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ABSTACT
Research on cultivated shrimp suggests that they have the capability to tolerate viral
pAThegens in a highly ‘specific manner by mechanisms cumently unknown. The
phenomenon is difficult to study in detail because they have a generation time of 1-2
years and lack continuous cell lines. Therefore, we developed a mosquito-densovirus
model to examine whether similar phenomena occur in insects. To support the
invertebrate host-viral interaction model, we reported on the relationship betwesn
shrimp parvoviruses and known insect parvoviruses. included in the computer analysis
were the DNA and putative amino acid sequences of representative insect and shrimp
parvoviruses {subfamily Densovirinae). These were the hepatopancreatic parvovirus
(HPV) of Penaeus monodon (HPVmon) and P. chinensis (HPVchin), the spawner-
isolated mortality virus from P. monodon (SMVmon) and the infectious hypodermal and
hematopoietic necrosis virus (IHHNV) from P. vannamei. Insect viruses included were
Aedes asgypli densovirus (AaeDNV), Ae. albopictus densovirus (AalDNV), Junonia
coenia densovirus (JcDNV), Galleria mellonefla densovirus (GmDNV), Bombyx mori
densovirus 5 (BmDNV), Diatraea saccharalis densovirus (DsDNV) and Periplaneta
fuliginosa densovirus (PfDNV). Virion size for all these viruses ranged between 18 and
30 nm in diameter and ssDNA gencme length was between 4 and 6 kb. Using a Clustal
W program with the sequence fraGments available, no significant DNA homology was
found except for 77% DNA identity between HPVmon and HPWVchin. However,
phylogenetic trees constructed by comparing DNA genome sequences for putative viral
polypeptides, capsid proteing and nonstructural proteins placed the parvoviruses into
two Clades: Clade 1 with SMVmon, PDNV, DsDNV, GmDNV, JcDNV, and BmDNV,
and Clade 2 with HPVYmon, HPVchin, IHHNV, AafONV and AaeDNV. The four shrimp
parvoviruses fell into two different clades that grouped with different insect parvoviruses,
Results based on DNA and proteins sequences suggested that viral transfers may
occur between two distantly related arthropod groups. Using the mosquito-densovirus
challenge model with a stock densovirus (ATADNV) and 5 generations of mosquitoes,
we found a progressive survival increase from 15% + 4.12 SD to 55% + 6.36 SD.
Prevalence of AThDNV infection in surviving mosquito larvae (confirmed by PCR,
histology, in situ hybridization and transmission electron microscopy) was relatively high
{e.g., 35% in F2) but they grew normally to establish each succeeding generation, After
5 generations, comparison of putative amino acid sequences from genome fraGments
revealed a significantly higher (p = 0.003) maximum estimated prevalence of defective
targets in the survivor virus population (4% + 5.0 SD) than in the stored viral
population (33% + 6.7SD). The results paralleled those reported for serially passaged
C6/36 mosquito cell cultures infected with densoviruses. There, reduced infection rates
are ascribed to the production of defective interfering particles (DIP). Thus, it is possible
that the presence of prior AThDNV infections with a high level of DIP confributed to
improved survival in our challenged F4 mosquito population. If so, it suggests that
persistent viral infections in arthropods may serve in a specific, adaptive manner to
reduce the incidence and severity of disease.
Keywords: MOSQUITO, SHRIMP, DENSONUCLEQSIS VIRUS, PARVOVIRUSES,
TOLERANCE, ADAPTATION
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INTRODUCTION

Global field experience with cuitivated shrimp has shown that catastrophic
introductions of exofic viral pAThogens are followed within a few years by the
appearance of grossly normal carriers of the exotic virus in natural, native shrimp
populations (Flegel, 2001). The virus is transmissible and can be lethal to nafve shrimp.
Results from using fry of mixed captured spawners to stock cultivation ponDs suggests
that tolerance depenDs on factors related to individual production batches of shrimp
(i.e., it is adaptive In nature) (Flegel, 2001). This adaptive pattern cannct be explained
easily by current knowledge or theories regarding shrimp or crustacean defense. The
natural phenomenon has been repeated experimentally by selection of survivors from
successive viral challenges for the 2 shrimp pAThogens infectious hypodermal and
hematopoietic necrosis virus (IHHNV) and Taura syndrome virus (TSV) (Moss, 2002,
Moss et al., In press). The tolerance appears to be specific to each pAThogen and not
cross-protective (Moss, 2002, Moss et al., In press). Specificity is such that even small
changes in the viral genome of TSV, for example, have been shown to greatly alter
virulence (Erickson et al., 2002) or to overcome iolerance developed through breeding

selection (Erickson et al., In press).

Detailed study of host-viral interaction in shrimp is hindered by long shrimp
generation times (1-2 years) and the lack of continuous shrimp cell lines. By contrast,
many insects like mosquitces have short generation times and are accompanied by
weli-characterized continuous cell lines. They are in the same phylum (Asthropoda) as
shrimp, and interact with viral pAThogens in a similar manner. For example, both lack
an inflammatory response to viruses, both generally exhibit persistent infections and
both fack antibodies. Insects have alsc been shown to develop specific resistance or
tolerance to viral pAThogens (Watanabe, 1986). For example use of baculoviruses for
biological control of insect pests has been limited by such factors as a narrow effective
et al.host range, speed of action, and development of resistance (Boucias ef al., 1980,
Boucias & Nordin, 1977, Engelhard & Volkman, 1995; Evans, 1881, 1983; Magnoler,
1975; Stairs, 1965; Teakle ef al., 1985 & 1986; Whitlock, 1977), However, a probtem
with many published studies has been the tendency to measure “resistance” by survival

rate and the general failure to determine whether survivors are infected or not.



To overcome the disadvantages with shrimp and to overcome the shortfalls in
earlier work with insects, we describe here the use of an Aedes aegytpi, C6/36 cell line
and mosquito densovirus (AThDNV) model to examine the effect of challenging
successive generations of an arthropod population with a viral pAThogen. As a prelude
to this process, the retationship amongst the shrimp parvoviruses and known insect
parvoviruses was examined by a comparison of known viral genomes and putative
amino acid sequences of structural and non-structural proteins generated from them. It
was hoped that this would provide some background information regarding the probable
relovance of the mosquito/densonucieosis virus model to more general questions on

host-viral interaction in shrimp and other arthropods.



LITERATURE REVIEW

1. Studying host-viral interactions

This thesis contains some knowledge and results of experiments dealing mainly with the
question “How do shrimp and other arthropods respond to viral pAThogens in such a
manner that they are able to show tolerance fo specffic species and strains of species?
Aspects of this question have been reviewed Flegel (2001). This question arose from
exparience with viral infections in commercially cultured penaeid shrimp. Shrimp culture
is a worldwide economic activity that is especially impertant for developed and
deveioping countries in sub-tropical and tropical regions. However, the intensification of
shrimp farming has been accompanied by problems from infecfious diseases, especially
those of viral origin. They have caused enormous economic losses as a result of either
shrimp mortality or retarded growth. in cultured penaeid shrimp, about 20 shrimp
viruses have been reported. Among them, white spot syndromse virus (WSSV) has been
the most economically important in the past decade because it has caused high
mortality (Zhang ef al., 2004). Other viruses that have caused major loss include yellow
head virus (YHV), infectious hypodermal and hematopoietic necrosis virus (lHHNV) and

Taura syndrome virus (TSV).

The epizootics caused by these viruses are characterized by lack of an inflammatory
respense in moribund shrimp and by a pattem of initial, widespread, catasfrophic crop
loss followed (within approximately two years) by sporadic crop losses but widespread
ocourrence of persistently infected ponDs with significantly less mortality. Flegel
(Flegel, 2001) suggested that the viruses carried by persistently infected shrimp
remained lethai for naive shrimp in cohabitation tests. This natural phenomenon of
toleration to viral pAThogens over time has been repeated experimentally by selection
of survivors from successive viral challenges for two shrimp pAThogens, IHHNV and
TSV (Moss, 2002). The ability of shrimp to tolerate viral pAThogens in this manner
appears to be specific to each pAThogen and not cross-protective (Moss, 2002).
Specificity Is such that even smail changes in the viral genome of TSV, for example,
have been shown to greatly alter virulence (Ericksen et al., 2002) or to overcome

tolerance developed by breeding selection (Erickson et al., in press).



Flegel and Pasharawipas (1998) proposed the viral accommodation theory as a testable
hypothesis to explain these phenomena. Briefly, it proposed that crustaceans have
developed a proactive viral binding and memory (ABM) system that is distinct from that
involved in passive viral binding and infaction (PVB), and that the function of this
system is to actively accommodate viral pAThogens. It suggested that ABM results in
specific memory, such that simultaneous or subsequent PVB (via different receptors)
does not trigger cellular apoptosis (i.e. programmed cell deATh). Since the ABM system
is distinct from that for PVB, it may occur in the absence of infection. However, once
initiated for a particular virus, ABM enables a susceptible host to tolerate its active
infection without mortality. As a corollary, absence of ABM in a “naive” susceptible host
would result in deATh by viral triggered apoptosis. This concept is supported by current
information for both RNA and DNA viruses in shrimp farming systems in Asia and the
Americas and by preliminary data on massive apoptosis in moribund shrimp challenged
with lethal viruses (Khanobdee et al, 2002; Sahtout et al, 2001, Wongprasent of al.,
2003).

Active viral accommodation may have evolved in the crustaceans, insects andfor
arthropods as a successful alternative to resistance. If this were 50, new viruses or new
viral strains exposed to a nafve, susceptible population would cause widespread
mortality in the first (initial) interaction phase. As the prevalence of the virus increased
in the environment, competent individuats in the shrimp poputation (early developmental
stages?) would be exposed to the virus and ABM would occur leading to a second
interaction phase characterized by the widespread occurrence of persistent infection
accompanied by specradic mortality. The second interaction phase would be
characterized by long term positive selection processes for members of the shrim-p
pepulation less affected negatively by the virus and for members of the viral population
with less negative effect on the host. By contrast, there would be strong negative
selection for members of the viral population with higher virulence. This process would
lead to a final interaction phase characterized by mutual hostivirus existence. Thus,
active virai accommodation (AVA) may have evolutionary advantages in that the
absence of host resistance pressure may siow the development of virulence and

accelerate progression towarDs mutual hostivirus existence.



Due to the relatively few publications on the topic, some reference is made 1o the more
extensive literature on insect response to viruses. Insects have been more deeply
studied and may show some parallels to crustaceans since they are also arthropods
(Flegel, 2001 & Fiegel et af., 2004). Detailed study of host-viral interaction in shrimp is
hindered by the long shrimp generation time (1-2 years) and the lack of continuous
shrimp cell fines that can be infected with viruses. By contrast, many insects such as
mosquitoes have short generation times of a few weeks and are accompanied by well-
characterized continucus cell lines. They are also in the same phylum (Arthropoda) as
shrimp and interact with viral pAThogens in a similar manner. For example, both lack an
inflammatory response to viruses, both generally exhibit persistent infections and both
lack antibodies. Insects have ailsc been shown to be capable of specific resistance or
tolerance to viral pAThogens {(Watanabe, 1986) that is dependent upon larval age,
molting, metamorphosis, and rearing conditions such as temperatures, food quality, and
contamination of agricultural chemicais. Other examples of specific resistance can be
found against the Baculoviruses, double stranded DNA viruses restricted to arthropod
hosts including shrimp (Lightner, 1986) and originaily found to kil silk worms.
Baculoviruses typically have a very narrow host range. Use of baculoviruses for
biological control of insect pests has been limited by such factors as a narrow effective
host range, speed of action, and development of resistance {Stairs, 1965; Boucias &
Nordin, 1977; Whitlock, 1977; Boucias ef al., 1980, Evans, 1981 & 1983; Teakle ef af,,
1985 & 1986; Engelhard & Volkman, 1995). However, a problem with many published
studies has been that they tend to measure “resistance” by survival rate and fail to
determine whether the survivors in such tests are infected or not. Infected survivors

would be more appropriately labeled as “tolerant” than “resistant” to any particular virus,

To overcome the disadvantages with shrimp and to overcome the shorffalls in earier
work with insects, we describe here the use of an Aedes aegyp/ mosquito, Ae.
albopictus C6/36 cell line and mosquito densovirus (AThDNV) model to examine the
effect of challenging successive generations of an arthropod population with a viral
pAThogen. The purpose of this thesis was to focus on using the mosquito {Ae. aegypii)
and its viral. pAThogen Thai densonucleasis virus (AThDNV) as a modet to study the
response of an arthropod host to its viral pAThogen and specifically to examine what

happens with both the virus and its host during infection. This interaction might serve as



a modsl for invertebrate host and viral interaction and might provide new insights for

both basic and applied research.

2. Aedes aegypti mosquito and Parvoviruses is a model for studying host-viral
interaction

2.1 Aedes aegypti mosquito

Aedes aegypti has many qualifications for study as a model insect. It was one of the
earliest mosquitees studied and has been cultivated and used in the laboratory for
research on mosquito structure, bionomics, behavior and reactions (Christophers, 1960).
In addition, Ae. aegypti, is the primary, worldwide arthropod vector for yellow fever and
dengue viruses. As it is also one of the most tractable mosquito species for laboratory
studies, it has been and remains one of the most intensively studied arthropod species
(Severson et al., 2004). It has a cosmotropical distribution between 30°N and 20°S
(Christophers, 1960; Knight & Stone, 1977) and exhibits a distinct preference for human
habitats, including artificial oviposition sites, e.g., tires, flower vases, water storage
containers (Tabachnick, 1991). Dengue viruses are a threat to more than 2.5 billion
people, with an annual disease incidence in the tens of millions and deAThs reaching
about 24,000 per year (WHO, 2002). Overal, mosquito-bome diseases have emerged
or re-emerged as significant human heATh problems due to a number of factors
including lack of progress in vaccine development, emergence of drug resistance in
pAThogens, emergence of insecticide resistance in mosquitoes and a decline in
socioeconomic conditions in many countries where the disease is endemic. All of this
limits disease monitoring and mosquito control efforts (Gubler, 1998). With few
exceptions, mosquito control remains the only viable strategy for preventing dengue and
other mosquito-borne diseases. Ae. aegypti Is considered the most tractable mosqguito
species for laboratory culture, and has been used for detailed laboratory investigations
of mosquito biology including, morphology, physiology, genetics, and vector competence
(Clements, 1992). Recently, it has been used in molecular evolution applications
(Severson et al., 2001).

2.1.1 Aedes aegypti provides broad utility for investigating mosquito-
pAThogen interactions
Severson et al. (2004) have provided very useful information on using Ae. aegypti

mosquito as a model to study interaction between the mosquito and its pAThogens.



For example, many investigators have used Ae. aegypti to study the genetic basis for
dengue vector competence and found that oral infection of Ae. aegypti with dengue
virus varies both within and among geographic strains (Gubler et al., 1979; Tardieux et
al., 1980; Sumanochitrapon et al, 1998; Bennett et aj., 2002). They alsc found that
several environmental factors affect the extrinsic incubation factors (EIP) of arboviruses
in mosquitoes. These include temperature, humidity and titer of the virus (Black IV et a/.,
2002). This mosguito has also been used as a model to study the genetic basis of
vector competence for malaria parasites (Plasmodium gallinaceumn) (Kilama & Craig,
1969) and the human parasites, Brigia malayi and Wulchereria bancrofti (Macdonald,
1962a,b&1963). Ae. segypti mosquito is not only used as a model for such sfudies but
also to investigate comparative genomics. For instance, recent studles (Jaillon et al,
2003; McCue et al., 2002; Thomas et al., 2003) clearly indicate that comparative
genome sequence analyses will significantty enhance our understanding of fundamental
evolutionary and genetic mechanisms that define genome organization. Ae. aegypfifA.
gambiae/Drosophila genome comparisons {as well as other arthropods) will facilitate the
discovery of conserved functional elements unique to Culicidae mosquitoes. This should
provide important insights into mosquito chromosome sevolution and allow for the
identification of genes and gene function, either common to -mosqguitoes or perhaps
unique to individual mosquito species that are specific to host-seeking and blood-
feeding behaviors, as well as the innate immune response to pAThogens encountered
during blood-feeding.

2.1.2 Aedes aegypti is preferred for laboratory investigations
Aedes aegypti has been and will remain the preferred mosquitc species for laboratory
investigations of virtually all aspects of mosquite biclogy. Much of this relates directly to
its superior fractability in the laboratory that facilitates basic research. The mosquito
research community recognized early the broad utility of Ae. aegypti as one of the most

tractable mosquito species for laboratory studies (Christophers, 1860).

2.1.3 Life history traits and suitability for experimentation
The evolution in Ae. aegypti of an egg quiescence period following oviposition is an
extremely favorable basic biological attribute. That is, the life cycle for most mosquito
species is continuous, wherein eggs are laid individually or in rafts, typically on the

water surface and hatch soon thereafter. Such species, including Anophelfes and Culex,



can be difficult to adapt to lahoratory culture and even when successfully adapted
require constant maintenance. This severely limits the number of (aboratory colonies
that can be maintained. In contrast, Ae. aegypti preferentially oviposit away from the
water surface and their eggs show considerable tolerance to desiccation and can be
stored on dried oviposition substrates (such as paper towels) for several months. The
eggs can be induced to hatch by simply pfacing them in deoxygenated water where
they rapidly develop to the adult stage within ca. 7 days. Ae. aegypti collected from the
field also readily adapt to laboratory rearing conditions, inciuding single-pair mating in
small containers that greally facilitates genetic studies. As such, individual laboratories
are able to maintain a number of Ae. asgqypty strains with a reasonable favel of effort.
While not comparable to the ease of maintaining hundreDs or thousanDs of Drosophila
cultures, individual laboratories can likely maintain more than 100 Ae. aegypti strains

with a moderate level of effort.

2.1.4 Demand for genocme sequence
Many laboratories that study mosquito biology include Ae. aegypti in their research
program, either as their primary organism or as a critical complement to their target
mosquito species. This is clearly evidenced by the PuBmed citation data listed in Table
1. When compared with two other commonly studied mosquitoes, A. gambiae and Cufex
pipiens, research on Ae. aegypti has resulted in a greater number of total publications,
and of publications in neary every biclogical category. Availability of the complete
genome saquence will clearly enhance interest in Ae. aegypti research within the
mosquito research community and will undoubtedly attract interest from investigators
outside medical entomology. A general assessment of the A. gambiae literature
supports this scenario, and the availability of genome sequence data for both A.

gambiae and Ae. aegypti will accelerate that interest for both species.

Table 1. Pubmed entries (as of 4/7/2004).

Total  Physiclogy Development  Immunity  Insecticide Parasite Pathogen Genetics

Ae. aegypti 3228 1845 737 267 357 164 24 603
A. gambiae t4ts 897 270 167 198 194 12 536
C. pipiens 1252 646 221 29 239 41 @ 243

The availability of the complete and annotated D. mefanogaster genome, the soon to be

released, assembled whole genome sequence for A. gambiae and the whole genome



sequence for Ae. aegypti constitute important resources for gene discovery and
comparisons in the two most important vector mosquito species. Moreover, a number of
currently important scientific questions can be addressed more efficiently by
comparative genomic approaches. For example, genetic studies in the laboratory have
demonstrated that arbovirus susceptibility in Ae. aegypti is, in part, determined by
muitiple gene effects (Bosio ef al, 1998}, and the general genome locations for
quantitative trait loci (QTL) influencing both dengue virus midgut infection and midgut
escape have been identified {Bosio et al., 2000).

2.1.5 Genetic mapping and physical mapping
For genetic mapping, Ae. aegypti has been the subject of numerous genefic studies
conducted in laboratories throughout the world. A relatively large number of
morphological mutant stocks have been identified, and with (sozymes, provided the
tools for development of the first detailed genetic linkage map for any mosquito species
(Munstermann & Craig, 1979). Moreover, Ae. aggypti has been used to study physical
mapping. As with nearly all mosquito species, the Ae. aegypti genome is organized in
three chromosomes. Of interest, no sex chromosome dimorphism is evident in Ae.
aegypti or among other culicine mosquitces. Instead, sex determination appears to be a
function of a single autosomal gene locus (Gilchrist & Haldane, 1947; Anderson et /.,
2001). Physical mapping in Ae. asgypti is based on in situ hybridization to metaphase
chromosomes, as its genome organization (likely due to the repetitive nature) is not
conducive to producing useable polytene chromosome preparations. Both cosmid and
BAC genomic libraries are available and have heen used for developing a physical map
using FISH technology (Brown et al, 1995; Brown & KnuDson, 1997). In addition, the
linkage and physical maps have been integrated by FISH mapping clones containing
sequences for markers on the linkage map (Brown ef af., 2001). Finally, this mosquito
has been used for gene discovery. Generation of iarge-scale EST data in Ae. aegypti is
important for several reasons. First, they represent an opportunity to identify genes
expressed collectively among variocus developmental stages and tissues including, for
example, midgut, ovaries and salivary glanDs, and thus are generally reflective of the
entire transcriptome. Second, the examination of tissues from naive, blood fed or
pAThogen-infected mosquitoes will provide the opportunity to cione genes that are
expressed in response to infection as well as those associated with blood-feeding.

Comparison of genes from these sources with their homologues in Drosophila and A.



garmbiae also may shed light on those evolutionary adaptations that have been
necessary for obtaining, digesting and utilizing bicod. Third, these libraries will reprasent
a valuable immediate community resource, which will permit both subsequent fulHength
sequencing as desired and can be used for the production of sequence-verified, unique
gene microarrays. Fourth, they will be important for training gene-finding software and
subsequent annotation of the full genome. Finally, they will likely be useful in helping to
determine whether Drosophila ORFs with no known homologues are in fact functional

genes.

Ae. aegypti has been and will remain one of the most intensively studied mosquito
species. Considerable genome information has been obtained for this mosquito, yet

much remains unknown.

2.2 Parvoviruses

The virus family Parvoviridae comprises small animal viruses with linear singte-strand
DNA genomes (Lukashov & GouDsmit, 2001). Parvoviruses can be found in both
invertebrate and vertebrate animals including humans (Siegl et al, 1985; Kurstak &
Tijssen, 1981). The genomes of parvoviruses are about 5 kb in length and contain two
large open reading frames (ORFs). The first codes for two nonstructural proteins, NS-1
and NS-2, while the second encodes coat proteins VP-1 to VP2 or to VP3, which have

substantial amino acid identity, being derived from overfapping reading frames.

The parvoviruses isolated from invertebrates, mainly insects, form a unigue group of
viruses. All are linked to fatal diseases, well described in Galleria melfonella lavae
infected by the densonucleosis virus (Kurstak, 1972; Kurstak & Tijssen, 1977) . The
common name of densovirus and densonucleosis virus (DNV) was first used by
(Kawase & Kurstak, 1891). Densovirus posses a small amount of polyamines along with
DNA and do not contain lipiDs. Thus, they are resistant to organic solvents and have a
high buoyant density of 1.4-1.45 g/m! in cesium chloride. The first densonucleosis virus
was isolated in 1964 from favae of the greater moth, G. meffonella. Subsequently,
similar viruses were isclated in order Lepidoptera, Diptera, Orthoptera, Blattariae and
Odonata. The host insect species infected with accepted and possible members of the
group are distributed all over the world (Table 2).



Table 2, Densonucleosis viruses (DNV).

Host Country of Isolation ~ Year of Isolation
Lepidoptera
Aglais uricae United Kingdom 1973
Agraulis vamillae United Kingdom 1980
Bombyx mori Japan 1973
China 1982
Diatraea saccharalis Guadeloupe 1977
Euxoa auxilliaris United States 1970
Galleria mellonella France 1964
Junonia coenia United Kingdom 1973
Pieris rapae China 1984
Sibine fusca France 1977
Mythimna loreyi Egypt 1995
Casphalia extranae Egypt? 19867
Diptera
Aedes aegypti Soviet Union 1972
Simulium vittatum United States 1976
Culex pipiens France 2000
de. aegypti & Ae. albopictus Thailand 1999
Toxorhynchites amboinensis - 1995
Haemagogus equinus cell line - 1995
Odonata
Lencorrhinia dubia Sweden 1979
Orthrotera
Periplaneta fuliginosa Japan 1979
Decapoda
Penaeus stylirostris United States 1984
P. vannamei United States 1984
P. monodon United States 1993
Thailand 1999
P. chinensis Korea 1995
Hemiptera
Myzus persicae NetherlanDs? 2003




2.2.1 Viral classification of the family Parvoviridas, The family Parvoviridae
contains two subfamilies (Van Regenmortel et al., 2000).

The Parvovirinae, including viruses from vertebrates,

The Densovirinae, including viruses from insects and other arthropods.

The subfamily Parvovirinae contains three genera: Parvovirus, comprising most
parvoviruses from vertebrates; Erythrovirus comprising human B18 and V8 parvoviruses
as well as parvoviruses from rhesus and pig-tailed macaques, and Dependovirus, which
comprise adenc-associated viruses (AAV). Within Densovirinae, four genera are
recognized. The current classification of parvoviruses is based primarily on their host
range and their dependence on help from other viruses for replication. Accordingly, they
are traditionally’ separated into three types: (i) autonomous virus of vertebrates, (i)
helper-dependent viruses of vertebrates, and (iii) autonomous viruses of insects and

other arthropods.

Virions are unenveloped, 18-26 nm in diameter, and exhibit icosahedral
symmetry. Virion relative molecular mass (Mr) is about 55-6.2 x 10" kDa. Virion
buoyant density is 1.38-1.42 g.‘cm3 in CsCl. The Sy is 110-1228. Infectious particles
are composed of about 8% protein and 20% DNA. Infectious particles with buoyant
densities about 1.45 gu'cm3 may represent conformational or other wvariants, or
precursors to the mature particles. Mature virions are stable in the presence of lipid
solvents, or on exposure to pH 3-9, or for most species, on incubation at 56°C for at
least 60 minutes. Viruses can be inactivated by treatment with formalin, ﬂ-
propriclactone, hydroxylamine, or oxidizing agents. The genome is a linear molecule of
ssDNA, 4-6 kb in size (Mr 1.5-20 x 10°). The G+C content is 41-53%. Some members
preferentially encapsidate ssDNA of negafive poiarity {i.e., complementary to viral
mMRNA speciegs, such as Mice minufe virus, MMV). After extraction, and depending on
the amounts present, the complementary stran£}s may hybridize In vitro to form DsDNA.
Viruses generally have two to four virion protein species (VP1-4). Depending of the
species, the Mr of VP1, VP2, VP3 and VP4 were 80-90 kDa, 64-85 kDa, 60-75 kDa and
49-52 kDa, respectively. The viral proteins represent alternative forms of the same gene
product. Enzymes are lacking. Virions of viruses lack lipiDs and none of the viral

proteins is glycosidated (for more detall, piease see van Regenmortel et af. (2000).



This review will be focused only on the subfamily Densoviringe that are viruses
of insects and other arthropods. The molecular biology of the Densovininae has been

extensively reviewed by Bergoin and Tijssen (2000).

2.2.2 Taxonomic Structure of the Subfamily Densovirinae

Genus Densovinis
Genus Meravirus
Genus Bravidensovirus

Viruses assigned to the subfamily Densovirinae infect arthropods. The ssDNA
genome of virions is either of positive or negative sense. Upon extraction, the
complementary DNA stranDs usually form DsDNA. There are four structural proteins.
Viruses multiply efficiently in most of the tissues of larvae, nymphs, and adult host
species without the involvement of helper viruses. Cellular changes consist of
hypertrophy of the nucleus with accumulation of virions therein to form dense,
voluminous intranuclear masses. The known host range inciudes members of the
Dictyoptera, Diptera, Lepidoptera, Odonata and Orthoptera. There is evidence that
densovirus-ike viruses also infect and multiply in crabs and shrimp. ssDNA viruses that
infect shrimp include infectious hypodermal and hematopoietic necrosis virus (IHHNV)

and hepatopancreatic parvovirus {HPV) (Flegel, 2001).

Genus Densovirus

The type species is Junonia coenia densovirus {JcDNV). The ssDNA genome is
about 6 kb in size. Populations of virions encapsidate equal amounts of positive and
negative stranDs. On one strand there are 3 ORFs which encode NS proteins using a
single promoter (7 map units from the end). The four structural proteins are encoded an
the complementary strand, using an mRNA promoter that is 9 map units from the end of
that strand. JCDNV has an inverted terminal repeat of 517 nts, the first 96 nts of which
can fold to form a T-shaped structure of the type found in the ITR of AAV DNA. There
are two species in this genus including JecDNV (accession number $17265) and Galleria

melloneita densovirus (GmDNV, accession number L328986).



Genus lteravirus

The one and only type species in this genus is Bombyx mori densovirus
{(BmDNV) (accession numbers are M15123, M60583, M60584). The ssDNA genome is
about 5 kb in size. Populations of virions encapsidate equal amounts of positive and
negative stranDs. ORFs for both the structural and NS proteins are located on the same
strand, There is apparently one mRNA promoter upstream of each ORF. There is a
small ORF on the complementary strand of unknown function. The DNA has an inverted
terminat repeat of 225 nts, the first 175 nts are palindromic but do not form a T-shaped
structure when folded.

Genus Brevidensovirus

The type species is Ae. aegypti densovirus (AaeDNV). e genome is about 4
kb in size. Populations of virions encapsidate positive and negative stranDs, a majority
of which are of negative polarity (85%). ORFs for the structural and NS proteins are on
the same strand. There are mRNA promoters at map units 7 and 60. There is a small
ORF of unknown function on the complementary strand. A palindromic sequence of 146
nts is found at the 3'-end of the genome and a different palindromic sequence of 164
nts at the 5'-end. Both terminai sequences can fold to forrmn a T-shaped structure. There
are two species in this genus that are AaeDNV and Ae. albopicfus densovirus
(AaiDNV). There are other tentative species both in the genus and in the subfamily,
These are Acheta domestica densovirus (AdDNV), A. pseudoscuteflaris densovirus
(ApDNV), Agraulis vanillae densovirus {AvDNV), Casphalia extranea densovirus
(CeDNV), Diatraea saccharalis densovirus (DsDNV),
Euxoa auxiliaris densovirus (EaDNV), Leucorrhinia dubia densovirus (LdDNV),
Lymantria dubia densovirus (LdDNV), Peripianata fuliginosa densovirus (PONV), Pieris
rapae densavirus (PrDNV), Pseudaletia includens densovirus (PDNV), Sibine fusca
densovirus (SFONV), Simufium vittatum densovirus (SvDNV), hepatopancreatic parvo-
like virus of shimp (HPPLV), parvo-ike virus of crab (PCV84) and IHHNV of shrimp.
Phylogenetic relationships among the various membaers of the family Parvoviridae are

shown in Figure 1 {(Van Regenmortel ef al., 2000},
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Figure 1. The phylogenetic relationships among the various members of the family
Parvoviridae, determined by comparison of a conserved region of about 220 amino &cid
residues from the Rep and NS1 proteins, equivalent to the sequence between residues
254 and 562 of the NSt protein of Mice minute virus. The sequences were aligned
using the Clustal algorithim of the DNAStar program, and the most parsimonious
phylogenetic relationships were determined using the Branch and Bound algorithim of
the program PAUP (version 3.1.1). Thirty minimal phylogenies were derived, which all
had the same overall topology, but which differed in arrangements of closely related
sequences within some clades. The phylogeny shown is not rooted, and the branch
lengths are proportional to the number of differences between sequences. (Contributed

by Dr. Colin Parrish.)



2.2.3 HistopAThology

HistopAThological studies upon the virus in the subfamily Densovirinae have
also been reported by several investigators (Shike ot al., 2000)(Figure 2A); (Barreau et
al., 1996:}Figure 2B); (Lightner, 1996); (Flegel et al, 1999)(Figure 2C). Histological
sactions of CpDNV-infected Culex pipiens showed hypertopied nuclei in several tissues

including hypodermal tissue, fat body and midgut epithelium.

Figure 2A

Histological sections of CpDNV-infected
Culex pipiens larvae. Hyperirophied
nuclei stained intensively with Feulgen
reagent are observed in (a) hypodermis, "8. R - '\;_ L
(b) fat body and (c) midgut epithelium Wes.
(x600).

oS AR

Figure 2B Light micrograph of Ae.
aegypfi lavae infected with Aa/DNV showing

- P " J'- .. . N . .
1 i Lo ,.Q_' parvo-type inclusion of hypodermal (h), fat

body {f) and muscle {m).



Figure 2C. Typical histopathology for
MPV of shrimp. HPV infected
hepatopancreatic tissue showing normal
nuclei together with hypertrophied nuclei

containing inclusions typical for HPV

(arrows).

The chromatin is marginated and the
basophilic nucleolus is being
compressed by the growing, more

acidophilic viral inclusion.

Nuclei of infected tissue with densonucleosis viruses are enlarged and the cyloplasm is
scarcely detected. The DNA content of individual BmDNV-3 infected nuclei was
examined by microspectrophotometry. The rasult revealed that DNA content in the case
of infected nuclei was 13-168 times larger than that of noninfected nuclei. Tissue
pAThology of Aa/DNV-infected Ae. aegypti has been well investigated (Barreau et al,
1896). There was no alteration in larval tissues at 2, 3 and 4 days postinfection.
Anomalies appeared at Day 5 principally in cells of the fat body. In healthy larvae, the
fat body had a spongy structure owing to the presence of numerous fat vacuoles. The
nuclei were rounded or star-shaped, and the chromatin was set in regular granules. In
infected fat body cells in the early stage of infection, the nuclear size increased
significantly, chromatin was confined to the vicinity of the nuclear membrane and the
internal structure was not discemible and generally lightly stained. Later, a voluminous
dense homogeneous structure appeared in each affected nucleus and was strongly

stained with Feulgen reaction. Finally, chromatin, nuclei, and cytoplasm were



indistinguishable (Figure 2B). The dense nuclei appeared in afmost all of the larval
tissues including muscular membranes, hypodermis, tracheal matrix, imaginal disks, and
nervous tissue. However, malpighian tubules were infected in late development (Figure
2B). The tissue polytropism of Aa/DNV was typical of that of most lepidopteran and
orthopteran densonucleosis diseases (Kawase, 1985). Aa/DNV was characterized by fts
huclear tropism producing nuclear hypertrophy. The early damage in the fat body was
also noted for other densonucleosis viruses such as G. mellonefla DNV and AagDNV.
This Aa/DNV infection showed no cytoplasmic inclusions, in contrast to AaeDNV,
JCDNV and LdDNV (Kawase & Kurstak, 1991).

2.2.4 Electron microscopy for ultrastructural changes upon densonucleosis
viral infection

The first ultrastructural change that occurs in silkwormn infected with BmDNV-1 is
the appearance of electron-dense bodies in the nucleus, suggesting that there is
virogenic stroma. Virogenic stromata iares not observed in the cytoplasm. The
ultrastructural changes of midgut cells infected with BmDNV-3 occur in both the
cytoplasm and nucleus. In the nucleus at an early stage of infection, the chromatin
disappears and many nucleoli appear. The nucleus hypertrophies greatly and is
gradually filled with a network of electron-dense granuies, which is probably the
precursor of the virogenic stroma. During replication, two different patterns occur in
infected nuclei. One replicates in linear array while the other disperses as patches that

gradually condense and finally form large masses (Kawase & Kurstak, 1921).

In AaeDNV, the first changes are observed in the cyioplasm of DNV-infected
cells. They consist of the formation of paracrytalline structures containing particies of 18-
20 nm in diameter. Virogenic stroma and paracrytaliine vidon arrays are found in the
nuciei of the virus-infected cells. A similar crystalline array of virus particles can be
observed in the cytoplasm of fat body, muscle, and pericardial cells of Periplaneta
fuliginosa infected with Periplaneta DNV, Thin sections of infacted mosquito C. pipiens
tissues contrasted with uranyl acetate and lead citrate and examined under the elecfron
microscope revealed enlarged nuclei containing an electron-dense virogenic stroma filled
with small paraspherical viral particles ~20 nm in diameter, occasionally armanged into

paracristalline arrays (Figure 3a). The chromatin was greatly reduced and pushed to the



periphery of the nucleoplasm toward the nuclear .inner membrane. These
histopA Thological and cytopAThological observations led to the conclusion that infected

larvae exhibited salient features of an infection caused by a DNV (Jousset et al., 2000).

Figure 3 (a) Thin section of a
hypertrophied nucleus from an adipose
cell of a C. pipiens larva heavily infected
with CoDNV. Numerous viral particles
are visible emerging from an electron
dense virogenic stroma (x62500). {b)
Purified suspension of CpDNV virions
negatively stained with 2% sodium
phosphotungstate (x120000).

van Munster et al. (2003) reported the isolation, partial characterization and pAThogenic
effects of a new virus infecting the green peach aphid, Myzus persicas (family
Aphididae), named Myzus persicae densovirus (MpDNV). The MpDNV particles were
always localized at the apical part of the cells, i.e., between the microvilli and the
nucleus. Particles were either lining the inner membrane of vesicles, arranged randomly

or organized as crystalline arrays inside vesicles (Figure 4A and B).



Figure 4. Electron micrographs of ultra thin transverse sections of third instar nymphs of
M. persicae infected with MpDNV. (A and B) Densovirus paricles within vesicles in the
cytoplasm (cy). {C) Vesicular sfructures (vs) between the outer and inner layers of the

nucieus membrane (nm), nucleus (nu) (bar, 200 nm).



2.2.5 Densonucleosis viral host

The host range of GnDNV is restricted to G. melfonelfa. In contrast, Junonia
coenia DNV infects Mamestra brassicae, Bombyx mori, and Lymantria dispar, but not G.
mellonella. However, GmMDNV can be transmitted from an infected larva to a healthy
larva via the ovipositor of the parasite Nemeritis canescens. AaeDNV was infectious for
different species of mosquitoes: Ae. vexans, Ae. genicufatus, Ae. caspius dorsalis, Ae.
cantans, Ae. albopictus, C. pipiens pipiens, C. pipiens molestus, and Culiseta annulata.
The infectivity of the DNV of Periplaneta fuliginosa against other species of Periplaneta
has been investigated. Adults of P. austraseae and P. americana are less susceptible

{Kawase & Kurstak, 1991).

3. Review of immunological details of invertebrates

The immune responses of invertebrate crustaceans, insects and arthropods have been
studied in detail. The work will be reviewed under two headings: (i) General details of
invertebrate responses to infecticus diseases and (i) Unusual and/or special viewpoints
regarding invertebrates responses to infectious disease. Under the latter heading there

will be special emphasis on the response to viral pAThogens.

3.1 General details of invertebrate responses

Kavanagh and Reeves (2004) have reviewed the similarities of the vertebrate
and insect innate immune responses to infection and identified the potential use of
insects for in vivo evaluation of microbial pAThogenicity. Insects are one of the most
successful and geographically widespread groups of animals on earth. They are found in
almost every habitat and have succeeded in colonizing niches inaccessible to other
animal life forms. Conservative estimates suggest that there are 750,000 species of
insect but in reality this figure may be closer to 1,000,000. They are the most diverse
and most abundant animal life form. From an evolutionary perspective, insects and
vertebrates diverged approximately S00 million years ago. However, many aspects of
thelr physiology remain similar. The innate immune system, unlike the adaptive immune
systemn of insects and mammals (Klein, 1997; Arala-Chaves & Sequeira, 2000), shares a
high degres of structural and functional homology. In particular, a number of features of
the innate immune response are common to mammals and insects (Hoffman, 1995;

Fallon & Sun, 2001) and analysis of insect responses to pAThogens can provide an



indication of the vertebrate response to infection (Hoffmann, 19985; Kimbrell & Beutler,
2001). Since the innate immune response is the main line of defense in vertebrates
against many microbial pAThogens, much effort has been focused on examining the
mammalian and insect responses to microbial infection and a strong correlation between

both systems has been demonstrated by Salzet (2001).

Research on the innate immune response of mammals has revealed similarities
with the invertebrate immune systen (Salzet, 2001). Insects have developed an acute
response resembling that seen in humans, implicating similar effectors, receptors and
regulators of gene expression. Mussels have developed intracellular phagocytosis
resembling that seen in mammalian neutrophils, using cationic antibacterial peptides in
phagolysosomes. Leeches, like amphibians, contain antibacterial peptides and immune
stimulators that are derived from the processing of neuropeptide precursors. This pattern
of similarities suggests that the vertebrate innate immune response resembles a
patchwork of those responses seen in several invertebrate models. Cohn ef al. (2001)
have shown similarites in the innate immune response within mammals, insects and
plants. They showed that signaling pAThways leading to activation of defense response
genes in mammals, insects and plants share common components as shown in Figure

5.
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Figure 5. Signalling pAThways leading to activation of defense response genes in
mammals, insects and ptants share common components. For example, related PKs
occur in the IL-1R, Toll and Pto—Prf defence pAThways in humans, Drosophila and
tomato, respectively. Other common etements in defense pAThways include LRRs, DDs
and the TIR domain. Several R proteins in plants also contain putative NBSs. (a) In
humans, IL-f binDs IL-1R {which has a TIR); the adaptor MyD88 (which has a DD) then
links this to IRAK {a PK); this releases NF-B from its inhibitor (I-B); NF-B then activates
transcription of genes important in host defense. (b) A similar sequence occurs when
Spétzle binDs Toll: eventually Dorsal is released from Cactus; in addition, subsequent
Toll-mediated resistance to disease requires the transcription factors, Dif and Relish. (¢}
Tomato Pto-mediated signalling may involve complexes similar to those found in [L-1R-
and Toll-mediated signalling: Plo {which requires Prf for its activity) is homologous to
iIRAK and Pelle. Pto interacts with Pti1, which is involved in the plant HR; Pto also
inferacts with Pti4/5/6, which are transcription factors that may be involved in regulation
of PR genes. {d) Other plant proteins that may also signal in a similar fashion to IL-1R

and Toll are tomato Cf-8 and rice Xa21: Cf-9 and Xa21 have extracytoplasmic domains



and ligand interaction may result in kinase activity;, presurnably, avr9 interaction with Cf-
9 activates a CDPK that may be involved in host defence responses. (e) The tobacco N

protein contains a TIR domain, an NBS and a LRR and is involved in resistance to TMV.

3.2 insect immune system

The insect immune system has been reviewed by Kavanagh and Reeves (2004).
They showed three types of insect barriers: (i) the insect cuticle, (i) haemocytes and (jii)
humoral factors. {i} The cuticle of the insects is the first line of defense against invading
pAThogens-and serves a function analogous to the skin in mammals. it is a structuralty
and chemically complex barrier designed to prevent or retard the entry of pAThogens
into the haemoceol (the body cavity). The outer layer of the cuticle (epicuticle) is
covered in a waxy layer containing lipiDs, fatty aciDs and sterols, which may display
anti-microbial properties. The cuticle itself consists of chitin fibrils embedded in a protein
matrix. The intact cuticle prevents entry of microbial pAThogen,s but once it is ruptured
by injury or degradation, there is an increased chance of infection (Teetor-Barsch &
Roberts, 1983). Lesions may be plugged and subsequently repaired to restore the
structural and functional integrity of the cuticle. Injury to the cuticle activates the humoral
immune response, which leaDs to the production of cecropins and attacins with anti-
bacterial activity. Recent studies on antimicrobial pepfides from Drosophila have shown
that a variety of epithelial tissues in direct contact with the external environment can
express the antifungal peptide drosomysin and the imd gene in Drosophilfa plays a
crucial role in the activation of this respense fo infection (Fallon & Sun, 2001). {ii)
Haemocytes are found in the body fluid (haemolymph) that occupies the body cavity
and serves a function analogous to blood in mammals. Haemolymph transports
nutrients, waste products and signal molecules and it plays a role in crustacean but not
insect respiration. in addition, haemolymph contains cells and anti-microbial peptides
capable of immobilising and killing invading microorganisms. The volume of haemolymph
varies between species and even within a species depending upon the developmental
stage of the individual. The arthropod immune response to microorganisms has been
shown to involve a change in the circulating haemocyte population and synthesis of new
haemolymph protains. The haemolymph is the main site of the immune response to
microorganisms. The fnnate immune response consists of cellular and humoral

mechanisms, Haemocytes function in a similar manner to phagocytes of mammals.



Blood cells of the crayfish, Pacifitacus leniusculus, have been shown by Johanson
{1999) to release a cell-adhesive and opsonic peroxidase, peroxinectin. Celli-cell
adhesion between blood cells and adhesion of blood cells to other cells, to the
extracellular metrix or to infectious organisms occurs when blood cells move to and
attach at site of inflammation or infection. Cell adhesion is essential in the cellular
immune response of encapsulation and nodule formation. The majority of haemocytes
circulate freely within the haemoiymph but a significant number {up to 30% in some
insect species) can be found associated with intemal organs such as the fat body,
trachea or digestive system. At Jeast six types of haemocytes have been identified in
lepidopterous {e.g., G. meffonella) although more or fewer types may exist in other

species (Figure 6).

Figure 6. Haemocyte types
involved in the cellular immune
response, Linear maturation
process in Lepidoptera (closed
arrow) or differentiation of
prohemocytes into different cell

types (open amows).

Adipohemocyta



Hasmocytes have been classified as prohemocyte, plasmatocytes, granulocytes
{granular cells), coagulocytes, spherutocytes and oenocytoils. Prohemocytes (6—13 pm
in diameter) are small rounded cells with large nuclei that divide and may differentiate
into other celi types (Figure 6). Plasmatocytes (40-50 um) and granulocytes (45 pm)
are the predominant phagocytic cells. Plasmatocytes contain lyscsomal enzymes and
are the most abundant cell type. Granulocytes possess a relatively small nucleus and
granule-rich cytoplasm. Spherutocytes are oval or round cells (25 um) with varying
numbers of small spherical inclusions. OenocytoiDs are large, binucleate, non-
phagocytic cells that may contain prophenoioxidase. Coagulocytes have also been
termed hyaline hemocytes and are involved in the clotting process. Adipohemocytes are
characterised by the presence of fat droplets. The plasmatocytes and granulocytes
participate in phagocytosis, nodule formation and encapsulation, which are important
elements of the insect's cellular defense against bacteria and unicellular fungi. Within D.
melanogaster, plasmatocytes participate, to some extent, in the synthesis of ant-
microbial peptides during the humoral response and assume the function of
phagocytosis of micro-organisms while lamellocytes and crystal cells play respective

roles in encapsulation and melanisation of larger intruders.

Crayfish is the best-studied invertebrate systems regarding cell adhesion in
immunity {Johansson, 1999). The protein peroxinectin is most probably the best
characterized invertebrate blood cell adhesion ligand. Other cell adhesion motecules in
invertebrate blood have also been reported. These include hemagghutinin {Fujii et al.,
1992}, dermatoponin (Superti-Furga et al,, 1993), hemocyanin (Kotani et ai., 1995) and
the plasmocyte-spreading peptide (Clark et al., 1997).

There are three main functions of invertebrate haemocytes. These ére
phagocytosis, nodulization and encapsulation as described by Kavanagh and Reeves
{2004). For phagocytosis, the process of phagocytosis in insects and mammals appears
to be very similar. In both cases there is the binding of opsonic figanDs to the surface of
the particle that is then followed by recognition by specific receptars, An intracellular

cascade results in the internalisation of the foreign body.

In the case of nodulisation, viable and degraded haemocytes, non-self materials

and meianised debris may be attached to tissue or surroundsed by haemocytes. Nodule



formation in insects is not fully characterised although it is known that it is lectin-
mediated. For encapsulisation, large structures such as protozoa, nematodes and eggs
and larvae of parasitic insects are encapsulated by being surrounded by layers of
haemocytes that form a capsule of overlapping cell layers. In addition, circulating
haemocytes of crustaceans and other invertebrates perform functions such as
phagocytosis, encapsulation and lysis of foreign cells (Johansson ef al., 2000). (iii) The
humoral immune response of insects consists of the processes of melanisation,
hasmolymph clotting and wound healing in response to injury. In addition, the humoral
response involves the synthesis of a range of anti-microbial peptides and heat shock
proteins. There are two clotting mechanisms characteristic of insects. The first invoives
polymerisation of cloitable proteins and is catalysed by a calcium-dependent
transglutaminase. The clottable proteins are lipophotins and vitellogenein-like proteins
that contain a cysteine-rich region homologous to the "d® domain of the mammalian
cloftabie proteins of the Von Willebrand's factor that is involved in the blood coagulation
process. The second clotting mechanism is the haemocyte-derived clotting cascade,
where clotable proteins are released into the haemolymph from cytoplasmic L-granules

of haemocytes in response to activation by cell wall components of invading microbes.

Although insects do not produce antibodies, they are capable of generating a
series of proteins that confer a degree of non-specific immunity to a range of
microorganisms. Humoral factors involved in insect immunity to infection include

lysozyme, lectins, the prophenoloxidase cascade, serine proteases and carbohydrases.

3.3 Adaptive-like, acquired and quasi immunity in invertebrates

Arala-Chaves and Sequeira (2000) have provided some interesting insights on
the topic of adaptive immunity in invertebrates. They proposed that although
invertebrates have a lower diversity of receptors for immunostimulants than vertebrates,
this limited diversity does allow an immune response of different intensity, at least to
some antigens. In addition, they proposed that an adaptive immune response can be
detected in invertebrates after challenge with certain antigens but not with others. They
proposed that a peculiar form of adaptive immune response, quantitatively and
qualitatively different from that of vertebrates, probably exists in invertebrates as shown
in Table 3.



Table 3. Comparison of postulated secondary adaptive immune response in vertebrates

and invertebrates.

Cellular events Vertebrates Invertebrates
Proliferation 2 +
Maorphological activation -+ s
Memory cells +H+ -(7
Molecular expression

Igs ++ -

TCRs A -

MHC -+ -
Adhesion IgSF molecules -+ +H+
Cytokines +H+ +H2)P

alntensity of observation

bE\.'ldencefs. obtained by fluorescent staining but never been cloned so far

Adaptive immunity has been assumed to be absent from invertebrates because they
lack the immunoglobulin (Ig), T cell receptor (TCR) and Major histocompatibility complex
(MHC). Since adhesion Ig super family (SF) molecules that are known in mammals to
be involved in adaptive immune response are present in invertebrates, it can be
postulated that they may also be responsible for invertebrate adaptive immunity (Arala-
Chaves & Sequeira, 2000). However, because invertebrate IgSF molecules are not
phylogenefically homologous to those of vertebrates, the existence of an anticipatory
immunity has not been accepted in invertebrates. It has also been postulated that the
antigen receptors in invertebrates have a low range of diversity leading to similar
responses to disparate immunostimulants. The investigators have observed that the
haemocyte proliferation rate {HPR) of Penaeus japonicus was increased by a similar
extent after stimulation with different mitegens, although at a lower magnitude than after
fungal infections. Besides, Drosophila responses discriminate between fungus and
bacteria. Furthermore, upon comparison of the HPR after a single and a second

challenge with fungal antigens, they observed that after a second challenge there was



an increased HPR that comelated with cell activation. This increase was, however,
much smaller than that observed in lymphocyte proliferation between a vertebrate
primary and secondary immune response. This observation is 'suggestive of a peculiar
form of adaptive immunity in invertebrates that can constitute, nevertheless, the basic

tool for vaccination strategies.

In a related topic, evidence of specific tolerance to viral paghogens has been
reported for the black tiger shrimp P. monodon in Thailand (Flegel, 1997). Briefly, the
shrimp appeared to rapidly develop tolerance to the viruses WSSV and YHV within the
lifetime of a single batch of shrimp, but the exact mechanism was unknown. Later, the
“viral accommodation theory” was proposed to explain this phenomenon (Flegel &
Pasharawipas, 1998). At the same time, a group of investigators from Japan reported
the occurrence of a Quasi-immune response to WSSV in Penaeus japonicus (Venegas
et al., 2000; Namikoshi, 2004). This phenomenon was observed in shrimp that had

survived a WSSV outbreak in a farm in Hiroshima, Japan.

A similar phenomenon has been reported suggesting that insects can also be
immunized (Arala-Chaves & Sequeira, 2000; Little & Kraaijeveld, 2004). The latest
example of an “acquired” response in an invertebrate has been briefly reviewed by Litle
and Kraaijeveld {(2004) who demonstrated that prior infection with a parasite in the
beetle Tenebrio molitor increased its chance of survival upon subsequent challenge with
the same parasite. This indicated that past experience with a pAThogen could provide
individual invertebrates or their descendants with enhanced immunity by a process they
called "immunological priming" that resembled "acquired immune response” in
vertebrates. So far, invertebrate immunological priming is known only from
phenomenoclogical studies of whole organisms and its mechanistic basis is not known.
Linking functional to phenomenological studies will be exciting indeed, and should foster

a new era in the evolutionary ecolegy and eptdemiology of immunity and disease.

The idea of acquired immunity in invertebrates has long been refuted because
they lack immunoglobulins. However, this doGrma might now fall since studies such as
those by Moret and Siva-Jothy (in press) show that at least some invertebrates have
functional equivalents to the acquired response of vertebrates. The terms of “specific”

and "general” immunity have been used by some groups of investigators (Little et al.,



2003; Huang & Song, 1999; Moret & Schmid-Hempel, 2001). However, the use of the
word “specific” does not necessarily imply acquired immunity, as it does in vertebrate
immunology (Little et al., 2003). Evidence for memory in invertebrate immunity has been
investigated by Kurtz & Franz (2003) using a copepod model system. The resuits
indicated that an invertebrate defense system might be capable of specific memory.

Most investigations have been focused on the response of invertebrates to
bacteria, fungi and parasites and little work has been done on the response to viral
pAThogens. Basic knowledge in this area is much needed and may lead to new

strategies for disease prevention and control.



MATERIALS AND METHODS

1. DNA sequences used for the comparison of penaeid shrimp and insect
parvoviruses

The shrimp DNA and putative protein sequences used for alignment and
comparison were SMVmon (GenBank AF499102), HPVmon (GenBank AF4584786),
HPVchin (GenBank AY(Q08257) and IHHNV {(GenBank AF218266). Insect viral
sequences from GenBank were AaDNV (X74945), AaeDNV (M37899), BmDNV
(AB042597), DsDNV (NC001898), GmDNV (L32896), JoDNV (547266) and PDNV
(NCO000836). A key to the numbers and sources is shown in Table 4.

2. Computer analysis
BioEdit software (version 5.0.6) was used to manipulate the retrieved sequences

(Hall, 1999). The afignment of sequences was performed by using clustal W software
(Thompson et af, 1994). For full-length genomes as well as noncoding regions,
nuclectide sequences were aligned. For coding regicns, the alignment was performed
for amino acid sequences. Phylogenetic analysis was performed using several
methoDs. For all methoDs, positions confaining an alignment gap were excluded from
pairwise sequence comparisons. Bootstrap re-sampling was performed for each
analysis {100 replications). Nucleotide distances were analyzed by using the neighbor-
joining algorithbm (hitp:/fbioweb. pasteur.fr/ seqanal/ phylogeny/ phylip-uk.html) as
implemented in the package (NEIGHBOR), based on the Kimura two-parameter
distance estimation method or the proportion of differences (p distance). The program

TreeView 3.2 was also used to view the phylograms (Page, 1996).

The phylogenstic tree for DNA was constructed based on 696 bp of aligned DNA
sequences which encode an unknown protein and share simitarity with capsid protein of
Brevidensovirus. We used this 696 bp as the basis for the comparisons with all the
other parvovirus sequences because it was the only sequence available from HPVYmon.
Proteins that were analyzed by using program from NCBI (Tatusova and Madden, 1999)
and the most similar sequences were used for the phylogenetic analysis. For the
analysis of protein similarities, the program version 2.0 (http://www. ch. embnet. org/



software/ LALIGN_form.html) was used to calculate global alignment of sequences
(Myers & Miller, 1988).

3. Cell line

Cell line of C6/36 clone of Aedes albopictus was used (lgarashi, 1978). The densovirus-
free line was grown in minimal essentiat medium (MEM, GIBCOTM Invitrogen),
supplemented with 10% heat-inactivated fetal calf serum (FCS), 1% nonessential amino
acid, penicillin (100 units/ml}, and streptomycin (0.1mg/ml) at pH7.0. Cells were
propagated at 28°C and seeded at 4-day intervals in 25 cm’ plastic flasks at 10° C6/36
cells per flask (Barreau et al., 1996 & 1994). The live C6/36 cells were counted using
0.4% Trypan Blue and hemacytometer under light microscope every times before
propagation. Morphology of healthy C6/36 was shown in Figure 7A.



Table 4. Some characteristics of insect and penaeid shrimp parvoviruses.

Abbreviation Full name Animal Common Sequence GenBank
source name source number

SMVmon Spawner-isolated P. monodon Black tiger GenBank AF499102
mortality virus shrimp

HPVmon Hepatopancreatic P. monodon  Black tiger GenBank AF456476
parvovirus shrimp

HPVchin Hepatopancreatic P. chinensis  Chinese white ~ GenBank AY008257
parvovirus shrimp

THHNV Infectious hypodermal P.vannamei  American GenBank AF218266
and hematopoeitic white shrimp
necrosis virus

AalDNV Aedes albopictus Aedes Mosquito GenBank X74945
densovirus albapictus

AaeDNV Aedes aegypti Aedes aegyptt  Mosquito GenBank M37899
densovirus

BmDNV Bombyx mori densovirus  Bombyx mori  Silkworm GenBank AB042597

DsDNV Diatraea saccharalis Diatraea Sugarcane GenBank NCO0018%9
densovirus saccharalis borer

GmDNV Galleria mellonella Galleria Greater wax GenBank L3289
densovirus mellonella moth

JeDNV Junenia coenia Junonia Buckeye GenBank 847266
densovirus coenia

PDNV Periplaneta fuliginosa Periplaneta Smokybrown GenBank NC000936
densovirus fuliginosa cockroach




Figure 7. Healthy cell line of C6/36 clone of Ae. albopictus.



4. Virus and viral stock preparation

The Thai strain of densonucleosis virus used in this study was detected in a colony of
Ae. albopictus and Ae. aegypti in 1989 by Dr. Pattamapom Kittayapong from Center for
Vectors and Vector-Borme Diseases {(CVVD), Faculty of Science, Mahidol University,
Thailand (Kittayapong ef al., 1999). it was the sixth mosquito densovirus described and
was designated AThDNV. Infected larvae from an Ae. aegypti colony were used as the
source of the virus. About fifty moribund infected mosquito larvae were homogenized
with 1.5 ml of GIBCOTM Minimum Essential Medium (MEM) culture medium {MEM; 1%
non-essential amino aciDs, antibiotics containing 100 units/m! penicilin and 0.1 g/ml
streptomycin) at pH 7.2 without adding heated inactivated fetal bovine serum (FBS).
The homogenized viral solution was filtered through 0.2 pm filter membrane and
combined with cell culture medium to a final volume of 2 mi. A 3-day-old C6/36 clone
free from densovirus infection and with approximately 80% confluence in a 25 cm2 flask
was washed 2 times with phosphate buffered saline (PBS) pH 7.2 before inoculation
with 2 mj of the viral suspension for 2 hours at 30°C. The medium was then discharged
and washed once with PBS before additon of § ml MEM containing 10% heat
inactivated FBS and incubation for 3 days at 30°C. The cells were seeded at 4 day
intervals with 10 cells per 25 cm’ flask., The 2™ passage of-infected C&/36 cells was
scraped from the flasks and aliquoted in 0.5 mi lots for storage in micro centrifuge tubes

at -80°C,

5. Mosquitoes

An initiating batch of mosquito eggs (several thousand) was provided by the Ministry of
Public Health, Thailand from a domestic colony of Ae. aegypti that had been maintained
in captivity for more than 10 years. The eggs were hatched and reared to adults in
cages in a mosquito insectary at 27°C and relative humidity 65-70%. Infected and
uninfected mosquitoes were kept in separate rooms of the insectary to avoid
contamination. Mosquito larvae were reared in 2 liter water bowls and fed on mice
feeding powder while adults were fed on a 10% sugar solution. For egg maturation,
females were fed on Wistar rats of 250-300 grams body weight provided by the National
Laboratory Animal Center, Mahidol University, Thailand.

6. Challenge of mosquito larvae



First instar mosquito larvae were challenged with ATHDNV following a protocol slightly
modified from that described by Barreau et al. (1996&1984). Four hours after hatching,
500 15' instar larvae wera washed in sterile distilled water 2 times fo remove feeding
medium and then maintained in 5 mi of sterile distilled water in a beaker. Two tubes
each containing 0.5 mi of viral stock at -80°C were thawed and added to the beaker
with the larvae. These were kept at 30°C. Controt larvae were treated in the same
manner except that they were mock challenged with an equal volume of harvested
C6/36 cells that wers densovirus free. After 48 hours, the larvas had already molted to
2" instar and were transferred to 2 liter water bowls where they fed daily with mouse
feeding powder until all had emerged to the aduit stage. Dead larvae, pupae and adults
were collected daily and stored individually at —80°C.

7. Serial challenge protocot

The scheme for serial AThDNV challenge of successive generations of Ae. aegypti is
shown in Figure 8. In this model, aliquots of the same densovirus stock solution were
used for all challenge tests. The starting population of FO mosquitoes was screened for
absence of ATHDNV by PCR, was maintained in parallel throughout the tests and
remained ATHDNV negative by PCR. One subset of several hundred males and
females from this population was used to produce eggs for an F1 challenge test. The
larvae hatching from these eggs were placed in bowls in batches of 100 for viral
challenge and mock challenge. Survivors were reared to aduithood to produce the next
generation of larvae for subsequent challenge. This process was repeated serially for
subsequent generations. For the F1 viral challenge, 5 replicates were used while 2 were
used for the mock chatlenge. For later challenges, the number of viral challenge
replicates was dependent on the number of survivors from the preceding generation
while the mock challenge was held at 2 replicates. Dead, maribund and surviving larvae
were counted. Dead and moribund larvae were pooled and stored at -80°C for PCR
testing, while surviving adults were pooled for production of the next generation.
Because the number of survivors (75) from the replicated F1 challenge was too low to
allow for detailed analysis and reproduction for the next generation of larvae, a second
pooled batch of 500 F1 larvae was challenged 2 weeks later and the surviving adults
(approximately 75) were pooled with those from the first batch. After egg-laying (i.e.,
eggs for F2), 94 F1 adults were screened for AThDNV by PCR and 15 were used for
histology and FISH.



The F2 generation was used for more detailed analysis of AThDNV infection status.
For this purpose, a total of 800 F2 eggs was divided into 3 groups: 500 to reproduce
the following generation of larvae for challenge tests; 200 to test for the presence of
AThDNV by PCR analysis at 3m|~4th instars; 100 to examine for the presence of
ATHDNV by semi-thin sections and by TEM in 1™ instars within 2 hr after hatching (to
avoid infections by horizontal transmission). For PCR analysis, it was necessary to rear

to the 3“’-4'Ih instar larvae stage in order to have sufficient DNA for the assays.

8. DNA extraction

To begin experiments the starting mosquito population was screened twice for
devoiding from ATHDNV by selecting 150 larvae from a batch of approximately 3,000 so
that a negative test would indicate with 95% probability the absence of AThDNV at the
level of 2% prevalence (Cameron, 2002). The larvae were pooled and homogenized
with a glass rod in 5ml lysis buffer TF1 (50 mM Tris-HCI pH 9.0, 100 mM EDTA, 5C mM
NaCl, 2% SDS, 1 mg/ml Proteinase K; National Center for Genetic Engineering and
Biotechnology, Bangkok 10400 Thailand, Vol.1 No.1 March 2001). DNA was extracted
using the phenol:chloroform technique of Sambrook et al. (1989) with commercial
phenol saturated with TrsHCI. DNA in the final upper phase was precipitated with 2
volumes of cocled absolute ethanct and then washed with 70% ethanol before air-
drying and resuspension in 100 L TE (10 mM Tris-HCI, pH 7.4, 1 mM EDTA, pH 8.0)
containing 1 LI of 10 mg/mi RNase solution. The DNA was stored at -20°C and
relative amount was measured using a spectrophotometer at wavelength 260 nm. After
initial population screening, all tests were done with individual mosquitoes ground using
a glass rod in lysis buffer TF1 at the ratic of 500 pl lysis buffer for 1 mosquito

specimen.

9. AThDNV screening by PCR

Screening of mosquito stocks and cell tines for AThDNV was carried out by polymerase
chain reaction (PCR) assay using specific primers from the densovirus open reading
frame 3 (O'Neill et a/,, 1995) newly designed by the Center for Vector and Vector Borne
Diseases (CVVD)(unpublished data), Faculty of Science, Mahidol Univeristy, Bangkok



Thailtand. One hundred and fifty micro liters of DNA extract was used for the PCR
reaction. DNA extract from an ATHDNV infected Ae. albopictus C6/36 cell culture was
used as the positive control while sterile double distiled watér and DNA extract from
Ae. albopictus CB8/36 cells free of densovirus infection were used as negative control
templates. Total DNA (50-150 ng in 3 LI} used as the template for PCR in a total of 20
LUl containing 2 LUl of 10x buffer (Promega, Madison, WI), 2 LUl of 25 mM MgCl,, 0.5 LI
of dNTPs (10mM each), 0.5 LUt of each primer (20mM each), and 1 unit of Tag DNA
polymerase (Promega). The mixture was subjected to amplification in a PCR Thermal
Cycler (Gene Amp PCR system 6900, Perkin Elmer, Foster City, CA, USA). For PCR,
the initial denaturation (prePCR} was at 95°C for 5 min, followed by 35 cycles of
denaturating at 95°C for 1 min, annealing at 55°C for 1 min, and extension at 72°C for
1 min, followed by final extension (postPCR) at 72°C for 7 min. PCR products were
analyzed by standard 1.5% agarose gel electrophoresis together with a 1,500 bp and
100 bp ladder DNA marker (Promega). Samples that vielded products of the expected
size {350bp, ORF3) were scored as positive.
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sections were cut in a Reichert ultramicrotome, mounted on formvar-coated copper grid,
and examined in the transmission electron microscope (Hitachi H-7500) after staining in
aqueocus uranyl acetate and lead citrate. Semi-thin plastic sections for light microscopy

(LM) were stained with 1% toluidine biue.

12, Cloning and sequencing of DNA

DNA fraGments purified from agarose gels were ligated to pDrive cloning vector
(QIAGEN) following the QIAGEN manual protocol as shown in Figure 9. The ligated
product was transformed into Escherichia coli JM109. Transformed cells were spread
together with S0LLU of 20mg/mi X-gal in dimethylformamide sclution on Luria Bertani
(LB) agar (LB broth, Difco, Detroit, MI, USA, plus 1.5% agar) containing 50Lig/ml of
ampicillin. White colonies were selected as positive transformants. Recombinant
plasmiDs were then purified, DNA concentrations measured at 0Dy, and 150 ng used
to check insertion of PCR fraGments. Al isolates showing inserts were sequenced from
both stranDs using and AB! PRISM Dye Terminator Cycle Ready Reaction Kit (Perkin
Elmer) with and ABI PRISM 377 automated DNA sequencer by Macrogen Company
Limitted {Chongro-Ku, South Korea).



10. AThDNV detection by fluorescene in situ hybridization (FISH)

A fluorescein-labeled DNA probe was prepared by PCR using the procedure described
above with a plasmid template containing an ATHDNV fraGment from open reading
frame 3 (O'Neill et al., 1995) to amplify a 350 bp DNA fraGment. Labelling was carried
out using fluorescein-12-dUTP (Roche Molecular Biochemicals, Germany) according to
instructions in the product manual (version 3, Sept.1899). The labeling mixture included
sterile redistilled water, 10x PCR buffer without MgCl,, 4mM MgCl,, 200plM dNTP (PCR
Fluorescein Labelling Mix), 1M primers, 1U Tag DNA polymerase (Promega) and
temnplate of an extracted viral DNA 150 ng. The fluorescein-labeled probe was purified
using a QlAquick PCR purification kit (QIAGEN, Germany) and stored in 100 LU of

elution buffer at -20°C until used.

Mosquito samples were fixed in Davison's AFA for 2-4 h before being dehydrated and
embedded in paraffin using standard histological methoDs (Lightner, 1996). Sections (4
LLm thick) were cut and mounted on Superfrost Plus Slides {Fisher Scientific, PA, USA).
Prior to hybridization, slides with sections were incubated on their sides at 85°C for 45
min, deparaffined with xylene and then rehydrated through an ethanol series to water.
The in situ hybridization protocol followed that described by Lightner (1996). The
sactions were then counterstained by immersing the slides in 40 ml of a freshly
prepared propidium iodide solution (1 Llg/ml in PBS, pH 7.4) for 15 min at room
temperature. The sections were washed three times with de-ionized water 5 min and 1
drop of anti-fade solution (Verstashieid, H-1000) was added to the sections before
covering with a coverglass and viewing by fluorescence microscopy. Green
fluorescence at 520120 nm indicated a positive hybndization reaction while red

fiuorescence from propidium iodide at >620 nm indicated normai nuclsi.

11. Normal histology and electron microscopy

Preparation of adult mosquitoes for normal histology was done according to Lightner
(1896). Larval specimens for transmission electron microscopy (TEM) were fixed for 2 h
in 2.5% glutaraldehyde in 0.1M cacodylate buffer, pH7.8 and then washed twice in 0.1M
cacodylate buffer, pH7.8 at 4°C. The samples were post-fixed for 2-3 h in 1% osmium
tetroxide in 0.1M cacodylate buffer at pH 7.8. The samples were then dehydrated in a
graded series of ethanol and embedded in an Epon-Aradite mixture. Silver to pale gotd
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RESULTS

1. Characteristics of insect and penaeid shrimp parvoviruses

From a literature review {Afanasiev et al., 1991; Bando et al., 1987a,b, 1990; Bonami et
al., 1990; Boublik ef al., 1994; Dumas et al., 1992; Jousset et al., 2000; Lightner &
Redman, 1985; Lightner et al., 1983, 1994; Owens et al., 1991; Sukhumsirichart et &/,
1999), virion size for insect and penaeid shrimp viruses ranged between 18 and 30 nm
diameter and all had genomes of ssDNA that ranged between 4 and 6 kb (Table 5}.
These characteristics would place them in the Family Parvoviridaes. The smallest virion
size (18 nm) and shortest length genome {4009 bp) belonged to the densovirus from
Aedes aegypti (AaeDNV) and the longest (about 6 kb) to the densovirus from Culex
piplens {CpDNV). The fact that these viruses are in the same family and all occur in

arthropods opened the possibility that they might be ancestrally refated in some way.

2. Sequences comparisons of insect and penaeld shrimp parvoviruses

Using programs to compare all of the tested nucleic acid sequences, the highest
homology (77% DNA identity) was found between HPVmon and HPVchin. However,
using the global alignment method from LALIGN program to detect homology of putative
proteins from the two showed only 15.3% similarity. No other significant DNA homology
was found. Results using the Clustal W program were the same. However, when
Clustal W was used to compare isolated pairs of DNA seguences, some homology was
found between IHHNV and AaeDNV or AalONV. A phylogenetic tree based on genomic
DNA of shrimp and insect parvoviruses (Figure 10) gave two main clades (clusters) that
included: Clade 1 with SMVmon, PNV, DsDNV, GmDNV, JeDNV, and BmDNV; and
Clade 2 with HPVmon, HPVchin, IHHNV, Aa/DNV and AaeDNV.



Table 5. Some characteristics of insect and penaeid shrimp parvoviruses.

Prabable
classification in
the Farmily
Parvoviridae

Virus name

Their known natural and
experiruentaily infected
hosts

Virion size Length of

genome

References

THHNV=Infectious Densovirus

Hypodermal and
Hematopoietic
Mecrosis Virus
(BSIDNV)

REV= Parvovirus
Hepatopancreatic

Parvavires

SMY=Spawner- Parvavirus
Isolated Mortatity
Virus
AaeDNV=Aedes
aegypti
Densonucleosis

Densovirus

Virus

t. Litopenagus:
Penaews vemnamef
FP. stylirostris
P. setiferus
P. schmitti
P. ocidertalis
2. Penaeus
P. monodon
P. esculentus
P. semiswdcatus
3. Fenneropenaeus
P. chinensis
4. Marsupenaeus
P. jeponicus
5. Farfantepenaeus
P. aztecus
P. duorarum
P. californiensiz
1. Litopenacus:
Penaens vemnames
P. stwiirostris
P. schmitti
2. Panaeus
Penaeus monoden
P. esculentus
P. semisulcatus
3. Fenneropacus
Penaeus chinensis
P. merguiensis
2. indicus
P penicitlatus
4. 4. Marsupenaeus
Penaeus japonicus
Penaeus
Pengeus monodon

iMasquitoe:
Aedes aegypti

4075 bp
{THHMY}

22 nm

3873 bp
{PsDNV)

22-24 nm

5.8kb

20 nm ND

18-26 nm 4009 bp

{Bonami et al.,
1990, Lighinier er
al., 1983)

{Shike et al.,
2000)

(Bonami ef af.,
1995, Lighmer &
Redman, 1985)

{Sukhumsirichart
et al., 1999)

(Fraser &
Owens, 1596)

(Afanasiev er af |
1991)




Table 5. (continued) Some characteristics of insect and penaeid shrimp parvoviruses.

Virus name Probable Their known natural and Virionsize  Lengthof  References
¢lassification in experimentally infected genome
the Family hosts
Pasvoviridae
AalONV=dedes Contravirus 1. Mosquitae: 22 4176 bp (Boublik et af..
albopictis Aedes aegypti 19943
Parvovirus 2. Aedes albopictus C6/36
cell line
BmDNV=8Bombyx Densovirus Silkworm:
mori Densovirus Bombyx mori ND 5084 bp (Bando et af.,
1950, 1987b)
DsDNV=Diairaea Densovirus Sugarcane borer (insects or N 5941 bp Boublik ef o,
saccharalis their larvac) (unpublished
Densovirus data)
GmDNV=Galleria Densovirus Lepidoptera: Pyralidae ND 6039 bp Simpson et af.,
melionella ’ Galleria mellonella 1998
densovirus iarvae {unpublished
data)
JSeDNV=funonia Densovirus Butterfly:
coenia Densovirus Junonia coenia ND 5908 bp {Afanasiev ef af.,
1921, Durnas er
al., 1992)
LPV=Lymphaidal Parve-like virug 1. Penacus 25-30 nm ND {Owens et al.,
Parve-jike Virus Penaeies monodan 1991)
P. esculentus
2. Fenneropenacus
P mersuiensis
PONV=Periplaneta Densovirus
fuliginosa 22 5454 b u et al., 1994
dergovims (CS5V) Smoky-brown poo® )
cockroach
Periplaneta
Suliginosa
CpDNV=Culex Densovirus Maesquito:
pipiers Densovirus Culex pipiens ND 6 kb (Jousset ef al.,

2000)
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Figure 10. The neighbor-joining phylogenetic tree generated from a heuristic search of
aligned insect and shrimp parvoviruses DNA sequences. The phylogenetic tree was
consiructed based on 696 bp of aligned DNA sequences. Bootstrap values are
indicated as number at each branch (100 replications). For the sources of DNA

sequences data are shown in Table 4.

A phylogenetic tree based on genomic DNA of shrimp and insect parvoviruses (Figure
10) gave two main clades (clusters) that included: Clade 1 with SMVmon, PNV,
DsDNV, GmDNV, JcDNV, and BmDNV; and Clade 2 with HPVmon, HPVchin, IHHNV,
AafONV and AaeDNV. Comparisons were also made using amino acid sequences for
nonsfructural protein (NS1), structural protein, capsidicoat proteins (VP) and putative
proteins of unknown function that showed similarity using global alignment from LALIGN
program. There was some homology betwean the shrimp viral proteins and known
capsid proteins of insect viruses (Figure 11A). Other profeins that showed homology
were capsid protein of HPVchin and unknown protein of HPVmon (16.3%) and proteins
of insect parvoviruses (Figure 12A). it was interesting that the capsid protein of IHHNV
showed very low similarity to capsid proteins of AaeDNV and Aa/DNV, even though its
NS1 showed similarity to their NS1 (i.e. IHHNV and AaeDNV, 18.2%; IHHNV and
AalDNV, 20.4%). The results were used to construct a phylogenetic tree (Figure 11B).
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Figure 11. Comparisons based on putative protein sequences of capsid and structural
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of aligned insect and shrimp parvoviruses deduced amino acid sequences. The scale

shown in the left-hand corner of the figure indicates the proportion of distance
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Figure 12. Comparisons based on putative protein seguences of insect virus
nonstructuratl protein {NS) and most simifar proteins using a global alignment method.
(A} Overall parvoviral protein similarities. (B} The neighbor-joining phylogenetic free
generated from a heuristic search of aligned insect and shrimp parvoviruses deduced
amino acid sequences. The phylogenetic tree was constructed based on deduced
amino acid sequences of structural proteins. The scale shown in the left-hand comer of

the figure indicates the proportion of distance differences. Bootstrap values are
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NS1 of IHHNY showed some similanty to the protein translated from ORF2 of JeDNV
(13.7%), to NS1 from DsDNV (14.3%) and to NS1 or putative proteins of other viruses
{(Figure 12A). The results of the comparison were used to generate another
phylogenetic tree {Figure 12B). A putative protein of HPVYmon showed high homology to
the capsid protein of HPVchin but both showed very low homology to the capsid protein
of IHHNV, The phylograms based on capsid or related protein sequences {Figure 11B)

and NS1 or related sequences {Figure 12B) were somewhat different.

3. Host-viral adaptation

From total 500 larvae of the offspring (F1) generated from naive mosquito (FO0)
population, only 15% (75/500) + 4.12 SD survived challenge with AThDNV. By contrast,
survival in the mock challenged control group was 95.5% (181/200) + 0.71 SD.
Challenges with succeeding generations gave increasing percent survival (Table 6),
reaching 54.5% (109/200) £ 6.36 SD by the 4" generation while the control population
survivals were always over 80%. Although survival increased with each generation, the
numbers of produced eggs seemed to decrease. When the 4" generation tests had
been completed, the virulence of the freezer virus was confirmed again by challenging a
pool of 500 e instar larvae derived from the maintained parental (FO} mosquito
poputation with the stored ATADNV. Survival was 18% and was thus comparable to
survival for the original F1 challenge (i.e., 15% * 4.12 SD) indicating that infectivity of

the freezer virus was unchanged after storage at -80°C for 6 months.



Table 6. Percent survivai of sach generation of Ae. aegypti infected with AThDNV
using the host-viral adaptation test. F{ means an offspring the naive
mosquito population.

[
Mosquito challenged Mack challenged
With AThDNV mosquitoes
Mosquito details
Survivors | % Survival = SD | Survivors % Survival & 8D
from {adults)
replicates
of 160
1™ generation (F1) 75/500 150+4.12 191/200 95.5+0.71
(naive population) (18, 15,10, (96, 95)
20, 12)

2*! generation (F2) 74/300 24.67 £ 4.51 182/200 91.0 % 1.41

(offspring of Fi (20, 25,29) (92,90)

survivors)

3" generation (F3) 119/300 39.67 £ 7.51 181/200 90.5 + 4.95

(offspring of F2 (47, 40, 32) (87,94)

survivors)

4% generation (F4) 109/200 54.5 £ 6.36 187/200 93.5 % 4.95

(offspring of F3 (56, 59) {97,90)

Survivors)




4. ATHhDNV infection status of challenge survivors

From the challenge protocol, surviving larvae from the F1 challenge were reared to
adulthood to generate the next generation for each subsequent test. Because of low
number of only 75 F1 survivors, we repeated the same experiment of the first AThDNV
challenge and used a portion of F1 survivors for screening of the AThDNV infection
using PCR and FISH analyses. After egg-laying, a portion of the F1 adult survivors {84)
were screened for AThDNV by PCR and a smaller sub-set of females (15) were used
for histology and FISH. Of 109 F1 surviving, aduit females collected after laying eggs to
generate F2, 94 were sampled by PCR assay and 13 (14%) were positive for ATADNV.
Of the remaining females 15 used for histology and FISH, 2 (13.3%) showed evidence
of AThDNV infection, giving an overall prevalence of 15/109 = 14%. Two batches of
100 F2 generation eggs hatched and sampled in sets of 50 and 42 larvae yielded 23
(46%) and 9 (21%) positive larvae, respectively. Altogether, there was a total of 32
(35%) positive in 92 taken as a sub-sample of 200 (Group 1 & Group 2 of 100 each,
Figure 8) larvae. Using epidemioclogical computer software (Cameron, 2002), the

estimated prevalence could have been as high as 41% in the 200 eggs (Figure 13).

Normal histology using H&E staining (Figure 14) revealed many enlarged nuclei
containing fypical, eosinophilic to basophilic parvovirus inclusions in adult F1
mosquitoes that arose from challenged larvae. They exibited grossly normal appearance
and behavior. Despite the relatively large number of infected cells, there was no visible
host inflammatory response and tissues did not appsar to be disrupted or necrotic.
FISH analysis confirmed the presence of ATADNV nucleic acid in enlarged nuclei from
these specimens (Figure 15). FISH and H&E staining for ATADNV in adult Ae. aegypti
mosquito were used to confirm that surviving adult female mosquitces were infected
with AThDNV. Some eggs had been laid but some also still remained in the egg sac
(Figure 16). From the hybridization test we found infected nuclel with green
flucrescence (520120 nm) in cells around the egg tissue/membrane but no egg nuclei
were seen in the sections. Semi-thin sections of 1° instar F2 larvae (Figure 17A,17B)
confirmed lack of tissue disruption, suggesting that normal functions were maintained
despite viral infection. TEM revealed large numbers of 22-24 nm virions free in the
nucleoplasm and collected into paracrystalline arrays (Figure 18,19). It alsc showed lack
of tissue disruption. Of 6 blocks prepared from 100 specimens, only 1 showed evidence

of viral particles. Application of epidermiological sampling software (Cameron, 2002)



indicated that estimated prevalence could be as high as 57% infection in the sampled

population of 100.

15-32 = [ +Ve

M = molecular weight marker (1.5 kb+100 bp ladder)

Figure 13. Screening of AThDNV infection status of challenge survivors using PCR
method with samples 1-32 showing 19/32 {59%) positive. Mosquitc samples 33-94 (62
samples) were also checked by PCR and 13 (21%) out of 62 samples were positive

(data not shown).

5. Genomic analysis of AThDNV in stock and surviving mosquitoes

Fifty clones of inserted fraGments were sequenced and used for analysis. Each
clone was considered 1o have originated from a different target gene fraGment and was
translated into a putative amino acid sequence based on alignment to two amplicons
from the NS1/NS2 overlap raegion and one amplicon from the NS1 region by comparison
to the full sequence of Ae. albopictus densonucleosis virus (AalDNV) genome (GenBank
accession number NC_004285) as shown in Figures 20-22. Alignments with 2 portions
of NS1 and 1 portion of NS2, revealed that the number of defective sequences in the
freezer stock clones was 1/27 (4%) while the number in the F4 survivor clones was
7123 (30%). In all cases, the defective sequences showed frame shifts resulting from
base insertions or deletions. Althocugh the alignments in the NS1/NS2 averlap region in

Figures. 20 and 22 were done for NS1 and NS2, respectively, transcription products



would be defective for the reading of both NS1 and NSZ2 proteins because the single
base deletions and insertions occurred after the start codons for both proteins.
Calculating from the percentage of putative defective sequences in each of the 3
sampled regions, the mean prevalence of defective sequences in the freezer group was
3.3% * 5.8 SD while that in the F4 group was 29.7% * 10.0 SD. The difference was
significant (p = 0.017). Using an alternative method with epidemiological software
(Cameron, 2002) and considering target viral populations well in excess of 100,000,
there was a significant difference (p = 0.003) in the estimated prevalence of defective
fraGments between the freezer group (33% t 6.7 SD) and the F4 group (84% + 5.0
SD).



Figure 14. Hematoxylin and Eosin {H&E) staining with sections of normal (A&B) Ae.

aegypli adults and ATADNV-infected (C&D). Parvovirus-type inclusions in fat body
tissues were seen as large, basophilic intranuclear inclusions in nuclei with marginated

chromatin (C&D). These nuclei contrast sharply with smaller normal nuclei (A&B).
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Figure 15 Fluorescene in situ hybridization for ATADNV in adult Ae. aegyptf
mosquitoes. The bright field micrograph (A) shows enlarged nuclei that give green

fluorescence positive for the presence of AThDNV (B). Red fluorescence from
propidium iodide at >620 nm indicated a normal nuclei reaction in uninfected

maosguitoes (C).



Figure 16. Fluorescene in sftu hybridization (B,D&F) and H&E staining {A,C&E) for
AThONV infected tissue and normal tissue in adult Ae. aegypli mosquitoes. Normal

tissues were shown in A, B, C&D while ATADNY infected tissues were shown in E&F.



Figure 17. Light microscopy and ultastructure of normal and AThDNV-infected
mosquitoes. Light microscopy of semi-thin sections (A&B) and electron microscopy of
ultra-thin sections (C&D) of Epon-Aradite embedded mosquito larva of the 3"
generation (F2) of Group 3 larvae. (A) Nomal control mosquito larva showing no
intranuclear inclusions in fat body tissue. (B) Enlarged nuclei in gut epithelial cells of
mosquito larva. Low magnification (C) and high magnification (D) electron micrographs
of fat body nuclei of mosquito larva showing intranuclear inclusions containing large
numbers of 22-24 nm viral parlicles either free or in para-crystalline arrays. Note also

the marginated chromalin in C.



Figure 18. Electron micrographs at low (upper) and high (lower) magnification showing
a subcuticular epithelial cell infected with ATHDNV, Note that the nucleus contains farge

numbers of free virions while the pracrystalfine array is contained in the cell cytoplasm.



Figure 19. Electron micrograph of the nucleus of an AThDNV-infected subcuticular

epithetial cell showing targe numbers of free virions. Note the marginaged chromatin.
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DISCUSSION

Part i.
Comparison of penaeid shrimp and insect parvoviruses suggests that viral

transfers may occur between two distantly related arthropod groups

We have used an insect model for host-virus interaction because such studies in shrimp
are hindered by the long shrimp generation time (1-2 years) and the lack of continuous
shrimp cell lines that can be infected with viruses. By contrast, many insects such as
mosquitoes have short generation times of a few weeks and are accompanied by well-
characterized continuous cell lines. They are also in the same phylum (Arthropoda)} as
shrimp and interact with viral pAThogens in a similar manner. In this model, we used a
parvovirus from the same virus family that contains the shrimp viruses IHHNV, spawner-

isolated mortality virus (SMV) and HPV.

Of the parvoviruses in c¢rustaceans, onty those of shrimp have been studied in detail.
These include hepatopancreatic parvovirus (HPV) in Penaeus chinensis (HPVchin)
(Lightner & Redman, 1885} and P. monodon (HPVmon) (Sukhumsirichart et af,, 1899),
SMV from P. monodon (SMVmon) (Fraser & Owens, 1996; Owens et al.,, 1998, Owens
& McElnea, 2000) and IHHNV (Lightner et al., 1983; Bonami et al., 1990; Shike ot af.,
2000). These viruses have caused disease in cuitivated shrimp in rmany countries all
over the world. Shike ef al. {2000) recently reported that IHHNV of shrimp and the
mosguitc densoviruses AaeDNV (Afanasiev et al. 1991,1894) and AafDNV (Barreau et
al., 1996; Jousset of af., 1993} shared similar overall genomic crganization. Specifically,
the left ORF of these viruses most likely encoded the major NS protein (NS1) since it
contained conserved replication initiator motifs and NTP-binding and helicase domains
similar to those in NS1 from all other parvoviruses and the putative NS1 of {HHNV
shared 33-35 % amino acid (aa) sequence identity with NS1 of the mosquito
densoviruses (Shike et al., 2000}. It was of interest to know the relationship amongst the
IHHNYV, SMV and HPV of shrimp parvovirus and also their relationship to known insect
parvoviruses. To this end, recent sequence information from these three shrimp virus
types was compared to that published for the insect parvoviruses. From the study on

characteristics of insect and penasid shrimp parvoviruses, we found that virion size both



from insect and shrimp ranged between 18-30 nm in diameter and ali had genome of

ssDNA that ranged between 4 and 6 kb.

A phylogenetic tree based on genomic DNA of shrimp and insect parvoviruses {Figure
10) gave two main clades (clusters) that included: Clade 1 with SMVmon, PNV,
DsDNV, GmDNV, JcDNV, and BmDNV; and Clade 2 with HPVmon, HPVchin, IHHNV,
AalDNV and AaeDNV. The grouping of IHHNY with the mosquito brevidensoviruses
AaeDNV and AalDNV was in agreement with the study of Shike ef al. (2000) who found
the same relationship in a phylogenetic tree based on a 199-aa conserved region
characteristic of the NTP-binding and helicase domains of the nonstructural protein
(NS1) of IHHNV, of insect parvoviruses and vertebrate parvoviruses. However, the
clustering of SMV with a different group of insect densoviruses and the separation of
HPV into yet another group suggests that the shrimp parvoviruses studied are of
diverse origin and that they are not closely related. Shike et al. (2000) reported that
IHHNV was the first example of a densovirus with a host range outside the class
insecta that diverged from the Crustacea over 500 million years ago. Our analysis
suggests that BMVmon and HPVmon/HPVchin may represent fwo other groups of

distantly retated densoviruses in the class Crustacea.

Comparisons were made using amino acid sequences for nonstructural protein (NS1),
structural protein, capsid/coat proteins (VP) and putative proteins of unknown function
that showed similarity using global alignment from LALIGN program. The phylograms
based on capsid or related protein sequences (Figure 11B) and NS1 or related
sequences (Figure 12B) were somewhat different. The phylogenetic tree based on NS1
was similar to that described by Shike et al. (2000) with the closest relationship found
between IHHNV and AaoDNV or Aa/DNV. However, when capsid proteins were used,
IHHNV fell closer to BmDNV and PDNV than to AaeDNV or AsiDNV. The phylogram
based on NS1 sequences corresponded most closely to the phylogram constructed
based on DNA sequences and it suggested that NS1 might be more conserved than the
capsid protein. Jousset ef al. (2000) reported that there was a lack of sequence
homology betwean CpDNV and Aa/DNV genomss, and that lack of antigenic cross-
reactivity between capsid polypeptides indicated that the two mosquito viruses AaeDNV
and AalDNV were also phylogenetically distant. They also reported that CpDNV

appeared to be related to Junonia coenia densovirus (JcDNV) both serologically and



genomicaily. Due to lack of appropriate sequence information we were unable to include
CpDNV in our analysis, but based on the work of Jousset et al. (2000), it might
eventually cluster with JcDNV, distant from AalDNV. in contrast to their work, however,
our results indicated that AeeDNV and AalDNV were closely related. Based on DNA
sequence compariscns, we were surprised to find that the shrimp parvoviruses did not
form one cluster and the insect parvoviruses another. The fact that the three shrimp
viruses fell into two different parvovirus clades, including two different insect virus
groups suggests that there may have been and may still be viral transfers between
these distantly related arthropods. Indeed, Lo et al. (1996) found that a PCR probe for
white spot syndrome virus of penaeid shrimp gave positive results with aqguatic insect
larvae and suggested that they were possible reservoir hosts. Since this work was not
followed up with more detailed tests such as in sifu DNA hybridization assays, it may
have been that the insect larvae were simply mechanical camiers of the shrimp virus.
On the other hand, cultivated penaeid shrimp larvae and some insect larvae are
carmivorous and known by shrimp farmers to eat each other when sizes are appropriate
and opportunity arises. It would be worthwhile locking in the shrimp environment to
determine whether any aquatic insect tarvaes there can be infected with shrimp

parvoviruses and act as reservoirs for them.

As a resuit of this phylogenetic analysis, we became concerned that HPV might be
transmitted to shrimp by aquatic insect camiers. Thus, we carried out an unpublished
survey of aquatic insects in Thai shrimp ponDs using an HPV-specific PCR detection
method. This revealed 4 PCR positive aquatic insect species, 3 of which were in the
predatory insect family Gerridae (pond skaters, water striders), Corixidae (water
boatman), Notonectidae (backswimmers) and one (mayfly larvae) in the Order
Ephemeroptera. This has resulted in precautionary measures to prevent HPV
transmission from these potential carriers. It is particularly important for mayfty larvae,
since many shrimp farmers raise them intentionally to feed the live to shrimp larvae. In
the meantime, further studies are underway to determine whether these insects are

infected or mechanical carriers.



Part Il
Challenging successive mosquito generations with a densonucleosis virus yield

persistent, innocuous infections and progressive improvements in survival

Using this relatively simple mosquito-virus model, we have been able to demonstrate
increasing survival (l.e., from 15% t 4.12 SD to 55% + 6.36 SD) in successive
generations challenged with a fixed viral stock of ATADNV. This parallels the situation
reported for shrimp (Flegel, 2001; Santamaria, 1999; Moss, 2002). Also similar to
shrimp, we have shown that many challenge survivors are actually infected with
AThDNV although they show no gross signs of disease and are capable of normal
maturation and reproduction. The high number of infected cells and the presence of
paracrystalline arrays of viral particles in transmission electron micrographs of 1“ instar
larvae collected within 2 hours of hatching suggested that vertical transmission of the
virus was possible by the transovum route. Vertical transmission has previously been
reported for AalDNV (Barreau et al,, 1997). However, the transmission of virus through
the egy surface is termed fransovum and that within the egg itself is designed
tranovarial. Investigators did sections in the positive female but they showed no dense
nucleus within the nucleus. The transovarial transmission was found in AzeDNV since
surface sterilization of the ova did not prevent tarval infection (Lebedinets & Kononko,
1989). We do not exclude the possible transmission at later stages by horizontal
transfer amongst larvae and adults, although study of the possibility and rate was not
included in our work. Horizontal viral transmission amongst larvae has been reported.
Barreau et al. (1997 & 1996) described transmission via defecation or regurgitation
while Vasconcelos (1996) described nucleopolyhedrovirus transmission with Mamestra
brassicae larvae via both cannibalism and release of virus prior to the deATh. Rosen
described horizontal transmission of dengue-2 virus by Ae. albopictus males (Rosen,
1987). From the viewpoint of our study, the route of transmission to successive
generations was not particularly relevant. It was sufficient to show that challenge
survivors were infected in significant numbers and capable of transmitting that infection

to future generations.

Our results indicated that the number of eggs produced with each succeeding

generation of mosquitoes dropped. Although this could have been the result of



ATRDNV infection, it could also have resulted from inbreeding in the groups of survivor
mosquitogs. Barreau ef al. (1987) reported that fecundity of Aa/DNV-infected females
was not significantly different from AalDNV-free females. By contrast, Kuznetsova &
Buchatsky (1988) observed significant changes of eggs in Ae. aegypti females from
AaeDNV infection. Buchatsky also showed that some of females did not suck blood, so
that both fertility and number of eggs laid were reduced. Specifically designed tests

wouid be needed to distinguish between these possibilities with our model system,

The feature that our survivors to AThDNV challenge and survivors from other viral
challenged arthropods generalty camry the challenge virus for life is a highty significant
difference from vertebrates. In our opinion, this difference should be emphasized by use
of the term "tolerant” rATher than “resistant” to describe such survivors (Flegel, 2001).

in addition, the full significance of these persistent viral infections should be determined.

The lack of host mosquito inffammatory response to the presence of ATHDNV also
parallels the situation with viral infections in shrimp where even large numbers of
infected cells generaily solicit no mobilization of hemocytes (Flegel, 2001). This
contrasts sharply with the shrimp respense to bacterial and fungal pAThogens
(Johansson et al., 2000; Thornqvist & Soderhall, 1997) where host response usually
leaDs to pAThogen clearance and where long-term chronic infections are characterized
by hemocytic aggregation leading to encapsulation and granuloma formation (Flegel et
al., 1992; Lightner, 1996). Also noteworthy was the lack of tissue disruption when
AThDNV-infected cells held positions in the epidermis and gut epithelium of infected
mosquitoes. Since the cuticle over infected apidermal cells was normal, cellular function

appeared to be unaffected by presence of the virus.

Tolerance fo a densovirus infection can also occur in insect cell lines. For example, it
has been shown that serial passage of C6/36 cells infected with the densovirus AaDNV
results in a gradual decline in number of infected cells from around 90% to a steady
state of approximately 20% from the 10" passage onwarDs (Burivong, 2003). This
effect has been aftributed to defective interfering particles (DIP) that had previously
been suggested to reduce viral production or to compete with infective particles for cell
surface receptors (Frank, 2000; Kirkwood & Bangham, 1994; Rhode, 1978). It has been
shown by electron microscopy that smpty particles are mixed with purified AalDNV



viions from infected C6/36 cells (Jousset ef al, 1993). Interference by defective
particles has also been claimed as an additional viral interference factor in parvovirus
replication in porcine parvovirus (PPV) (Choi et af,, 1987), parvovirus H-l (Rhode, 1978),
and in parvovirus minute virus of mice (MVM) (Clement et al., 2001). Infection with
mixtures of various ratios of empty and full porcine parvovirus particles markedly
inhibited viral production in a manner related to the concentration of empty particles
added (Choi et al., 1987).

The fact that the percentage of infected cells in persistently-infected cell cultures cannot
be increased by super-challenge with the same virus comesponDs to a process called
superinfection exclusion with a homaologous virus. It has been reported in several
viruses and is defined as the phenomenon where cells infected with one virus cannot
be productively infected with the same or a closely-related virus at some later time.
Cultured C6/36 cells persistently infected with Dengue virus type 1 were found to be
resistant to superinfection with Dengue type 3 after 20 h of primary infection (Dittmar et
al., 1982). Ae. albapictus cell lines persistently infected with Sindbis virus excluded the
replication of both homolegous (variant strains) and heterologous alphaviruses but
exclusion was restricted o alphaviruses (KarPf et al., 1997). Bunyamwera virus
persistently infected C6/38 cells were also resistant to superinfection with Bunyamwera
virus and other bunyaviruses (Elliott & Wilkie, 1986). Most simply, superinfection
exciusion may result from the production of DIP that compete for host cell receptors, but
the phenomenon may also involve intracellular host factors such as interferon,

interferon-like substances or other antiviral substances.

The results of our experiments with this mosquito-densovirus experimental modet are
consistent with previous works with shrimp and with mosquito cell lines. Populations
surviving AThDNV challenge were infected with ATHhDNV and successive AThDNV
challenges lead to decreasing severity of disease caused by ATHDNV. Since the
decrease in severity of disease was assoclated with high levels of defective AThDNV
genomes (DIP) in the surviving mosquito population, it may be proposed, by analogy to
Insect cell cultures, that DIP are instrumental in the process. It could be argued, in tum,
that persistent viral infections act as a kind of “specific memory” that can serve to

reduce the severity of disease. Such memory would satisfy a currently missing



mechanism for memory in the viral accommodation theory proposed by Flegel and
Pashariwipas (1998).

Briefly, the viral accommeodation theory proposed that crustaceans have an active viral
binding and memory system (ABM) that is distinct from that invoived in binding for
infection and that the function of the system is to actively accommodate viral
pAThogens and specifically block viral triggered apoptosis (programmed cell deATh)
(Flegel, 2001; Flegel & Pasharawipas, 1998). Since 1998, tests of the theory have
shown that moribund shrimp for two major shrimp viruses do exhibit increasing levels of
apoptosis as lethal viral infections progress (Khanobdee ot al., 2002; Wongprasert et al,,
2003). It has’ also been found that viral challenges often result in cryptic infections (Hsu
et al., 1999; Tsai ef al., 1999; Yoganandhan et af, 2003). Invoking specific memory
provided by persistent infections can greatty simplify the viral accommeoedation theory
and improve its alignment with current research results. Up to date, it would propose
that “crustaceans and other arthropods have an active sysiem to accommodate viral
pAThogens as persistent infections that function to specifically reduce the severity of
disease (by the production of defective viral particles) and to dampen viral triggered

apoptosis”,

If persistent infection accompanied by high production of DIP is a generai arthropod
phenomenon, then is important to understand the mechanism of DIP formation. Earty
proposals suggested that they arose from production of randomly truncated wviral
genomes that retained an origin of replication and that they out-competed full genome
sequences because of their small size (Frank, 2000; Kirkwood & Bangham, 1984).
However, recent work with a baculovirus indicates that DIP production invoives more
complex, rapid generation of internal deletions that may require somewhat sophisticated
cellular machinery (Pijiman et af., 2001). Qur results alsc revealed intarnal (albeit smalil)
delstions in the viral genome. Given the small size of the densovirus genome and the
fact that it generates only 3 or 4 proteins, the machinery involved in DIP formation must
be of host cell origin. Altogether, a picture begins to emerge of a concerted process that
may have arisen by evolutionary advantage in the arthropod line. Using the virus itself
as the template for DIP would aliow the host to immediately respond to any viral
variation that might arise. By accommeodating viruses in persistent infections without

mortaiity, there would be positive setection of viral variants with the least negative effect



on the host and positive selection for host variants least affected by presence of the
virus. There would be strong negative selection against increased virulence in the viral
population and high disease in the host population. The protess would lead to rapid
mutual existence. This appears to occur in the relationship between infectious
hypodermal and hematopoeitic necrosis virus (IHHNV) and the black tiger shrimp

Penaeus monodon where no negative effects are generally seen (Flegel, 2001).

A second advantage of persistent infections may be a reduction in severity of disease
from super infection with second virus. This has been reported for shrimp (Tang ef af.,
2003) and for mosquite cells (Burivong, 2003) although the molecular basis for the
process is unknown. In both cases, it is important to understand that the second
infection is successful but does not lead to mortality. It is possible that presence of a
resident virus helps to dampen virat triggered apoptosis that would normally lead to

deATh.

One predicted outcome of viral accommodation would be a slow rate of evolution in
arthropod viral pAThogens when compared to vertebrate viral pAThogens where viruses
are under strang selective pressure to evade host defenses. This appears to be the
case. Holland (1896) has stated, “._.the rates of evolution {mutation fixation) for the
flaviviruses, the alphaviruses and other aboviruses are generally lower by an order of
magnitude or more than are the rates for many other (non-arthropod-bome) viruses.”
Although Holland (1896) suggested that the lower rate of evolution might have arisen
from the need for arboviruses to maintain efficient replication capacity in quite different
selective environments (i.e., vertebrate and arthropod hosts), it could as easily be that
viral accommodation in the arthropod host populations would tend to continually pull the

pAThogen back to the most stably accommodated types.

The implications of these phenomena with respect to viral control of insect pests and
vectors are not good. They suggest that widespread use of such pAThogens would
quickly lead to persistently infected populations with increasing tolerance over time. On
the other hand, understanding the nature of persistent infections and selecting well-
tolerated viruses could open the way for new control strategies. For example, genetic
modification of a widespread and well-tolerated virus to a lethal factor such as scorpion

toxin, would leave the hosts with no means of defense. The disadvantage of this



approach would be the need to constantly re-apply the virus from new, ariificially
generated stocks. A better option might be to genetically modify a well accommodated,
innocuous virus to contain lethal signals for a second agent of concem (e.g., modify an
innocuous densovirus to interfere with Dengue replication). The only disadvantage to
that process would be application of selective pressure on the Dengue population to
overcome the newly applied interference. Obviously, it would be wise to carefully select

the mode of interference to avoid this possibility.
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Abstract

The DNA and putative amino acid sequences of representative insect and shrimp parvoviruses (subfamily
Densevirinae) were analyzed using computer programs. Shrimp viruses included hepatopancreatic parvovirus (HPV)
of Penaeus monodon (HPVmon) and P. chinensis (HPVchin), spawner-isolated mortality virus from P. menedon
(SMVmon) and infectious hypodermal and hematopoietic necrosis virus (IHHNV) from P. vannamei. Insect viruses
included Aedes aegypti densovirus (AaeDNV), dedes albopictus densovirus (AalDNV), Junonia coenia densovirus
(JeDNV), Galieria meltlonella densovirus (GmDNV), Bombyx mori densovirus 5 (BmDNY), Diatraea saccharalis
densovirus (DsDNV) and Periplaneta fuliginosa densovirus (PfDNV). Virion size for all these viruses ranged between
18 and 30 nm diameter and ssSDNA genome length was between 4 and 6 kb. Using sLAST or Clustal W with the
sequence fragments available, no significant DNA homology was found except for 77% DNA identity between
HPVmon and HPVchin. However, phylogenetic trees constructed by comparing DNA genome sequences for putative
viral poiypeptides, capsid proteins and nonstructural proteins placed the parvoviruses into two Clades: Clade 1 with
SMVmon, PfDNV, DsDNV, GmDNY, JcDNV, and BmDNV; and Clade 2 with HPVmon, HPVchin, IHHNV,
AalDNV and 4aeDNV. The four shrimp parvoviruses fell into two different clades that grouped with different insect
parvoviruses. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Tusect; Crustacean; Shrimp; Parvovirus; Densovirinae; Phylogeny
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(Parvovirinae or Densovirinae) is single stranded,
linear DNA with only two overlapping genes that
penerate two sets of structurally related but biolog-
ically distinct polypeptides called nonstructural
(NS) protein and the viral capsid polypeptide (VP}
(Shike et al., 2000). The family Parvoviridae in-
cludes two subfamilies, Parvovirinae with viruses
that infect vertebrates, and Densovirinae with
virases that infect imvertebrates, mainly insects.
Boublik et ab. (1994) suggested that the overall
organizaticn of three densoviruses, Bombyx mori
densovirus (BmDNV), dedes DNV and the Junonia
coenia densovirus (JeDNV), revealed striking dif-
ferences.

Of the parvoviruses in crustaceans, only those of
shrimp have been studied in any detail. These
include hepatopancreatic parvovirus (HPV) in P.
chinensis (HPVchin) (Lightner and Redman, 1985)
and Penaeus monodon (HPVmon) (Sukhum-
sirichart et al, 1999; Phromjai et al., 2001),
spawner-isolated mortality virus from P. monodon
(SMVmon) {Fraser and Owens, 1996; Owens et al,,
1998, 2000; Owens and McElnea, 2000) and infec-
tious hypodermal and hematopoietic necrosis virus
(IHHNV) (Lightner et al, 1983; Bonami et al.,
1990; Shike et al., 2000). These viruses have caused
disease in cultivated shrimp in many countries all
over the world (Flegel, 1997). Shike et al. (2000)
recently reported that IHHNV of shrimp and the
mosquite densoviruses 4aeDNV and AalDNV
shared similar overall genomic organization. Spe-
cifically, the left ORF of these viruses most likely
encoded the major NS protein (NS1) since it
contained conserved replication initiator motifs
and NTP-binding and helicase domains similar to
those in NS-1 from all other parvoviruses, and the
putative NS1 of IHHNV shared amino acid se-
quence homology with NS1 of the mosquito denso-
viruses.

Spawner-isolated mortality virus (SMV) of P,
monodon was described as a parvovirus based oun
its morphological characteristics by transmission
electron microscopy (TEM) and its specific gravity
(Fraser and Owens, 1996). It has aiso been recently
reported from freshwater crayfish in Australia
{Owens and McElnea, 2000). [t was of interest to
know the relationship amongst the three types of
shrimp parvovirus and also their relationship to

known insect parvoviruses. To this end, recent
sequence information from these three shrimp virus
types was compared with that published for the
insect parvoviruses.

2. Materials and methods
2.1. DNA sequences

The shrimp DNA and putative protein sequences
used for alignment and comparison were SMVmon
(GenBank AF499102), HPVmon (GenBank
AF456476), HPVchin (GenBank AY008257) and
IHHNV (GenBank AF218266). Insect viral se-
quences from GenBank were Aa/DNV (X74945),
AaeDNV (M37899), BmDNV (AB042597), Ds-
DNV (NC001899), GmDNV (L32896), JcDNV
(847266) and PfDNV (NC000936). A key to the
numbers and sources is shown in Table 1.

2.2, Computer analysis

BIOEDIT software (version 5.0.6) was used to
manipulate the retrieved sequences (Hall, 1999).
The alignment of sequences was performed by
using the CLUSTAL w software contained in the
BIOEDIT program (Thompson et al., 1994). For
full-length genomes as well as nonceding regious,
nucleotide sequences were aligned. For coding
regions, the alignment was performed for amino
acid sequences. Phylogenetic apalysis was per-
formed by using several methods. For all methods,
positions containing an alignment gap were ex-
cluded from pairwise sequence comparisons. Boot-
strap re-sampling was performed for each analysis
(100 replications). Nucleotide distances were ana-
lyzed by using the neighbor-joining algorithm
(http://bioweb.pasteur.fr/seqanal/phylogeny/
phylip-uk.html) as implemented in the PHYLIP
package (NEIGHBOR), based on the Kimura two-
parameter distance estimation method or the pro-
portion of differences (p distance). The program
TreeView was also used to view the phylograms
(Page, 1996).

The phylogenetic tree for DNA was constructed
based on 696 bp of aligned DNA sequences. We
used this 696 bp as the basis for the comparisons
with all the other parvovirus sequences because it
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was the only sequence available from HPVmon.
Proteins that were analyzed by using BLAST pro-
gram from NCBI (Tatusova and Madden, 1999)
and the most similar sequences were used for the
phylogenetic analysis. For the analysis of protein
similarities, the LALIGN program version 2.0
(http://www.ch.embnet.org/software/LALIGN

—form.html) was used to calculate giobal align-
ment of sequences (Myers and Miller, 1988).

3. Results and discussion

3.1. Characteristics of insect and penaeid shrimp
parvoviruses

From a literature review (Afanasiev et al,, 1991;
Bando et al,, 1987a,b, 1990; Bonami et al., 1990,
Boublik et al., 1994; Dumas et al., 1992; Jousset et
al., 2000; Lightner et al., 1983, 1994; Lightner and
Redman, 1985; Owens et al, 1991; Sukhum-
sirichart et al., 1999), virion size for insect and
penaeid shrimp viruses ranged between 18 and 30
nm in diameter and all had genomes of ssDNA,
that ranged between 4 and 6 kb {Table 2). These

Table 1
Source and origin of parvoviruses sequences used

characteristics would place them in the Family
Parvoviridae. The smallest virion size (18 nm) and
shortest length genome (4009 bp) belonged to the
densovirus from Aedes aegypti (AaeDNV) and the
longest (about 6 kb) to the densovirus from Culex
pipiens (CpDNY). The fact that these viruses are
in the same family and all occur in arthropods
opened the possibility that they might be ances-
trally related in some way.

3.2. Sequences comparisons ¢f insect and penaeid
shrimp parvoviruses

Using BLAST program to compare all of the
tested nucleic acid sequences, the highest homol-
ogy (77% DNA identity) was found between
HPVmon and HPVchin. However, using the
global alignment method from LALIGN program
to detect homology of putative proteins from the
two showed only 15.3% similarity. No other sig-
nificant DNA homology was found. Results using
the CLUSTAL W program were the same. However,
when CLUSTAL W was used to compare isolated
pairs of DNA sequences, some homolopy was
found between IHHNV and .4eeDNV or
AdDNY.

Abbreviation  Fuil rame Source animal Common pame GenBank accession
number
SMVmon Spawner-isolated mortality virus P. monodon Black tiger AF495102
shrimp
HPVmon Hepatopancreatic parvovirus P. monodon Black tiger AF456476
shrimp
HPVchin Hepatopancreatic parvoviris P. chinensis Chinese white  AY008257
shrim;
[HHNV Infectious hypodermal acd hematopositic necrosis  P. vannamed AmenF::an white AF218266
virus shrimp
AalDNV Aedes atbopictus densovirus Aedes albopictus Mosguito X74945
AaeDNV Aedes aegypti densovirs Aedes aegypti Mosquito M37899
BmDNY Bombyx mori densovirug Bombyx mori Sitkworm ABG42597
DsDNV Digtraea saccharalis densovirus Diairgea NC0018%
saccharalis
GmDNY Galleria mellonella densovirus Galleria L.32896
melloneila
JeDNV Junonia coenia densovirus Junonia coenia 347266
FIDNV Periplaneta fuliginosa densovinus Periplaneta NCO236

Juliginosa
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Fig. 1. The neighber-joining phylogenetic tree generated from
a heuristic search of aligned inscct and shrimp parvoviruses
DNA sequences. The phylogenetic tree was constructed based
on 696 bp of aligned DNA sequences. The branch lengths are
scaled according to the number of base substitutions. The scale
shown in the left-hand comer of the figure indicates the
propartion of distance differences. Bootstrap values are indi-
cated as number at each branch (100 repiications). For the
sources of DNA sequences data are shown in Table 1.

A phylogenetic tree based on genomic DNA of
shrimp and insect parvoviruses (Fig. 1) gave two
main clades (clusters) that included: Clade | with
SMVmon, P/DNV, DsDNV, GmDNYV, JcDNV,
and BmDNYV; and Clade 2 with HPVmon,
HPVchin, IHHNV, 4a/DNV and AaeDNV, The
grouping of ITHHNV with the mosquito brevi-
densoviruses AeeDNV and A4/DNV was in
agreement with the study of Shike et al. (2000)
who found the same relationship in a phylogenetic
tree based on a 199-aa conserved region charac-
teristic of the NTP-binding and helicase domains
of the nonstructural protein (NS1) of IHHNYV, of
insect parvoviruses and vertebrate parvoviruses.
However, the clustering of SMV with a different
group of insect densoviruses and the separation of
HPV into yet another group suggests that the
shrimp parvoviruses studied are of diverse origin
and that they are not closely related. Shike et al.
(2000) reported that IHHNV was the first exam-
ple of a densovirus with a host range outside the
class Insecta that diverged from the Crustacea

AafDNV

AasDNV

over 500 million years ago. Our analysis suggests
that SMVmon and HPVmon/HPVchin may rep-
resent two other groups of distantly related
densoviruses in the class Crustacea.

Comparisons were also made using amino acid
sequences for nonstructural protein (NS1), struc-
tural protein, capsid/coat proteins (VP) and puta-
tive proteins of unknown function that showed
similarity using global alignment from LALIGN
program. There was some homology between the
shrimp viral proteins and known capsid proteins
of insect viruses (Fig. 2A). Other proteins that
showed homology were capsid protein of
HPVchin and upknown protein of HPVmon
(15.3%) and proteins of insect parvoviruses (Fig.
3A). It was interesting that the capsid protein of
IHHNV showed very low similarity to capsid
proteins of AaeDNA and 4a/DNV, even though
its NS1 showed similarity to their NS1 (ie.
IHHNV and AqeDNV, 182%; IHHNV and
AalDNV, 20.4%). The results were used to con-
struct a phylogenetic tree (Fig. 2B).

NS1 of IHHNYV showed some similarity to the
protein translated from orf2 of JeDNV (13.7%),
to NS1 from DsDNV (14.3%) and to NSI1 or
putative proteins of other viruses (Fig. 3A). The
results of the comparison were used to generate
another phylogenetic tree (Fig. 3B). A putative
protein of HPVmon showed high homology to the
capsid protein of HPVchin but both showed very
low homology to the capsid protein of IHHNYV.

The phylograms based on capsid or related
protein sequences (Fig. 2B) and NS! or related
sequences (Fig. 3B) were somewhat different. The
phylogenetic tree based on NS1 was similar to
that described by Shike et al. (2000) with the
closest relationship found between IHHNV and
AaeDNV or AaiDNV. However, when capsid
proteins were used, THHNV fell closer to
BmDNV and P/DNV than to AaeDNV or
AalDNV. The phylogram based on NSI se-
quences corresponded most closely to the phylo-
gram construcied based on DNA sequences and it
suggested that NS! might be more conserved than
the capsid protein.

Jousset et al. (2000) reported that there was a
lack of sequence homology between CpDNV and
AalDNV genomes, and that lack of antigenic



84

cross-reactivity between capsid polypeptides indi-
cated that the two mosquito viruses 4ae DNV and
AalDNV were also phylogenetically distant. They
also reported that CpIDNV appeared to be related
to Junonia coenia densovirus (JeDNV) both sero-
logically and genomically. Due to lack of appropri-

S. Roekring et al. / Virus Research 87 (2002) 79-87

ate sequence information we were unable to include
CpDNY in our analysis, but based on the work of
Jousset et al. (2000}, it might eventually cluster with
Je DNV, distant from Ae/DNYV. In contrast to their
work, however, our results indicated that AaeDINV
and Aa/DNV were closely related.
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Fig. 2. Comparisons based oo putative protein sequences of capsid and structural

profeins using a global alignment method

(LALI_GN}. (_A) Overall pa::vovirai protein similarities. (B) The neighbor-joining phylogenetic tree generated from a heuristic search
pf ?l:gned insect and. shrimp parvoviruses deduced amino acid sequences. The scale shown in the left-hand corner of the figure
indicates the proportion of distance differences. Bootstrap values are indicated as number at each branch {100 replications).
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Fig. 3. Comparisons bascd on putalive protein sequences of insect virus ponstructural protein (NS) acd most similar proteins using
global alignment method (LALIGN). (A} Overall pasvoviral protein similarities, (B) The neighbor-joining phylogenetic tree geperated
from a heuwristic search of aligned insect and shrimp parvoviruses deduced amino acid sequences. The phylogenetic tree was
constructed based on deduced amino acid sequences of struciural proteins. The scale shown in the left-hand cormer of the figure
indicaies the proportion of distance differences. Bootstrap valies are indicated as number at each branch {100 replications).

Based on DNA sequence comparisons, we were
surprised to find that the shrimp parvoviruses did
not form one cluster and the insect parvoviruses
another. The fact that the three shrimp viruses fell
into two different parvovirus clades, including
two different insect virns groups suggests that
there may have been and may still be viral trans-

fers between these distantly related arthropods.
Indeed, Lo et al. (1996) found that a PCR probe
for white spot syndrome virus of penaeid shrimp
gave positive results with aquatic insect larvae and
suggested that they were possible reservoir hosts.
Since this work was not followed up with more
detailed tests such as in situ DNA hybridization
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assays, it may have been that the insect larvae
were simply mechanical carriers of the shrimp
virus. On the other hand, cultivated penaeid
shrimp larvae and some insect larvae are carnivo-
rous and keown by shrimp farmers to eat each
other when sizes are appropriate and opportunity
artses. It would be worthwhile looking in the
shrimp environment to determine whether any
aquatic insect larvae there can be infected with
shrimp parvoviruses and act as reservoirs for
them.
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Abstract

Research on cuitivated shrimap suggests that they have the capability to tolerate viral pathogens in a highly specific
manner by mechanisms currently unknown. The phenomencn is difficuit to study in detail because they have a generation
time of 1-2yr aod lack continuous cell lines, Thus, we developed a mosquito-densovirus model to examine whether similar
phenomena occur in insects. Serial challenge of five generations with a stock densovirus (4 TADNV) resulted in progressive
survival increases from 15% to 58%. Prevalence of ATRDNY infection in surviving mosquito larvae (confirmed by PCR,
histology, in situ hybridization and transmission electron microscopy) was relatively high (e.g. 36% in F2) but they grew
» pormally to establish cach succeeding generation. At the end of five generations, comparison of deduced amino acid
L sequences from genome fragments revealed a significantly higher (p = 0.02) estimated prevalence of defective targets in the
¢ surviver viras population (29.7% 1 10.0 SD) than ia the stored viral population (3.3% 4 5.8 SD). The results paralleled
" those reported for serially passaged C6/36 mosquito cell cultures infected with a densovirus. There, reduced infection rates
are ascribed to the production of defective interfering particles (DIP). Thus, ii is possible that the presence of prior
ATRDNY infections with a high level of DIP contributed to improved survival in our challenged F4 mosquito population.
If so, it suggests that persistent viral infections in arthropods may serve in a specific, adaptive manner to reduce the
incidence and severity of disease.
© 2006 Eisevier Ltd. All rights reserved.
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1. Introduction

Global field experience with cultivated shnmp has
shown that catastrophic introductions of exotic
viral pathogens are foflowed within a few years by
the appearance of natural, native shrimp that are
grossly normal carriers of the exotic virus [1]). The
virus is transmissible and can be lethal to naive
shrimp. Results from using a fry of mixed captured
spawners to stock cultivation ponds suggests that
tolerance depends on factors related to individual
production batches of shrimp (i.e., it is adaptive in
nature) [1]. This adaptive pattern cannot be
explained easily by currently accepted knowledge
or theoties regarding shrimp or crustacean defense.
The natural phenomenon has been repeated experi-
mentally by genetic selection of families on the basis
of high survival upon viral challenge for the two
shrimp pathogens—-infectious hypodermal and he-
matopoietic necrosis virus (IHHNV) (Supershrimp
Co. Ltd., now closed) and Taura syndrome virus
(TSV) [2). Tests with TSV tolerant families geneti-
cally selected on the basis of external challenge tests
suggest that tolerance may be specific to each
pathogen and not cross-protective [3,4]. Specificity
i$ such that even small changes in the viral genome
of TSV, for example, have been shown to greatly
alter virulence {35] or to overcome tolerance devel-
oped through breeding selection [6].

Detailed study of host-viral interaction in shrimp
is hindered by long shrimp generation times (1-2 yr)
and the lack of continuous shrimp cell lines. By
contrast, many insects like mosquitoes have short
generation times and are accompanied by well-
characterized continuous cell lines. They are in the
same phylum (Arthropoda) as shrimp and interact
with viral pathogens in a similar manner. For
example, both lack an inflammatory response to
viruses, both generally exhibit persistent infections
and both lack antibodies. Insects have also been
shown to develop specific resistance or tolerance to
viral pathogens [7]. For example, use of baculo-
viruses for biological control of insect pests has been
limited by such factors as a narrow effective host
range, speed of action and development of resis-
tance [8-17}. However, a problem with many
published studies has been the tendency to measure
“resistance” by survival rate, and the general failure
to determine whether or not survivors are infected.

To overcome the disadvantages with shrimp and
to overcome the shortfalls in earlier work with
insects, we describe here the use of an Aedes aegypi

and densovirus (AThDNV)} model to examine the
effect of challenging successive generations of an
arthropod population with a viral pathogen.

2. Materials and methods
2.1. Cell line

A cell line of the C6/36 clone of 4. albopictus was
used [18]. The densovirus-free line was grown in
minimal essentizl medium at pH 7.0 (MEM,
GIBCO™ Invitrogen), supplemented with 10%
heat-inactivated fetal calf serum (FCS), 1% non-
essential amino acids, penicillin (100 unit/ml) and
streptomycin (0.1 mg/ml) that accompanied the
commercial preparation. Cells were propagated at
28 °C and seeded at 4day intervals in 25 cm? plastic
flasks at 10° C6/36 cells per flask [19]. The live C6/36
cells were counted using 0.4% Trypan Blue and a
hemocytometer under a light microscope every time
before propagation.

2.1.1. Virus and viral stock preparation

The Thai strain of densonucleosis virus used in
this study was detected in a colony of A. elbopictus
and 4. aegypti in 1999 by Dr. Pattamaporn
Kittayapong from Center For Vectors and Vector-
Borne Diseases (CVVD), Faculty of Science,
Mahidol University, Thailand [20). It was the sixth
mosquito densovirus described, and was designated
ATADNY. About 50 moribund infected mosquito
larvae from an A. aegypti colony were homogenized
with 1.5ml] of GIBCO"" minimum essential med-
ium (MEM) at pH 7.2, with addition of the
accompanying 1% non-essential amino acids,
100 unit/m! penicillin and 0.1 g/ml streptomycin,
but without the heated, inactivated fetal bovine
serum (FBS). The homogenized viral solution was
filtered through a 0.2um filter membrane and
combined with cell culture medium to a final volume
of 2ml.A 3-day-old C6/36 clone, free from denso-
virus infection and with approximately 80% con-
fluence in a 25 cm? flask was washed two times with
phosphate buffered saline (PBS) pH 7.2 before
inoculation with 2ml of the viral suspension for 2h
at 30°C. The medium was then discharged and
washed once with PBS before addition of Sml
MEM containing 10% heat-inactivated FBS and
incubation for 3 days at 30 °C. The cells were seeded
at 4day intervals with 10° cells per 25 cm? flask. The
second passage of infected C6/36 cells was scraped
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from the flasks and aliquoted in 0.5ml lots for
storage in microcentrifuge tubes at —80°C.

2.1.2. Mosquitoes

An initial batch of mosquito eggs (several
thousand) was provided by the Ministry of Public
Health of Thailand, from a domestic colony of
A. aegypti that has been maintained in captivity for
more than 10 yr. The eggs were hatched and reared
to adults in cages in a mosquito insectary at 27°C
and relative humidity 65-70%. Infected and unin-
fected mosquitoes were kept in separate rooms to
avoid contamination. Lavae were reared in 21 water
bowls and fed on mice feeding powder while adults
were fed on a 10% sugar solution. For egg
maturation, females were fed on Wistar rats of
250-300 g body weight provided by the National
Laboratory Animal Center, Mahidol University,
Thatland.

2.1.3. Challenge of mosguito lavae

First instar mosquito larvae were challenged with
ATHDNYV following a protocol slightly medified
from that described by Barreau et al. [19,21}. Four
hours after hatching, 500 first instar larvae were
washed in sterile distilled water two times to remove
feeding medium and then maintained in Sml of
sterile distilled water in a beaker. Two tubes each
containing 0.5ml of viral stock at —80°C were
thawed and added to the beaker with the larvae
followed by incubation at 30°C. Control larvae
were treated in the same manner except that they
were mock-challenged with an equal volume of
harvested, densovirus-free C6/36 cells, After 48h,
the larvae had molted to second instar and were
transferred to 21 water bowls, where they were fed
daily with mouse feeding powder until all had
emerged to the adult stage. Dead larvae, pupae and
adults were collected daily and stored individually
at -80°C. Survivors were considered those larvae
that reached the adult stage.

2.1.4. DNA extraction

To begin experiments, the starting mosquito
population was screened twice for freedom from
ATHDNYV by selecting 150 larvae from a batch of
approximately 3,000, so that a negative test would
indicate with 95% probability the absence of
AThDNYV at the level of 2% prevaience [22]. The
larvae were pooled and homogenized with a glass
rod in 5ml lysis buffer TF1 (50 mM Tris—~HCI pH
9.0, 100mM EDTA, 50mM Na(Cl, 2% SDS, | mg/ml

Proteinase K; National Center for Genetic Engi-
neering and Biotechnology, Bangkok 10400 Thati-
land, Vol. 1 No. 1 March 2001). DNA was extracted
using the phenol:chloroform technique of Sam-
brook et al. [23] with commercial phenol saturated
with Tris—=HCL. DNA in the final upper phase was
precipitated with two volumes of cooled absolute
ethanol and then washed with 70% ethano! before
air-drying and resuspension in 100pl TE (10 mM
Tris-HC, pH 7.4, 1 mM EDTA, pH 8.0) containing
1yl of 10mg/ml RNase solution. The DNA was
stored at —20°C and the relative amount was
measured using a spectrophotometer at wavelength
260 nm. After initial population screening, all tests
were done with individual mosquitoes ground vsing
a glass rod in lysis buffer TF1 at the ratio of 500 i
lysis buffer for one mosquito specimen. ’

2.1.5. AThDNYV screening by PCR

Screening of mosquito stocks and celt lines for
ATHDNV was carried out by polymerase chain
reaction (PCRY) assay using specific primers from the
densovirus open reading frame 3 [24] vielding an
amplicon of 350 bp. DNA extract (150 ul) was used
for the PCR reaction. DNA extract from an
ATRDNYV infected 4. albopictus C6/36 cell culture
was used as the positive control template, while
sterile double-distilled water and DNA extract from
A. albopictus C6/36 cells free of densovirus infection
were used as negative control templates. Total DNA
(50-150ng in 3 ply used as the template for PCR in a
total of 20pl containing 2pl of 10x buffer
(Promega, Madison, WI), 2pul of 25mM MgCl,,
0.5 ul of dANTPs (10 mM each), 0.5 ul of each primer
(20 mM each), and 1 unit of Tag DNA polymerase
{Promega). The mixture was subjected to amplifica-
tion in a PCR Thermal Cycler (Gene Amp PCR
systemn 6900, Perkin Elmer, Foster City, CA, USA).
For PCR, the initial denaturation (prePCR) was at
$5°C for 5min, followed by 35 cycles of denaturat-
ing at 95°C for 1 min, annealing at 55°C for 1 min
and extension at 72 °C for 1 min, followed by final
extension (postPCR) at 72°C for 7min. PCR
products were analyzed by standard 1.5% agarose
gel electrophoresis together with a 1.5+ 100bp
molecular weight marker (Promega). During the
course of the investigation a nested primer pair
ATHDNV_213F & CTT CGG ATT AGC ATC
ACC ¥ and ATADNV_213R 5 GGG ATC AAC
CTT CTA AAG 3¥ were developed to obtain higher
sensitivity, and these yielded a product of 213 bp
using the same PCR protocol as with the outer
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primers. Samples that yielded products of the
expected size (350bp by one-step PCR or 213bp
by nested PCR) were scored as positive for
AThDNYV.

2.1.6. ATRDNV detection by fluorescent in situ
hybridization (FISH)

A fluorescein-labeled DNA probe was prepared
by PCR using the procedure described above with a
plasmid template containing an ATADNV fragment
from open reading frame 3 {24] to amplify a 350 bp
DNA fragment. Labeling was carried out using
fluorescein-12-dUTP (Roche Molecular Biochem-
icals, Germany) according to the product manual
(version 3, September 1999). The labeling mixture
included sterile redistilled water, 10 x PCR buffer
without MgCl,, 4mM MEgCl,, 200 pM ANTP (PCR
Fluorescein labeling mix), 1uM primers, 1U Taq
DNA polymerase (Promega) and tempiate of an
extracted viral DNA 150 ng. The fluorescein-labeled
probe was purified using a QIlAquick PCR purifica-
tion kit (QIAGEN, Germany) and stored in 100 ul
of elution buffer at —20°C.

Mosquito samples were fixed in Davison’s AFA
for 2-4 h before being dehydrated and embedded in
paraffin using standard histological methods [25).
Sections (4um thick) were cut and mounted on
Superfrost Plus Slides (Fisher Scientific, PA, USA).
Prior to hybridization, slides with sections were
incubated on their sides at 65°C for 45min,
deparaffined with xylene and then rehydrated
through an ethanol series to water. The in situ
hybridization protocol followed that described by
Lightner [25). The sections were then counterstained
by immersing the slides in 40mi of a freshly
prepared propidium iodide solution {1 ug/ml in
PBS, pH 74) for 15min at room temperature
followed by washing three times with de-ionized
water for Smin each and addition of one drop of
anti-fade solution (Verstashield, H-1000) before
covering with a coverglass and viewing by fluores-
cence microscopy. Green  fluorescence  at
520420 nm indicated a positive hybridization reac-
tion, while red fluorescence from propidium iodide
at > 620 nm indicated negative hybridization.

2.1.7. Normal histology and electron microscopy
Preparation of adult mosquitoes for normai
histology was done according to Lightner [25].
Larval specimens for transmission electron micro-
scopy (TEM) were fixed for 2h in 2.5% glutaralde-
hyde in 0.1 M cacodyiate buffer, pH 7.8 and then

washed twice in 0.1 M cacodylate buffer, pH 7.8 at
4°C, The samples were post-fixed for 2-3h in 1%
osmium tetroxide in 0.1 M cacodylate buffer at pH
7.8. The samples were then dehydrated in a graded
series of ethanol and embedded in an Epon—Aradite
mixture. Silver to pale gold sections were cut in a
Reichert ultramicrotome, mounted on formvar-
coated copper grid and examined in the TEM
(Hitachi H-7500) after staining in agqueous uranyl
acetate and lead citrate. Semi-thin plastic sections
for light microscopy (LM) were stained with 1%
toluidine biue.

2.1.8. Cloning and sequencing of DNA

PCR products were amplified from template
DNA using three primer pairs designed for
ATHDNV (Dr. Pahol Kosiyachinda) and covering
a total of 1.5 kb of the genome from positions 454 to
2096 relative to the 4qPV genome. These were 5'-
RPT-0794 (5 TAA CGC GTC ACA GGC AAG ¥)
and 3-RPT-1384 (& GTG ATA GTC GCT TCT
GCA C 3) for relative positions 464-1959 (ampli-
con 799 bp), ¥-RPT-0582 (5 AAA CCG TTG GTG
ACC TCT ACC %) and ¥-RPT2081 (& CTG GTT
TTA CCA TGG CCA ATA AG 3) for relative
positions 603-1401 (amplicon 1495bp} and 5'-RPT-
0794 and 3-RPT2081 for relative positions
603-2096 (amplicon 1393bp). The amplification
protocol was the same as described before in
AThDNV screening by PCR. DNA fragments
purified from agarose gels were ligated to pDrive
cloning vector (QIAGEN) following the QIAGEN
manual protocol. The ligated product was frans-
formed into Escherichia coli IM109. Transformed
cells were spread together with 50l of 20 mg/mi
X-gal in dimethylformamide solution on Lurna
Bertani (LB) agar (LB broth, Difco, Detroit, MI,
USA, plus 1.5% gar) containing 50pg/m! of
ampicillin. White colonies were selected as positive
transformants. Recombinant plasmids were then
purified, DNA concentrations measured at ODyg
and 150ng used to check insertion of PCR frag-
ments. For sequencing, an additional two primers
were used 5-RPT-1281 (5 CAG GAG GAA ACA
GCA CAA GAG TCA 3) and 5-RT-1758 (5 GAA
AGA ACA CGTATA CAA 3%, together with those
above, to break up long sequences. All clone regions
were sequenced at least twice and some up to four
times for verification. Sequencing was done using an
ABI PRISM dye terminator cycle ready reaction kit
(Perkin Elmer) with and ABI PRISM 377 auto-
mated DNA sequencer by Macrogen Company
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Limited (Chongro-Ku, South Korea) or using an
Amersham dye terminator kit with a MegaBACE
DNAS500 automated sequencer at the Instituie of
Molecular Biology and Genetics, Mahido! Univer-
sity, Bangkok.

2.1.9. Compuier analysis

BIOEDIT software (version 5.0.6) was used to
manipulate the sequences 126). The alignment of
sequences was performed by using the CLUSTAL W
software contained in the BIOBRDIT program [27).

2.1.10. Serial challenge protocol

The scheme for serial ATADNV challenge of
successive gencrations of A. aegypti is shown in
Fig. 1. In this model, aliquots of the same
densovirus stock solution were used for all challenge
tests. The starting population of FO mosquitoes was
screened for absence of ATADNV by PCR, was
maintained in parallel throughout the tests and
remained A TADNV negative by PCR. QOne subset of
several hundred males and females from this
population was used to produce eggs for an Fi
challenge test. The larvae hatching from these eggs
were placed in bowls in batches of 100 for viral
chalienge and mock challenge. Survivors were
reared to adulthood to produce the next generation
of larvae for subsequent challenge. This process was
repeated serially for subsequent penerations. For
the F1 viral challenge, five replicates were used,
while two were used for the mock challenge. For
later challenges, the pumber of wiral challenge
replicates was dependent on the number of survi-

Parental generation (FO} —e— Malntained FO

Sub-population eggs (F1)
F1 Larvee ~a—— ATEDNV Challenge

Survivors reared to adulthood —= Maintained F1

{

Sub-population egga (F2}
FZ Larvae --a—— AThDNV Challenge

Survivors reared to adulthood —e= Maintained F2

Repaeated to F4

Fig. |. ATRDNV-Aedes acgppii rno:squito adaptation test.

vors from the preceding generation, while the mock
challenge was held at two replicates. Dead, meor-
ibund and surviving larvae were counted. Dead and
moribund larvae were pooled and stored at —80°C
for PCR testing, while surviving adults were pooled
for production of the next generation. Because the
number of survivors (75) from the replicated F1
challenge was too low to allow for detailed analysis
and reproduction for the next generation of larvae,
a second pooled batch of 500 F! larvae was
challenged 2 weeks later and the surviving adults
(approximately 75} were pooled with those from the
first batch. After egg-laying (i.e., eggs for F2), 94 F1
adutts were screeged for ATADNV by PCR and [5
were used for histology and FISH. To check for
potential loss of virulence in the aliquoted stock
virus, a special batch of 500 larvae produced from
the maintained parental mosquito stock (FO0} was
challenged at the end of the experimental period of 6
months,

The F2 generation was used for more detailed
analysis of ATADNY infection status. For this
purpose, a total of 800 F2 eggs was divided into
three groups: 300 to reproduce the foliowing
generation of larvae for challenge tests; 200 to test
for the presence of ATADNV by PCR analysis at
third-fourth instars; 100 to examine for the presence
of ATHDNV by semi-thin sections and by TEM in
first instars within 2h after hatching (to avoid
infections by horizontal transmission). For PCR
analysis, it was necessary to rear to the third-fourth
instar larvae stage in order to have sufficient DNA
for the assays.

3. Results
3.1. Host—viral adaptation

Challenge of successive generations of mosquitces
with ATHDNYV according to the protocol in Fig. |
resulted in a survival increase from 15+4% at Fl to
58 + 6% at F4, whije the mean survival of the mock
challenged control mosquito groups was 94+4%
throughout (Table 1). Survival for a batch of 500
larvae produced from the maintained parental
mosquito stock and challenged at the end of the
experimental period of 6 months was 18%. This was
comparable to survival at the beginning of the
experiments (i.e., 15+4%), indicating that virulence
of the stored virus had not dimiished. Although
survival of the viralchallenged mosquitoes in-
creased with each generation, the number of ¢ggs
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Table |

Percent survival of four generations ol 4. aegypti successively chalienged with ATADNYV aliquots of the same frozen stock

Moasquito gencration Mosquitoes challenged with ATADNV

Mock-challenged mosquitoes

Survivors 1o adulthood % Survivai4 5D Survivors to adulthood % Survival +SD

{from replicates of 100)

{from replicates of 100)

First generation (F1) (paive  75/500% (18, 15, 16, 20, 12) 15+4

population}

Second generation (F2) 747300 {20, 25, 29) 2545
{offspring of F! suravors}

Third generation (F3) 1197300 (47, 40, 32) 40+8
{ofTspring ol F2 survivors)

Fourth gencralion (F4) 109/200 (56. 59) 5846

{offspring of F3 survivors)

1917200 (96, 95) 96+ 1
182/200 (92, 90} 9141
1817200 (87, 94) 9145
187/200 (97, 90) 945

“Because this number of survivors was toe low to produce the nex! generation and also provide sufficient specimens for various tests,
4 second, single baich of 300 larvae was challenged and the survivors (approximately 75) were pooled.

produced gradually decreased from 500 at FO to 300
at F2 and F3 and 200 at F4.

3.1.1. AThDNV infection status of challenge
SUrvivers

To determine whether mosquitoes that survived
ATHDNY challenge were infected or not, 109 Fli
surviving, adult females (collected after egg laying
to generate F2) were tested by PCR and infections
were verified by FISH and histology for the
presence of ATADNV. All of these mosquitoes
exhibited grossly normal appearance and behavior.
Of 94 tested by PCR assay, 13 were AThADNV
positive. Of the remaining 15 used for histology and
FISH (seec below), two showed evidence of
ATHDNV infection, giving an overall confirmed
prevalence of 15/109 = 14% in the surviving FI
adults. The two of 15 adult Fi mosquitoes found to
be AthDNYV positive by normal histology using H
and E staining (Fig. 2) showed many enlarged nuclei
containing typical, cosinophilic to basophilic par-
vovirus inclusions. Despite the relatively large
number of infected cells, there was no visible host
inflammatory response and tissues did not appear to
be distupted or necrotic. FISH analysis with these
specimens confirmed the presence of ATADNV
nucleic acid in the enlarged nuclei (Fig. 3).

Of two batches of 100 F1 generation eggs hatched
(i.e., F2 generation larvae} and tested by PCR in
sets 50 and 42 larvae, 23 and nine positive larvae
were detected, respectively. This was a total of 33
positive in 92 (36%) taken as a sub-sample of 200
larvae. Application of epidemiclogical sampling
software [22] showed that the maximum estimated

prevalence was 43% in the sampled population of
200.

Presence of AthDNV was also confirmed by TEM
with first instar F2 larvae that survived AthDNV
challenge. Semi-thin sections (Fig. 4) prepared prior
to TEM revealed intranuclear parvovirus inclusions
similar to those revealed by H and E staining and
FISH. The sections also revealed lack of tissue
disruption, suggesting that normal functions had
been maintained despite viral infection. TEM re-
vealed large numbers of 22-24 nm parvovirus visions
free in the nucleoplasm and collected into paracrystal-
line arrays. It also showed lack of tissue disruption.
Of six blocks prepared from 100 specimens, only one
(16%) showed evidence of viral particles. Application
of epidemiological sampling software {22] showed
that the maximum estimated prevalence was 57% in
the sampled population of 100.

Once the initial PCR results for ATADNV had
been confirmed by histology, FISH and TEM, we
considered that PCR testing only was sufficient to
confirm the presence of 4 TADNV in the succeeding
F3 and F4 generations. In the F3 generation, a pool
of 50 mosquito larvae was positive for 4thDNV by
ane-step PCR. Of five pools of 50 larvae each from
the F4 generation, two were positive for AthDNV
by one-step PCR and two by nested PCR. Only one
pool was negative. Although prevalence could not
be estimated, the results indicated that the virus
persisted in the surviving mosquito populations.

3.1.2. Genomic analysis of AThDNV in stock and
surviving mosquitoes

A total of 50 clones of inserted fragments were
sequenced and used for analysis. These sequences
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Fig. 2. Hematoxlyhn and Bosin (H&E) stained sections of A TRDNV-infected (A and B) and narmal {C and D) A. aegypri adults. Parvo-
types inclusions or hypertrophied nuclei were usually found in infected nuclei with densoviruses andfor parvoviruses. A TRDNV forms
large intrunuclear inclusions (C and D) that are dark blue with H and E staining. The inclusions start out reddish in color and often push
the nucleolus against the nuclear membrane where it eventuaily looks like a blue crescent beside the blue ATFDNY inclusion. They

contrast sharply with smaller rormal nuclei (A and B).

have been deposited at GenBank under the acces-
sion numbers shown in Table 2. Each clone was
considered to have originated from a different target
gene fragment and was translated into a deduced
amino acid sequence based on alignment with two
amplicons from the NS1/NS2 overlap region and
one amplicon from the NSI region by comparison
to the full sequence of A. albopictus densonucleosis
virus (Aa/DNV) genome (GenBank accession num-
ber NC_004285) as shown in Figs. 5-7. The
AalDNV sequence was used as a reference since
there was no complete sequence available for
AthDNYV and since there is high sequence identity
between Aa/lDNV and AthDNV. Alignments within
the NS1 and NS2 regions, revealed that the number

of defective sequences in the freezer stock clones
was 1/27 (4%), while the number in the F4 survivor
clones was 7/23 (30%). In all cases, the defective
sequences showed frame shifts resulting from base
insertions or deletions. Although the alignments in
the NSI/NS2 overlap region in Figs. 5 and 7 are
illustrated for NS2 and NS1, respectively, transcrip-
tion products would be defective for the reading of
both NSI and NS2 proteins, because the single base
deletions and insertions occurred after the start
codens for both proteins. Calculating from the
percentage of putative defective sequences in each of
the three sampled regions, the mean prevalence of
defective sequences in the freezer group was
3.3% +5.8 SD, while that in the F4 group was
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Fig, 3. Fluorcscene in situ hybridizalion (FiSH} for ATADNY in adult A. aegypti mosquitoes. The bright field micrograph (A) shows
enlarged nuclei that give green Ruorescence posilive Tor the presence of ATADNV (B). Red fluorescence {rom propidium iodide at

=620 nm is shown for normal nuclei from uninfected mosquitoes (C).

Fig. 4. Light microscopy and ultrastructure of normal and A TADNV-inflected mosguitoes. Light microscopy of semi-thin sections (A and B)
and electron microscopy of ultra-thin sections (C and D) of Epon-arzldite-embedded mosquito larva of the third (13} generation {ie., F2
offspring). {A) Normal controt mosquito larva showing no intranuclear inclusions in fat body tissue, (B) Enlarged nuclei in gut epithelial cells
of mosquito larvae. Low magnification {C) and high magnification (D) electron micrographs of fat body nuclei of mosquita larva showing
inteanuclear inclusions containing larpe numbers of 22-24 nm viral particles cither free or in para-crystalline armays. Note also the marginated

chromatin in (.
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Tabte 2

GenBank accession nusbers for the sequences of the ATHDNV clones ampli

infected survivers of Fé

parative fnw fogy 1 {51aR) 1AM 9

fied [rom [reezer stocks of AThDNV or rom AThDNV-

Mame ol ATADNV densovirus  GenBank accession number
fragmenis cloned from freezer

Name of ATHDNV densovirus  GenBank aceession number
fragments cloned from
surviving mosquitoes

stock

FO, 2a AY633752 F438, 1a AY649573
FO, la AY 549564 F43, 2a AY 649574
FOt 3a AY 549565 Fds, 3a AY649575
F0, 4a AYE49566 F4S, 4a AYE49576
FO, 5a AY 49567 F48, 5a AYBE49577
FQ, 62 AY 649568 F48. 6a AY 649578
FO, 7a AYE4956% F48, 7a AYE49579
F0, 8a AY649570 F485, 3a AY 649580
FO, 9a AY649571 F4S, 9z AY 649581
F0. 10a AY 649372 F48, 1Ga AY 649582
FO. 1o AYT51374 F48, 3b AYT75138)
FO, 2b AY751375 F4S, 4b AY 751382
FQ, 3b AYT151376 F48, 5b AYT751383
FO, 5b AY751377 F48, 6b AY751384
F0, 6b AYT51378 F45, 7b AYT51385
FoO. 7b AYT51379 F48, l¢ AY751386
F0, 8b AYT751380 F48, 2¢ AY751387
Fd. 1c AYT51394 F4S. 4c AY751388
FO, 2¢ AY151395 F48, 5c AYT751389
Fo, 3¢ AY751396 Fas, 6c AY 751390
Fi, 4c AY7T51397 F48, Te AY75139]
F0, 5¢ AYT51398 F48. B¢ AY751392
IO, 6e AYT51399 F43, 9¢ AY751393
F0, 7¢ AY751400

FO, 8¢ AY751401

Fo, 9¢ AY731402

FO, lic AYT731403

29.7% +10.0 SD. The difference was statistically
significant (p = 0.017).

4. Discussion

4.1. Surviving mosquito populations are infected with
AThDNV

Using this relatively simple mosquito-virus mod-
el, we have been able te demonstrate increasing
survival (i.e., 15-38%) in successive generations
challenped with a fixed viral stock of ATADNV, as
described for shrimp in the introduction to this
manuscript. Also, similar to shrimp, we have shown
that many challenged survivors are actually infected
with ATADNV, although they show no gross signs
of disease and are capable of successful maturation
and reproduction.

The high number of infected cells and the
presence of paracrystalline arrays of viral particles

in transmission electron micrographs of first instar
larvae collected within 2h of hatching suggesied
that vertical transmission of the virus was possible
by the transovarial route. Vertical transmission was
previously reported for Aa/DNV but not confirmed
[28). On the other hand, transovarial transmission
was demonstrated for AaeDNV, since surface
sterilization of the ova did not prevent larval
infection [29]. We do not exclude the possible
horizontal transmission amongst larvae and adults
at later stages, although study of the possibility and
rate was not included in our work. Horizontal viral
transmission amongst larvae has been reported.
Barreau et al. [21,28] described transmission via
defecation or regurgitation, while Vasconcelos [30]
described nucleopolyhedrovirus transmission with
Mamestra brassicae lavae via both cannibalism and
reiease of virus prior to death. Rosen [31] described
horzontal transmission of dengue-2 virus by
A. athopictus males. From the viewpoint of our
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Brevidensovirus

3000 4000

DINA sequence
in defect region

100 aa

AalDNV N ARTTCGUATTTOCAACTATTCGAACAMGAAGC TEGGAMTACTTATACGTCAATC TTACGAACATCTCA
* Normal | Y m—— B8 BT En - biepw i aEamIE G..... Bl . EF Bk, s T..G

DIPISLOCk. AY64957)) . T .o vuuunnun CTG.T.GCTC. .G.AGCT. .G. .ATAC TGTACGTG. ATC.CAC . ACAT . TC

DIP(F4. AYH49574) o | S el G....CT..G...AGCT. .G. . ATAC.TCTACGTG . ATC. CAC. . ACAT.TC

DIPIFA, AYBEIBTHI . Tuioi.urerue.on. G....CT..G.G.AGCT. .G. . ATAC. TGTACGTG . ATC .CAC. . ACAT.TC

DIP(FA. AYG49576) .T.....c......... G....GCTC. . 6. AGCT . . G. . ATAC . TGTACGTG . ATC. CAC. L ACAT. TC

DIP(Fd, AY649578) .T.............. CTG.T.GCIC. .G AGET. . G. . ATAC . TETACGTG . ATC . CAC. . ACAT. TC
Deduced protein

sequences for NS2 frame

AalDNV{NC_004285)

NSHFQLLEQEAGKYLYVNLTNIS

* Normal I...... B e
DIP{Stock,AY649571) I....PVGSGSWEI.VRESHKHF
DIP{F4, AY649574) I...... A..SWEI VRESHKHF
DIP({F4, AY649575) I...... A.GSWEI . VRESHKHF
DIP(F4, AYE49576) I...... GSGSWEI . VRESHKHF
DIP(F4, AYHE49579) I....PVGSGSWEI.VRESHKHF

Fig. 5. Diagrammatic representation of defective genome sequence analysis {cf., defeclive interfering particles or DIP) bascd on reference
1@ Lhe complete AaPV gene sequence that has very high homology to the AthDNV sequence. This allowed slignment of the NS1 and NS2
reading frames. In this figure, the PCR product targeted positions 603-140) relative the the AaPV genome and vielded a 799 bp fragment,
with clone defects in the illusirated sub-region ranging [rom relative positions 663 to 731. Note thal since the start codons for NS{ and
NS2 both lall before the defect region, analysis following the NS reading frume would also tesult in a frame shift occurring in the defect
region. *Normal identical sequence of 9/10 freezer clones (AY649564, AY649565, AYG49566, AYG49567, AY649568, AYEI956Y,
AYG649570, AY649572, AY633752) and 6/10 F4 generation clones (AY649573. AYG49577, AY649578, AYG49580, AY049381,

AY649582).

study, the route of transmission to successive
generations was not particularly relevant. It was
sufficient to show that, although grossly normal,
challenge survivors were infected in significant
numbers and capable of transmitting that infection
to future generations.

We found that the number of eggs produced with
each succeeding generation of mosquitoes de-
creased. Although this could have been the result
of ATRDNYV infection, it could have resulted also
from inbreeding in the groups of surviver mosqui-
toes. Barreau et al. [28] reported that fecundity of
AalDNV-infected females was not significantly
different from Aa/DNV-free females. By contrast,
Kuznetsova & Buchatsky (32) found that some
A. aegypri females infected with 4aeDNV did not

suck blood, so that both fertility and number of
eggs laid were reduced [33). Specifically designed
tests would be needed to distinguish between
infection and inbreeding effects with our model
system. However, if the infection effect turns out to
be real, then it suggests that dependence on vertical
transmission only would probably result in rapid
decline of viral prevalence in successive generations
of natural mosguito populations. This concurs with
results from laboratory trials by Barreau et al. [2§]
who showed that vertical transmission alone did not
last beyond two generations.

The fact that ATADNYV challenged survivors and
survivors from other viral-challenged arthropods
generally become persistently infected is a highly
significant general difference from vertebrates.
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Brevidensovirus
4000
1 AsfDNV (41 76at)
100 aa
3
DNA sequences
in defecl region
AajDdr NC_DO42E: . SOACAACGAMAGCARC AMAACTTAAC CEATATAATOC TTGATAARATARABRGAAMAGAAAATTAC AACAGCAC AR
oMcTmAL Lo T . [ S B B A G.oe.. G

DIP [F4, AYTDIZRZ:Y ..., .. e TC. L CRCLGUCAL PATA . L GA . .

Deduced protein
Sequences for NS1 frame

AalDNV (NC_004285)
**Normal
DIP (F4., AY751382)

LATT. . .G AG . LAV TR TC . ACAC.

GORKQUNLTDIILOKIKEKKITTAQ

Fig. 6. As with Fig. 5, this diagramatic represemation of defective genome sequence analysis (cf., defective interfering particles, DIP} is
based on reference to the complete AaPV gene sequence. In this gure, the PCR product targeted positions 4641959 retative the the AaPV
genome and yielded approximately 1.5 kp [ragment, with clone defects in the iltustrated sub-region runging from relutive positions 1622 1o
1696. Note that the defect would not effect NS2 since it occurred outside of the NS2 coding region. *Siop condon: **normal idenlical
sequence ol 7/7 Mreezer clones (AY 751374, AY 751375, AYT51378, AYT51377, AY 751378, AYT51379, AY751380) and 4/5 F4 gencration

clones (AY 751381, AYT751383, AY751384, AYT513835).

In our opinion, this difference should be emphasized
by referrning to the survivors as “‘tolerant” rather
than “resistant” to infection [i]. We clearly saw
tolerance by LM and TEM as a lack of host
response and tissue disruption when ATADNV-
infected cells held positions in the epidermis and gut
epithelium. It parallels the situation with persistent
viral infections in shrimp, where even large numbers
of infected cells cause no tissue disruption and elicit
no mobilization of hemocytes [l]. It contrasts
sharply with the shrimp response to bacterial and
fungal pathogens [34,35] where host response
usually leads to pathogen clearance, and where
long-term chronic infections are characterized by
hemocytic aggregation leading to encapsulation and
granuloma formation [25,36].

4.2. Surprising increase in proportion of defective
viral genomes

Based on previous experience with shrimp, we
expected that the viral population in the surviving
mosquitoes would not differ significantly from the
stock viral population used to challenge successive

mosquito populations. The reason for this expecta-
tion was the commeon field and experimental
observations that shrimp survivors of viral chal-
lenges were able to transmit lethal infections to
naive shrump (see introduction section}. Contrary to
our expectations, there was a higher proportion of
defective genome copies in the surviving mosquito
population. However, this did not conflict with the
previous experience, since a sufficient number of
normal copies were stil present to allow for
successful transmisston.

4.3. Significance of persistent infections and defective
genomes

We were left to explain the possible reason for the
AthDNYV tolerance of the surviving mosquitoes and
the reason {or the high number of defective genomes
in their viral population. Tolerance to a densovirus
infection can also occur in insect cell lines and has
been likened to superinfection exclusion [37].
Specifically, serial passage of C6/36 cells infected
with the densovirus 4afDNV resulted in a gradual
decline in the percentage of infected cells from
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Fig. 7. As with Figs. 5 and 6, this diagrammatic cepresentation of defective genome sequence anatysis (cl., defective interfering particles,
DIP} is based on reference to the complete AaPV gene sequence. In this figure, the PCR product targeted positions 603-2096 relative the
AaPV genome and yielded a fragment of approximately 1.5kp, that was splil into two clones that had defects in widely separated regions.
For spatial reasons. the illustration shows the two sub-regions separately. Note that since the start codons for NSI and NS2 fail before the
defect regions, analysis using the NS2 reading frame would also result in delects for NS2. *Normal identical sequence of 10710 freczer
clones (AY 751394, AY751395, AY751396, AY751397, AY751398, AY 751399, AYT751400, AY751401, AY751402, AY751403) and 6/8 F4
generation clones (AY751386, AY751389, AY751390, AY731391. AY751392, AY751393).

around 90% to a steady state of approximately 20%
from the tenth passage onwards. This effect was
attributed to defective interfering particles (DIP)
that had previously been suggested to reduce viral
production or to compete with infective particles for
cell surface receptors [38-40]. The results of our
experiments are consistent with this concept. Popu-
lations that survived ATADNV challenge were
infected, showed less severe disease and possessed
high levels of defective ATADNV genomes that
could represent DIP similar to those reported in
insect cell cultures. It could be argued that the

persistent viral infections act as a kind of “specific
merory” that can serve to reduce the severity of
disease. Such memory would satisfy the memory
requirement in the viral accommodation theory
proposed by Flegel and Pashariwipas {41].

Briefly, this theory proposes that crustaceans
actively accommeodate viral pathogens and that this
results in a specific block to viral-triggered apopto-
sis {programmed cell death) [1,41]. Specificity entails
a memory reguirement. Since 1998, tests of the
theory have shown that moribund shrimp for two
major shrimp viruses do exhibit increasing levels of
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apoptosis as lethal viral infections progress [42,43].
It has also been found that viral challenges often
result in cryptic infections [44-46). Specific memory
provided by persistent infections can satisfy the
memory requirement of the viral accommodation
theory and improve its alignment with current
research results. Updated, it would propose “that
crustaceans and other arthropods actively accom-
modate viral pathogens as persistent infections that
function specifically to reduce the severity of disease
and to dampen viral triggered apoptosis”.

If high production of defective viral genomes in
persistent infections is a general arthropod method
of reducing discase severity, then the mechanism of
their formation Is important. Early proposals
suggested that DIP arose from production of
randomly truncated viral genomes that retained an
origin of replication, and that they could out-
compete full genome sequences because of their
small size [39.40]. However, recent work with a
baculovirus indicates that DIP production involves
more complex, rapid generation of internal dele-
tions that may require somewhat sophisticated
cellular machinery [47]. Qur results also revealed
internal (albeit small) deletions or insertions in the
AthDINV genome. Given the small size of the
densovirus genome and the fact that it generates
only three proteins, any machinery involved in
defective genome formation must be of host cell
origin.

Altogether, a picture begins to emerge of a
concerted process that may have ariser by evolu-
tionary advantage in the arthropod line. Using the
virus itsell as the template for production of
defective genomes ( = DIP?) would allow the host
to immediately respond to any viral variation that
might arise. By accommodating viruses in persistent
infections without mortality, there would be posi-
tive selection of viral variants with the least negative
effect on the host, and positive selection for host
variants least affected by presence of the virus. The
latter has clearly been accomplished by breeding
selection for TSV tolerance in P. vannamei [3,4]
indicating an important host genetic component in
specific tolerance. By contrast, there would be
strong negative selection against increased virulence
in the viral population and against high disease in
the host population. The process would lead to
rapid co-existence of the host and virus. This
appears to have occurted with infectious hypoder-
mal and hematopoeitic necrosis virus (THHNYV) in
the black tiger shrimp Penaeus monodon where

negative effects from THHNYV infection are very
rarely seen [1].

A second advantage of persistent infections may
be a reduction in severity of disease from super-
infection by a second virus. This has been reported
for shrump [48] and for mosquito cells [37,49}
althoagh the molecular basis for the process is
unknown. In both cases, it is important to under-
stand that the second infection is successful but does
not lead to mortality. [t is possible that presence of
a resident virus can help to dampen viral triggered
apoptosis that would normally lead to death.

One predicted outcome of viral accommodation
would be a slower rate of evolution in arthropod
viruses than in vertebrate viruses that are under
strong selective pressure to evade host defenses.
Indeed, Holland [50] has stated, ‘“...the rates of
evolution (mutation fixation) for the flaviviruses,
the alphaviruses and other aboviruses are generally
lower by an order of magnitude or more than are
the rates for many other (non-arthropod-borne)
viruses.” He suggested that the lower rate of
evolution might have arisen from the need for
arboviruses to maintain cfficient replication capa-
city in quite different selective environments (i.e.,
vertebrate and arthropod hosts). Alternatively, it
could as easily be that the process of viral
accommodation in the arthropod host populations
tends to continually pull the viruses back to the
most stably accommodated types.
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