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ABSTRACT

In the period from 1970-1990, the worldwide shrimp industry was dependent on post
larvae (PL) from wild sources. Grow-out systems were relatively simple, water exchange
rates were high and few disease agents were known. Diagnostic capability was low and
antibiotics and chemical use was common. Explosive increase in global shrimp cultivation
was accompanied by viral pandemics starting around 1987 and these quickly revealed
the need for changes. The need transformed the shrimp farming industry. Beginning
in the early 1990’s, dependence on wild PL rapidly declined and use of domesticated
stocks rapidly dominated. Many significant diseases were described and diagnostic tests
developed. Biosecurity measures practiced in intensive, controlled farming systems
became more common, and antibiotic use decreased and became more responsible.
Molecular biology is leading to a better understanding of shrimp and pathogen biology
and the interaction between the two. The combined result of all of these developments has
been a continuing increase in production of cultivated shrimp. In the future, it is expected
that the world shrimp industry will have ready access to a variety of domesticated,
genetically improved shrimp stocks free of all significant pathogens. Both laboratory
and pond-side diagnostic methods/kits will be available for the most significant shrimp
diseases and test standardization will be improved. Biosecurity methods will also improve
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and will be applied in all systems. Intensive and super-intensive culture systems will
become more competitive with more extensive, traditional methods. Overall production
efficiency will be facilitated by a better understanding of shrimp, shrimp pathogens and
microbial ecology, and by the use of novel and environmentally friendly antiviral and
antibacterial agents.

INTRODUCTION

According to FAO statistics (Figure 1), world production of cultivated shrimp has
increased steadily since the early 1980’s. It is also known that the world shrimp fishery
is not growing, while the demand for shrimp is increasing steadily. Only aquaculture can
meet this increasing demand. Thailand presents a good example (Figure 2). Since a peak
in 1982, captured shrimp production has declined slowly while aquaculture production has
steadily grown.

Despite the explosive growth in world production of cultivated shrimp, there have
also been staggering, periodic losses due to disease. A global shrimp survey by the
Global Aquaculture Alliance (GAA) in 2001 revealed a rough overall loss to disease of
approximately 22% in a single year. Given a total production of 700,000 metric tons in
2001 valued at roughly USS$8 per kg, this translated into an estimate of about US$1 billion
loss in a single year. This was probably a conservative estimate, since farms with very bad
results may not have responded to the survey. Thus, a conservative estimate for the total
loss to disease over the past 15 years may be in the order of US$15 billion. This illustrates
the importance of disease control to the industry.

With respect to disease agents, the GAA survey revealed that 60% of losses were attributed
to viruses and about 20% to bacteria (Figure 3). Thus, the majority of our effort on disease
control (80%) should clearly be focused on viral and bacterial pathogens. Indeed, that has
been the case as the following review of disease control work will exemplify. The control
effort has emphasized prevention, and this has required the development of good diagnostic
tools, trained personnel and a better understanding of the hosts and their pathogens.

THE PAST (~1970-1990)
The good early years (~1970-1986)

The first shrimp cultivation systems were extensive and used post-larvae (PL) from tidal
flow or hand collection, usually from nearby geographical areas. Stocking densities were
low, disease problems relatively few and production relatively low. In the early 1980°s,
explosive, large-scale shrimp production was made possible by development of the
eyestalk ablation technique to stimulate maturation of captured female broodstock. At that
point, the industry shifted to dependence on hatchery produced PL, and production volume
expanded rapidly. At the same time, stocking density gradually increased, especially in
Asia.
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Figure 1. Global production of shrimp from aquaculture 1950 to 2005. Source FAO.
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Figure 2. Comparison of captured and cultivated shrimp production in Thailand from 1985 to 2005.
Source: http://www.biotec.or.th/shrinfo/.
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Figure 3. Relative economic loss to disease caused by various pathogen groups in the 2001 world
shrimp industry survey by the Global Aquaculture Alliance.

In these early days, there were few disease control measures. Shrimp farmers used high
rates of unfiltered water exchange and a wide range of chemicals and antibiotics, especially
in the hatchery phase of production. There were few disease specialists available to help
shrimp farmers, and diagnostic capabilities in most regions were limited. This was a
vulnerable position as the industry grew exponentially with trends towards increasing farm
densities in suitable farming areas and increasing rearing (stocking) intensity in individual
ponds. Little was known of shrimp defense mechanisms, especially for viral pathogens.
This eventually led to severe disease epidemics (epizootics) for which the industry was
more or less unprepared.

The first serious disease outbreaks (~1987-1992)

The first widely reported shrimp disease epidemic was for monodon baculovirus (MBV) in
Taiwan in the mid-1980’s (Lin, 1989; Liao et al., 1992). This was followed by epidemics
caused by infectious hypodermal and hematopoietic necrosis virus (IHHNV) in the
Americas (Lightner ef al., 1983; Lightner, 1996b), yellow head virus (YHV) in Thailand
(Chantanachookin et al., 1993; Flegel, 1997) and Taura syndrome virus (TSV) in the
Americas (Hasson et al., 1995; Brock et al., 1995; Brock et al., 1997).

358



Shrimp Disease Control: Past, Present and Future

THE WHITE SPOT VIRUS ERA (~1993-2002)

While the shrimp industry was still struggling with MBV, IHHNV, YHV and TSV
outbreaks, it was hit by an even bigger disaster with the arrival of white spot syndrome
virus (WSSV). After its first appearance in China in 1992, it spread rapidly around Asia
(Nakano et al., 1994; Flegel, 1997; Flegel and Alday-Sanz, 1998) and eventually to the
Americas, first in 1996, but later with devastating losses from 1999 onwards. Total losses

for this virus alone have been estimated to be in the range of US$1 billion per year since
the middle of the 1990’s.

LESSONS LEARNED IN THE PAST

Serious viral disease outbreaks revealed that the shrimp industry had to be better prepared
with more knowledge about shrimp and their pathogens so that disease prevention methods
could be improved. This need shifted attention to biosecurity, that is, possible methods
of cultivating shrimp in restricted systems designed to prevent the entry of potential
pathogens. The industry also realized that a good number of disease outbreaks originated
from careless transboundary movement of contaminated but grossly normal aquaculture
stocks.

More than any other problem, the WSSV pandemic served as a “wake up” call that
shocked the industry into concerted actions. The catastrophic losses had serious impacts on
whole national economies in Asia and the Americas. They resulted in increased support for
research on shrimp diseases (including epidemiology) and in increased farmer awareness
of the need for biosecurity.

Research on shrimp defenses and shrimp pathogens increased sharply. Many diagnostic
techniques were developed, particularly PCR and RT-PCR. Training programs were
carried out (e.g. SEAFDEC and the University of Arizona) and shrimp domestication and
breeding programs were started with P. vannamei and P. stylirostris. In addition, hatchery
and farm biosecurity measures were improved.

HIGHLIGHTS FROM THE PRESENT (~2003-2005)

Current industry overview

The shrimp industry has been transformed since 2003 by the widespread use of specific
pathogen free (SPF) stocks of domesticated and genetically improved Penaeus vannamei,
also called the American whiteleg shrimp or Litopenaeus vannamei. It has now replaced P,
monodon as the main cultivated species worldwide. World production of cultivated shrimp
reached an all-time high of approximately 1 million metric tons in 2004, and it continues to
rise. At the time of writing, the main problem for farmers did not appear to be loss due to
disease and resulting low production, but to competition in the global market and resulting
low farm-gate prices. This trend is driving competition based on production efficiency, so
limiting loss to disease remains an important issue.
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Reaping major benefits from the 1990’s

As a result of research and training in the 1990’s, there are many benefits for shrimp
farmers in the new millennium. For example, industry dependence on wild stocks of
PL and brooders is rapidly declining. Domesticated, genetically selected stocks are now
available for P. vannamei and P. stylirostris. They are also being developed for P. chinensis
(Hennig et al., 2005; Pantoja et al., 2005) and P. monodon. In addition, many important
diseases have been described and commercial diagnostic tests are available for most.
A good example is the shrimp viruses (Figure 4), several of which have been listed by
OIE. Increased availability of tests, test facilities and trained personnel means that the
capacity for diagnosis has greatly improved. Even more important, the response time for
characterization and for development of detection methods for new pathogens is more
rapid and the time to development and distribution commercial test kits has been greatly
reduced. Finally, biosecurity measures are widely applied and shrimp farmers are highly
aware of their importance. A major benefit has been that antibiotic and chemical use has
decreased and become more responsible.

Increase in viral pathogens reported
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Figure 4. Increase in the number of shrimp viruses described over the period 1974 to 2005.

A number of diagnostic guides and manuals have played a fundamental role in improving
diagnostic capability and are now used as standard laboratory references. These include,
for example, the following: (i) Manual of diagnostic tests for aquatic animals (OIE, 2003,
2000), (i1) Disease control in fish and shrimp aquaculture in Southeast Asia (Inui and Cruz-
Lacierda, 2002), (iii) Asia diagnostic guide to aquatic animal diseases (Bondad-Reantaso
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et al., 2001), (iv) Diagnosis of shrimp diseases with emphasis on the black tiger prawn
Penaeus monodon (Alday de Graindorge and Flegel, 1999), (v) A handbook of pathology
and diagnostic procedures for diseases of penaeid shrimp (Lightner, 1996a), (vi) A guide
to common problems and diseases of cultured Penaeus vannamei (Brock and Main, 1994),
(vii) A handbook of normal shrimp histology (Bell and Lightner, 1988).

Several useful resources are also available on epidemiology and for guidance on safe
movement of aquaculture stocks such as the following: (i) Asia regional technical
guidelines on health management for the responsible movement of live aquatic animals
(FAO/NACA, 2000), (i) Manual of procedures for the implementation of the Asia regional
technical guidelines of health management for the responsible movement of live aquatic
animals (FAO/NACA, 2001), (iii) Survey toolbox for aquatic animal diseases (Cameron,
2002), and (iv) Diseases in Asian Aquaculture (DAA) series (Volumes 1 to 5). In addition
to these books, a substantial amount of related information is available on the internet
via gateways such as <www.fao.org>, <www.enaca.org> and <www.was.org>. The trend
towards e-learning exemplified by the Southeast Asian Fisheries Development Center
(SEAFDEC) program is an especially promising training model that can lead to even wider
availability of trained personnel.

Despite current progress in the shrimp industry, a number of outstanding needs still remain
to be satisfied. These include the need for more widespread use and standardization of
diagnostic tests; wider application and improvement in biosecurity; better control over
transboundary movement of live crustaceans for culture; investigation of the efficacy of
probiotics in full-scale field trials; full understanding of the host-pathogen interaction in
shrimp; more work on epidemiology and on molecular ecological studies of the microbial
dynamics in shrimp ponds and tanks.

SOME PROMISING NEW DIRECTIONS

Exciting new directions are opening up in shrimp research. These should lead to new,
innovative products and methodologies that will help control shrimp diseases and make
shrimp aquaculture more stable and more efficient.

New diagnostic methods

An important aspect of any disease control program is the easy and convenient availability
of rapid and reliable pathogen detection methods together with the ability to interpret results
and apply them in a proper manner in health management programs. PCR and RT-PCR
methods have been very important in helping to control the spread of major shrimp disease
agents, but they have the disadvantage of requiring sophisticated equipment and highly
trained personnel. Recently, lateral flow chromatographic immunodiagnostic strips similar
to common drug-store pregnancy tests have begun to appear for some shrimp diseases.
Using these, unskilled farm personnel can easily diagnose shrimp disease outbreaks at the
pond side. The strips are relatively cheap and give an answer within 10 minutes (www.
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enbiotec.co.jp; www.shrimpbiotec.com) . Other methods comparable to PCR and RT-PCR
are now available or being developed for single and dual to multiple viral detection, but
they too currently require advanced equipment and personnel.

Probiotics

Many shrimp farmers add preparations of living bacterial cells called “probiotics” to their
cultivation ponds prompted by advertising and sales personnel with assurances that these
preparations will improve water quality or prevent diseases. Sometimes the sales campaign
is supported by positive results from properly controlled laboratory tests, but very few, if
any, by properly controlled field tests on commercial farms. The only properly controlled
field tests on probiotics revealed no significant effect on measured water quality parameters
(Boyd and Gross 1998), but few proper studies on the disease control have been done
(Rengpipat et al., 1998; Rengpipat et al., 2003). If large-scale trials on commercial farms
give positive evidence of efficacy with cost benefit analysis, there would be a good reason
to include probiotics as part of integrated health management schemes. If not, discontinued
use would reduce production costs and thus improve competitiveness.

Immunostimulant

This topic is often confused with probiotics. In fact, it is a separate issue since
immunostimulant efficacy is not dependent upon the presence of living cells. They may
be crude preparations such as whole, dead microbial cells (e.g. yeasts or bacteria), semi-
purified products from plants and microbes or pure chemicals (Raa, 1996). A large number
of these products are on the market and some have been tested and shown to be effective
in proper laboratory trials but few have been tested for efficacy in full-scale field trials
where laboratory successes may not be realized (Sritunyalucksana et al., 1999). As with
probiotics, large-scale trials on commercial farms are needed to provide positive evidence
of efficacy with cost benefit analysis, if they are to be rationally included in integrated
health management schemes.

Quorum sensing control of bacterial virulence

One of the problems for those who argue in favor of probiotics, especially for water
quality improvement, is the small number (in the order of a few hundred or thousand per
ml) of probiotic cells usually added to a shrimp pond when compared to the total number
of resident bacteria (in the order of 1 to 10’s of millions per milliliter). How could cells
accounting for only 0.01% of the whole bacterial population have a controlling effect
on water quality? For the issue of disease, the situation may not be a simple matter of
percentage of population. It has been known for many years that cross-talk takes place
amongst microbes via minute quantities of natural chemical messengers. These messengers
can sometimes prevent a bacterial pathogen from causing disease without actually killing
it. The process is called quorum sensing (Hardman ef al., 1998) and it is an intense area
of research in many fields including medicine and environmental science but little has
yet been done in aquaculture (Flegel, 2002; Defoirdt et al., 2004). Controlling disease
by quorum sensing would be advantageous because the chemical messengers are mostly
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common and innocuous natural substances that do not kill target cells. Thus, there is no
pressure for selection of non-sensitive cells, as occurs with the use of antibiotics. There
have been some promising recent results for control of virulence in Vibrio (Misciattelli et
al., 1998, Manefield et al., 2000; Dunlap, 2002). Perhaps some of the current probiotics
actually are efficacious because they work by quorum sensing. However, more research
is needed to investigate this possibility, to isolate the most effective microbes and to
determine whether the can control bacterial pathogens in a cost effective manner in
commercial farm settings.

Phage therapy

Another exciting area of research focuses on the use of natural bacterial viruses (called
bacteriophages) to control bacterial populations. This is not a new science. The practice
has reached a high level of sophistication in Russia where a common therapy for human
gastrointestinal diseases such as salmanellosis is to simply drink a solution containing a
mixture of appropriate bacteriophages (e.g.,www.phageinternational.com) . The technology
is only just being adopted in Western countries (Sulakvilidze et al., 2001) and has not yet
been applied widely in aquaculture (Karunasagar et al., 2005). It may be particularly
useful for application in shrimp hatcheries where larval death from bacterial infections can
sometimes be high (Lavilla-Pitogo et al., 1990).

Shrimp-virus interactions

Although we have some knowledge of how shrimp interact with bacterial and fungal
pathogens (Soderhall et al., 1994; Soderhall and Thornqvist, 1997; Thornqvist and
Soderhall, 1997; Soderhall, 1999; Bachere et al., 2000b; Sritunyalucksana and Soderhall,
2000; Young Lee and Soderhall, 2002; Stet and Arts, 2005), we still know very little about
how they interact with viral pathogens (Flegel, 2001). Work in this area is just beginning,
but it is developing rapidly and many interesting discoveries have been made that may lead
to the development of new disease control mechanisms.

There is much recent work on shrimp-viral interaction at the molecular and genetic level.
Many new shrimp genes have been discovered and we hope that some of these will lead
to new products for disease control. One group in Thailand has a particular interest in
the process called programmed cell death (PCD) that is also called apoptosis (Kerr et
al., 1972). This is a common program for cell suicide in all multicellular organisms and
we have some evidence that viruses may sometimes trigger this program to cause shrimp
death (Sahtout et al., 2001; Khanobdee et al., 2002; Wongprasert et al., 2003). If we
can find the key to the trigger, perhaps we can find novel ways of blocking it to prevent
shrimp death until harvest. A few genes in the complex pathway have been discovered in
shrimp (Phongdara et al., 2006; Bangrak et al., 2002; Bangrak et al., 2004; Tonganunt et
al., 2005). The viral pathogens can also carry genes involved in controlling this host-cell
process (Wang et al., 2004).

We know that low temperature triggers white spot virus disease (WSD) and that hyperthermia
or hypothermia can prevent it in several WSSV-infected shrimp species (Vidal et al., 2001;
Guan et al., 2003; Jiravanichpaisal et al., 2004). Although the mechanism for hyperthermic
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protection has been proposed to be an increased level of apoptosis (Granja et al., 2003), the
proposal is controversial (Wu and Muroga, 2004). It has also been suggested that osmotic
stress can trigger WSSV disease outbreaks (Liu ef al., 2006; Yu et al., 2003) and this may
be true for other viruses as well. For example, it has been found that survival of viral-
infected shrimp improved 13.53% (P<0.005) upon feeding the osmolyte betaine (Owens et
al., unpublished). The relative risk of not responding to osmotic shock was 0.23 for shrimp
fed betaine and since this was less than 1, it indicated that feeding betaine was beneficial.
It is known that cultured prawns have 43% lower levels of betaine than wild prawns.
Does this mean that cultured prawns are often betaine deficient? Obviously, the role for
osmolytes in the diet should be further explored. Together, these examples clearly illustrate
how environmental changes may trigger viral disease outbreaks. Again, understanding the
process may lead to novel control measures

Another intriguing phenomenon recently reported was protection against WSD by
persistent IHHNV infections in P. stylirostris (Tang et al., 2003a). No such protection
was obtained with acutely infected P. vannamei. It is important to realize that infection
was not prevented but that disease severity was reduced. A similar phenomenon has been
reported for insect cells (Burivong, 2003), suggesting that it may be a general mechanism
in arthropods. This raises the question as to whether such protection is a general benefit of
persistent infections, and is the reason why dual to multiple viral infections are common
in shrimp (Manivannan et al., 2002; Chayaburakul et al., 2004; Flegel et al., 2004) and
other arthropods (Chen et al., 2004).

Results from the work on insect cells (Burivong et al., 2004) and whole insects (Roekring,
2004; Roekring et al., 2006) revealed that defective interfering particles (DIP) of viruses
may be an important product of persistent viral infections and may play some role in the
lack of disease expression. Thus, it was suggested that persistent infections may serve
as a kind of “memory” to somehow reduce the severity of disease (i.e. result in disease
tolerance) possibly by preventing viral triggered apoptosis, as earlier hypothesized (Flegel
and Pasharawipas, 1998). In any case, the work has shown that research on insect models
can complement that done on shrimp.

Finally, there are some curious results on viral protein expression in shrimp that survive
viral challenges. Palaemonid shrimp tolerant to YHV produce the viral capsid protein
(p20) and one envelope protein (gp64) but not the other (gp116) (Longyant et al., 2005).
Similar results are sometimes seen with P. monodon that survive YHV-challenge (T.W.
Flegel, unpublished). This is particularly intriguing because gp116 and gp64 are products
of a single messenger RNA that produces a polyprotein that is later cleaved into gpl16
and gp64 before viral envelope assembly (Jitrapakdee et al., 2003). Since gp116 precedes
gp64 in the mRNA and in the polyprotein, it is curious that gp64 can be produced in the
absence of gpl16.

In summary, this and other research to understand the molecular mechanisms behind
shrimp tolerance to viral infections (Luo ef al., 2003; Xu et al., 2003) is showing promise
but is still in early stages. It is hoped that results from continued work with shrimp and
from related studies in insects will lead to a better understanding of host-viral interaction
and to the development of novel methods of disease control.
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Shrimp vaccines

In the year 2000, Dr. Muroga’s research group in Japan reported that Kuruma shrimp
survivors (Penaeus japonicus) in a pond two months after a WSSV outbreak could
not be killed by injection of WSSV. They found a factor(s) in shrimp hemolymph that
could prevent naive shrimp from dying upon injection of WSSV (Venegas et al., 2000).
They called this a quasi-immune response. It is important to understand that the WSSV
outbreak survivors and the protected naive shrimp were mostly infected with WSSV after
challenge, so they were not protected from infection, but protected from disease. We
still do not understand the basis of this “quasi-immune” response, but the report about it
led many scientists to examine the possibility of protecting shrimp from viral pathogens
by using so called “vaccines”. Some examples follow on the testing of new reagents
with shrimp. Perhaps the most valuable thing that will come out of these tests will be a
better understanding of shrimp-viral interaction. That knowledge may lead to even better
methods of viral disease control.

It is unfortunate that some scientists and commercial companies refer to shrimp viral
protective reagents as “vaccines”. This gives listeners the false impression that the
reagents can stop shrimp from getting infected by a process resembling the one that
occurs in vaccinated people and other vertebrate animals. The vertebrate process involves
antibodies, and we know that antibodies do not occur in shrimp. In addition, “vaccinated”
shrimp generally do get infected, they just don’t get sick as a result. To distinguish the
difference, it has been recommended that such shrimp reagents be called “tolerines”
(Flegel and Pasharawipas, 1998) rather than vaccines. The term tolerine clearly indicates
that tolerance to infection rather than prevention of infection will be the result of its use.

Two general types of tolerines have been studied in shrimp. The first type was developed in
Thailand in the mid-1990s and is still marketed by Charoen Pokphand Co. Ltd. (CP) under
the brand name SEMBVAC. However, their developmental work for the reagent was not
published. SEMBVAC and other similar products consist of inactivated whole particles of
WSSV (Bright Singh et al., 2005). After ingesting these products, the shrimp acquire some
tolerance to WSSV, they suffer less from disease after being infected and this tolerance is
very long lasting (Bright Singh et al., 2005). However, field practice has proven that the
protection is not absolute and can be overridden by environmental effects (unpublished
field results from the use of SEMBVAC in Thailand).

The other types of tolerine consist of individual or mixed protein subunits of viral particles
that are administered either by injection or by mixing with shrimp feed (Namikoshi et
al., 2004; Witteveldt et al., 2004a; Witteveldt et al., 2004b; Li et al., 2005). In contrast to
feeding inactivated whole viral particles, the shrimp apparently do not become infected
when challenged with the source virus and they must be boosted at 10 to 15 day intervals
to remain protected. As far as we know, no commercial product is yet available. The
main factors in determining marketability will probably be cost and safety issues. With
respect to novel methods of reducing production cost, some Chinese scientists (Xu et al.,
unpublished) used baculovirus-infected silkworms to express WSSV proteins and then
protected shrimp by mixing the ground-up silkworms with shrimp feed.
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RNA interference

RNA interference is another advanced technology that has recently been used in the
laboratory to protect shrimp from viral diseases (Robalino et al., 2004; Robalino et al.,
2005; Tirasophon et al., 2005). The process consists of making small fragments of double-
stranded RNA with sequences that match those of viral genes. When these are injected
into shrimp or exposed to shrimp cells in culture, disease protection results. It remains to
be seen whether the protection is long-lived and whether the shrimp remain infected after
viral challenge. Although this concept is very interesting, issues of cost, safety and public
acceptance of a genetic engineering technique remain unanswered.

Antiviral and antbacterial substances in shrimp

Since the publication of ground-breaking work on the presence of antimicrobial peptides
(penaeidins) in shrimp (Destoumieux et al., 1997, 1999), there has been a growing
interest in the field (Bachére et al., 2000a, 2003, 2004; Destoumieux et al., 2000a, 2000b;
Destoumieux-Garzon et al., 2001; Munoz et al., 2003; Chen et al., 2005; Gueguen et
al., 2006; Gross et al., 2001; Kang et al., 2004; Supungul et al., 2004). Apart from
potential production for general use as anti-bacterial, -fungal and —viral agents in
human and veterinary medicine, production of these substances is induced in shrimp
after they become infected with microbes. Understanding the nature of these molecules,
their specific antimicrobial activities and specific ways of induction could lead to new
methods of disease control. Since these substances are natural shrimp compounds with
homologues from invertebrates to humans they would be much better therapeutics for
shrimp aquaculture than antibiotics. This is because they are already present in shrimp and
their use would not lead to the development of bacterial resistance to antibiotics that are
important in human medicine.

In addition to antimicrobial substances, many other kinds of proteins are also produced
in response to viral pathogens. For example, over 60 proteins are up-regulated in the
hepatopancreas and hemocytes of WSSV-resistant shrimp when compared to normal
shrimp (He et al., 2004; Pan et al., 2000, 2005). These include things such as C-type
lectin and an interferon-like protein (He et al., 2004). These results raise questions as to
whether and how these substances are involved in crustacean anti-viral activity. If so, is
their production a common, generic response to all viruses or does it vary specifically
with each virus? Answers to such questions may lead to development of novel disease
prevention methods.

Molecular epidemiology

Recent molecular work on several shrimp viruses has shown that a variety of genetic types
often exist for each, either within their endemic region or elsewhere. The most extensive
work in this area has been done for WSSV, YHV, TSV and IHHNYV. Less has been done
with other viruses such as BP and HPV and little or none with the other 10 or so remaining
viruses currently known. The work is important because the types sometimes differ in
pathogenicity. A good example is yellow head virus (YHV). We now know that there are
6 or more types of YHV in Asia (Walker et al., 2001; Peter Walker, pers. comm.) but that
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only one type (Type 1) is really dangerous. In Thailand, 3 native YHV types and possibly
1 type imported from Australia are known (Soowannayan et al., 2003; T. Flegel, pers.
comm.). Fortunately, there is a good RT-PCR diagnostic kit (Farming Intelligene, Taipei)
that is useful for distinguishing amongst these 3 types. People screening broodstock and
larvae can identify stocks infected with the dangerous type. Similarly, TSV is known to
exist in a variety of types (Nielsen ef al., 2005; Tang and Lightner, 2005), some of which
are more virulent than others (Erickson et al., 2002; Erickson et al., 2005; Tang and
Lightner, 2005).

Although work with WSSV has shown that portions of its genome targeted by common
detection systems vary insufficiently to interfere with detection (Lo et al., 1999;
Kiatpathomchai et al. 2005), it has also been found that other portions contain highly
variable repeat regions that can be used for molecular epidemiological work (van Hulten et
al., 2000, van Hulten et al. 2001, Wongteerasupaya et al., 2003). When comparisons were
made in Vietnam (Hoa et al., 2005) there was some indication that a particular repeat-type
predominated in outbreak ponds. Similarly, variants of IHHNYV in Penaeus monodon from
various geographical regions appear to differ in virulence for Penaeus vannamei (Tang et
al., 2003b). It is not yet known whether variation found in other viruses such as BP and
HPYV is associated with differences in virulence.

More work is needed in this field so that shrimp farmers can be provided with tools
to assess whether the viral and other pathogen types they may find in their ponds are
dangerous or not. In addition, development of generic analytical tools would also allow
shrimp breeders to verify that their specific pathogen free stocks were free of a wide range
of potential variants.

Shrimp breeding and selection

Work with both shrimp (Moss ef al., 2005) and their insect relatives (Roekring et al., 2006;
Roekring, 2004) has shown that it is possible to select for populations that do not suffer
disease when infected with dangerous viral pathogens. This has been done successfully
for Taura syndrome virus (TSV) in Penaeus vannamei and for infectious hypodermal
and hematopoietic necrosis virus in Penaeus stylirostris. It may not be that these shrimp
generally resist infection but that they simply do not become diseased after infection. Thus,
it is best to say that they are tolerant to the viruses rather than resistant. Unfortunately,
selection of tolerance for one virus does not seem to result in tolerance for another (Moss
et al., 2005). Indeed, tolerance may be specific to the strain of virus used in the selection
process. For example, a new type of TSV was found to be highly virulent for a family of
shrimp selected for specific tolerance to a different type of TSV (Erickson et al., 2005).
If we can understand the basic mechanisms of viral tolerance, we would be able to design
more effective selection programs to develop disease tolerant shrimp.

There is wide interest in the shrimp research community to set up an international shrimp
genome project. If this could be achieved, it would be the best way to efficiently gather
shrimp genome sequences into a central, public database and assemble genetic maps. As
with other economically important species, availability of complete genome sequences and
genetic maps will help breeders to accelerate the process of identifying and selecting for
economically desirable traits.
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THE FUTURE (BEYOND 2005)

Within the next 10 years, we believe that the world shrimp industry will be overwhelmingly
dominated by cultivation of domesticated lines of shrimp that are free of most, if not all, of
the significant shrimp diseases. Most of the stocks used will also be improved by genetic
selection for growth rate and other desirable traits like disease tolerance. We already
know from experience with P. vannamei that such stocks are highly successful when
reared with good biosecurity and good management of feed and the pond environment.
The latter can be achieved by following Good Aquaculture Practices recommended by the
Global Aquaculture Alliance. This combination of SPF stocks and proper management
greatly reduces the risk of disease outbreaks and essentially eliminates the need for
chemotherapy.

We expect that an international shrimp genome project will become a reality and that it will
succeed in producing one or more genetic maps and complete shrimp genome sequences.
These will constitute a valuable resource for research on all aspects of shrimp biology,
including health.

Both in the laboratory and on the farm, diagnostic methods/kits will be available for
the most significant shrimp diseases and many of these will be multiplex tests that can
be used at the pond-side by farmers themselves. This will be complemented by easier
access to information via e-learning, e-monitoring and e-assistance. Many of the tolerines,
probiotics, immunostimulants, quorum sensing modulators and other disease prevention
methods or tools now under development may be introduced into the industry, and
biosecurity methods will be widely applied. Thus, it is expected that biosecure, controlled-
environment, intensive and super-intensive culture systems will become more common
and will compete well with traditional pond methods.

Increasing sophistication in the industry will essentially mimic that which has occurred
with other domesticated animals such as chickens, pigs, salmon and trout. The net result
will probably be a consolidation of the industry and a fall in farm-gate profit margins.
Overall, production efficiency will become increasingly important, and disease control
will continue to be a major factor in maintaining high efficiency. Our vision for DAA-
VII in 2008 is the widespread cultivation of healthy and healthful, domesticated shrimp
in biosecure ponds with no significant negative impact on the environment. We expect
that new pathogens will continue to be discovered, especially if living shrimp and other
crustaceans are translocated without sufficient precautions. On the other hand, the impact
of newly-emerging pathogens will be counteracted by the rapid response time for their
characterization and for development of diagnostic tools and by the use of domesticated
SPF stocks in biosecure rearing ponds.
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