttkigavirus spread through a
constant geographic radiation. Rather, the virgnseto rapidly traverse some large
geographic distances (e.g., from Taiwan in 1992Thkailand and India in 1994),
whereas other, shorter distances are slowly trade(se., the first WSSV outbreak in
the Philippines occurred in 1999). Does molecelasiution of WSSV recapitulate the
temporal pattern of spread?

These genomic deletions in the ORF14/15 and ORB234#able regions have
supposedly arisen because (i) they allow for fasemlication due to a smaller
genome size, and (i) these sequences have beayayl redundant in the novel
shrimp aquaculture environment (Mar&s al, 2004). The striking patterns in the
evolution of these deletions over space and timeuBbBt al, 2004; Dieuvet al, 2010)
do not only have utility as molecular markers ofusi spread; they are in effect a
record of virus adaptation to shrimp aquaculturgpanning 10 years since the first
known WSSV outbreak — and virus spread coveringadees of thousands of
kilometers, during which the virus continually enotered naive shrimp populations.
The spread of WSSV in aquaculture therefore pravideunique opportunity to
address guestions about the dynamics of genomesmetion. If an organism has
redundant genome sequences present, and eifpdpulation genetics of this
organism allow for rapid evolution of genorsize (Lynch, 2006), then we need to
ask two questions: (i) what does the adaptive dtajg look like, and (ii)) what
mechanism accounts for this observed trajectory?eXore these issues we have
characterized novel WSSV samples from five coustineAsia, and used these together
with previously reported information to test a sienmodel of genome size adaptation.

Materials and methods

Collection of WSSV isolates and analysis of vaedbti

The origins of the WSSV isolates analyzed in thuglg are shown in Table 1 and Fig.
1. Shrimp were cleaned with 70% ethanol and kepein during transportation to
Wageningen University, The Netherlands, where sasplere stored at -20° C until
further processing. DNA extracts of collected slprimere screened for the presence
of WSSV with specific primers fovP26 (Dieu et al, 2004). The five WSSV variable
loci previously identified (Markset al, 2004), variable number tandem repeat
(VNTR) loci ORF75, ORF94 and ORF125, and varial#gions ORF14/15 and
ORF23/24, were characterized up to the nucleotdellas described (Dieet al,
2004) PCR on WSSV variable loci was performed w20ng viral DNA, using
Tag DNA polymerase (Promega). The specific prinets,sSPCR conditions used and
sizes of the PCR products are shown in Table 2. P&Ructs were analyzed and
sequenced according to published procedures (@&ial, 2004).
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Table 1. Origins of the Asian WSSV isolates used in thigigtiFirst WSSV outbreak” is the
year in which a WSSV outbreak was first reportedthie country where the sample was
collected. Abbreviations in bold indicate the saamwhs genotyped in the present study.

Country Host

Taiwan  P.monodon
China P.japonicus
Vietnam P.monodon
Vietnam P.vannamei
Thailand P. monodon
Thailand P.vannamei
India P. monodon
India P. monodon
Philipp.  P.monodon
Indonesia Polychaete
Cambodia P. monodon
Japan P. japonicus
Iran P.indicus

First WSSV Place Origin of post Date of Abbreviation

Outbreak  (Province) larvae Collection
1992 Southern ND 1994 WSSV-TW
1993 Xiamen ND 1996 WSSV-CN
1993 QuangNgai CentralVN 3/2003 WSSV-VN-T
1993 Long An CentralVN 2003 WSSV-VN-LA
1994 Suratthan ND 1996 WSSV-TH-96-I
1994 ND ND 1996 WSSV-TH-S
1994 Eastcoast ND 2005 WSSV-In-05
1994 Eastcoast ND 2006 WSSV-In-06
1999 lloilo Local 04/2008 WSSV-Phi
1996 JambakJava ND 02//2008 WSSV-Indo
1996 ShihanukVille Thailand 02/2006 WSSV-Cb
1993 ND ND 1995 WSSV-Ja
2002 Abadan ND 6/2002 WSSV-Ir

1982
1993
1994
1996
1989
2002

EECOOEN

% [VN-T-03]
TH-S-96 |
bl V- LA-DE PHI-08
D. ** j
[INDO-02]

Figure 1: Map of Asia, showing the geographical origins of S¥Sisolates used for this
study. New isolates characterized in this stug marked with black circles, whereas
isolates previously reported in the literatuaee marked with white circles. Further
information on the isolates is given in Table 1ldC® denote the year of first outbreak for
Asian countries for which this information is kno{see Materials and Methods).
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Table 2. Primers used in PCR analysis for the variable ¢6&VSSV.

Primer pair  Primer Sequence (5’-3’) Anneal. temp. WSSV-CN  Size (bp) of
name orient. (°C) / elong- sequence  PCR product
ation time (s)  coordinates

VR23/24 -Ja Forward CAGATAATGCAAACACGAGACAC 49 /100 2757942916 ~700
Reverse GTAAGTTTATTGCTGAGAAG 286105-286086

VR23/24 — Forward GAGTAGTCTTCAATGGCAATGT 55/80 275008-273D ~400

Asia screen Reverse GATGACTCGGTACGCTTTAG 287376-287357

VR14/15- Forward GAGATGCGAACCACTAAAAG 49 /75 229023 ~500/600

screen Reverse ATGGAGGCGAGACTTGC 24157-24141

VR14/15-TH Forward GAGATGCGAACCACTAAAAG 49 /80 2290923 ~750
Reverse GAAAAATAAATCACGGGCTAATC 23646-23694

" According to WSSV-TH-I-96 sequence

Statistical analysis of ORF14/15 and ORF23/24 Malgaegion data

For statistical analysis and modeling of WSSV geaaize evolution, we combined
the samples characterized here with other publisbpdrts containing information on
the ORF14/15 and ORF23/24 variable regions (sedeTah A maximum of 2
samples per country were included, so that norteedtountries would heavily affect
the outcome. If more samples were available (oe.lidia and Vietham), we chose
samples that were collected earliest. WSSV TH-96ds$ not included in this analysis
because this sample is the putative common ancéstohetype) for virus strains in
shrimp aquaculture (Marlet al, 2005a).

For the ORF14/15 and ORF23/24 variable regions, tiwn-parametric
Jonckheere-Terpstra test (Bewigk al, 2004) (SPSS 15.0, SPSS Inc., Chicago,
IL) was used to determine if median deletion sgmificantly increased or decreased
when the samples were ordered according to: (i)yder of first outbreak in the
country where the sample was collected (“first oedix year”), or (ii) the ranked
geographic distance of the sample collection sitddiwan, the location of the first
WSSV outbreak (“distance”). We are performing feomparisons (two independent
variables and two loci), and a Bonferroni correcti(Gokal & Rohlf, 1995) was
therefore made to the significance thresholsb that the corrected threshdtdvalue
(o) is 0.013.

In order to determine ‘year of first outbreak’,ewused a published list of
outbreak years (see Table 1 on pg. 2 (EsasBedillaet al, 2008). The presence
of WSSV in Vietham was confirmed by PCR in 1997 idoet al, 2001), but the
first outbreaks occurred in 1993 (Bondad-Reangtsal, 2005; Khoaet al, 2000)
and we used this date for our analysis. Cambodiaois included in the list of
outbreak data we used (Escobedo-Borgliaal., 2008). Viral disease was implicated
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in the collapse of Cambodian shrimp aquaculturthénlate 1990s, and we therefore
took the year 1996, when shrimp productiost fdeclined (Sour & Viseth, 2004;
Viseth & Pengbun, 2005) as an estimate for thé dusbreak.

Model of WSSV genome size evolution
Fisher proposed that an organism adapts to itsr@mwient by the substitution of
mutations that slightly enhance fitness, becaus&tmus resulting in small fithess
changes are more likely to be beneficial than ntatcausing large fitness changes
(Fisher, 1999). Kimura then showed that mutatiorading to larger fitness
enhancement had a larger probability of becomingbéished, suggesting that
mutations leading to intermediate fithess enhanoére most likely to be substituted
(Kimura, 1983). More recently theoretical work byr®as shown that mean effects
on fitness of the substituted mutations are sintitala geometric distribution, with
each new mutation substituted in the populatiorirftaa proportionally smaller effect
on fitness than the previous mutation (Orr, 1998, Q002; Orr, 2005). In other
words, whereas mutations with large effects orefithare initially substituted, as the
population approaches a fithess peak, mutations smaller effects on fithess will
be substituted. This pattern has been empiricddbeosed for the evolution of fithness
and morphological traits by experimental evolut{@&ull et al, 1997; Holder & Bull,
2001; Lenski & Travisano, 1994; Schousttaal., 2009).

We can apply this perspective to genome sizgution for WSSV, given that:
() there are redundant genomic sequences prasémt ancestral WSSV (Marl al.,
2004), (ii) replicative fitness is inversely proponal to genome size (Markst al,
2005a), and (iii) if deletions occur at multiplecighere is no epistasis. The assumption
that no epistasis occurs is plausible because eletedl sequences are thought to be
redundant sequences. We then expect that thesfibstituted genomic deletion will
be very large, and that subsequent genomic detesahstituted will be progressively
smaller, until the optimum genome size is reachied.order to describe WSSV
genomic sizeY evolution with a mathematical model, we assungeegbnome size of
ancestral virus introduced into aquacultu®) (s a constant. We can then describe
the evolution of genome size as follows:

) Sn1=S-h=5-ck

wheret is time (measured in yeard), is the deletion size at tinte c is the size
(in base pairs) of the firgteletionb, andk is the multiplication factor for this initial
deletion size. We are interested in the multipiarat factor k, because its value
indicates whether the geometric model of tatag applies to the evolution of
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genome size. Ifk = 1 genome size evolution is linear: each m®hetion
substituted is of the same size as the previowtidel Ifk > 1 genome size evolution is
a process involving geometric growth: each newtaelesubstituted is larger than the
previous deletion. Ik < 1 genome size evolution is a process involviegngetric
decay: each new deletion substituted is smallen tine@ previous deletion. The last
situation k < 1) is predicted by the geometric model of adamtato novel
environments proposed by Orr (Orr, 1998; Orr, 2@D2; 2005).

We can then calculate genome sizet &ity subtracting the summation of the
geometric sequence of all deletions which have wediufrom genome sizg:

(2 s:so_iqzso—ickizso—c(i::t) for k#1
sto_il:qzso_iczso—ct for k=1

To test whether our data support this mode?, fitted the upper part of
equation 2 to the observed genome sig J, which was calculated as:

(3) Sobsi= S — Dui — Dy

whereSy is the genome size of the earliest WSSV isolateSWSW (So = 307,287
bp (Marks efal. 2004; Wang et al. 1995)), abd ,j andD2,j are the deletion sizes at
ORF14/15 and ORF23/24 relative to the WSSV-T#guence, for a virus isolate
from a country in which the outbreak origedhtat timei, (number of years after
1992, thusi = 0 represents 1992). We only need to consideretit@® regions
because the WSSV genome is surprisingly stableh wiite exception of the
ORF14/15 and ORF23/24 regions and VNTR loci (Maksl, 2004). Non-linear
regression (SPSS 15.0) was used to fit the uppergbaequation 2 to the data and
obtain 95% confidence intervals for the fitted danssc andk. Time of first outbreak
was used as the independent variable in non-lireggession, performed first for all the
available data. However, the data points from latetbreaks (‘first outbreak year’
>1996) might strongly influence the parameter estés and introduce a bias towards
rejecting the null-hypothesig-falues ~ 1).

Non-linear regression was therefore repeated fer tfajectory where total
attenuation was not yet observed, i.e. the sampiehe Philippines and Iran were
removed (see Fig. 4A). We refer to this subsetrdyg ‘early outbreak’ data.
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Figure 4: The evolution of WSSV genome size. Panel A: ithe ¢f first outbreak for the country
a WSSV isolate was collected from is plotted on xkexis, and the genome size in kpb is
plotted on the y-axis. The mean genome size isngiwe the squares, with standard errors
were applicable, and the line indicates thedeh fitted to all data (equation 2). PaBel
results of model fitting, for all data or Ipnthe early outbreak data. The standard
errors (SE) and confidence intervals (C.l.) of paster estimates are given. In both
analysesk is significantly smaller than 1 as predictedy la geometric model of
adaptation, where each new deletion occursrgyialler than the previous deletion.

In vivo assay for host survival and median hosvisait time

In our model development we assumed that repliediidess is inversely proportional
to genome size, based on the observation that atiymitancestral WSSV isolate
with the largest known genome caused lower hostialr had a longer median host
survival time and had a lower within-host compeétifitness than a variant with a
smaller genome (Markest al, 2005a).

Others have made similar observations whempeoing virulence of early
outbreak and late outbreak WSSV isolates (Laranstr al, 2009), and when
relating genome size to competitive fitness (Prpdeteal, 2009). To confirm and
further detail these results, we usedimrvivo assay to determine the virulence and
median survival time of the following WSSV isolaté$ TH-96- Il: putative ancestral
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WSSV variant with a 312 kbp genome, the largesmkmdVSSV genome (Markgt
al., 2005a), (i) VT-T, VT-X and VT-S: Vietnase isolates with an intermediate
genome size of 298 kbp (Dieet al, 2004), and (iii) TH-96-1: a WSSV isolate
collected early in the epizootic (1996) with smgknome size of 293 kbp (van
Hulten et al, 2001a). These five isolates were amplified iayfish and virions
purified as described elsewhere (O@eal, 2005). Subsequently, we determined the
virion concentration for each purified virsgock by ELISA using IgY against
WSSV-VP28 produced in bacteria, competitive RCBng & Lightner, 2000), and
by counting intact virions with transmission elecirmicroscopy. All methods gave
similar results, and the ELISA data were thesed to dilute all virus stocks to
the same concentration (an absorbance of 0.448Yy B30 mM NaCl buffer. 1%]
106, and 10 dilutions (also in 330 mM NacCl) of these stocks evéren used for the
injection of shrimp.

The shrimp used for the experiment were $BRaeus monodopost larvae
obtained from a commercial hatchery in Thailawtljch we also PCR screened for
viral diseases (Witteveldtt al, 2004). The shrimp were communally kept at 28 °C
and fed commercial food pellets (Coppens IntermalioHelmond, The Netherlands)
prior to and during the experiment. Shrimp withwaight of 5-10 grams were
intramuscularly injected with 1Ql dilutions of the WSSV stock using a Ind
volume B-D Pen (Becton Dickinson) and 28G%1RovoFine needles (Novo
Nordisk). For each virus (5 isolates) and each d@&ealoses), 14 shrimp were
injected. Shrimps were subsequently housed indaliguand mortality was recorded
daily. Non-injected control shrimp were kept, armmortality was observed in these
shrimp. Shrimp were maintained until 29 days pogdtion. PCR with specific
primers forVP26 (Witteveldtet al, 2004) was performed to confirm deaths were @ue t
WSSV infection, and randomly selected survivingirspr were also screened for
WSSV infection.

For analysis of host survival and median host satvtimes, we pooled data
from all three doses to increase statistical povsfferences in the proportion of
hosts surviving until the end of the experimenteverade using %2 test for trend in
proportions (‘prop.trend.test’, R2.7.0, The R Foatmmh; Vienna, Austria). For this
test the samples were ranked in order ofessing genome size, and VT-T, VT-
X, and VT-S were assigned the same scorengihxe small differences in genome
size (< 100 bp or 0.03% difference in genome siPajrwise comparisons — with a
Holm-Bonferroni correction — were also made betweatl treatments
(‘pairwise.prop.test’, R2.7.0). Median survival @s were calculated from the
estimated Kaplan- Meier survival curve, and the-ragk test was used to look for
significant differences between treatments (SPS)15
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Results

Description of WSSV isolates

WSSV isolates originating from a single hostersv collected from ponds
distributed over five different Asian countri€gig. 1, Table 1). Among these, four
isolates were derived froPenaeusshrimp culture ponds, and one was derived from
a polychaete (Indonesian isolate; see Table 1)lware known to be WSSV carriers
(Vijayan et al. 2005). All chosen isolates testedifive for the presence of WSSV
using a single-step PCR, according to publishedqutores (Diewt al, 2004).

Variable region ORF23/24

In order to map the ORF23/24 locus, PCR with th&®23/24-Asian screen” primers
(Table S1) was performed on all chosen samples @igrhe primer annealing sites
flank the ORF23/24 variable region, based onSWIH sequence (AF 369029,
van Hultenet al, 2001a). The WSSV isolates from the Philippinaedpnesia and
Iran rendered a 400-bp amplicon. Cloning and setjugnof this PCR fragment
indicated that it was 100% identical to WSSV-THIage, with a deletion of 13,210
bp compared to WSSV-TW. The WSSV isolatesmfrJapan and Cambodia gave
a product of approximately 700 bp with permset VR23/24-Ja (Table 2). Cloning
and sequencing of these PCR fragments indictitat they were 100% identical to
Indian isolate (ACC. No. EU 327499; (Pradestpal, 2008a,b)), with a deletion of
about 10,970 bp compared to WSSV-TW. All the cbiazed isolates therefore had
relatively large deletions in the ORF23/24 regibig( 2). A Jonckheere-Terpstra test
demonstrated that the ORF23/24 variable- regioetidel size increased significantly
with ‘first outbreak year’, but was not significintelated to ‘distance from Taiwan’
(Table 3).

Variable region ORF14/15

The location and size of the genomic deletion inFDR15 was determined for the
WSSV-Asian isolates using a similar approach far the ORF23/24 variable
region. The archetype WSSV isolate TH-96-1I, whibhs a 6,436 bp insertion
compared to WSSV-TW (Markst al, 2005a), was used as a reference sequence for
determining the size of the deletion. A PCR reactwith the “VR14/15-screen”
primers (Table 2) was first performed. The WSB¥dlates from the Philippines and
Indonesia showed an approximately 500 bp amplicsimilar in length to that
previously reported for isolate K from Vietnam. R&sion enzyme analysis of the
PCR products confirmed that these isolates h#we same 6,031 bp deletion
present in most WSSV-VN isolates previouslhalgped. The isolates from Japan,
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Iran and Cambodia gave an approximately 600 abpplicon. Restriction enzyme
analysis of the PCR products confirmed tthase isolates have the same 5,950 bp
deletion present in VN-X and VN-S (Fig. 3; see alddeu et al, 2004). A
Jonckheere- Terpstra test demonstrated that thel@R% variable-region deletion
size was not significantly related to ‘first outhkeyear’ or ‘distance from Taiwan’
(Table 3).
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Figure 2: Schematic representation of the ORF23/24 kkriaregion of the Asian
WSSV isolates. The coordinates of the WSSV-Asiatates are according to the WSSV-CN
or WSSV- TH annotation. Names of WSSV isolates atiarized in this study are in bold.
The length of the fragments is indicated within &®xor sequences. The positions of the
ORFs located in this region are indicated by closedws, which also represent the direction
of transcription. ORFs are numbered in accordamgedvious studies (Dieu et al. 2004; Marks
et al. 2004).
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Figure 3: Schematic representation of the ORF14/15 bkriaregion of the WSSV
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Table 3. Statistical analysis of ORF14/15 and ORF23d2&detion sizes of Asian WSSV
isolates

Locus Independent variable N Standardiz&d P value

ORF14/15 First outbreak year 13 1.410 0.158
Distance from Taiwan 13 1.040 0.298

ORF23/24 First outbreak year 13 2.848 0.004*
Distance from Taiwan 13 2.051 0.040

Jonckheere-Terpstra tests were performed on tletialelsize of the two variable loci. N is
the number of samples, StandardizBd is the test statistic, anB value denotes the
significance, which is marked with an asterit below the threshold® value of 0.013
(see Materials and Methods). First outbreak yeat distance from Taiwan were not
significantly correlated (Pearson correlation coefht = 0.432P = 0.141).

WSSV genome size evolution

To test whether a geometric model of adaptatiorr,(0998; Orr, 2002; Orr, 2005)
applies to the evolution of WSSV genome size, tppeun part of equation 2 (see
Materials and Methods) was fitted by non-linearresgion to the genome size
estimated from the data (Fig. 4A). The value foe tiultiplication factork was
significantly less than 1 (Fig. 4B), both when déta or only the “early outbreak”
data were analyzed. The *“early outbreak” d@amples for which “first outbreak
year” < 1996) were also analyzed to avoid rejectionttté null-hypothesis due to
attenuation. Botlk-value estimates indicate that the data suppoeoangtric model of
adaptation, i.e. each new genomic deletion substitis on average smaller than the
previous deletion (Fig. 4B).

Host survival and median host survival time of W&8M\tes

To test the previously reported relationship lestwv genome size and virus fitness
(Marks et al, 2005a), we performed an assay to determost burvival (at the end
of the experiment) and median host survival timefive WSSV isolates with varying
genome sizes (Fig. 5). We consider low host suhava short median host survival
time as indicators of high fitness in an aquaceltanvironment. The proportion of
host survival increased significantly with genosiee 6(2 = 21.378,P < 0.001),
supporting our hypothesis that fithess in an agitia@ environment increases as
genome size decreases. However, only WSSV TH-%&dl a significantly higher
host survival than the other isolates when pairwdeemparisons were made (P <
0.01 for all comparisons to TH-96-1I; P > 0.05 fdf other comparisons). Significant
differences between isolates in median host surwivee were also found when
making pairwise comparisons with a log-ramstt Isolate TH-96-11 had a
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Figure 5: Kaplan-Meier survival curves for WSSV isolategshwilifferent genome sizes. Time
in days is on the x-axis, and survival on the ysafihe virus isolates and their genome sizes
are given. Isolate TH-96-11 has a significgnthigher final survival, and a significantly
longer median survival time. The data are poolethfthree different virus doses.

significantly longer host survival time than théet four isolates (P < 0.001 for all
comparisons), but there were no other significaffer@nces between isolates (P >
0.05 for all other comparisons). The long host saivtime for TH-96-I1 supports
the hypothesis that genome size is linked to vifitreess. On the other hand, the
median host survival time for intermediate genowsige variants (WSSV VN-X,
VN-S and VN-T) were not significantly diffetefrom the small genome size
variant (TH-96-1). This observation is not conti@dry to our hypothesis, however,
because the genome size of the intermediates (BPBik much closer to TH-96-I
(293 kbp) than TH-96-11 (312 kbp).

Discussion

We genetically characterized WSSV isolates frone finew Asian countries. For the
two variable regions in which large genomic delesiooccur — ORF14/15 and
ORF23/24 — we found that the size of the deletiappears to stabilize over time.
This suggests that there is a limit to deletiore sz these loci, and those genes or
regulatory sequences up or downstream of the daletire critical for virus
replication. ORF25 is an immediate early gene, wAgrORF13 and ORF16 are late
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genes, but no functions have been assigned (Metrkd.,, 2005b). We then tested
whether there is a relationship between the siz¢hefdeletion at ORF14/15 and
ORF23/24, and (1) ‘first outbreak year (the yedrfiost outbreak in the country
where the sample was collected), and (2) the ‘destafrom Taiwan’ (the ranked
distance of the sample collection site from Taiwart)e ORF14/15 variable region
was not significantly related to either independemtable (Table 2). The ORF23/24
variable region was only significantly related trst outbreak year’, and not to
‘distance from Taiwan’ (Table 2). These results ammilar to a recent study on
WSSV spread within Vietnam (Dieet al, 2010), although the spatiotemporal scale
we consider is much larger.

Our results show that WSSV molecular evohlutiat this ORF23/24 locus
recapitulates the pattern of temporal spreadgerdtian being indicative of a smooth
geographic radiation. This observation stronglggasts that commercial activities
— such as the long-range transport of bram#stand post larvae — have been
instrumental in the spread of WSSV. This conclusiglh be moot for preventing
the spread of WSSV in shrimp farming, as thirus has already spread
worldwide. In the event of future diseasetboeaks in shrimp or other
aquaculture species, however, intervention esgras should sufficiently focus the
effects of long-range transport of shrimp. Foaraple, strict measures were in place
in the Philippines to prevent the entrance of WSSWese measures included: (i)
prohibition on the import of all exotic shrimp spex; (i) an active surveillance and
reporting system, (iii) regulation of the ri-country movement of shrimp fry,
and (iv) hatchery accreditation schemes. Algio the virus was eventually
established in 1999, these measures did gowrotection to national shrimp
aquaculture for a number of years (Regidbral, 2005). Similar measures have
probably contributed to Australia’s disease-frexdst to the present day.

The WSSV isolates genetically characterizede hallow us to investigate
the trajectory of adaptive evolution of a virus a novel environment. WSSV
evolution in cultured shrimp has been marked bydagenomic deletions (Dieat al,
2004; Markset al, 2004; Mark=t al, 2005a). The deleted regions appear reddwndan
in this new environment and their absence deen linked to higher host mortality,
a shorter median host survival time and higher aitipe fitness (Markset al,
2005a). It was postulated that these effects eeoeght about due to a decreased
genome size, which allowed for faster replicati®e therefore postulated that
genome size evolution proceeds according to a gem@mmaodel of adaptation (Orr,
1998; Orr, 2002; Orr, 2005), and formulated a senplathematical model of this
process. A biological interpretation of this modsl that those viruses with the
smallest genome — but still retaining sufficienhgmic sequences to replicate — are
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selected, at every time point in the evolutionaayhpvay. After initial selection for
large deletions, there is fine-tuning of tlyenome size by ‘trimming away’
remaining redundant sequences flanking these ldejetions (Fig. 6). Our data
provide support for this model (Fig. 4A and B), watnialso provides further
confirmation that the genomic deletions in the ORES and ORF23/24 variable
regions have stabilized over time.

Our data also suggest a rugged fitness landscapkeirvicinity of optimum
deletion and genome size (Fig. 6). Deletion of segas beyond the limits of the
proposed optimum deletion size was not observedii®rORF23/24 variable region.
For the ORF14/15 variable region, limits &edion size appear to be less strict; an
approximately 300 bp region in the 5’ end is dalate early samples but then re-
appears, and WSSV-IN-06 has a larger deletltan other isolates, while also
carrying an insertion (Fig. 3). These obseovet suggest that WSSV variants
carrying larger genomic deletions pay a highess cost due to the deletion of
important, non-redundant sequences, or lose itiahll together.

Fitness
—

/ Genomic
deletion 2

Figure 6: Conceptual fitness landscape for an organism ewpha smaller genome size.
Arrows near the axes indicate the directibon@ which deletion size or fithess increases
Genomic deletions in two loci result in ingsed fithess due to a smaller genome size
and faster replication. However, if the genondeletions become too large non-redundant
sequences are deleted and the organism mayomger be viable. The white arrows
show a hypothetical example of our proposemtieh of evolution of genome size: initially
large deletions occur, followed by ‘fine-tuningdf genome size. Note that until both
deletions approach the optimal size, there is nsta&ps and the fitness landscape is a flat,
inclined plane.

Genomic deletion 1
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The compact organization of the genome ohymmicro-organisms suggests
a link between genome size and replicative feangynch, 2006), although there are
clearly other determinants of replicative fitne®ul{ et al, 2004). The putative
ancestral WSSV with a large genome caused highst &warvival, a longer host
survival time and had reduced within-host compedifitness than an evolved WSSV
strain with a smaller genome (Marks$ al, 2005a). This observation suggests that
genome size is linked to virulence and competifitreess. Other recent studies also
suggest that WSSV genome size is linked to comypetiitness (Pradeept al,
2009), and that WSSV adaptation to aquaculture itond may lead to higher
virulence (Laramorest al, 2009). To confirm and further detail these ressuve
determined host survival and median host survivaé tof five WSSV isolates with
varying genome sizes. Host survival significamtigreased with genome size, and the
WSSV isolate with the largest genome size (Th-96khd a significantly longer
survival time (Fig. 5). These observations prowdeport for our hypothesis that the
evolution of a smaller genome has in thisanse led to increased fitness in an
aquaculture environment. The ability of transmissgiages to cause infection and
host mortality — and therefore low host survivalis- considered an important
component of micro-parasite fitness, also in theeaaf WSSV (Mark®t al, 2005a).

In aquaculture conditions, the main route of WS&nhs$mission is via ingestion of
infected cadavers (Soto & Lotz, 2001; \whal, 2001), implying it is advantageous to
kill the host quickly and hereby achieve earli@nsmission than competitor strains.
We therefore also consider median survival timendicator for fithess in aquaculture
conditions. One important limitation to this expeent is that natural virus isolates
were used, and therefore other genomic variationthirw the isolate could in
principle be responsible for the observed diffeemndiowever, variation in the WSSV
genome seems to be concentrated in the ORF14/1D&k23/24 variable regions
(Dieu et al, 2004; Markset al, 2004; Markset al, 2005a).

To our knowledge, we are the first to report thamye trajectory during
genome size evolution, although others have sugdestpattern of incrementally
smaller deletions may apply to genome shrinkagbacteria (Gomez-Valeret al,
2007; Nilssoret al, 2005; Ochman, 2005).

This topic should receive further consideration,tlzeye are many conceivable
scenarios in which genome size will be undeong selection (Lynch, 2006) and
show rapid evolution. Three obvious cases arg erfierging infectious disease
outbreaks, as discussed here, and (i) tbkugon of defective interfering particles
(Huang, 1973; Von Magnus, 1954; Zweittal, 2008), and (iii) evolution of genome
size following genome duplication (van Hoek & Hogmy 2007). Experimental
evolution (Bucklinget al, 2009; Nilssoret al, 2005) would be an excellent tool to
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study the evolution of genome size and complex#tyd further test whether a
geometric model of adaptation is relevant to thacpss.

An important assumption when inferring patternssptread from molecular
epidemiological data is that WSSV populations aeble over time; obtaining data
from different geographic locations at one pointtime can be difficult, if not
impossible. The striking patterns in WSSV molecudgidemiology (Dieuet al,
2004; Pradeept al, 2008a,b) however, suggest that this assumpsidargely met.
Moreover, in a preliminary study it has been obsdrnthat intermediate-sized
deletions in the ORF23/24 variable region can bkeblgt maintained in WSSV
populations in extensive farms in Vietnam over mgagrs (B.T.M. Dieu, J.M. Vlak
and M.P. Zwart, unpublished manuscript). Otheremég reported that intermediate
ORF23/24 variants were still present in Southerm&mn 2007 (Taret al, 2009).
This observation is also congruent with the ideat thVSSV populations with
intermediate-sized deletions can be stable overymagears, because China was
affected by WSSV very early (Fig. 1). However, #tability of WSSV populations —
at a one location over time — deserves further idenstion. Our data imply that the
spatial spread of WSSV is paired with rapid molacelvolution (i.e. the occurrence
of progressively larger genomic deletions), whengasistence of established WSSV
population at a one location is marked bgsist This pattern could be described
by the importance of within-host competitive &8 — and therefore strong selection
for faster replication — during invasion of pdgtions of naive hosts. Investigating
these issues will be facilitated by continued cbinazation of WSSV variable loci for
virus samples from new geographic locations anfémint times of collection (Taet
al., 2009).
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General Discussion

Synopsis

White spot syndrome virus (WSSV) causes a devagtalisease for shrimp and
quickly spread world-wide in shrimp aquaculturecsints discovery in the early
1990s. Many methods of disease prevention and @loh&ve been tried. Some of
these methods have resulted in significant impram@min shrimp health, in particular
PCR screening of post-larvae (Thaketr al, 2002), and the introduction of more
resistant shrimp species, suchRasvanname(Briggset al, 2005). However, despite
these improvements, WSSV remains a serious proldech most major shrimp
operations are at risk of disease outbreaks (Q0B3&). Understanding epidemiology
and evolution of the virus could give informatioor fdesigning effective prevention
strategies. This raises the question whether thabowtion of a suitable method and
sufficiently variable WSSV loci can be found. Tieiembination would be used as a
marker for inferring the relationship between WS®lates, and tracking the
evolution of this virus through space and time.sTguestion links together the work
presented in this thesis: understanding the ordiWWSSV isolates from different
geographical locations and inferring patterns ofizispread and evolution over space
and time using molecular markers (phylogeographiyls thesis goal necessitates
addressing four separate issues: (i) Valuation 868W variable loci, more specifically
which loci are suitable markers for studying WS$¥ead on different spatiotemporal
scales, (ii) Exploration as to whether VNTRs coédused to study the heterogeneity
within WSSV isolates, (iii) Evaluation of the lomgdinal effects of shrimp production
practices on the genetic structure of WSSV poputatiand (iv) Investigation of the
dynamics of change of WSSV variable loci and gensime: does the trajectory of
adaptation render information about the underlyirgcess?

The ORF23/24 and ORF14/15 variable loci with lagggomic deletions, and
variable number tandem repeat (VNTR) sequencesRR1G, ORF94 and ORF125
were demonstrated as the major variable loci in\W@SV genome (Markst al,
2004). The clear patterns of variation in these batween WSSV isolates at various
spatiotemporal scales, which originated from thg kérimp production areas in
Vietnam and Asian countries, indicate that they barsuitable markers for studying
WSSV epidemiology (Chapter 2, 3 and 6). Howevere caust be taken to choose an
appropriate marker for a given spatiotemporal sc@leese results, supported by
statistical analysis and a mathematical model,catdi the usefulness of integrated
approaches in epidemiology (Chapters 3 and 6). dldde tools such as the
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polymerase chain reaction (PCR) and sequencingvditom the characterization of
large numbers of virus isolates down to the nudeotevel, but a quantitative
framework for the interpretation of data and rigeotesting of hypotheses are
indispensable. The factors that affect the obsemyedetic patterns were further
investigated. Methods for exploring genetic heteragty within WSSV isolates were
explored in Chapter 4. We found that molecular iclgnnduced variation in VNTR
sequences and therefore explored the possibility @fvo cloning (Smith & Crook,
1988) of WSSV genotypes. Finally it was found t&$SV populations in extensive
shrimp farming systems were genetically stable duee, as opposed to those in
intensive systems. This observation suggests lileagarlier system is a good source of
WSSV isolates that are likely to be more repredemtaf the ancestral viruses that
first ‘colonized’ a geographic region, when retresfively sampling WSSV isolates to
study virus spread (Chapter 5).

Patterns of WSSV spread and their implicationstii@r evolutionary history of
this virus are discussed in many chapters (Cha@er8 and 4). One simple but
important finding is consistently supported: all 85 strains so far studied share a
very recent common ancestor — probably close tstde of the world-wide outbreak
in the early 1990s. An evolutionary framework wadi to explore the patterns of
WSSV molecular evolution (Chapter 6), in which iasvfound that the adaptive
trajectory of WSSV genome size evolution confornteda geometric model of
adaptive evolution proposed by Orr (1998). It isyvevell possible that the isolate,
found in Thailand in 1996 (TH-2) and supposedly taomng the largest WSSV
genome to date, is closer to the ancestral virie Kbkt al, 2005a).

Why are the gradients in ORF23/24 conserved?
Overall, the ORF23/24 locus showed a graduallyeasing deletion size at various
spatiotemporal scales (Chapters 2, 3 and 6). A eurabunderlying processes could
potentially explain this observed pattern, raisiagnumber of questions. Three
hypotheses on molecular evolution at the ORF23624id during WSSV spread are
illustrated in Figure 1. When the virus spreada toew box (i.e. an area in which the
virus was previously not present), this is refe@ds an ‘epidemic situation’. When
the virus stays in the same box, this is referoeastthe ‘endemic situation’.
Hypothesis 1 (Figure 1A) is that WSSV molecular lation at the ORF23/24
locus occurs at a constant rate in both epidemat eamdemic situations. In other
words, whether the virus spreads or not does fiettahe rate of molecular evolution,
and the environment is similar at the differentgraphic locations (i.e. all boxes). It is
then expected that the virus genotypes found & edltions and collected at one time
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Figure 1. Three hypotheses of molecular evolution duringggaphic spread of WSSV.
Geographic distance is on the horizontal axis ané bn the vertical axis. Boxes with solid
boundaries are invaded geographic locations, vidales with dotted boundaries have not yet
been invaded. Shading of the boxes indicates aaulaletrait that is evolving (e.g. deletion
size at ORF23/24). In A the rate of molecular etioluis the same in epidemic (invading a
new box) and endemic (staying at the same boxatsitas and independent of the geographic
location. In B the rate of molecular evolution, ggnotype under selection, is dependent on
geographic location. In C the rate of molecularletron is faster in epidemic situations than
in endemic situations. The patterns of genomeeaipdution of WSSV, based on the variable
regions at ORF14/15 and ORF23/24, are most consisféh the third hypothesis.
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point will be similar. Hypothesis 2 (Figure 1B)tisat the virus encounters different
environments as it spreads and that these envinasn(i¢ select for different virus
genotypes, (i) lead to different rates of molecudavolution or (iii) both. As a
consequence it is expected that the genotypeschtleaation are different, but that
there is no geographic ‘gradient’ for ORF23/24. radjent in ORF23/24 would only
occur if there is also a gradient in the environtm@e. an environmental condition
leads to progressively faster molecular evolutione—increasing temperature along
the ‘route’ the virus has spread). Hypothesis e 1C) is that different rates of
evolution occur, depending on whether the virusinisan endemic or epidemic
situation. During epidemic spread, the rate of mwl@ evolution is higher than
during an endemic situation. This hypothesis wdekld to a gradient, as the more
time a virus is in the epidemic situation (i.e.gbandividuals in the ‘leading edge’ of
virus spread), the farther it will have spread #mel more molecular evolution it will
have undergone.

Which hypothesis fits the thesis data? Hypothesleds not fit because there is a
gradient of the genotypes for ORF23/24 (Chapter8 a@nd 6). Genetic drift, which
could cause genetic changes, is excluded as itddeadt to a random pattern but not a
gradient. Hypothesis 2 probably does not fit beeaus highly unlikely that any such
gradient exists. Firstly, the pattern observedr@asing deletion size) occurred on two
different scales: within Vietnam (spread north asmlth from central Vietnam,
Chapter 3) and during spread throughout Asia. Sihee magnitude of change in
deletion size was approximately the same, this esstgghat WSSV was not adapting
to gradients at these different scales. Seconléy patterns observed in Vietnam and
Asia occur as the virus radiates out from the aagoutbreak site (central Vietnam or
Taiwan, respectively). This means the gradient rbesthe same in all directions the
virus radiates out, again making this a highly kelly situation. Hypothesis 3 is most
congruent with the data, because it is congruetit thie observation of (i) a gradient
at both intermediate (Chapter 3) and large sc&ésyfters 2 and 6), and (ii) stability
of genotype at a given geographic location (Chapyer

Overall, the thesis data therefore suggest that Wi&8lecular evolution at the
ORF23/24 variable region occurs at different ratesndemic and epidemic situations.
But why would these different rates of evolutiorca® One possible explanation is
that during epidemic situations and at high shridgnsity, there is very strong
selection for fast replication. The infection if@st must proceed quickly so that it can
be spread to other naive shrimp. During endemiu@sdns fast replication is no longer
important, because most shrimp are infected ansl tihere is no benefit to replicate
quickly. Rather each shrimp is a resource that nbasprudently exploited by the
virus. This proposed explanation has parallels Witland r strategies, as used by
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ecologists (Parry, 1981). Thestrategy applies to the epidemic situation, when th
virus should spread quickly to new hosts, andKhstrategy applies to the endemic
situation, when the virus must prudently exploé tiost.

Is there evidence of adaptation to unique, local emronments for WSSV?
The genotype in ORF23/24 with 8,539 bp deletion wak/ detected in the seven
provinces located in the central region of Vietnésolates H, K, T, L, X, S, A;
Chapter 2 and 3). The weather in this entire regidhe hottest and driest in the entire
country. This observation suggests that there neagdbection for a specific WSSV
genotype that thrives in this unique local enviremtin On the other hand, this is also
the site in which WSSV was probably first introddaa Vietham (Chapter 2 and 3).
Our interpretation of the data suggests that thigue genotype is simply a surviving
intermediate, reflecting WSSV'’s evolutionary histoather than local adaptation.
ORF14/15 was not a suitable marker locus for WS@Mad on an intermediate
scale (Chapters 3 and 4), although it is perhapalde on very large spatial scales
(Chapter 6). Two other ORF14/15 variants are pitesanunique subgroups for
Vietnam, represented by: (i) isolates X and S, @hdbolate A. A variant with a 6,030
bp deletion was found for almost all other Vietnamesolates (twelve out of
seventeen isolates) (Chapter 3). The genotypeotdtes X and S was found later in
other late WSSV-VN isolates (from 2005 till 2008yhich were derived fronP.
vannamei,a shrimp species introduced for aquaculture pupasdy recently in
Vietnam (Corsin, 2005; Chapter 3). The genotypenfbin isolate A has not been
found in any other WSSV isolate to date. Thereftrese subgroups may have
originated not only because of the geographic spogaNSSV, but also because of
environmental conditions, such as different hostsabitats. However, this aspect has
not been given much consideration and further ssudn the effects of environment
and host factors on WSSV genetic variation are eged

Implications of the thesis results

The results from this work confirm that long rangensport of post-larvae, broodstock
and infected shrimp food plays an important roleNi8SV spread (Chapter 3, 5 and
6). Other studies have reached this conclusionhtbey et al, 1997; Duranckt al,
2000), although this work provides confirmationnfra molecular epidemiological
perspective. Moreover, trans-boundary policy hasnbelemonstrated to prevent
WSSV spread to virus-free areas, such as the Bimés and Australia (Flegel and
Fegan, 2002). Therefore, despite the fact that W&8¥ already been very widely
disseminated, blocking the transport of infectedemal is indispensable to prevent
spread to remaining virus-free areas, such as &lsstifrans-boundary policies should
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also be widely applied in intervention strategies bther disease outbreaks in
aquaculture.

There are good indications that WSSV genotypes laither genomes are less
virulent than those with smaller genomes (Chaptaéviérkset al, 2005a). Moreover,
the current work suggests that in an endemic stnat/SSV variants are relatively
stable (Chapter 5) and a suggestion has been rhatlgenome size evolves slower
during an endemic than an epidemic situation (¥e and Chapter 6). A logical
prediction which follows from this interpretatios that less virulent WSSV variants —
those with a relatively large genome size — weres@nt for a long time in those
regions which first experienced WSSV outbreaks {iawan, China, Japan and to a
lesser extent perhaps Vietnam). Whether this ptiediés correct remains to be seen,
although Taret al. (2009) reported finding intermediate WSSV ORF23/adiants in
Southern China in samples collected in 2007. Mogeogven if these large genome
variants with lower virulence have been presengedhfconsiderable period of time, it
remains to be tested whether the biological difiees (e.g. Markset al, 2005)
actually result in differences that significantlynpact shrimp production on a
commercial scale. In other words, less virulentajgpes may have been conserved
due to evolutionary dynamics, but did this impdweirap production?

What next for the future study in this field?
It is necessary to have further studies to confinese results and to answer many
remaining questions. Firstly, a complete framewfmk selecting suitable molecular
markers and interpreting the data at different ispanhporal scales is required.
Although we have considered large (Chapters 2 grah@ intermediate (Chapter 3)
scales, there have been no systematic tests ol emaéry small spatiotemporal
scales (e.g. provincial to pond level). Howeverr data (Chapter 3) and studies
published by others (e.g. Haat al, 2005; Pradeemt al, 2008a,b) suggest that
VNTRs are probably suitable markers at these sstalles. Suitable data sets with a
sufficient number of samples and suitable sampleces (as suggested by Chapters 3
and 5) that are representative for a small spatipteal scale will be required. Data
published by Pradeegt al. (2008a,b) may very well be suitable for such & t8gidy
design will require careful attention to the samg@lregimen and obtaining detailed
histories of the samples (i.e. post larvae and Bostces, environment conditions).
These data may then be suitable for inferring vaugin and other factors that could
be involved in the virus spread.

Secondly, longitudinal studies in which WSSV sampée collected in and
around a large number of ponds should be performibd. samples should then be
genotyped to valuate the different WSSV variabla ks markers. It is expected that
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the VNTR loci will be suitable as molecular markaetsmall to very small scales, also
when a temporal component is explicitly analyzedostH species, including
intermediate hosts such as mud crabs, are thoaghtite an effect on genotypic
composition and virulence of WSSV populations (BIT.Dieu & J.M. Vlak,
unpublished data). Virulence may be linked to W3fgvome size (Chapter 6) and it
may therefore also be interesting to genotype ORIEL4nd ORF23/24 in such a
study.

The extent to which genetic heterogeneity occurthiwisingle-host WSSV
isolates is an issue that remains to be clarifi€dis is important both from
fundamental and applied perspectives, as geneterdyeneity could be determinant
of both the fithess and virulence of WSSV populadioNot only should VNTRs be
further studied with thé vivo cloning methods as suggested in chapter 4, ORBE23/2
and ORF14/15 could also be used as markers for sushtudy. These variable
sequences will probably not be prone to experimemtdacts reported for VNTR loci
in Chapter 4.

In addition, infected but surviving shrimp, andugrinduced dead shrimp have
been found in the same pond (Leioal, 2003). However, a genetic characterization of
the viruses found in surviving and dead shrimpti# siissing. The variable loci
explored in this thesis could be used as markerthi® analysis to see whether there is
a relationship between these loci and virulence fHsults of Chapter 6 and Markts
al. (2005) strongly suggest that such a relationshay be found.

Many important questions about the WSSV biology apdlemiology remain
unanswered. However, our results shed light on leimmethods that can be applied in
ecological studies of emerging viruses with ontgited genomic variation.
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Summary

White spot syndrome virus (WSSV) is a large dowudtiended DNA virus and the sole
member of the Nimaviridae virus family. This virgauses devastating damage to
shrimp farming by rapidly inflicting high levels ehortality. WSSV quickly spread
worldwide since it was first described for TaiwamdaChina in the early 1990s. No
adequate methods for fully controlling this disedsave been found so far.
Understanding the origin of the different WSSV #&ek and making inferences on
geographical spread of the virus and evolution cymce and time would be an
important step to developing methods to mitigate #ffects of WSSV on shrimp
farming. This thesis develops genetic markers deniification and discrimination of
WSSV isolates at different spatiotemporal scaleses€ markers have important
applications in determining patterns of WSSV spread further understanding
WSSV evolution.

The variable regions with genomic deletions andiabde number tandem repeat
(VNTR) loci were indicated as the major variableilin the WSSV genome by
alignment of the three completely sequenced vsaktes from Taiwan (WSSV-TW),
China (WSSV-CN) and Thailand (WSSV-TH). The pattefrvariation between these
isolates suggests that all three WSSV isolatesinatig from a common ancestor,
perhaps in or around the Strait of Taiwan. The svitien spread to Thailand, but
intermediate isolates — both in terms of geograpbeation and genotype — were
missing. Vietnamese WSSV isolates fit this requeatnand were used to evaluate
whether these loci are suitable as genetic mafkeliglentification and discrimination
of WSSV isolates. Restriction fragment length pabyphism (RFLP) analysis and
further genotyping by means of PCR amplificatiod aequencing were used to reveal
genetic variation between these isolates. The gipdumcreasing deletions of both the
variable regions with genomic deletions furthermup the supposition that multiple
introductions of WSSV occurred in central Vietnaamgeographic location which was
probably passed during spread from the straitsapi/dn to Thailand (Chapter 2).

The coverage within Vietnam afforded by the low m@mof samples analyzed was
not sufficient, however, to allow for a test of tmearkers at an intermediate
geographical scale and meaningful statistical amlpf the data. Therefore, more
isolates from the key shrimp production regiond/mtnam were analyzed to achieve
a quantitative framework for a more rigorous intetgtion. This larger data set allows
for statistical analysis and more detailed infeemnon WSSV spread in Vietnam — an
intermediate spatiotemporal scale. Progressiveeasas of the genomic deletion size
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were shown for the variable region with larger gei deletion. The detailed
molecular data and the history of shrimp aquaceltsuggest that WSSV was
introduced in central Vietnam and then radiatedtouhe North and the South. The
data also indicated that these genetic loci arelsiei markers for determining WSSV
spread on different spatiotemporal scales. Spadlicthe variable region with larger
genomic deletion is the most appropriate markemntermediate scale. VNTR loci
were indicated as the suitable markers for smatiates, whereas the variable region
with smaller genomic deletion is more stable and itva suitable for studying larger
spatiotemporal scales (Chapter 3).

An evaluation of whether VNTR can be used to stgdypetic heterogeneity within
WSSV isolates from a single shrimp was performada tontrol experiment variation
in molecularly cloned VNTR sequences was observégrnwusing clonal VNTR
sequences as source material. This indicates figatlbning procedure introduces
spurious variation, making it problematic to stdMTRs with approaches requiring
molecular cloning. However, no variation was obedrin multiple replicates of PCR
amplification of a single clone, indicating that YR PCR-based genotyping alone is
suitable. Moreover, after 20 replicates of two pges of WSSV ifPenaeus vannamei
shrimp no variation was detected, indicating the&83V VNTR loci are sufficiently
stable to be used as molecular markers on shod soalesIn vivo cloning was
proposed to study polymorphism within WSSV popuolasi as the WSSV dose-
response relationship corresponds to theoretiealipiions (Chapter 4).

Effects of extensive and intensive farming practioa the genotypic composition of
WSSV populations were evaluated by genotyping tmable genomic deletion loci
of WSSV samples collected from Vietnamese farmgasibus sites over a period of
several years. Only the ORF23/24 variable regios stable over time in extensive
farming systems, whereas none of the variable wsse stable in intensive systems.
This observation implies that extensive farms agowad source of samples when the
spread of WSSV is to be studied from retrospedticellected virus isolates (Chapter
5).

Deletion sizes in the deleted variable region ofSWSsolates from Japan, Iran, the
Philippines, Indonesia and Cambodia were signitigarelated to the ‘time of first
WSSV outbreak in a country’ when analyzed togetihiér genotyping data from other
studies. This relationship also confirmed thatghaomic deletion loci — in particular
the larger deleted variable region — are usefukeraron large spatiotemporal scales.
A simple model of genome size evolution was fornedebased on a geometric model
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of adaptation. Fitting of the model to the datavmted support for the hypothesis that
the WSSV genome adapted to shrimp aquaculturedgubstitution of incrementally
smaller genomic deletions over time. The data ailgggests that there is a maximum
deletion size for both loci because the deletiae stabilizes over time. Moreover, the
congruence between the temporal spread patternmatetular epidemiological data
provide further support for the notion that WSSVWega on large scales is heavily
dependent on long range transport of broodstoclkpastilarvae (PL) (Chapter 6).

In conclusion, different variable loci in WSSV gene were evaluated as the suitable
makers for molecular epidemiology at various spatiporal scales. A combination of
molecular data and simple guantitative analysed teaa detailed spread model of
WSSV within Vietham and ideas about the evolutign@ajectory of viral genome
size evolution. The results have implications for tlesign of molecular epidemiology
studies and intervention strategies for WSSV, dsdl ather pathogens in aquaculture.
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Samenvatting

White spot syndrome virus (WSSV) is een groot didgibengig DNA-virus en de
enige vertegenwoordiger van de virusfamilie Nimighge. Dit virus veroorzaakt grote
schade in de garnalenteelt door het snelle optredersterfte als gevolg van WSSV-
infectie. WSSV heeft zich vanuit China en Taiwamawhet voor het eerst in de jaren
1990 is ontdekt, snel over de hele wereld verspi€idzijn tot op dit moment geen
afdoende methoden beschikbaar om de ziekte teijdestiof te behandelen. Kennis
over de oorsprong van de diverse WSSV-isolatenuengeografische verspreiding in
ruimte en tijd zouden een grote stap voorwaartskijjhet ontwikkelen van methoden
ter voorkoming van ziekt door WSSV in de garnaletitdn dit proefschrift worden
genetische merkers beschreven voor de identifivatieen het maken van onderscheid
tussen WSSV-isolaten Deze merkers moeten bruikbpaom WSSV in geografische
ruimte en in tjd te vervolgen. Met behulp van dezmerkers kunnen
verspreidingspatronen van WSSV en de evolutie vasSW beter worden
gereconstrueerd.

De variabele gebieden in het WSSV-genoom, gekerntrdexdr deleties (ORF14/15 en
ORF23/24) en een variérend aantal ‘repeats’ (sempmhalingen), werden in kaart
gebracht door een vergelijking te maken van de gemovan een drietal WSSV-
isolaten, waarvan de gehele basenvolgorde is lbptaleten isolaten uit Taiwan
(WSSV-TW), China (WSSV-CN) en Thailand (WSSV-TH)eZ2 vergelijking maakte
duidelijk dat deze drie WSSV-isolaten een gemeeagodlijke voorouder moet
hebben gehad, die rond de Straat van Taiwan mpebazistaan. Vermoedelijk is het
virus vervolgens in Thailand beland, maar tussemeor van WSSV zijn nog niet
gevonden. Vietnam vormt de geografische verbinduggen China en Thailand en
daarom is dit land uitgekozen voor nader onderzoa#ir het véérkomen en de
verspreiding van WSSV en om te bezien of de geifitedrde genetische merkers
geschikt zijn om de diverse Vietnamese virusisolatée onderscheiden.
Polymorfismen in het virale DNA, via verschil in nigte van restrictie-
enzymfragmenten (RFLP) en via polymerasekettingiea(PCR) gevolgd door
basenvolgordebepaling, werden gebruikt om de gsstedi variatie tussen de diverse
WSSV-isolaten te bepalen. De in lengte toenememrdietids in de diverse variabele
gebieden van het virusgenoom vormden een ondermstewoor de hypothese dat
WSSV via meerdere, onafhankelijke introducties iatam is terechtgekomen. Dit is
niet onwaarschijnlijk, gezien de geografische pesitan Vietham tussen enerzijds
China en Taiwan en anderzijds Thailand. (Hoofd&uk
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Samenvatting

De dekking met monsters en de aantallen uit Vietneanen onvoldoende om te

bezien in hoeverre de genetische merkers kondedenagebruikt op regionale schaal
om statistisch betrouwbare uitspraken te kunnem.doaarom werden meer monsters
verzameld uit vooral gebieden met garnalenproductiietham om een kwantitatief

model te maken dat robuuster is. Deze grotere elataat een betere statistische
analyse toe, die meer gedetailleerde uitspraken #aen over de wijze van

verspreiding van WSSV over Vietnam, in ruimte gd @ip regionale schaal. Isolaten
met toenemende deleties werden gevonden in debedeiggebieden op het WSSV-
genoom. Deze gedetailleerde genetische data en ekrhigdenis van de

garnalenkweek in Vietnam suggereren dat WSSV aad is gekomen in Centraal

Vietham en vandaaruit naar het noorden en zuidemrnspreid. De gegevens gaven
ook aan dat deze variabele gebieden bruikbare msadi@m om de verspreiding van

WSSV in ruimte en tijd op regionale schaal te varh. Vooral het variabele gebied
met de grootste deletie (ORF23/34) is de meesthgdéscmerker voor WSSV op

regionale schaal. De ‘repeat’-gebieden zijn gedehikoor het karakteriseren van
WSSV op kleine schaal, terwijl het variabele gebisgt de kleinste deletie

(ORF14/15) goed bruikbaar is op iets grotere subnede schaal. (Hoofdstuk 3).

Om de genetische heterogeniteit van WSSV binnenisaaat, afkomstig uit een
enkele garnaal, te bestuderen werd bekeken in heegle ‘repeat’-gebieden hiervoor
konden worden gebruikt. In een controle-experinvegrtd gekeken naar de variatie in
via. PCR verkregen en gecloneerde ‘repeats’ met émpeat-kloon als
uitgangsmateriaal. Daarbij bleek dat hier ook \tagiaptrad en dat deze procedure op
zichzelf variatie oproept door fouten in het kopigwvan gekloneerd DNA tijdens de
PCR. Echter, wanneer alleen werd gekeken naar ritatipe PCR-product van een
‘repeat’-kloon, trad deze variatie niet op en daamerd de ‘PCR’-methode gebruikt
om verschillende WSSV-isolaten te genotyperen.dpeats bleken ook zeer stabiel te
zijn. Na twee passages, met twintig herhalingem WASSV in garnaal Renaeus
monodo trad geen variatie in het ‘repeat’-gebied op. lBtekent dat deze ‘repeat’-
gebieden bij beperkte passages genetisch stabrelemi geschikt om WSSV te
karakteriseren op kleine schaal in ruimte en tijborgesteld wordt om het
polymorfisme binnen een WSSV-isolaat verder teusksen door het virus in vivo te
kloneren op basis van gegevens over dosis-afhgkekelnortaliteit, bij een 5%
overleving. (Hoofdstuk 4).
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Samenvatting

Het effect van extensieve en intensieve garnaléni@e de samenstelling van
genotypes binnen WSSV populaties werd onderzochtr die variabele gebieden
(ORF14/15 en ORF24/25) te genotyperen via monsterop dezelfde plaats in een
reeks van jaren werden genomen. Alleen het vaeabebied ORF23/ORF24 was
stabiel in externe garnalenteelt, terwijl geen émgjenotype stabiel was in intensieve
systemen. Deze waarneming geeft aan dat extengsmalenteeltsystemen een goede
bron zijn voor bemonstering, in het geval men ggégseerd is in ‘historie’ van de
ziekteontwikkeling. (Hoofdstuk 5)

De omvang van de deleties in de variabele gebiatienn monsters uit diverse landen
zoals Japan, Iran, de Filippijnen, Indonesié en l@aha werden aangetroffen en
werden geanalyseerd via genotypering, zegt iets tee moment van de eerste
WSSV-uitbraak in een bepaald land. Deze relatieesigyde ook dat een van de
variabele gebieden, ORF23/24, een heel bruikbarkenas voor oorspronkelijke
uitbraken in ruimte en tijd. Er werd een eenvoudigdel geformuleerd voor de
ontwikkeling van genoomgrootte op basis van eemgasch model van adaptatie.
Invoer van de experimenteel verkregen data in loetainleidde tot bevestiging van het
model en dit resultaat bevestigt de hypothese d&86Wzich in de tijd via snelle
evolutie aangepast heeft aan de garnalenteelt wBroanging kleinere deleties door
grotere. Het model bevestigde ook dat er een magimeletie is, die kan worden
bereikt voor beide variabele loci (ORF14/15 en O&EZ). Bovendien ondersteunt de
overeenkomst tussen de verspreiding van het vinusle tijd en de moleculair-
epidemiologische gegevens ook de zienswijze datWa&h over grote gebieden kon
verspreiden dank zij lange afstandstransport végangsmateriaal en postlarvae, en
niet dankzij natuurlijke verspreiding in ruimte #d. (Hoofdstuk 6).

Samenvattend kan worden gesteld dat de diversabae gebieden in het WSSV-
genoom werden geévalueerd voor hun bruikbaarhsidmalleculaire merker om de
epidemiologie van dit virus in ruimte en tijd teshaderen. Een combinatie van
moleculaire gegevens en eenvoudige kwantitatievalyses leidde tot een
gedetailleerd verspreidingsmodel van het virus Wdmtnam en gaf nieuwe ideeén
over het ontstaan en de evolutiegang via moleaulagranderingen in het virale
genoom. De resultaten van dit onderzoek zijn bragkbbij het ontwerpen van
(moleculair) epidemiologische studies en inteneenti mitigatiestrategieén voor
WSSV, en wellicht ook van andere pathogenen inqiaeultuur. (Hoofdstuk 7).
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ToOm lwec

Virut gay lEnhdém tring trén tém (White spot syndrome virus - WSSV)iktvecéd b

gen bn vsi ADN soi d6i va la thanh vién duy shcaa hp virut Nimaviridae. Virut Ay

la yéu 6 hay diét ddi véi nghé nudi tdm do Bc gay nénitlé chét rit Ion va nhanh.
WSSV lan trugn nhanh chéng Kip thé giéi sau khidugc mo & lan dau tién ¢ Pai

Loan va Trung Qéc nhing rim dau thap nién 90. Chaién nay \an chra tim ra
phuong phap phu ép nao cé th kiém soat hoan toanébh riy. Vi vy, hiéu dugc

nguwn goc aia cac chng WSSV khac nhau va suyalura md hinh lan tridn dia ly va
sy tién hoa @a virut qua khdng gian vadhgian € 1a mpt buéc quan tong dé phat
trién cac plrong phap lam gim nre anh hrong aia virutddi véi nghé nudi tém. Lan

an riy phat trén cac yu t danh d di truyen dé xacdinh va phan Bt cac cling

WSSV & cac qui md khéng gian vadhgian khac nhau. Caddy t6 danh du iy c6

trng dung quan tsng trong véc xacdinh cac md hinh lan trégp va héu dugc ar tién

hdéa @ia WSSV.

So séanh trinhut cia ba cling virut cé ngan goc tr Pai Loan (WSSV-TW), Trung
Qubc (WSSV-CN) va Thai Lan (WSSV-THJa xacdinh cac ving gen ém d6i c6
tiém ning ki mat doan haic chra cac 8 lugng bén ddi cua cacdon vi 1ap lai lién ké
(VNTR) la cac vung I8n d6i chinh trong b gen WSSV. Kéu bién doi gen gira ba
chung riy dé nghi chiing céé tién chung c6d ¢ quanh eo 8n Dai Loan. Tr d6 virut
lan truyén dén Thai lan, tuy nhiénidliéu vé cac cling trung gian —&veé vi tri dia ly
va kiéu gen —-déu thiéu. Céac cling WSSV Vit Namdapung wi yéu du my vaduoc
st dung dé danh gia vai tro §u t6 danh du di truyén cia cac ving gen ém di trong
viéc xacdinh va phan Bt cac cling WSSV. Bén doi di truyén gita cac ching riy
duoc xacdinh thdng qua phan tiata hinh ¢ chiéu dai @a cacdoan cit gii han
(RFLP) va xaatinh kiéu bién doi gen théng qua i trinh tr cacdoan ADN thudugc
bang phin tng PCR. Chiu dai ting din cia cacdoan gen b mat ¢ ca hai viing bén
d6i mangdic tinh mit doan da 1 tro cho ga thiét 1a nheu ngubn WSSV xam nip
truéc tién vao mén trung Vit Nam, nét vingdia Iy ma c6 & 1a trung gian aa sr lan
truyén WSSV fr eo bén bai Loandén Thai Lan (Clrong 2).

Tuy nhién, cac Bu dai dién cho VEt Nam dugc cung ép boi sé lwgng miu nho
khéngdu cho kém dinh yéu t6 danh du di truyén ¢ qui média ly trung binh va phan
tich thdng ké @a $ liéu. Vi vay, nhiéu mau tr cac ving &n xuit tdm chi yéu adia
Viét Nam duoc phan tichdé dat yéu @u khungdinh hrong cho nét Iy giai két qua
chinh xac bn. B s liéu 1é6n hon riy cho phép phan tichdhg ké va suy lin chi tiét
hon vé sy lan truyén caa WSSV Viét Nam — ngt pram vi khdng gian va i gian
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Tém keoc

trung binh. Trong vang &m dbi c6 khuynh lxéng mit nhitng doan gen én cho thy

doan gen I x6a b c6 kich thrge ting din. Sr két hop gita $ liéu phan i chi tiét va

lich sr phéat trén cia nganh nudi tond Viét Namdua ra g thiét la WSSVda xam
nhap trueéc tién vao min trung VEt Nam va sauwo lan trugn vao mén nam va ra
mién bic. S5 liéu ding ding cH thi raing cac ving gen ém ddi nay 1a cac $u t6 danh

dau di tuyén thich lyp cho véc xacdinh sr lan truyn cia WSSVé nhirng qui md
khéng gian va thi gian khac nhaubic biét 1a ving bén d6i thuong mang nbing

doan gen Iy x6a b 16n 14 Yeu t6 danh du di truyén thich lp nhit & qui mé trung
binh. Vling gen mang cé&oan 1ap lai lién k& duoc xacdinh 1a nhing yéu t6 danh du

di truyén & cac qui md né hon, trong khi viing gen bin d6i thuong b mat cacdoan

gen ngn thion dinh hon va co & thich lyp cho qui md khéng gian vadhgian kn

hon (Chrong 3).

Thi nghém dé ¢anh gia xem VNTR c6 thduoc sr dung dé nghién éu sr da cang di
truyén trong ndi chang WSSV & mot ca thé tdm ding duoc thanh 4p. Trong thi
nghiém déi chang, $ luong cacdon vi 1ap lai trong VNTR thé hién ar bién d6i qua
qua trinh phanat khi sr dung mjt dongdon 1am ngwén vat liéu tao dong.Piéu ray

cho tHiy ring qui trinh 40 dong phanit da o nén g bién doi gia khién cho qui trinh
nghién &u vé cacdoan gen mang cadon vi 1ap lai lién k& vai ki thuat cé yéu éu

céngdoan tao dong phanit gip van dé. Tuy nhién, khdng quan satithco sr bién doi

gen qua kt qua nhiéu phan ang lp lai cia PCR, cho thy rang ky thuat xacdinh kiéu

di truyén cia VNTR dra trén PCR laiu dung. Hon nira, khéng phéat Bn sr bién doi

di truyén nao trén hai i mau nhém WSSV qua hai thhé trén tém chan fing (.

Vannamei cho thy rang cac ving i8n d6i chira cacdon vi 1ap lai lién ké cia WSSV
du 6n dinh dé dugc st dung nhr yéu t danh diu phan & trén qui mo thi gian ngin.

Tao dong trén ¢ thé song dugc dé nghi dé nghién ¢u sr da hinh trong gan thé

WSSV khi ndi lién hé¢ dap ang W6i ndng do WSSV phl bp Vvéi du doan ly thugt

(Chuong 4).

Anh hrong aia mé hinh nudi tdm dimg canh va tham canh 1én thantpldi truyén
cia quin th WSSV duoc danh gid Bng viéc xacdinh kiéu di truyén cac vang kin
ddi mang céaaioan gen b x6a @ia cac mMiu WSSV thuduoc tir cAc ao nudi tdm qua
nhiéu nim. CH c6 vung bén d6i ORF23/24 th hién ar 6n dinh qua thi gian & hé
théng nudi qéng canh, trong khi khéng c6 vingéhiddi naoon dinh trong 1& thong
nudi thAm canh. Quan sé&yncho thy rang cac ao & md hinh nudi géang canh 1a
ngwn mau thich lyp dé nghién ¢u sr lan truyn caa WSSV dra trén cac fu virut
thu thap theo kéu truy ngroc lai qué khir (Cheong 5).
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Kich theéc cacdoan gen b mit trong viing gen Bn dbi caa cac chng WSSV tr
Nhat, Iran, Philippines, Indonesia va Cambodia af hén hé dang k& dén “thoi gian
xay ra dchdau tién trén 1anh tt khi dugc phan tich & hop Vi dit liéu di truyén cia
nhitng nghién ¢u khac. Mi lién ke ndy ciing xacdinh ring ving gen Bn d6i chia
cacdoan c6 kh ning b mat — a1 thé 14 ORF23/24 — 1a cacéy t6 danh du di truyén
hitu dung cho qui mé khéng gian vadihgian Ibn. Mot md hinhdon gian vé sy tién
hoa dia kich thréc bd gendugc trinh bay da trén mo hinh hinhdae cia sr thich nghi.
Su twong thich gira md hinh Ay va dr liéu di truyén da 1 tro cho ga thiét ring o
gen WSSVda thich nghi $i nghé nuéi tdom king sr thay thé cacdoan gen th mét véi
kich thréc ting din theo thvi gian. $ liéu nghién éu cing dé nghi rang c6 ndt mic
cuc dai cua kich throc doan gen th x6a cho & hai viing bén dbi thé hién qua g 6n
dinh aia kich thréc mit doan qua tldi gian. Hon nita, sr twong thich gita cac kéu lan
truyén aia virut qua thi gian va 8 liéu vé dich € hoc phan i ho tro cho y kén cho
rang sr luu thdng tém B me va tdm gbng 1a nguyén nhan ahyéu din dén sr lan
truyén cia WSSV trén piim vi khéng giandn (Chrong 6).

Tom hi, cac ving bin doi gen khac nhau trongobgen WSSVdugc danh gid 1a cac
yéu t6 danh du di truyén thich lyp cho nghiéneu dich € hoc phan i & cac qui md
khéng gian va thi gian khac nhau.8két hop giita $ liéu phan & va phan tichtinh
lugng don gian da dwa ra ndt mé hinh lan trugn chi tiét caa WSSV Viét Nam va
cac y trong \é 16 trinh tén hoéa @a sr tién hoa kich théc b gen virut. Cac & qua
thé hién y trong cho thét ké nghién &u dich € hoc phan i ciing nhr cac chén luoc
ngan ngra WSSV va cacdu t6 gay Enh khac trértong vat thay san.

127



Acknowledgments

Professor Just Vlak, thanks for giving me the oppoty to work under your expert
supervision. Although you are very busy with matudsnts, you were always on time
whenever | needed you. | can recognize the spa@glyou treat us Asian students
based on your deep understanding of our culture. iiake us feel more comfortable
and with less stress to work in a foreign placewdss a difficult challenge to work
independently at the beginning, but you did noydm@lp me to be more self-confident
but you also learned me the way to supervise stadaore efficiently. | do not have
enough words to say thanks for all your help amduioat | have learned from you.

Dr. Mark Zwart, | am very lucky to have had youmyg supervisor at the end of my
PhD studies. With your help my molecular data bexzanuch more interesting and
important when combined with mathematical and camaimnal modeling. Thanks for
your nice and stimulating words whenever | gotssteel during writing the thesis.
Thanks again for all your kind support.

| very much appreciated Prof. Rob Goldbach who gaeethe opportunity to work at
the Virology chair group. He supported our firsppaand it is sad that he could not
see the thesis as the end product because of timely death. He was very kind,
helpful and friendly, and | was lucky to work irsHaboratory.

Great thanks to professor Duong, former Head offBJRvho encouraged me to work
on WSSV and who established links with Wageningéur wisdom and mentorship
was very important for me. Dr. Rommert van den Bd®, through the MHO-7
project, gave me the opportunity to start the vimesearch with Wageningen
University and get into this project. Thank you wenuch for your support. | also
would like to thank the leadership of BIRDI to allane to embark on this PhD project
and for their continuous support during my PhD bgegpting my frequent absence for
the cause. | am very indebted to the shrimp grauBlRDI for helping in the sample
collection.

The whispovirus group throughout three years, Witlyela, Hendrik, Jeroen, and all
the students. Thanks you all for kindly help during stay in our group. It was an
unforgettable time we worked together. Special woofl thanks go to Hendrik for
your help to get the first paper done, which led tméhe PhD project and for your
further support, even though you have left ViroldgyNijmegen.

128



Acknowledgments

My friends and colleagues at Virology, Monique, ,Jdanneke, Thea, Els, Dick
Lohuis, Hanke, Dick Peters and Wout, thank yodalhospitality. With your friendly
help | felt less homesick and lonely in this foreigpuntry, as | am very sensitive to a
positive personal atmosphere. A special thanksheaTand Janneke, with whom |
could share all the feelings and personal problantswho gave me kindly help. | am
very lucky to work with all of you in the same lahtory.

Christina, Esther, Afshin, Agah, Agata, Jeomdodiabha, Fang and Ke, | very much

appreciated your friendly and nicely support. Thafi your contribution to the the

friendly atmosphere in the lab. It makes me strongevercome homesickness when
working so far from home from time to time.

Jannie and Bert Wennekes, thank you very much dar jriendship and hospitality.
You both were so important for me during my stayVWageningen. Your family
helped me when feeling lonely in a nice but foregpuntry. You are my second
family in Wageningen as you are always with me veven | got a problem or needed
joined memories. | enjoyed every time with bothyoti and these moments will stay
in my memory forever.

RESCOPAR students, Gigi, Desrina, Bambang, ThuNtgia, Tuyen, Hoa, Phung
Ha, thanks for the nice time in the group.

Mr. and Mrs. Minh, Mr. Thanh and Mrs. Thuy, Mr. Kamily, Huong family, thank
you very much for your friendly support during nipmé in Wageningen. It was nice to
meet and to become friends with all of you.

| would like to say thanks to the Vietnamese sta@d@mmunity in Wageningen. Mr.
Phong, Tin, Nhan, Hieu Trung, Lan Huong, Mai Huofigic, Ai, Anh, Dung, Han,
Thuy, Tram, Loan, | enjoyed the sweet time with ybuin our activities to bring all
Vietnamese students together. Every weekend inofen market and barbecue
together next to the Bornsesteeg. These momerntbeavilnforgettable. Special words
of thanks go to Phung Ha and My Duyen, who havertatare of me, when | got sick
in Wageningen, in the absence of my family.

Now that the thesis project is coming to an endopuld like to thank my dear family
for their continuous support and their care forngravhen | was abroad. | am deeply
grateful for their patience and confidence, foowlhg my dream to come through.
Without you | would not have made it so far. Speeards of thanks go to my

129



Acknowledgments

youngest uncle, who always supported me during tagysabroad. Finally, dear
Trang, | have deprived you from a lot of qualitmé together in the past years. Thank
you for your understanding and | promise you to enag for this in the many years to
come. | am so glad that | don’t have to miss yoyilanger for such long periods.

Bui Thi Minh Dieu
Wageningen, 1 June 2010

130



Curriculum vitae

Personal information

Family name: Bui Thi Minh

First name: Dieu

Gender: female

Date of birth: September 13, 1961

Place of birth: Quang Ngai - Vietnam

Nationality: Vietnamese

Address: Biotechnological Research and Development Institute, Can Tho
University,

3/2 street, Can Tho city, Postal code 0084710, Vietham
Telephone: home: 0084710-3830731; office: 0084710-3730271

Email: dieu.bui@wur.nl; btmdieu@ctu.edu.vn

Education and training

. High school (1973-1980)
. BSc. in Animal Husbandry and Veterinary Sciences, Can Tho University,
Vietnam (1981-1984)

MSc. Molecular Biology, Free University of Brussels (VUB), Belgium (2000-

2002), Cum Laude

NUFFIC training fellowship Wageningen University ageningen, The Netherlands
(June 2003- May 2004); Topic: Molecular detectioMhite Spot Syndrome Virus
PhD Wageningen University (2004 — present), undpesrision of Prof.dr. J.M. Vlak
and co-supervision of Dr. M.P. Zwart, on a progatitled “Epidemiology and
evolution of white spot syndrome virus”, initiaponsored by Wageningen
University (PhD sandwich grant) and later by thelgdands Foundation for the
Advancement of Tropical Research (WOTRO).

Work experience

Research scientist at the Biotechnological Research and Development
Institute (BIRDI), Can Tho University (January 1985 - present)

131



Acknowledgments

132

Technical manager in the ‘Animal supplied mineral and vitamin premix factory’,
Biotechnological Research and Development Institute, Can Tho University
(1988-1996)

Lecturer and Teacher practical courses in General Microbiology at Can Tho
university rom 1988-1996 and 2003

Lecturer “General Virology” in Viethamese and English to Biotechnology
undergraduate and graduate students in Can Tho University (2008-2010)
Thesis supervision of undergraduate students (2007-2010)

Manager of the BIRDI Molecular Biology laboratory (2008-present)

Current position: Research Scientist at BIRDI responsible for molecular

technology in food sciences and aquaculture



Publication Account

Ghysels B.Dieu B, Beatson S.A., Pirnay J.P., Ochsner U.A., VasiL.MCornelis P.
2004. FpvB, an alternative type | ferripyoverdineceptor of Pseudomonas
aeruginosaMicrobiology 150: 1671-1680.

Marks, H.,B.T.M. Dieu, R.W. Goldbach, D. Zuidema, T.P. Duong & J.M. Vlak
2004. Molecular epidemiology of White spot syndroumeis in shrimp in Vietham.
Abstract Book of the 23nd Annual Meeting of the Ama@n Society for Virology,
Montreal, Canada, p. 189.

Dieu, B.T.M., H. Marks, J.J. Siebenga, R.W. Goldbach, D. ZualemP. Duong &
J.M. Vlak. 2004. Molecular epidemiology of White @pSyndrome Virus within
Vietnam. Journal of General Virology 85: 3607-3618.

Vlak, J.M., B.Th.M. Dieu, H. Marks, A. Vermeesch, T.P. Duong & D. Zuidema.
2004. Ecology and epidemiology of white spot symagovirus of shrimp. Abstract
Book of the 37 Annual Meeting of the Society for Invertebrate Hedngy, Helsinki,
Finland, p. 48.

Dieu, B.T.M., H. Marks, L.T. Phong, A. Vermeesch & J.M. VIaK(B. Determining
factors influencing WSSV virulence. Abstract Bodktloe 7" Symposium on Diseases
in Asian Aquaculture, Taipei, Taiwan, p. 59.

Dieu, B.T.M., M.P.Zwart, H. Marks, M.C.M. de Jong & J.M. VIgR009). Molecular
epidemiology of white spot syndrome virus. Abstfdobk of the Second International
Conference on Infectious Diseases Dynamics - EpierAthens, Greece.

Dieu, B.T.M., H. Marks, M. Zwart & J.M. Vlak. 2010. Valuationf &hite Spot
Syndrome Virus variable DNA loci as molecular maskeof virus spread at
intermediate spatiotemporal scales. Journal of @éMrology 91: 1164-1172.

Dieu, B.T.M., M.P. Zwart & J.M. Vlak. 2010. Can VNTRs be usedstudy genetic
variation within white spot syndrome virus isol&e®urnal of Fish Diseases, in press.

Dieu, B.T.M., M.P. Zwart, L. Hemerik & J.M. Vlak. 2010. Evolah trajectory of an
emerging shrimp virus: white spot syndrome virughi8itted

Dieu, B.T.M., J.M. Vlak & M. Zwart. 2011. Effects of extensiaad intensive shrimp

farming on the genetic composition of white spohdspme virus populations. In:
Diseases in Asian Aquaculture VIl (Joredsal, eds.). In press.

133



PE&RC PhD Education Certificate The C.T. De Wit ] PRODUCTION

Graduate School
Craduat ECOLOGY

With the educational activities listed below theDPtandidate
has complied with the educational requirementdgehe C.T.
de Wit Graduate School for Production Ecology argdrrce
Conservation (PE&RC) which comprises of a minimuwotalt
of 32 ECTS (= 22 weeks of activities)

r & RESOURCE
C

Review of Literature (5.6 ECTS) ONSERVATION

- Molecular markers in epidemiology and evolutiomdiite spot syndrome virus (WSSV) in
shrimp (2005)

Laboratory Training and Working Visits (2.8 ECTS)
- Molecular methods to map the epidemiology of thé@evspot syndrome virus in Viethamese
shrimp (+ oral presentation); Michigan State Unsitgr(2006)

Post-Graduate Courses (5.7 ECTS)
- Fish Immunology / Vaccination; WIAS/ Dr. ir. G.F.iggertjes (2005)
- Bioinformatics (BITS); Institute of technical Bioemistry University of Stuttgart, Germany
(2006)
- Confocal/Electron Microscopy; WUR/Virology (2005)

Deficiency, Refresh, Brush-up Courses (1.4 ECTS)
- Bioinformatics; Institute of technical Biochemistdpiversity of Stuttgart, Germany (2006)

Competence Strengthening / Skills Courses (3.6 ECTS
- Project and time management; PE&RC (2007)
- Techniques for writing and presenting a scienpfiper; PE&RC (2006)
- Media training for PhD students; PE&RC (2005)

Discussion Groups / Local Seminars and Other Scientific Meetings (9.6 ECTS)

- Genetic resource and diversity in production ecpl@p06)

- Rescopar project meeting in sustainability of shripnoduction (2007)

- Regular scientific meetings on diseases in aquaeuih Vietnam (2006, 2007, 2008, 2009)
- Scientific meetings in Vietnam with other PhD stoideof Rescopar (2007-2008)

PE&RC Annual Meetings, Seminars and the PE&RC Weekend (1.5 ECTS)

- PE&RC Weekend (2005)
- PE&RC Day meeting (2006)
- PE&RC Day symposium (2007)

International Symposia, Workshops and Conferences (7.6 ECTS)
- DAAVI Conference: oral presentation: “Molecular @pmiology and heterogeneity of White
spot syndrome virus in shrimp in Vietham” (2005)
- Rescopar conference: oral presentation: “Molecegddemiology and heterogeneity of White
spot syndrome virus in shrimp in Vietham” (2006)
- DAAVII Conference: oral presentation: “Determini@gnetic Factors Influencing WSSV
Virulence” (2008)

134



The research described in this thesis was findgciaupported by NUFFIC
(internship), Wageningen University (partial sanctwiPhD fellowship) and by the
Netherlands Foundation for the Advancement of TaapiResearch (WOTRO)
(fellowhsip grant WB 83-207).

Financial support from Wageningen University foinping this thesis is gratefully
acknowledged.

Printed by W6hrmann Print Service, Zutphen, thengands.

135



