—

‘ﬁ? ian

Asian Fisheries Science 27 (2014): 199-211 Fis qries.
©Asian Fisheries Society A Science
ISSN 0116-6514 The Journal of the Asian Fisheries Society

E-ISSN: 2073-3720
https://doi.org/10.33997/j.afs.2014.27.3.004

Hediste diversicolor (O.F. Muller 1776) as a Possible Model to
Study White Spot Syndrome Virus Infection in Polychaetes

DESRINA!2, JOHAN A.J. VERRETH?!, JUST M.VLAK? and MARC C.J. VERDEGEM'"

L Aquaculture and Fisheries Group, Wageningen University, The Netherlands
2 Fisheries Department, Faculty of Fisheries and Marine Sciences, Diponegoro University, Semarang, Indonesia
% Laboratory of Virology, Wageningen University, The Netherlands

Abstract

The white spot syndrome virus (WSSV) is a highly contagious shrimp pathogen world-wide
for which polychaetes are among the many biological vectors. In a previous study WSSV infection
was detected in the naturally infected Dendronereis spp. (Nereidae). To further study WSSV
infection in polychaetes, a model polychaete that is easy to handle and propagate, and is free of and
susceptible to WSSV infection is needed. In the present study the suitability of Hediste diversicolor
(Nereidae) was tested as a model animal. WSSV-free H. diversicolor was infected by injection,
feeding and immersion, and the infection was followed for 12 days post infection (dpi). In addition,
polychaete survival was determined 40 dpi. Hediste diversicolor was able to clear the virus within 4
dpi without showing clinical signs and WSSV-associated mortality. Although a first attempt, it was
concluded that H. diversicolor may not be an immediately suitable model animal for WSSV studies
in polychaetes.

Introduction

White spot syndrome virus (WSSV) is the most damaging viral pathogen to the shrimp culture
industry worldwide (Stentiford et al. 2012). White spot syndrome virus is a large double-stranded
DNA virus and the only member of the genus Whispovirus within the family Nimaviridae (Lo et al.
2012).

The disease was first reported in Taiwan in 1992 and was named ‘white spot syndrome’ after
the pathognomonic clinical signs in the form of small white spots that occur on the carapace of
infected animals (Chou et al. 1995). The primary sites of WSSV replication in shrimp are tissues of
mesodermal and ectodermal origin especially the epithelium of the foregut, the gills and the antennal
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gland of large decapod crustaceans (Escobedo-Bonilla et al. 2007). White spot syndrome virus is
infectious to shrimp per os and horizontal transmission via water and cannibalism have been
documented (Chou et al. 1998).

The virus is not only highly infectious to penaeid shrimp, but also to many other crustaceans
including crabs and fresh and salt water crayfish. Hence WSSV has a very broad host range among
aquatic crustaceans (Bateman et al. 2012; Escobedo-Bonilla et al. 2008; Flegel 2006; Liu et al.
2011; Marques et al. 2011; Sanchez-Paz 2010; Soowannayan and Phanthura 2011; Witteveldt 2006).
The only reported non-crustacean host for WSSV is the polychaete Dendronereis spp. (Nereidae)
(Desrina et al. 2013). Such a broad host range and tissue tropism makes WSSV a generalist virus.

Nereid polychaetes are abundantly present in soft sediments typically present in shrimp ponds.
The presence of these errant polychaetes in the sediment is beneficial for improving sediment
quality by bioturbation (Carvalho et al. 2007). Hence, these animals promote microbial activity,
influence chemical nutrient fluxes (Brown et al. 2011; Kristensen et al. 2011) and reduce the
anaerobic area thereby increasing oxidation of organic matter and pollutants. In addition,
polychaetes are highly nutritious and preferred prey for shrimp (Nunes et al. 1997; Reymond and
Lagardére 1990). This is why they are used as supplemental food to induce gonad maturation in
broodstock (Chung et al. 2011; Nguyen et al. 2012; Poltana et al. 2007).

WSSV can be transmitted via polychaetes as evidenced from feeding experimentally infected
Marphysa spp. (Eunicidae) (Vijayan et al. 2005) and naturally infected Dendronereis spp. (Haryadi
et al. 2014) to naive shrimp. In contrast to what others have assumed (Escobedo-Bonilla et al. 2008;
Sanchez-Paz 2010; Vijayan et al. 2005) polychaetes may potentially act as a propagative vector for
WSSV. White spot syndrome virus replicates in Dendronereis spp. (Desrina et al. 2013) and may
serve as a reservoir for this virus. As such polychaetes may play a role in the epidemiology of
WSSV in pond systems.

To study WSSV infection in polychaetes in more detail, WSSV-free polychaetes should be
available. Because Dendronereis spp., collected in pond systems in Indonesia, was often found
positive for WSSV infection (Desrina, personal communication), another nereid polychaete, Hediste
diversicolor (Nereidae) (Muller 1776) (ragworm), was selected as model organism. This species is
abundant in the Northern hemisphere where WSSV infections have not been reported. It is an
euryhaline and eurythermal species and has a wide distribution in the estuaries and intertidal zone of
the north Atlantic region throughout Europe (Scaps 2002). It does not have planktonic larval stages,
lives in U-shaped burrows (Durou et al. 2008), and is a non-selective deposit feeder (Esselink and
Zwarts 1989).

Due to the ease of handling under experimental conditions, H. diversicolor has been used as a
model animal to study heavy metal contamination in marine sediments (Cacador et al. 2012; Durou
and Mouneyrac 2007; Durou et al. 2008; Kalman et al. 2009) and to test diets and culture conditions
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for commercial production (Nesto et al. 2012). We assumed that H. diversicolor, being a close
relative to Dendronereis spp., could potentially be used as a more convenient model animal to study
WSSV infection in polychaetes, provided WSSV replicates in this species.

The objectives of this study were to determine (i) the infectivity of WSSV in H. diversicolor
and (ii) the time span to develop infection or WSSV persistence in this ragworm.

Materials and Methods
Hediste diversicolor

Adult H. diversicolor were obtained from a commercial ragworm producer (Fish-bait BV,
Yerseke, the Netherlands). The ragworm can grow in captivity using sand or mud substrate (Fidalgo
e Costa 1999). Upon arrival the ragworms were kept in 96-L aerated sea water aquaria with an 8 cm
sand layer at the bottom. Hediste diversicolor naturally lives in 5-15 °C water. The ragworms
arrived in 15 ppt water at 10 °C and were acclimatised over a 2-months period to 27 °C and 27 ppt,
the conditions conducive for WSSV to develop disease in shrimp (Chou et al. 1998; Moser et al.
2012; Rahman et al. 2006). The ragworms were fed a commercial shrimp feed twice daily at 2% of
the total biomass.

A total of 360 H. diversicolor (average individual weight 2.1-2.3 g) were used. The ragworms
were randomly distributed in groups of 15, over 24 20-L aquaria with an 8-cm sand layer and 4 L
artificial sea water. Each aquarium was aerated with an air-stone laying on the bottom in the centre.
During the experiment water temperature was maintained at 25-27 °C and salinity at 27 ppt. The
ragworms were fed shrimp feed at 2% of body weight per day, given in two meals per day to
prevent cannibalism. Water quality was maintained by replacing 1 L per day with sterile artificial
sea water. During acclimatisation, dead animals were removed and replaced so that each tank
contained 15 ragworms at the start of the experiment. From the common stock population, five
ragworms were tested for the presence or absence of WSSV with nested PCR prior to stocking.
Since this analysis invariably gave negative results, it can be assumed that this polychaete species
was free from infection at the beginning of the trial.

Inoculum preparation

Inoculum was prepared from the haemolymph of artificially WSSV- infected whiteleg shrimp
Penaeus vannamei (Boone 1931) (Penaeidae). Thirty pL of purified WSSV (originated from
infected Penaeus monodon Fabricius 1798 (Penaeidae) obtained from Vietnam), diluted 100x, was
injected into 10 healthy specific pathogen free (SPF) P. vannamei (average weight 6 g animal™).
The shrimp were observed during 1 week for clinical signs. Two days post infection (dpi) shrimp
became lethargic and stopped feeding. Moribund shrimp were removed, washed in cold sterile
artificial sea water, dried with paper towel and stored at -20 °C. All shrimp were tested for the
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presence of WSSV with 1-step PCR and all were found positive. Four shrimps were used for
inoculum preparation and the rest were used in oral route infection experiments (see the ‘Infectivity
of WSSV in H. diversicolor’ section below). To prepare the inoculum, shrimps were thawed, cut
into head and body portion and placed in a 50 mL- sterile- conical tube containing anticoagulant
Alsever’s solution (Rodriguez et al. 1995) and filled with cut yellow tips arranged compactly at the
base of the tube with the fine tip end positioned toward the bottom which functioned both as channel
and suction of the haemolymph. The shrimp was placed with severed parts towards the base of the
tube. The tube was centrifuged at 1,500 g for 3 min at 4 °C. Then the shrimp were removed, TNE
buffer (50 mM Tris—HCI pH 7.4, 100 mM NaCl, 0.1 mM EDTA) was added and the tubes were
centrifuged at 3000 x g for 8 min at 4 °C. The clear fluid was passed through a 0.45 um sterile
membrane filter and the collected filtrate was used as inoculum and stored at -80 °C until use.

Infection of WSSV in H. diversicolor

White spot syndrome virus was introduced into H. diversicolor by intra-coelomic injection
(injection route), feeding (oral route) and immersion (water-borne route). Eight aquaria were
randomly assigned for each route. Per route six aquaria were used in time series sampling to
determine WSSV persistence in the polychaete over time. The other two aquaria were observed until
40 dpi to determine polychaete survival. Per administration route, half of the aquaria were exposed
to WSSV, the other half served as the negative control.

For the injection route, individual ragworms were placed in cold sterile phosphate buffered
saline (PBS, pH 7.8) until they relaxed, put onto sterile paper towel moistened with cooled PBS,
injected with WSSV inoculum (diluted 100x in 330 mM NaCl) in between the antero-lateral
segments (segments 10-15) with 5 pL inoculumg? body weight while gently holding the body
during 1 min to prevent contraction, which would cause loss of inoculum. The polychaetes from
‘negative control’ aquaria were injected with 5 pL sterile 330 mM NaCl'g? body weight. After
injection, H. diversicolor was added to a 1-L glass beaker filled with 500 mL water from its own
aquarium. Once all ragworms from one aquarium were injected, they were returned into their
aquarium. The ragworms were closely observed for burrowing behaviour during 60 min. To confirm
the infectivity and pathogenicity of the WSSV inoculum, five 7-g P. vannamei were each injected
with 35 pL inoculum.

For the waterborne route, the ragworms from each tank were separately immersed for 2 h in
either 0.1% inoculum solution or in sterile sea water (negative control). For the oral route, the
ragworms were fed during four consecutive days minced WSSV-infected shrimp at 1% of total body
weight-day™ and subsequently returned to normal shrimp feed. Animals in control aquaria were fed
the same ration of WSSV-free shrimp (stock shrimp and proven WSSV negative with nested PCR
one day before) with the same dose. Total ammonia, pH, nitrate, nitrite and salinity were measured
daily.
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H. diversicolor behaviour and physical observations

The number of ragworms on the sand surface and the body condition were recorded twice
daily at 7 am (after being in the dark for 12 h) and at 7 pm (after being in the light for 12 h).
Afterwards, a predetermined amount of feed was placed on the bottom of each tank and feeding
appetite was observed for 1 h. The number of ragworms that grabbed the food was recorded. During
each time series sampling, H. diversicolor in each tank was observed for burrowing as follows: six
ragworms from each tank were randomly taken and placed on a plastic tray (20 x 10 x 5 cm) that has
been assigned for the particular tank. Colour and degree of body damage were recorded at sampling.
Ragworms were left in the tray for 10 min and observed whether or not the ragworms were huddled.
Next, two ragworms were taken as sample (see next section: time series sampling) and the rest were
placed back in the tank. After being put back in the tank, the ragworms’ digging activity was
observed for 10 min.

Time series sampling

To determine persistence of WSSV in the polychaete over time, two ragworms from each tank
were taken at 2, 4, 6, 8, and 10 and 12 dpi, and pooled per sampling day: two ragworms were
preserved in 70% alcohol for PCR testing, two ragworms in Davidson’s solution for histopathology
and two ragworms were stored at -80 °C for RT-PCR to detect WSSV replication. However, we
choose not to carry out an RT-PCR and histology analysis, when the PCR result on the viral
genomic DNA was negative soon after infection and throughout the observation period.

Survival observation

Mortality, feeding activity, changes in burrowing behaviour, response to touching and changes
in coloration were recorded daily until 40 dpi. At 40 dpi all ragworms were harvested and survival
calculated as S (%) = ([number at Tao - number at To] / number at To) X 100 where Toand T4 are O
and 40 dpi.

WSSV detection

WSSV was detected in experimental animals with 1-step and nested-PCR using primer pairs
for vp26 (Marks et al. 2005) for 1-step PCR and vp28 and vp28-nested according to Desrina et al.
(2013). 18s rRNA of H. diversicolor was used as internal control of successful DNA extraction
(Desrina et al. 2013). Selected PCR products of WSSV DNA from H. diversicolor, P. vannamei
along with 18s rRNA of N. diversicolor were sequenced (Macrogen Europe). The results were
aligned to known sequences present in GenBank based on the BLAST program.
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Results
Behaviour and physical observation

The ragworms crawled on the surface, dispersed and started to burrow within 30 min post
infection and returned to a normal feeding pattern at 2 dpi. During the experiment, the ragworms
showed normal burrowing behaviour (e.g. within 15 min ragworms were burrowing), flocked
together when put together in a tray, and fed normally (the ragworm head was out of the burrow,
grabbed the food and dragged it into the burrow). There was no obvious difference in body
coloration, movement, feeding, and burrowing activity between the WSSV-infected H. diversicolor
and the negative control ragworms (no virus) during 11 days of observation. Shrimp injected with
WSSV inoculum became lethargic, showed reduced feeding and all died within 6 dpi.

Time series analysis

WSSV was only detected up to 4 dpi in H. diversicolor individuals subjected to infection by
injection (Fig.1). Other infection methods (oral, immersion) gave negative results with nested-PCR.
18s rRNA of H. diversicolor was detected in all samples tested (Fig. 2). No WSSV was detected in
the negative control animals. All whiteleg shrimps injected with the inoculum were WSSV positive
with 1-step PCR (Fig.3). Alignment of sequencing results showed 100% identity with the vp28 gene
of known WSSV isolates in GenBank (Accession Numbers AF 369029, AF440570, AF 332093).
The 18s rRNA of H. diversicolor used in this study showed 97% identity with 185 rRNA of
members of genus Nereis (Accession number U36270, EF117897.1, AY210447.1).

Survival observation

Out of 5 P. vannamei used as positive control for the injection route, 3 (60%) shrimp died at 3
dpi; the other 2 died at 4 and 6 dpi, respectively. Survival of the H. diversicolor at 40 dpi was
comparable among treatments and between each treatment and its control. The summary of survival
of each treatment is presented in Table 1. Ragworms that did not survive had no particular
symptoms or abnormal pathology. Apparently, no WSSV-related mortality occurred during the
experiment. The experiment was considered a pilot and carried out once.
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Fig. 1. WSSV was detected with nested-PCR using vp28-nested primer pair (amplicon 364 bp) in H. diversicolor upon
injection up to 4 dpi (T2) (Panel A) and was not detected in negative control specimens sampled at the same time (Panel
B). M = Marker (100 bp DNA ladder). N= Non-template control (NTC); P = Positive control of PCR (experimentally
infected P. vannamei)

Fig. 2. 18s rRNA gene of selected H. diversicolor (lane 1-4) used in this experiment served as internal control for
adequate DNA extraction. M= Marker (100 bp DNA ladder).

Fig. 3. WSSV DNA was detected with 1-step PCR in the P. vannamei injected with WSSV inoculum (positive control
of infection by injection route). Lane 1= WSSV DNA obtained from P. vannamei at 1 dpi; Lane 2-4= WSSV DNA
obtained from P. vannamei at 2 dpi; lane 5 = WSSV DNA obtained from P. vannamei at 4 dpi; N = No template control
of PCR; P = positive control of PCR; M = Marker (100 bp DNA ladder).
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Table 1. Survival of H. diversicolor infected by injection, oral and immersion routes at 40 dpi

Infection route Survival (%)
Injection Injection with WSSV inoculum 53
Injection with sterile 330 mM NacCl 53
Waterborne Immersed in 0.1% WSSV inoculum 53
Immersed in sterile sea water 60
Oral Fed with minced WSSV-infected shrimp 53
Fed with minced WSSV free shrimp 66
Discussion

The goal of this study was to evaluate H. diversicolor as a potential model animal to further
investigate WSSV infection in polychaetes. This polychaete did not show basic indicators of WSSV
infection in penaeid shrimp, such as clinical signs, body coloration, and/or behavioral changes. The
ragworms fed and burrowed shortly after infection and during the experiment and appeared to be
healthy, hence, the presence of the virus did not affect this ragworm. Burrowing activity of H.
diversicolor is an indicator of the ragworm’s well-being (Esselink and Zwarts 1989) and has been
used to study effects of heavy metal contamination in this polychaete (Bonnard et al. 2009; Kalman
et al. 2010; Kalman et al. 2009; Mouneyrac et al. 2010). We adapted the parameters to our study
because generally, reduced feeding and abnormal movement were the first behavioural change
attributed to disease or adverse environmental conditions in fish or shrimp. Therefore, burrowing
activity is an applicable proxy to assess H. diversicolor’s health condition. Furthermore, there was
no difference in body coloration between infected and mock-infected ragworms, even at 40 dpi.

Injection, immersion and feeding are three commonly used methods to test infectivity of
WSSV in shrimps and crabs (Bateman et al. 2012; Chen et al. 2000; Liu et al. 2011). We used all
three types of exposure to overcome the limitation of each method. Published studies on WSSV
infectivity in polychaetes gave variable results. Marphysa spp. developed light infection within 7
days post exposure to WSSV by immersion in sediment-contaminated WSSV, as evidenced by
nested PCR (Vijayan et al. 2005). Laoaroon et al. (2005) were able to induce light infection in the
Nereidae, Perinereis nuntia (Savigny in Lamarck 1818) fed with WSSV infected P. monodon and
by immersion methods as evidenced by nested PCR. In the latter report, 40-90% of the tested
polychaetes were found infected within 2 weeks pi. However, these results should be regarded with
caution because the experiment did not start with WSSV-free animals. In contrast, we very likely
failed to induce infection in H. diversicolor by both feeding and immersion.

It is possible that in our case the dose used was too low to initiate infection in this polychaete,
although the same dose was readily able to induce infection in the control positive shrimp.
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There may be a huge difference in susceptibility between nereids and penaeids, and among
nereids. Another explanation may be that the virus was diluted quickly in the coelomic cavity.

The WSSV inoculum mixed with 1 pL of patent Blue V colour was spread and diluted in the
coelomic cavity within 30 min (data not shown) indicating that this may have been the case. In
addition, the polychaete species and type of sediment used in our experiment as compared to the
literature (Laoaroon et al. 2005; Vijayan et al. 2005), may have attributed to the different outcome.
The behaviours and lack of external symptoms in WSSV infected H. diversicolor were in
accordance with the PCR result, showing that H. diversicolor was able to clear the virus within 4
days.

WSSV occurrence in wild Marphysa spp. (Vijayan et al. 2005) and P. nuntia (Laoaroon et al.
2005) was reported. The authors hypothesised that WSSV was naturally acquired along with
ingested sediment and that the virus accumulated in the polychaete to make it only a passive vector.
Later, Desrina et al. (2013) showed that WSSV replicated in Dendronereis spp., which makes this
polychaete an active WSSV carrier. Likewise, H. diversicolor can be a potential carrier of WSSV
once the virus establishes itself in the environment where this polychaete lives. On the basis of this
first attempt though, it seems that H. diversicolor is not an immediately suitable proxy model animal
for WSSV studies in polychaetes. No clinical or typical signs were noted and no WSSV -associated
mortality occurred, not even in ragworms infected by injection. It is possible that (i) WSSV in
polychaetes is attenuated because of the phylogenetic distance between polychaete and penaeid
shrimp as natural host of WSSV, including the associated immune response or (ii) there is specific
coadaptation between WSSV and polychaete that enable them to adapt to each other.

Conclusions

Studies on WSSV infection in polychaetes and roles played by polychaetes in transmission of
WSSV in shrimp ponds are still at early stage. To further study WSSV infection in polychaetes, a
model animal is needed. In the present study, WSSV infection could not be induced in H.
diversicolor through oral, injection and immersion routes. Therefore, other routes of infection such
as indirect transmission through virions attached to sediment particles or benthic algae should be
explored. If the latter would be not successful, then the use of other nereids polychaetes as model
species for WSSV infection studies in polychaetes should be explored.

Acknowledgement

Desrina is supported by a RESCOPAR fellowship, Wageningen University.



Asian Fisheries Science 27 (2014): 199-211 208
References

Bateman, K.S., I. Tew, C. French, R.J. Hicks, P. Martin, J. Munro and G.D. Stentiford. 2012. Susceptibility to infection
and pathogenicity of White Spot Disease (WSD) in non-model crustacean host taxa from temperate regions.
Journal of Invertebrate Pathology 110:340-351.

Bonnard, M., M. Roméo and C. Amiard-Triquet. 2009. Effects of copper on the burrowing behavior of estuarine and
coastal invertebrates, the polychaete Nereis diversicolor and the bivalve Scrobicularia plana. Human and
Ecological Risk Assessment 15:11-26.

Brown, N., S. Eddy and S. Plaud. 2011. Utilization of waste from a marine recirculating fish culture system as a feed
source for the polychaete worm, Nereis virens. Aquaculture 322-323:177-183.

Cacador, 1., J.L. Costa, B. Duarte, G. Silva, J.P. Medeiros, C. Azeda, N. Castro, J. Freitas, S. Pedro, P.R. Almeida, H.
Cabral and M.J. Costa. 2012. Macroinvertebrates and fishes as biomonitors of heavy metal concentration in the
Seixal Bay (Tagus estuary): Which species perform better? Ecological Indicators 19:184-190.

Carvalho, S., M. Barata, M.B. Gaspar, P. Pousdo-Ferreira and L. Cancela da Fonseca. 2007. Enrichment of aquaculture
earthen ponds with Hediste diversicolor: Consequences for benthic dynamics and natural productivity.
Aquaculture 262:227-236.

Chen, L.L., C.F. Lo, Y.L. Chiu, C.F. Chang and G.H. Kou. 2000. Natural and experimental infection of white spot
syndrome virus (WSSV) in benthic larvae of mud crab Scylla setrata. Diseases of Aquatic Organisms 40:157-
161.

Chou, H.-Y., C.-Y. Huang, C.-H. Wang, H.-C. Chiang and C.-F. Lo. 1995. Pathogenicity of a baculovirus infection
causing white spot syndrome in cultured penaeid shrimp in Taiwan. Diseases of Aquatic Organisms 23:165-173.

Chou, H., C. Huang, C. Lo and G. Kou. 1998. Studies on transmission of white spot syndrome associated baculovirus
(WSBYV) in Penaeus monodon and P. japonicus via waterborne contact and oral ingestion. Aquaculture 164:263-
276.

Chung, M.Y., C.H. Liu, Y.N. Chen and W. Cheng. 2011. Enhancing the reproductive performance of tiger shrimp,
Penaeus monodon, by incorporating sodium alginate in the broodstock and larval diets. Aquaculture 312:180-
184.

Desrina, J.A.J. Verreth, S.B. Prayitno, J.H.W.M. Rombout, J.M. Vlak and M.C.J. Verdegem. 2013. Replication of white
spot syndrome virus (WSSV) in the polychaete Dendronereis spp. Journal of Invertebrate Pathology 114:7-10.

Durou, C. and C. Mouneyrac. 2007. Linking steroid hormone levels to sexual maturity index and energy reserves in
Nereis diversicolor from clean and polluted estuaries. General and Comparative Endocrinology 150:106-113.

Durou, C., C. Mouneyrac and C. Amiard-Triquet. 2008. Environmental quality assessment in estuarine ecosystems: Use
of biometric measurements and fecundity of the ragworm Nereis diversicolor (Polychaeta, Nereididae). Water
Research 42:2157-2165.



209 Asian Fisheries Science 27 (2014): 199-211

Escobedo-Bonilla, C.M., M. Wille, V. Alday Sanz, P. Sorgeloos, M.B. Pensaert and H.J. Nauwynck. 2007. Pathogenesis
of a Thai strain of white spot syndrome virus (WSSV) in juvenile, specific pathogen-free Litopenaeus vannamei.
Diseases of Aquatic Organisms 74:85-94.

Escobedo-Bonilla, C.M., V. Alday-Sanz, M. Wille, P. Sorgeloos, M.B. Pensaert and H.J. Nauwynck. 2008. A review on
the morphology, molecular characterization, morphogenesis and pathogenesis of white spot syndrome virus.
Journal of Fish Diseases 31:1-18.

Esselink, P. and L. Zwarts. 1989. Seasonal trend in burrow depth and tidal variation in feeding activity of Nereis
diversicolor. Marine Ecology Progress Series 56:243-254.

Fidalgo e Costa, P. 1999. Reproduction and growth in captivity of the polychaete Nereis diversicolor O.F. Muller, 1776,
using two different kinds of sediment: preliminary assays. Boletin-Instituto Espanol de Oceanografia 15:351-356.

Flegel, T.W. 2006. Detection of major penaeid shrimp viruses in Asia, a historical perspective with emphasis on
Thailand. Aquaculture 258:1-33.

Haryadi, D., J.A.J. Verreth, M.C.J. Verdegem and J.M. Vlak. 2014. Transmission of white spot syndrome virus (WSSV)
from Dendronereis spp. (peters) (Nereididae) to penaeid shrimp. Journal of Fish Diseases:early view (doi
10.1111/jfd.12247).

Kalman, J., B.D. Smith, I. Riba, J. Blasco and P.S. Rainbow. 2010. Biodynamic modelling of the accumulation of Ag,
Cd and Zn by the deposit-feeding polychaete Nereis diversicolor: Inter-population variability and a generalised
predictive model. Marine Environmental Research 69:363-373.

Kalman, J., F. Palais, J.C. Amiard, C. Mouneyrac, A. Muntz, J. Blasco, I. Riba and C. Amiard-Triquet. 2009.
Assessment of the health status of populations of the ragworm Nereis diversicolor using biomarkers at different
levels of biological organisation. Marine Ecology Progress Series 393:55-67.

Kristensen, E., T. Hansen, M. Delefosse, G.T. Banta and C.O. Quintana. 2011. Contrasting effects of the polychaetes
Marenzelleria viridis and Nereis diversicolor on benthic metabolism and solute transport in sandy coastal
sediment. Marine Ecology Progress Series 425:125-139.

Laoaroon, S., A. Boonnat, P. Poltana, P. Kanchanaphum, W. Gangnonngiw, G. Nash and B. Withyachumnarnkul. 2005.
Infectivity of white spot syndrome virus (WSSV) to the polychaete Pereneis nuntia and a possibility of WSSV
transmission from the polychaete to the black tiger shrimp Penaeus monodon. In: Diseases in Asian Aquaculture
V (eds. P. Walker, R. Lester and M.G. Bondad-Reantaso), pp. 353-361. Fish Health Section, Asian Fisheries
Society, Manila.

Liu, W., D. Qian and X.J. Yan. 2011. Studies on pathogenicity and prevalence of white spot syndrome virus in mud
crab, Scylla serrata (Forskal), in Zhejiang Province, China. Journal of Fish Diseases 34:131-138.

Lo, C.F., T. Aoki, J.R. Bonami, T. Flegel, J.H. Leu, D.V. Lightner, G. Stentiford, K. Soderhall, P.J. Walker, H.C. Wang,
X. Xun, F. Yang and J.M. Vlak. 2012. Family Nimaviridae. In: Virus Taxonomy: Classification and
Nomenclature of Viruses, Ninth Report of the International Committee on Taxonomy of Viruses (eds. A.M.Q.
King, M.J. Adams, E.B. Carstens and E.J. Lefkowitz), pp. 229-234. Elsevier—Academic Press, Amsterdam.



Asian Fisheries Science 27 (2014): 199-211 210

Marks, H., O. Vorst, AM.M.L. van Houwelingen, M.C.W. van Hulten and J.M. Vlak. 2005. Gene-expression profiling
of white spot syndrome virus in vivo. Journal of General Virology 86:2081-2100.

Marques, J.S., I.C. Miiller, J.R. Moser, T.C. Sincero and M.R.F. Marques. 2011. Wild captured crab, Chasmagnathus
granulata (Dana, 1851), a new host for white spot syndrome virus (WSSV). Aquaculture 318:20-24.

Moser, J.R., D.A.G. Alvarez, F.M. Cano, T.E. Garcia, D.E.C. Molina, G.P. Clark, M.R.F. Marques, F.J.M. Barajas and
J.H. Lopez. 2012. Water temperature influences viral load and detection of White Spot Syndrome Virus (WSSV)
in Litopenaeus vannamei and wild crustaceans. Aquaculture 326-329:9-14.

Mouneyrac, C., H. Perrein-Ettajani and C. Amiard-Triquet. 2010. Influence of anthropogenic stress on fitness and
behaviour of a key-species of estuarine ecosystems, the ragworm Nereis diversicolor. Environmental Pollution
158:121-128.

Nesto, N., R. Simonini, D. Prevedelli and L. Da Ros. 2012. Effects of diet and density on growth, survival and
gametogenesis of Hediste diversicolor (O.F. Mller, 1776) (Nereididae, Polychaeta). Aquaculture 362-363:1-9.

Nguyen, B.T., S. Koshio, K. Sakiyama, M. Ishikawa, S. Yokoyama and M.A. Kader. 2012. Effects of polychaete
extracts on reproductive performance of kuruma shrimp, Marsupenaeus japonicus Bate. - Part Il. Ovarian
maturation and tissue lipid compositions. Aquaculture 334-337:65-72.

Nunes, A., T. Gesteira and S. Goddard. 1997. Food ingestion and assimilation by the southern brown shrimp Penaeus
subtilis under semi-intensive culture in NE Brazil. Aquaculture 149:121-136.

Poltana, P., T. Lerkitkul, P. Pongtippatee-Taweepreda, S. Asuvapongpattana, K. Wongprasert, S. Sriurairatana, J.
Chavadej, P. Sobhon, P.J.W. Olive and B. Withyachumnarnkul. 2007. Culture and development of the polychaete
Perinereis cf. nuntia. Invertebrate Reproduction and Development 50:13-20.

Rahman, M.M., C.M. Escobedo-Bonilla, M. Corteel, J.J. Dantas-Lima, M. Wille, V.A. Sanz, M.B. Pensaert, P.
Sorgeloos and H.J. Nauwynck. 2006. Effect of high water temperature (33 °C) on the clinical and virological
outcome of experimental infections with white spot syndrome virus (WSSV) in specific pathogen-free (SPF)
Litopenaeus vannamei. Aquaculture 261:842-849.

Reymond, H. and J.P. Lagardére. 1990. Feeding rhythms and food of Penaeus japonicus bate (Crustacea, Penaeidae) in
salt marsh ponds; role of halophilic entomofauna. Aquaculture 84:125-143.

Rodriguez, J., V. Boulo, E. Mialhe and E. Bachere. 1995. Characterisation of shrimp haemocytes and plasma
components by monoclonal antibodies. Journal of Cell Science 108:1043-1050.

Sanchez-Paz, A. 2010. White spot syndrome virus: An overview on an emergent concern. Veterinary Research 41:43.

Scaps, P. 2002. A review of the biology, ecology and potential use of the common ragworm Hediste diversicolor (O.F.
Muller)(Annelida: Polychaeta). Hydrobiologia 470:203-218.

Soowannayan, C. and M. Phanthura. 2011. Horizontal transmission of white spot syndrome virus (WSSV) between red
claw crayfish (Cherax quadricarinatus) and the giant tiger shrimp (Penaeus monodon). Aquaculture 319:5-10.



211 Asian Fisheries Science 27 (2014): 199-211

Stentiford, G.D., D.M. Neil, E.J. Peeler, J.D. Shields, H.J. Small, T.W. Flegel, J.M. Vlak, B. Jones, F. Morado, S. Moss,
J. Lotz, L. Bartholomay, D.C. Behringer, C. Hauton and D.V. Lightner. 2012. Disease will limit future food

supply from the global crustacean fishery and aquaculture sectors. Journal of Invertebrate Pathology 110:141-
157.

Vijayan, K.K., V. Stalin Raj, C.P. Balasubramanian, S.V. Alavandi, V. Thillai Sekhar and T.C. Santiago. 2005.

Polychaete worms - A vector for white spot syndrome virus (WSSV). Diseases of Aquatic Organisms 63:107-
111.

Witteveldt, J. 2006. On the vaccination of shrimp against white spot syndrome virus. Wageningen University,
Wageningen, The Netherlands. 132 pp.

Received: 03/06/2014; Accepted: 26/08/2014 (MS14-67).



