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General introduction

Chapter 1

General introduction

Honey bees are important insects that have bedefienkind for medicinal and nutritional
purposes for thousands of years. They have alseide an important balance in the
environment allowing many plant species to polenand proliferate. Honey bees have
naturally occurring parasites and pathogens whillly do not destroy the bees. The
development of long-distance travel among humandseintroduced global trade in plants
and animals introducing new species and diseasesgions where they did not exist
previously. New diseases were introduced into laeelsaffected them severely. Among the
most serious diseases are those caused by vimgddaod-sucking parasites. This chapter
introduces the honey bee to the reader and alstansrsome diseases suffered by the bee.
Important parasites will be mentioned along witle #ffects they have on the bee. The
chapter also defines the problem caused by an Bapigparasitic mite and the discovery of
virus in the mite body which was the basis of tesearch carried out. The scope of the
study done will be summarised.

The biology of the honey bee

The family Apidaehas seven species of honey bees and several sigsspegeographical
races. The western honey be¥pis mellifera is distributed widely throughout Europe,
Africa, and parts of western Asia, as well as i fmericas (Winston, 1987Apis cerana

is the major Asian bee species. All honey beeseasocial insects, meaning that they
engage in favourable social activity. A typic&l. mellifera colony consists of a
reproductive queen (a fertile female), 20,000-60,G@ult workers (non-reproductive
females), 10,000-30,000 worker brood (eggs, laarakpupae) and several hundred drones
(males) (Bailey & Ball, 1991). On average, work&aake 21 days to develop into adults,
drones 24 days, and queens 16 days (Winston, 198&)drones are present only during
the early summer in Europe and their sole funaaio mate with queens. The queen only
leaves the colony to mate, during swarming (coldiwsion) or when a colony deserts a
nest site. Her main task is to lay eggs (DenhoB®89). Adult workers are involved in basic
cleaning and comb-building, nursing of brood anddieg to the queen. They are also
involved in outside tasks, such as colony ventfatiguarding and foraging. Figure 1-1
shows a graphic presentation of the queen, workedeone.

Figure 1-1: A schematic diagram of a queen, a worker and aedbee (not proportional to real size). (Dade,
1977).
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Fertilised (diploid) eggs develop into non-reprailee female workers, while unfertilised
(haploid) eggs develop into drones. The diet ofdipdoid female larva determines whether
the emerging adult will be a queen or worker. Alviae are fed on ‘royal jelly’, which is a
protein-rich secretion from the mandibular and Ipimryngeal glands of nurse bees.
Larvae destined to become queens are fed largertijea of this royal jelly for a longer
period. Pollen collected by foraging worker beeghis main source of protein. Bees also
forage for nectar, which is converted into honeysalyvary enzymes and stored, along with
pollen, to provide a food source during winter andperiods of food shortage. Wax
secreted from glands in the abdomen of young beeseéd to construct the hexagonal
combs. In addition to honey, wax and propolis @nmeus secretion collected by bees from
trees) are useful hive products (Winston, 1987).

History and taxonomy ofVarroa mites

In 1904 in Java, Indonesia, Oudemans describe¥dhma jacobsonimite in brood cells

of drone larvae ofA. cerana(Oudemans, 1904). The mite was later found in Eemop
honey bee colonies in Japak. melliferahad been imported to Japan in 1876 (Tanabe &
Tamaki, 1986). The Asian honey bée ceranais less susceptible to this mite compared to
A. mellifera Mites can attack only a feW. ceranabees as the adult workers kill and
remove most of them from the brood (Bailey & BaB91). Studies made on the genotypic,
phenotypic and reproductive variation showed Wetroa forms a complex of 18 different
genetic variants that belong to 2 different spedagoa jacobsoni(infesting A. cerana
andVarroa destructor(infesting A. melliferg. There are no morphological differences to
distinguish the genetic types (Anderson & Truem2@00). V. destructorcan cause
widespread losses in colonies in relatively sheriqas of time. When untreated, colonies
might die within 3 to 4 years (de Joagal.,1982a).

Worldwide distribution of Varroa mites

The Varroa mite has been found on honey bees in Asia, Eurthpe,Americas, New
Zealand, North and South Africa. Figure 1-2 sholes global distribution of the mite as
per data available in 2000. The mite has spreaddwate in the last few decades due to
the commercial transport of bees, the migratorywitiets of beekeepers, drifting bees and
swarms that may fly long distances (Sumpter & Mar2004). The mite was initially
observed in Indonesia (Oudemans, 1904). Its occoerehas since been reported in
Singapore (Gunther, 1951), USSR (Breguetova, 19H8))g Kong (Delfinado, 1963),
Philippines (Delfinado, 1963), The Peoples RepublicChina (Tzien-He, 1965), India
(Phadkeet al, 1966), North Korea (Tian, 1967), Cambodia (Ehda&68), Japan (Ehara,
1968), Vietnam (Stephen, 1968), Thailand (Laigo &orbe, 1969), Czechoslovakia
(Samsinak & Haragsim, 1972), Bulgaria (Velitchkov Matchev, 1973), South Korea
(Delfinado & Baker, 1974), Paraguay (Or&al, 1975), Romania (Orosi-Pal, 1975),
Taiwan (Akratanakul & Burgett, 1975), Argentina (M®l & Piola, 1976), Poland
(Koivulehto, 1976), Uruguay (Grobov, 1976), Germa(Ruttner, 1977), Bangladesh
(Marin, 1978), Myanmar (Marin, 1978), Brazil (Alvesal, 1975), Hungary (Buza, 1978),
Tunisia (Hicheri, 1978), Greece (Santas, 1979), oélayia (Santas, 1979), Iran (Crane,
1979), Libya (Crane, 1979), Turkey (Crane, 1979gba&non (Popa, 1980), USA
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(anonymous, 1987), (Wenner & Bushing, 1996) Sdftita (Allsopp et al, 1997), and
New Zealand (Anonymous, 2000). Apart from their coom appearance on living bees,
Varroa mites have also been found on the flower-feedmsgétsBombus pennsylvanicus
(HymenopteraApidag, Palpada vinetorun{Diptera: Syrphida¢ and onPhanaeus vindex
(ColeopteraScarabaeidag(Kevanet al, 1991).

The only regions of the world where tilarroa mite has not yet spread to are Australia and
the central part of Africa (Oldroyd, 1999).

Global distribution of Varroa mites
Inset shows South East Asia

| )
0 2000 4000 KM

Figure 1-2: The global distribution oWVarroa mites. The shaded regions are those where docargent
evidence of the mite’'s presence was recorded byyds 2000. Adapted (with added updates) from
Arlinghaus et al., 1998 (permission granted). The mite was first ol in Java Indonesia in 1904
(highlighted in the inset) and has since been ifiedtin most areas of the world.

Honey bee pathogens

Various agents such as bacteria, fungi, virusegsge mites, microspora and amoeba
cause disease in the honey bee (Bailey & Ball, 19%he bacteriumMelissococcus
plutonius causes European foulbrood (EFB) disease in theyhdee brood. The dead
larvae are watery and pasty in appearance, angedl@v to black in colour. American
foulbrood is caused by a spore forming bacterRmenibacillus larvaelt is characterised
by sticky larval remains.Chalkbrood disease is caused by the spores of uhgu$
Ascosphaera apisvhen ingested with food. The larvae are covereth wihite fungal
mycelial growth which causes them to dry out ared @he tracheal miteA¢arapis woodi

is an internal parasite that lives in honey beeathiag tubes in the thorax, abdomen and
head. The mites pierce the breathing tube walld Wieir mouth parts and feed on the
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haemolymph of the bees. The mife destructoris an external parasite that feeds on the
haemolymph of adult bees, larvae and pupae (Bé&ilBgll, 1991).

Most viruses infecting bees are insect picorna-likases. They were first observedAn
melliferain the early 1960s (Bailegt al, 1963; Baileyet al, 1964). Picorna-like viruses
have invertebrate hosts unlike picornaviruses whigbe vertebrate hosts. The viruses are
referred to as picorna-like because of their molgdioal and physico-chemical
resemblance to picornaviruses (Fauceteal., 2005). They are small, non-enveloped and
have positive-sense single-stranded RNA genomes 1F3). The viruses currently fall into
two taxonomical groups: the famiicistroviridae with members whose genomes have
two non-overlapping open reading frames, and thessigned genuslflavirus,
characterized by a genome with a single open rgaflame and similarity to vertebrate
picornaviruses (Christiaat al., 2005). Dicistroviruses affecting bees includashmir bee
virus (KBV; de Mirandaet al., 2004),Black queen cell viru$BQCV; Leatet al., 2000),
and Acute paralysis virugAPV; Govanet al., 2000). Iflaviruses reported in bees are
Sacbrood virugSBV; Ghoshet al.,1999, Deformed wing virugDWV; de Mirandaet al,
2003; Lanzi & Rossi, 2003) antakugo virugFujiyuki et al.,2004).

5 -End 3" - End
Picornaviridae
ORF
NTR |L|VP4| VP2 |VP3| VP1 |§F%| 2B | 2C | SALPS ro3c1 Rng,D NTR
9
VPg G - — — AAA,
Structural proteins Non-structural proteins
Iflavirus
ORF
NTR | VP3 |VP4| VP1 VP2 Helicase| Pni: RdRp NTR AAA
Structural proteins Non-structural proteins
Dicistroviridae
ORF 1 ORF 2
VPg G NTR |He|icase| Prl) RdRp | | VP2 |VP* VP4 VP1 | NTR AAAn
Non-structural proteins Structural proteins

Figure 1-3: Schematic diagram of the genome organisatioRiodrnaviridag Iflavirus andDicistroviridae.
The genome-linked protein (VPg) on theehd has been shown to be present in picorna-liikseas such as
Cricket paralysis virusand Drosophila C virus(King & Moore, 1988). The structural proteins (UNP4),
shaded in the diagram, play a role in virus attaafitnto the host cell. Some picornaviruses (cardiges and
aphthoviruses) encode a leader protein (L) at @gnning of the ORF. The 5' a nontranslated regénR)
contains an internal ribosome entry site (IREShathree group®icistroviridae have a second IRES in the
intergenic region. The viruses belonging to thesmugs have a polyadenylated tail on tHeeBd of the
genome.
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Other viruses associated with bees inclugas Iridescent Virusthelridovirus which was
isolated and characterised fréxncerana(Bailey & Ball, 1991) The filamentous virus and
bee virus Y are intimately associated with the giitamicrosporidian organisilosema
apis, a parasite infecting the midgut of adult bees (Al& Ball, 1996). Bee virus X is
found in association with the amoebtalpighamoeba mellificaea parasite infecting the
Malphigian tubules of adult bees (Allen & Ball, )9

Varroa destructor: a honey bee ectoparasite

The ectoparasitic mit¥/. destructoris one of the most serious pests of the honeyfee
mellifera. Figure 1-4 shows an adult female (in the left aaed male (in the right panel)
mite. The adult female mite is reddish-brown inotwl and has an oval and flat body
measuring about 1.1 to 1.2 mm long and 1.5 to 1n6 wide. Male mites are smaller,
measuring about 0.7 mm by 0.7 mm, and are palgld tan in colour (Bailey & Ball,
1991).

Female Male

Figure 1-4: Photographs of adultarroa destructormites. The left panel shows an adult female natling
on bee pupa and the right a male mite. Photogriaiien by Ms Rosalinde M. Keijzer.

An adult female mite lives either attached to anltadee (called the phoretic phase) or
within a sealed brood cell in which it reprodud@sring the phoretic phase the mites will
remain attached, occasionally moving between dmhds. The mites reproduce in the brood
cell on pupae of worker bees and drones (de JA®8)1of which the drone is distinctly
preferred (Bailey & Ball, 1991). The reproductioycke starts when a female mite enters a
brood cell just before it is sealed. The femaleenfitys one unfertilised and a number of
fertilised eggs in the upper part of the cell (Rigp).

A male hatches from the unfertilised egg and timeales from the fertilised eggs (Rehm &
Ritter, 1989). Mating occurs within the sealed sellThe development of the mite is

synchronised to that of the bee (Fig. 1-6). Adeln&le mites are then released in the
colony, either when the developed bee emerges thencell or when workers remove the
dead brood (Martin, 2001). Several of the femaldenoffspring will have reached

adulthood by the time the adult bee emerges franctil. As the host bee emerges, the
female mites move out to parasitize other beeareaé. Most of the female mites move to
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a new adult worker bee soon after being released the cell. Males are only found inside
the brood cells of the honey bee and die at emeeye¢agether with any immature
daughters.

0 hours 60 hours 90 hours 120 hour$50 hours 180 hours 220 hours 300

Figure 1-5: The life cycle ofVarroa destructoron anApis melliferaworker. At 60 hours an unfertilised egg

is laid near the top of the cell (top left). Thegatevelops into a male which mates with its motRertilised
eggs are laid from 90 hours onwards and develapdatighters. A faecal pile develops towards thtobobf

the cell (bottom right) as more mite daughters thaind grow. All the mites within the cell feed dret
developing bee and mature females leave the cadhwhe bee emerges. The male mite and any immature
daughters left in the cell, die (from Oldroyd, 1999

All mite stages feed on bee haemolymph, which tsiakd by piercing the cuticle of the
developing or adult bee (Oldroyd, 1999). TW&rroa female punctures the host pupae, in
particular drone brood, only at the second abdohsiteanite (Kanbar & Engels, 2005). The
repeated feeding of the mite and its offspringhatfistula (the piercing site in the cuticle)
prevents it from healing thus ensuring a constapply of haemolymph (Gelbet al.,
1987; Donze & Guerin, 1994).

Individual bees infested byarroa mites show noticeable reduction in weight at
emergence, which is correlated to an increasingbeurof mites (De Jongt al, 1982a).
One or two mites will cause a decrease in vitalitghe emerging bee. Higher amounts of
mites parasitizing per brood cell results in matiations like shorter abdomens, deformed
wings and legs (Duagt al.,2003). Drifting workers and drones within an apigpread the
mites from colony to colony.
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Varroa mite
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Figure 1-6: The daily development (from top to bottom)\drroa offspring in both worker (right) and drone
(left) bee cells. The development of the mite iscéyonised to that of the bee. The percentagdsedidttom
give the survival rate of each mite offspring & time the bee emerges. Adapted from Martin (1997).
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Varroa destructor: a vector of bee viruses

Relationships between honey bee parasites andesgirbave been formed over time.
Important examples are the microsporididosema apisvhich is associated with BQCV
(Bailey et al, 1983). TheV. destructomite has been associated with the transmission of a
number of bee viruses including APV (Ball, 1989;tugav, 1979, Slow paralysis virus
(SPV) (Denholm, 1999) and DWV (Bowen-Walketr al, 1999). Much of the pathology
and mortality is seen in severely mite-infested d@enies and linked to the mite-mediated
transmission of viruses (Martet al., 1998). Viruses are transmitted during feeding when
the mite injects a fluid, possibly salivary in anginto the haemolymph (Gelbet al,
1987). Alternatively, the feeding site could actlas location where the mite can acquire a
virus. The open wound could also offer a perfecdtirgg for opportunistic infections by
other pathogens to set in. The term ‘bee parasitie syndrome’ has been used to describe
a disease complex in which colonies are heavilgstgd with mites and infected with
viruses. When the mite population becomes too dehgebalance of the mite, bee and
virus and is lost resulting in colony mortality.

The majority of honey bee viruses persist at lovele as inapparent, sub-lethal infections
and occasionally cause outbreaks of mortality,eample SBV (Ball & Bailey, 1991).
This has been shown to change when the bees beotested with thé/arroa mite, which
may act as a vector to some of these viruses (SungpMartin, 2004) and induces the
accumulation of viruses as a result of enhanceaswvieplication in the bee which often
leads to high mortality as seen in APV (Ball, 1988tuev, 1979 SPV, KBV (Denholm,
1999) and DWV (Bowen-Walkeet al, 1999). These four viruses are also known to
multiply rapidly when injected into bee pupae (Deinin, 1999).

Recently, picorna-like virus particles (27 nm immlieter) were isolated from a population
of Varroa mites in beehives at Wageningen University. Exationaof mite tissue by
electron microscopy revealed aggregates of vikesfharticles of the same size located in
the cytoplasm (see Chapter 2 of this thesis foremaetails). Similar observations were
made by Kleespiest al. (2000) from a sample of mites in Germany, butvines could not
be recovered. The purified particles from the Waggen mites contained RNA as genetic
material. This suggested that the picorna-likes/icould replicate in the mite, and formed
the motivation to carry out the study describethin thesis.

Economic and ecological significance

The impact ofVarroa infestation is felt directly by the beekeeping teec Due to
weakening caused by the constant feeding of\theoa mite on the haemolymph of
developing honey bee larvae, pupae and adultsg addeny once attacked by the mite is at
risk of being lost if left untreated. The mite isgreat concern to the beekeeping industry,
being very costly when considering both colony ésss&nd the costs of prevention or
control. This would mean that the income that bepkes derive from the sale of bee
products would be reduced or lost altogether. Bessiteir economic importance, bees also
have a crucial ecological value and honey, beeamaxpropolis comprise only a part of the
benefits derived from thenVarroa infestation can impact indirectly on sectors themefit
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from honey bee pollination. Bees play an importasie in the pollination of crops
producing fruits and berries around the world. Withtheir help, the propagation of many
species of plants in nature and in agriculture wdnd threatened.

In central Africa where the mites have not yet besported, bee viruses are rare, but the
spread of theVarroa mite is an emerging threat to many small holdem& where
beekeeping is an important source of income.

Biological control of the Varroa mite

Biological control agents of pests are naturallgusdong predators or parasites that will
normally attack and kill a pest whilst sparing daisie organisms. Ongoing studies on the
application of entomopathogenic furigirsutella thompsoniand Metarhizium anisopliae
(Kangaet al., 2002), showed that they are pathogenicVarroa mites at controlled
conditions similar to those in a colony. Studiesehalso been performed to measure the
pathogenicity of isolates of mitosporic fungi (Shatval., 2002) and bacteria, such as
Bacillus thuringiensis to which the mites may be susceptible. The idieation of
pathogens harmful tdarroa but not to bees may open new avenues of contraliagnite

in specific and environmentally friendly ways. Iddiion, the identification of biological
control agents may have the potential for an affectlong-term and specific control
method agains¥arroa mites.

The problem

The feeding habits o¥arroa mites cause bees to suffer weight loss and plogisl
damage. In addition, the mite is also a vector ntimber of pathogens, including bacteria,
viruses and fungi, some of which also contributethe killing of the bee populations
(Bailey & Ball, 1991). To date, no known biologigabntrol method is effectively able to
eliminate any lethal pests in bee populations. Hentification of a specific biological
control agent against the mite will save bees apdivelihood of many beekeepers around
the world. Therefore, it is crucial that potentents are identified and investigated for
their potential to controMarroa mites. Transportation of infested bee stocks drel t
beekeeping practices, including long distance parisof bees, contributed to the rapid
spread of the mite within Europe (Anonymous, 19897 is a major threat to regions where
the mite has not yet been seen.

Scope of the thesis

At the beginning of the research presented inttigsis, high amounts of picorna-like virus
particles were detected in the tissue \bf destructor from apiaries of Wageningen
University in The Netherlands. Aggregates of virparticles were observed in the
cytoplasm of mite tissue apparently going througln&ection cycle. Although picorna-like
virus particles had been detectedviarroa mites previously (Kleespiest al.,2000), there
was no molecular data available to definitely idgnthese viruses. The aim of this
research was to isolate this virus from the mitearacterise it in detail and study its
behaviour in mite and bee populations with theritibe to determine if it had potential as a
biological control agent against tMarroa mite. V. destructorhas been implicated in the
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spread of bee viruses (Denholm, 1999; Sumpter &tina2004), but it was not known
whether bee viruses could replicate in mites orttwrethey were pathogenic or not.

To further characterise this virus, a large amadinirus was isolated and purified from the
Wageningen mites and was used to generate antiseruabbits. This antiserum would
subsequently be used for ELISA and blot analysess$es the extent of spread of the virus
in the bee colonies. There was need to generageodatytopathology of the virus therefore
electron microscopy and immunohistochemistry wasduse locate the virus particles and
to identify the infected tissu¢€hapter 2).

Since the molecular identity of this tentativelyaneirus was unknown, the entire genome
of the virus was sequenced and analysed using imoapture RT-PCR followed by
sequencing through genome walkir@hépter 3). The information obtained was used to
study the taxonomic position of this virus, whiclasvcalledVarroa destructor virusl
(VDV-1), in a phylogenetic analysis along with mesnb of the familiedicornaviridae
and Dicistroviridae and genudflavirus. All of these taxa represent small non-enveloped
viruses with single-stranded positive-sense RNAogess. The latter two groups contain
various known bee viruses.

The visualization of aggregates of picorna-likeusiparticles in mite tissues by electron
microscopy indicated that these viruses were gtingugh an infection cycle. To confirm
the ability of the virus to replicate in mites aT-RCR-based method was designed to
detect the complementary negative RNA strand ire nigsue. This strand only exists
during viral replication where it provides a tenipldor the synthesis of the viral RNA
genome of positive polarity. A similar test was-gptfor DWV, in order to be able to
discriminate between these viruses since both detected in the miteChapter 4).

In Chapter 5 the viral proteins are analysed in more detadoRia(-like) viruses translate
their proteins first as polyproteins which are aasiationally cleaved into functional
polypeptides which are involved in replication bétvirus (non-structural proteins) or form
the viral capsid (structural proteins). Capsid @irtg are the point of primary contact
between the virus and its host and play a vita iolenabling the virus to infect the host
tissue. Investigations were made to determine Hwmvcapsid proteins are processed by
sequencing the N-terminal of the proteins. The tmsnt structural proteins were
expressed separately and analysed for their amtigeroperties and response to the
antiserum generated in rabbit against the purifieds, so as to determine the role each
protein plays in generating antibodies from theaiwiparticle. The protease was expressed
separately to make antibodies that could possiblyded to detect viral replication using
immunological methods.

In the genome oPicornaviridag the 5'-nontranslated region (5 NTR) contains Bhe

internal ribosome entry site (IRES) which is regdirfor cap-independent initiation of
translation of the viral polyprotein and also playsimportant role in determining the host
range of the virus. The secondary structureBlafirus 5' NTRs had not been previously

1C
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determined but can be predicted to locate regioite potential importance for IRES

activity. A bee or mite tissue or cell culture gystthat could facilitate the study of VDV-1

replication is not available. As an alternativevis investigated whether the virus could
replicate in lepidopteran ddrosophilacell lines. The 5' NTR of VDV-1 was investigated
to determine if it contained a putative IRES thatld be active in these cell types. The
IRES activity in the 5' NTR was investigated usibigistronic reporter constructs via
plasmids transfected into the cell lines. In thisgywa compatible cell system might be
identified to facilitate the study of the viruSHapter 6).

An ecological survey was carried o@h@apter 7) to investigate the extent to which VDV-1

had spread in the mite and/or bee populationgjdntify whether the mite or the bee must
be regarded as the primary host and to get cluestats transmission routes. This study
involved the use of ELISA techniques to detectwines in mites and bees, and was further
qualified using RT-PCR with virus-specific primeats. To study the prevalence of VDV-1

in Europe and to analyse its geographical variatigites from various regions were

analysed. Bee samples from Kenya \(arroa-free region) were investigated for the

presence of this virus.

In Chapter 8 the results of the whole study will be discussea ibroader context, taking
into account the literature data from other redesns and other viral systems. The
taxonomic position of VDV-1 will be discussed. Nbvesearch questions are formulated
and suggestions on how these should be addresssdnped, as well as the expected
applicability of the pathogen for biological cortad the Varroa mite.

11






Virus particles in Varroa destructor

Chapter 2

Detection and localisation of picorna-like virus paticles in
tissues ofVarroa destructor, an ectoparasite of the honey bee,
Apis mellifera

Virus-like particles, 27-nm in diameter, were olveel in extracts of individual/arroa
destructormites and in sections of mite tissue. Antiserum wespared against these
particles to detect the virus in individual mitésimunohistology studies showed that the
gastric caecae were heavily infected, whereas nauimostaining could be detected in other
mite tissues or organs, like the salivary glandajrh rectum or reproductive organs. By
electron microscopy large aggregates of virus-tigticles in para-crystalline lattices were
found in cells of the gastric caecae. The partjclesniniscent to picorna-like viruses
occurred mainly in the cytoplasm, whereas somesvrarticles were sparsely scattered in
vacuoles. Occasionally, the particles were als@fesl in membrane-bound vesicles or in
long tubular membrane structures. The accumulaifotiie picorna-like virus particles in
the cytoplasm and the presence of the virus in manabstructures give a stong indication
that the virus replicates in the mite. The natur¢he virus needs to be determined using
molecular methodology.

This chapter will be published in a slightly moddiform as:

Quiansong, Z., Ongus, J. R., Bengsch, E. & Peer§006). Detection and localisation of
picorna-like virus particles in tissues Whrroa destructor an ectoparasite of the honey
bee, Apis mellifera In preparation
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INTRODUCTION

The ectoparasite mi{@/arroa destructoAnderson & Trueman) feeds on the body fluids of
the larvae, pupae and adults of the western hoeey@pis melliferaL.), causing serious
damage to bee colonies. The parasitized bees legghtivhave a shortened life span and
the colony may perish (Beetsmef al., 1989). The extent of this damage depends on the
mite density in the colony (Garedest al., 2004). The density can be controlled by the
application of several rather effective acarici@gter, 1990). However, the use of these
agents has important disadvantages as their reswhrdaminate bee products like honey,
wax, propolis and royal jelly (de Greef al.,1994). Application of technical methods, like
the use of trap-combs (Fries & Hansen, 1993), isllys labour intensive (Calis, 2001).
Control of the mite with biological agents like fyirand viruses pathogenic to the mites
will not have these disadvantages.

Besides the damage caused to the bees, the naisigvolved in the transmission of bee
pathogens like bacteria, fungi and viruses (Glif&kKiarosz, 1990; Liu, 1996; Che al,
2004a). TheV. destructormite has been associated with the transmissiomwariebrate
picorna-like viruses that cause paralysis in irddcbees such aAcute paralysis virus
(APV; Ball, 1989; Batuev, 1979) anslow paralysis virugSPV) (Denholm, 1999). The
appearance dbeformedwing virus which causes severe deformity and malformations i
bees, was closely associated with the arrival ef . destructomite (Bowen-Walkeet
al., 1999). In severely mite-infested bee colonike, gathology and mortality is linked to
the mite-mediated transmission of viruses whichuesenainly during feeding (Martiet
al., 1998).

Viruses, in particular baculoviruses, can ofterapplied successfully to control insect pests
(Cory, 2003; Moscardi, 1999). A non-occluded badike virus, which may be pathogenic
to tetranychid mitedPanonychus citriwas observed by Reest al. (1972). This virus
replicates in the midgut of the mite and is trarnadi when healthy mites ingest faeces
from infected mites (Reeet al., 1975). A virus resembling th. citri virus was detected
in the European red mit. ulmi(Putham & Herne, 1966). Both viruses only causenat
epizootics in dense populations of their respectiests (Reed, 1981; Putnam, 1970).
Aggregates of unidentified particles have been dete in the gravid females of the
phytoseiid mite Neoseiulus cucumerigSteiner, 1993) andPhytoseiulus persimilis
(Bjgrnsonet al, 1997). Besides these viruses infecting mitessva ifeports exist on the
occurrence of viruses in mites associated with .dgag1991) found virus-like particles in
the body cavity of the mit&carapis woodiiving in the trachea of the honey bee. These
particles, 27-30 nm in size, were observed in tyi@ptasm of infected tissue in para-
crystalline arrays forming hexagonal patterns. Aapve iridovirus was isolated from the
Varroa mite in the USA by Camazine & Liu (1998). Thisusrwas discovered after a case
of high mortality in bees. Picorna-like virus peltis have previously been observed in
Varroa mites (Kleespiegt al.,2000). The particles detected occurred as irrelyutdraped
aggregates and were reported to be present inattgoles and nuclei of the fat body and
muscle tissue, but overall pathology was not detect the mite.
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Some eriophyoid and tetranychid mite species arewknto transmit plant viruses.
However, these viruses might not have harmful ¢ffem the mite, although thdigh
plains virusandPigeonpea sterility mosaic viry{&Kumaret al.,2002) may replicate in their
respective vectors. The large amounts of the béethsmitted Brome mosaic virus
detected in the nonvectdceria tulipafeeding on infected plants seem to cause severe
cytopathological effects in the midgut cells in alinthe virus replicates (Paliwal, 1972).

Considering the knowledge that the use of varidummical applications may affect the
quality of the bee products, and the cumbersoméntques like trap-comb method,
searching for viruses which may be pathogenic ¢éddrroa mite may offer new ways to

combat this mite. To this end a search was mad&eroccurrence of viruses in mites
collected in beehives by light and electron micopsc For the detection of viral particles,
extracts were prepared from mite samples for tloglytion of antiserum; the occurrence
of virus-like particles in mite tissue was studigd light microscopy using this antiserum
and by electron microscopy.

MATERIALS AND METHODS

Sampling of mites from beehives

Mites were collected from heavily infested beehiaeshe Wageningen University apiary.
Dead and living mites, which dropped down from bees, were collected on retractable
trays at the bottom of the hives. The honey, warcél and other debris was separated
from the mites by suspending the samples in watataining 2% ethanol, followed by
several washes over sieves with different gauzes.

Purification of virus particles from mites

One gram of washed mite sample was macerated apérsded in 1 ml 0.01 M potassium
phosphate (KHPO/KH,PQO,) buffer, pH 7.3. Large debris was removed by c¢trgation

at 5,000 rpm for 10 min at°@ in a Sorvall B21 centrifuge. The supernatant was
centrifuged through a 30% sucrose solution at Z¥,60m for 6 h in a Beckman
ultracentrifuge to collect the virus particles. Tgedlet with partially purified virus particles
was re-suspended in 1 ml 0.01 M potassium phosgh#fer and centrifuged at 40,000
rpom for 3 h at 4°C in a discontinuous 10-40% suergsadient. The fraction (band) with
virus particles was removed and centrifuged at GBD,(pom for 3 h. The pellet was re-
suspended in 1 ml 0.01 M potassium phosphate baifférstored at 4°C.

Antibody production and immunodetection

The virus, used for the production of antiserunmairabbit, was further purified from the
partial purified preparation by equilibrium centiglation in a CsClI gradient with an initial
density of 1.37 g/cth (= 42% CsCl wiv). Polyclonal antiserum was prepatgy
administering an immunisation injection to the ralibllowed by a booster injection two
weeks later. Blood was collected two and four wesdter the booster injection.
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The polyclonal antiserum was checked by detectingsvinfections in individual mites by
enzyme-linked immunosorbent assays (ELISA). Théectdd mites were ground in liquid
nitrogen, incubated in 0.2 ml of 0.01 M potassiumogphate buffer and assayed by ELISA
as described by Clark & Adams (1977).

Detection of virus particles in mites

Dead mites were collected from retractable traythatbottom of hives at the Wageningen
University apiary. They were sorted out into fowoups according to their cuticle colour
(light ochre, dark ochre to an orange, brown, armivh with black spots). They were

individually tested by ELISA for virus infection.

Electron microscopy of viruses in mite tissue

The mite bodies were fixed for 1.5 h at room terapge with 3% paraformaldehyde in 0.1
M phosphate buffer (FHPOJ/KH,POy), pH 7.2, with 2.5% sucrose (w/v). Immediately
after fixation, the mites were washed three timéh @.1 M phosphate buffer, pH 7.2, at
4°C and kept overnight in the same buffer. The mitese dehydrated in five steps using
50% ethanol at for 30 min, 50% ethanol at 2D for 30 min, 70% ethanol at Z0 for
30 min, 90% ethanol at 20 for 45 min and 100% ethanol at°@0for 60 min. The
dehydrated mites were transferred to a 1:1 mixtdirE00% ethanol and LR gold resin and
held at -26C for 1 h, then to a pure LR gold solution and kepérnight at -28C. The
mites in LR gold were embedded by low temperatuvenikdiated polymerisation of the
resin for 48 h at -2«. The embedded mites were sliced into sectioi® ofm thickness.

Immunohistochemistry and light microscopy

The appendages of the living mites were removeat poi fixation of the bodies for 2 h at
4°C in 0.01M phosphate buffer KPOJ/KH,PQ,, pH 7.5) containing 2% formalin. The
fixative was washed out overnight using PBS (140 M&CI, 1.8 mM KHPQ,, 10 mM
NaHPQ,, 2.7 mM KCI, pH 7.4) containing 6% sucrose d4C4The specimens were
dehydrated in acetone for 1 h at 4°C and refrestidtd acetone until the liquid remained
clear. The bodies were then infiltrated with a soluin 100 ml of Technovit® 8100 resin
2-hydroxyethyl methacrylate [GMA]) (Electron Micrspy Sciences) containing 0.6 g of
Hardener | (benzoyl peroxide), with mild agitatiom vacuum for 7 h at 4°C. The
embedding solution was freshly prepared by addingl bf Hardener Il to 30 ml of the
infiltration solution. The mites were embeddedhis tsolution in a mould at 4°C overnight.

Tissue sections, um thick, were prepared by slicing the embedded nahtesing a
microtome. Each section was mounted onto a dropadér on a glass slide. The mounted
slides were dried at 60 for 5 min, washed with PBS for 15 min at room penature and
then incubated with 1% BSA in PBS solution for 3iynAntiserum was applied in a 1:200
dilution in 1% BSA in PBS at room temperature fdn.2After incubation the sections were
washed in PBS for 6 x 5 min and 3 x 10 min. Théofeing steps were carried out in the
dark. The sections were incubated with horse rapésbxidase conjugated IgG at a 1:200
dilution in 1% BSA in PBS at room temperature foh.1After washing three times for 5
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min, the sections were incubated with substrateutisol (0.05% diaminobenzidine

chromogen, 0.01% hydrogen peroxide in 0.05M Trid/H&H 7.5). The reaction was

stopped by washing the sections three times wittilldd water. The tissues were
counterstained with Mayer’'s hematoxylin solutiora(@mco Inc & Marivac Inc.) for 15

min. After washing briefly with tap water, the seas were serially dehydrated in 70%
ethanol for 1 sec, 90% ethanol for 1 sec, 100%nethtor 1 sec and then air-dried. The
sections were mounted with a cover slip using DRXnting medium and observed using
a light microscope. Control specimens were prepf@d virus-free female mites. These
were taken from mite families of which the nymphsregvnegative for infection as shown
with ELISA (Chapter 7).

RESULTS

Extraction of virus from mites

A few isometric virus particles measuring 27 nmdiameter were occasionally found in
extracts of individual mites. Numerous particleghwthis diameter were observed
following an extraction and purification procedar mites collected from the Wageningen
University apiary. From their size and morpholodlyese particles are reminiscent to
picorna-like viruses of invertebrates, either frtine family Dicistroviridae of from the
genusdlflavirus (Christianet al, 2005). A highly purified preparation (Fig. 2-1ps/used to
raise antibody in a rabbit.

Figure 2-1: Purified picorna-like virus particles
of a V. destructorpreparation used to prepare
antiserum in a rabbit. Bar represents 54 nm.

Detection of virus in individual mites

Dead mites found on the retractable trays wereviddally tested by ELISA for virus
occurrence. The collected mites were divided ur fgroups according to their colour (Fig.
2-2). The four colour groups established were ligttire, dark ochre to an orange, brown
and brown with black spots. The latter group corgdioften black spots.
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(b) Ochre/Orange

(é) Brown (d) Brown with black spots

Figure 2-2: Varroa mites sorted out into four colour groups: (ajptigchre, (b) dark ochre to an orange, (c)
brown and (d) brown with black spots. In all theogs, mites that tested positive in ELISA for virus
infection have been marked by the plus sign.

Analysis of the individuals of each group revedtieat infected individuals as well as non-
infected individuals occurred in each group (Tabié). The virus could be detected in
approximately 50% of the mites in all colour groupkese results show that differences in
colour could not be used to differentiate non-itdedcmites from healthy mites. Statistical
differences were also not found in the average BLI&lues between the four groups (data
not shown).

Table 2-1: The number of ELISA positiv€arroa mitesin the groups with different colours.

Appearance in colour Total Positive Negative
Ochre 31 15 16
Ochre/orange 52 21 31
Brown 50 26 24
Brown with black spots 42 24 18
Total 175 86 89

Analysis of mite families living on a bee emergifrgm a comb cell showed that all
members of a mite family were either all positiveath negative for the presence of virus in
ELISA. This may suggest that the virus is highhifeotious for mites and can be
transmitted either horizontally or vertically orthdChapter 7).
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Figure 2-3: Immunohistology ol/arroa tissue. Panels (a) and (c) show sections of iefetissue from two mites and panels (b) and (dyvshegative
control sections from non-infected mite tissue. $hetions were stained as described in Material and
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Distribution of the virus within the mite body

Varroa mites have a hard protective exoskeleton thaeptstthe vital organs in the body.
Figure 2-4 shows a schematic representation ofitisal view of thev/arroa mite. The
brain, muscle, mouth parts and salivary glanddauated in the anterior part of the body
(De Ruiter & Kaas, 1983). The reproductive orgaviajphigian tubules and most of the
digestive system are located in the posterior part.

Virus infection could be detected in mites by chogen deposition on the infected tissues
as a result of an enzymatic reaction between th@gigate on the secondary antibody and
the substrate. Virus could prominently be foundbath the upper and lower gastric caecae
lobes of the alimentary tract (Fig. 2-3). The vimas notably absent in the muscle tissue,
brain, and rectum. The technique used did not tamcvirus in the salivary glands or the
reproductive organs.

Examination of ultra thin sections by electron ragoopy revealed high concentrations of
icosahedral particles resembling in size those Wwhiere extracted from mites. These
particles could only be detected throughout thérgasaecae. Figure 2-5 shows that gastric
caecum tissue in the posterior lobe, close to dlett leg, was heavily infected. No virus
particles were found in the fat body cells neighioay the gastric caecum tissues. Virus
particles could also not be detected in the otihgams such as the salivary glands, brains
and in muscle tissues.

The virus particles in infected cells occurred eittscattered throughout in irregular

arrangements or clustered in para-crystalline arraythe cytoplasm of cells (Fig. 2-6a).

Virus particles also occurred in vacuoles (Fig.b}-80ccasionally, infected cells were

encountered in which the virus particles were esedoin apparently closed membranous
sacs (Fig. 2-6c¢), or were aligned between membranesclosed in tubular membranous
structures (Fig. 2-6d).

Anterior part

> Posterior part

Figure 2-4: A dorsal view of the internal anatomy of the feedarroa mite. b: brain, gc: gastric caecum, Ig:
lateral gland, lo: lyrate organ, m: muscle, mpt:Ipiégian tubules, ov: ovary, sf: sacculus foems)esg:
salivary gland, r: ramus, re: rectum, v: ventrisu{de Ruiter & Kaas, 1983).
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Figure 2-5: Heavily infected gastric caecum tissue in the grimt lobe, close to the fourth leg (a). The
infected tissue in panel (a) highlighted by thetamgle is enlarged in (b). Infected cells with ehlike
particles scattered throughout the cytoplasm areingd in (c) which is enlarged from marked sectio(b).
Panel (d) shows a heavily infected cell with vitike- particles scattered in the cytoplasm. Sizeibdd) is
equal to 108 nm.
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(a) Para-crystalline aggregates in cytoplasm (b) Virus-like partlcles in avacuom

(d) Virus in tubular membranous structures

(c) Virus-like particles in membrane-bound vesicles

Figure 2-6: Electron micrographs dfarroa mite tissue showing 27 nm virus-like particlesigaded by arrows. (a) Accumulation of virus-like
particles in a vacuolgb) The virus particles observed as para-crystlBiructures in the cytoplasm ofVarroa mite cell. (¢) Virus-like
particles tightly packed in membrane-bound vesidésvirus particles between membranes or arramgadular membranous structures
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DISCUSSION

Virus-like particles, approximately 27 nm in diametwere isolated fronVarroa
mites infesting honey bees or from dead mites cttefrom trays below hives. These
particles very much resemble picorna-like virugesnfinvertebrates (Christiagt al.,
2005). The techniques used to observe and detednflction can not differentiate
between viruses with a similar morphology and si&kctron microscopy cannot
differentiate between morphologically similar picatlike viruses so it would not be
possible to tell if the infecting virus containsnaxture of similar virus types. So,
molecular methodology needs to be applied to ifiersthd characterize this virus
further (Chapter 3).

Immunohistochemistry very much depends on the tyuafithe antiserum raised. If it
was prepared from a mixture of viruses then it daldtect all viruses that would have
been present during isolation from infected mifése virus particles isolated might be
specific to the mite, but could also have the gbtb infect both mites and bees. If the
latter is the case, it cannot be excluded thatatitesserum prepared could detect both
mite and bee viruses in mite extracts either a&saltr of ingestion and/or replication of
these viruses in mites.

Using light microscopy and immunohistochemistryusiroccurrence was detected in
the gastric caecae, whereas no obvious infecticgre Wiound in any other tissue or
organ. Electron microscopic examination revealesl phesence of the virus in the
cytoplasm of infected cells either organised instailine structures or unarranged.
These may be cells / tissues in different stagesro$ infection. The accumulation of
the virus in large para-crystalline lattices (F&g6a), and the dispersal of humerous
particles in the cytoplasm (Fig. 2-5d) in the gastlaecae cells strongly suggest that
the virus replicates in théarroa mite. Virus particles were also observed in vaesol
(Fig. 2-6b), usually in unarranged order and at mimwer density than in the
cytoplasm. Since this is most likely an RNA virosplication in vacuoles is not likely
to occur, therefore, the virus might have leakedhfthe cytoplasm into the vacuoles.

No virus particles were observed in nuclei. Kleespmt al (2000) reported the

presence of picorna-like virus particles in thelaudreplication and accumulation of
an RNA virus in the nucleus is unlikely. The vidoand by these authors might be
another virus likely with a DNA genome or the va@sowere mistaken to be nuclei.

The virus could also be found associated with memdbrstructures. It occurs in
apparent sacs (Fig. 2-6c¢) or between two paraliehing membranes (Fig. 2-6d). The
viruses of some plant virus families can be foundtubules which have similar
appearance as the mite virus in the parallel righmiembranes. The function of the
viruses in the tubules in plants and between thenlonenes in mites differs. The
viruses in plants moves through these tubular stres from one cell to another
(Zambryski & Crawford, 2000), whereas the membras@ociated viruses in mites are
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probably not in a process of transmission or spifeach one cell to another since
picorna-like viruses exit the infected cell by kys{Rueckert, 1996). Luteovirus
particles (plant infecting positive-sense singlarstied RNA viruses), transmitted by
aphids, are enclosed in smooth vesicular structwiean they pass the gut epithelial
cells during their passage from the hindgut lumernhe haemocoel (Gildow, 1993;
Reinholdet al, 2003). Subsequently, these viruses pass thessmgesalivary gland
cells in tubular structures in their transport frome haemocoel to the salivary ducts
(Gildow & Gray, 1993). In both cases the membranstusctures serve as a transport
vehicle for these viruses which have to pass a aatlelayer-thick membrane. The
membrane-bound viruses in the mite might be invbimesome sort of process without
virus trafficking from one cell to another. Suchfticking has been observed without
any uncoating and multiplication of human immunadehcy viruses when these
viruses pass through gastro-intestinal cells (B&mi$97).

The mite virus is apparently restricted to the gastaecum of thevarroa mite.
Restriction of viruses to the intestinal tract &8¢ an uncommon phenomenon in mites
(Reed & Hall, 1972; Paliwal, 1972). This tissuetriefon and the apparent absence of
the virus in the salivary glands will affect the echanism by which these viruses might
infect the mites. It has been speculated that thes yparticles may be brought back to
the mouth parts by regurgitation of gut contentobserved in the transmission of
some plant viruses by flea beetles (Paliwal, 1@@gerichet al.,1983). Alternatively
the virus may be excreted with the faeces and taddsy healthy mites as has been
suggested for the apparent non-occluded virusesting) the digestive tracts Bf citri
and P. ulmi (Reedet al., 1975; Putnam, 1970). A limited possibility of migs the
virus particles in ovarian tissue does not elimentite possibility that the virus is
transovarially transmitted.
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Chapter 3

Complete genome sequence of a picorna-like virus tife genus
| flavirus isolated from the miteVarroa destructor

Invertebrate picorna-like viruses are small nonedoped viruses with single-stranded,
positive-sense RNA genomes. Sequence analysi® ®MA of a 27 nm picorna-like virus
isolated from theVarroa destructormite revealed a genome organisation with high
similarity to members of the genuBavirus. Phylogenetic analysis of the polymerase
showed that the virus was most closely relatddeformed wing virugDWV) andKakugo
virus (KV) of the honey bee. The virus has a genome(pi12 nucleotides (without the
poly-A tail) with an overall RNA sequence identdy 84% to DWV and KV. The genome
has one large open reading frame translated 2808 aa polyprotein with an amino acid
identity of 95% to DWV and KV. This virus was namedrroa destructowirus 1 (VDV-

1).

A major part of this chapter has been published as:

Ongus, J. R., Peters, D., Bonmatin, J-M., Beng&chVlak, J. M. & van Oers, M. M.
(2004). Complete sequence of a picorna-like virfughe genudflavirus replicating in the
mite Varroa destructor. Journal of General Virolo§p: 3747-3755.
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INTRODUCTION

Invertebrate picorna-like viruses are small, nowedoped viruses that have an isometric
particle. The RNA genome is single-stranded, andasitive sense and is either mono- or
dicistronic (van Regenmortet al.,2000).

The monocistronic viruses have been grouped igémeisiflavirus (Christianet al.,, 2002)
which has not been placed in a virus family yete Type species of this genudngectious
flacherie virus(IFV), which was isolated from the silkworBombyx mori(lsawaet al.,
1998). Two species have officially been assignethi® genusSacbroodvirus (SBV) of
bees (Ghoslet al., 1999) andPerina nuda picorna-like virugPnPV) (Wuet al., 2002).
Deformed wing viru¢DWV) (de Mirandeet al, 2003; Lanzi & Rossi, 2003) of honey bees
and the recently analysdthkugo virus(KV) (Fujiyuki et al., 2004), which was isolated
from the brains of aggressive worker honey bee<lasely related to each other and have
the characteristics of iflaviruses. Another potantmember of the genuBlavirus is
Ectropis obliqua picorna-like viruggoPV) (Wanget al., 2004) isolated from the moth
Ectropis obliqua Iflaviruses have a single large open reading &4®RF), which encodes
both the structural and non-structural protein&kelin picornaviruses of vertebrates, the
capsid proteins are encoded by th@&rt of the genome and the proteins involved sy
replication by the 3part. Unlike vertebrate picornaviruses, iflavirsiseack the 2A-
protease/2B/2C region (Faugetal.,2005) as shown in Figure 3-1.

5 -End 3" -End
Picornaviridae
ORF
L[vea vP2 | vp VPT [2A] 28] 2c[ 34 3p 3 3D
veg g [P = <[ AE] oo |,
Structural proteins Non-structural proteins
Iflavirus
ORF
NTR | VP3 |VP4 VP1 | VP2 | Helicase| Prl: RdRp NTR A AA
VPe ——C N » "
Structural proteins Non-structural proteins
Dicistroviridae
ORF 1 ORF 2
VPg G NTR |He|icase| Pl’ll) RdRp | | VP2 |VP4 VP3| VP1 | NTR AAAn
Non-structural proteins Structural proteins

Figure 3-1: Schematic diagram of the genome organisatioRiodrnaviridae Iflavirus andDicistroviridae.
The genome-linked protein (VPg) on theehd has been shown to be present in picorna-liikses such as
Cricket paralysis virusndDrosophila C virugKing & Moore, 1988). The structural proteins (V\NP4) are
shaded. Some picornaviruses (cardioviruses andhayihises) encode a leader protein (L) at the Imégin
of the ORF. The viruses belonging to these groape la polyadenylated tail on theedd of the genome.
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The dicistronic viruses have recently been acconatgatd in the new family
Dicistroviridae, containing the single gen@ripavirus (Christianet al., 2005), with the
type specie€ricket paralysis virugCrPV) (Wilsonet al.,2000). Other species within this
genus include:Acute bee paralysis virufABPV) (Govanet al., 2000), Aphid lethal
paralysis virus(ALPV) (van Munsteeet al.,2002, Black-queen cell viruBQCV) (Leatet
al., 2000), Drosophila C virus(DCV) (Johnson & Christian, 1998Rhopalosiphunpadi
virus (RhPV) (Moonet al., 1998), Taura syndrome viru¢TSV) of shrimp (Mariet al.,
2002), Triatoma virus(TrV) (Czibeneret al, 2000),HimetobiP virus (HiPV) (Nakashima
et al.,1999) andPlautia stali intestine virugPSIV) (Sasaket al.,1998). Members of this
family are characterised by having two non-overiagpORFs encoding either the
structural or non-structural proteins. An intergergegion, which functions as an internal
ribosome entry site (IRES), separates the two ORWsdicistroviruses, the proteins
involved in RNA replication and polyprotein prociegsare encoded by thé-proximal
ORF, whereas the-proximal ORF encodes the capsid proteins (le¢ai.,2000).

In the search for pathogens of the mit&rroa destructorwe isolated virus particles with
an average diameter of 27 nm resembling picorreikuses from mites in beehives at
Wageningen University (Chapter 2). Picorna-likeusirparticles have previously been
observed inVarroa mites (Kleespiest al., 2000). In order to identify this virus, the
complete sequence of the viral genome was detedniigylogenetic analysis was used to
estimate the taxonomical position of the virus.

MATERIALS AND METHODS

Viral RNA isolation

Virus particles were isolated fronfarroa destructormites according to the method
described in Chapter 2. RNA used as template @oricy and sequencing the virus genome
was isolated from 2(il virus suspension. RNA extraction was done usio@ 3l TRIZOL®
reagent (Invitrogen) and 160 pl of chloroform adbog to the manufacturer's instructions.
To facilitate RNA precipitation 200 pg glycogen wadded to the sample. The extracted
RNA was precipitated from the aqueous phase byngddn equal volume of 2-propanol
and washed once with 70% ethanol. RNA was re-sulgukim sterile distilled water.

Cloning and sequencing of the VDV-1 genome

Initially cDNA was synthesised using the immunocapt RT-PCR method with some
modification to the protocol described by Kok&bal (1996) and combined with 8apid
amplification of cDNA ends (RACE) methodology.

For the immunocapture, eppendorf tubes were coatigid 100 pl antibody solution
containing 1ug IgG (Chapter 2) in phosphate buffered saline (FB280 mM NaCl, 1.8
mM KH,POy, 10 mM NaHPQ,, 2.7 mM KCI, pH 7.4), for 2 h at 37°C, washed thtines
with PBS and incubated overnight at 4°C with a fgeund mites in PBS in order to trap
the virus. The unbound material was removed andubes washed three times with PBS
finally removing all excess buffer by pipetting exfta brief centrifugation to collect the
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liquid at the bottom of the tube. First strand dDMNas directly synthesised in the tube
containing the trapped virus using the enzyme SBmet" reverse transcriptase
(Invitrogen) and a commercially available oligo-dTanchor  primer
(5 GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTTTV 3 (Roche), assuming
that if the isolated virus was indeed an insecbma-like virus a poly-A tail would be
present. The first strand cDNA obtained was use@ iRCR reaction using a forward
degenerate primer '(BATIGTHITAYGGIGAYGA 3') for a conserved region around the
GDD motif (IVXYGDD) which is highly conserved in ¢h RNA-dependent RNA
polymerase (RdRp) amino acid sequences of picdikg(viruses (Fig. 3-3a region VI) in
combination with the oligo-dT primer mentioned aboWThe PCR was run for 35 cycles
with an annealing temperature of’@0for 3 min and elongation at 2 for 3 min and final

a elongation of 7 min at 7.

In order to walk towards the'-8nd of the viral genome, RACE was used repeatedly
using the RACE kit (Roche) in combination with the Expand detemplate PCR system
(Roche) essentially as described by van @egd.(2003). This strategy involves the use of
specific primers to synthesise cDNA from RNA iselatfrom virus particles, and a nested
primer in PCR. PCR products were cloned in pGEMagye(Promega) and analysed by
automated sequencing. Prior to the cloning of theerninal region of the viral genome,
the isolated RNA was treated with proteinase K rideo to ensure that a genome-linked
protein (VPg) was removed. Two microgram of tottNARwas digested with 10Qg/ml
proteinase K in 50 mM Tris-HCI pH 7.5, 5 mM Ca®.2% SDS at 60°C for 1 h. The
proteinase was subsequently removed by phenolafblon/isoamyl alcohol extraction.
RNA was precipitated from the agueous phase witlequmal volume of 2-propanol and
washed once with 70% ethanol.

Computer-assisted sequence analysis

The software SeqMan in the programme DNASTARvas used to build contiguous data
of overlapping clones from which a consensus nticlesequence of the virus was derived
using information from at least six clones for gvaucleotide. The consensus nucleotide
sequence was compared to related sequences in @enBag the BLAST tool on the
National Centre for Biotechnology Information (NgBite and the Fasta tool for similarity
searches on the European Molecular Biology Laboya&MBL) site. Phylogenetic trees
were constructed with the predicted RdRp amino seiguences from data available for
related viruses in GenBank. ClustalX software (Theanet al., 1997) was used to create
an alignment of the related sequences and the Genpidgramme (Nicholast al., 1997)

to edit the alignment. Phylogenetic trees weretg@ibtising the neighbour-joining method.
The confidence levels as percentages were estintgtetO00 replicates in a bootstrap
analysis using ClustalX. Other virus sequences usethis paper and their accession
numbers are listed in Table 3-1.
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Table 3-1: Nucleotide sequence accession numbers and gestasalfication of the picorna(-like) viruses
discussed in this paper.

Virus Accession number Classification
DCV AF014388
CrPV AF218039
PSIV AB006531
BQCV AF183905
ABPV AF150629 Family: Dicistroviridae
RhPV AF022937
HiPV AB017037
Trv AF178440
TSV AF277675
ALPV AF536531
IFV AB000906
DWV AY292384
KV AB070959 Genusiflavirus
SBV AF092924
PnPV AF323747
EoPV AY365064
EMCV M81861 Family: Picornaviridae
Human poliovirus 2 X00595 '
RESULTS

Genome sequence

Cloning and sequencing of the virus genome yieldecbntinuous sequence of 10,112
nucleotides, excluding the polyadenylated tail [B&mnk accession number AY251269].
The nucleotide base composition of the genome 2128 A, 32.20% U, 22.61% G and
15.98% C. The use of an oligo-dT reverse primeRiIRFPCR in combination with a
forward degenerate primer annealing to a putatiseserved YGDD motif in the
polymerase region (Fig. 3-3a) amplified a producapproximately 800 bases, indicating
that a poly-A tail was present at theedd of the genome. The sequence of this PCR
product revealed part of the coding sequence hayoo® to RdRp sequences of picorna-
like viruses. The virus genome (Fig. 3-2) has cargd ORF (nucleotides 1118-9799),
which translates into a single polyprotein. The&ural proteins are encoded by theart

of the coding sequence, while th'epart codes for the non-structural proteins. Thedn-
translated region (NTR) is 1117 bases long, and then®n-translated region '(BITR)
has a length of 313 nt.
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3C

1 GCAUAGCGAAUUACGGUGCAACUAACAAUUUUAGAUAGUAGCCAUGAACAAACAUUAUGA
61 UUACUCACUACGUAUUGAUCAUUUUUACAAUGACUUGCGUAGCAUGAAGCQCAUGCUUGU
121 AGUUAUAACUAUGUUAUUUUGCAAGUUGGAGAUAAUUGUAUUGGAUUAUGGAUGCGUGCA
181 CUAAGUGUCUACAUCUAUAGUCGUUUGUGGUUCAAGUUUUUGUGUUAGUA®ACAAUCUU
241 GAAGAAUGUAAGUAUCGUAUGAAUGAUAUUUGAAUGACAACACUGAAGUAU AAAAUAUAU
301 AAAAUCCAAAAAUAUUUUUAAUCUUAUUCAGUGUAGUGUUUGAUAGAGUAG AAUGCCAUG
361 UGACCGCUCAAAGGAGUCCAUUAUGGUAUAUCAUUCGAAGUCGAAUACUUGJGUAUAGUU
421 AUUGUAUUUUAUUAGUAAUAUUAGCAGUCCGUAACUAUCAUAAUCCUAUUA UAGUUUGAU
481 UAUAUGAUAGACCACUGCAGUAUCGAGUAGAGUUUAGAAAGAGUAGUGCAAUAGUAAGAU
541 CACUGUCACCGACCACUCAUUGUAAUAGUGAGGUUUGUCGGAAACCAGUUNUGUGCAGC
601 GACUAGCAAUCGUGAAUCAAUAUAGUUGGUAUUCUAAAUAUGAGACGAUUCGGCGAUUUU
661 AUUGCGACUGAAAUUUCAUAUUUAGCAUGUCAGGUCUUAUUAUGAAUGCUGGAGUAUUUA
721 UUUUUGCGGUAGAGUAGGGACCCCUCUAUCUCUCAGGUACUGUAUGAGGCSBAAGUGUGA
781 AAGUAAUUUAUGUCUCUAUACAUAAGUGACUGUAUCGGGAUUUCCUUUGGQAAGAAUCCU
841 UUUAAUUCAGUAUAAUUUAUGCUACGGUACGUUACGUUCGCAGGGCACCCEUAAUGUCA
901 CAUAGCCCAGACGAUGACGAAUGGAAAGACAUUACUUUUUAUUUUAAUGCUACGAUUAUU
961 GCUGUUUUAUUUUGCUGUUUUUAUUUGUUAUUAUAUUUUGCUAUUUUAUUAUUGCUAAAU
1021 AUAUUUCUUUACUAUUUUUGCUUUAUAUAUUAGAUUCAAUUCUUUUUAUUU UAUAUUUUC
1081 AAUUUGAUUUUGAUUUUGAAGGUAAAUAUAUAUAAAA [TIEGCAUUUAGUUGUGGAACUCU
5 NTR region - OREF start
1141 UUCUUAUGCUGCUGUUGCCCAAGCUCCCUCUGUAGCUCAUGCUCCCCGUAIGGGAGAU
1201 UGAUGAAGCUAGGCGUCGACGCGUUAUCAAGCGUUUGGCGUUGGAACAGGACGGAUUCG
1261 AAACGUUCUUGAUGUCACUGUGUAUGAUCAUACAACGUGGGAGCAAGAGGAJGCGCGUGA
1321 UAAUGAGUUCCUUAUGGAACAAUUGAAUAAUUUAUAUACGAUAUAUUCUAU AGCUGAAAG
1381 AUGUACCCGCCGCCCUGUUCAAGAACAUGUCCCCAUUUCAAUCAGUAAUABUAUUCCCC
1441 UUUAGAAUCCCUUAAGAUUGAGGUAGGAAAAGACGCGGGUGAGUUCGUAUWAAGAAACC
1501 CAAAUAUACAAAGAUUUGUAAGAAAGUGAAACGGGUGGCAUCAAAAUUUGU GCGCGAGAA
1561 AGUUGUUAGGCCCGUUUGUAAUCGAUCGCCCAUGUUAUUAUUUAAAAUUAAGAAAGUAAU
1621 AUAUGAUCUACAUUUGUAUCGGUUACGGAAACAAGUUCGGCUUCUCAGACGGAAAAACA
1681 GCGUGAAUACGAGUUAGAGUGUGUUACUAGUUUGCUACAGCUAUCUAAUCTGUUUCAGC
N P G/ P
1741 UAAACCUGAGAUGGACAAUCCUAAUCCUGGUCCAGAUGGUGAAGGUGAAGWGAAUUAGA
1801 AAAGGAUAGUAAUGUAGUAUUAACUACACAACGUGAUCCUAGCACCUCUAUUCCUGCUCC
1861 AACUAGUGUGAAGUGGAGUAGAUGGACUAGUAAUGAUGUUGUGGAUGAUUAJUGCCACUAU
1921 AACUUCGCGUUGGUAUCAGAUUGCCGAAUUUGUGUGGUCAAAGGAUGAUCBUUUGAUAA
1981 GGAAUUGGCGCGCUUAAUUUUACCUCGAGCUUUGUUAUCUAGUAUUGAGGUOAAUUCUGA
2041 CGCUAUUUGUGAUGUACCUAAUACUAUUCCGUUUAAGGUACAUGCAUAUUGSCGUGGAGA
2101 UAUGGAAGUUCGAGUGCAGAUUAACUCGAAUAAAUUCCAGGUUGGUCAAUUACAGGCAAC
2161 UUGGUACUAUUCGGAUCAUGAAAAUUUGAAUAUCCAGACGAAGCGAAGUGUGUAUGGUUU
2221 UUCGCAUAUGGAUCAUGCUUUGAUUAGCGCAUCAGCGAGUAAUGAAGCAAAUUAGUGAU
2281 ACCUUUUAAACACGUAUAUCCAUUCUUACCAACGCGUGUCGUUCCUGAUUGACAACUGG
2341 UAUUCUUGAUAUGGGUACCUUAAAUAUUCGUGUAAUUGCUCCACUACGUAUGAGUGCGAC
2401 GGGACCAACCACUUGUAAUGUUGUAGUAUUUAUUAAGUUAAAUAAUAGUGA AUUCACUGG
2461 CACUUCUUCUGGUAAGUUUUACGCGAAUCAAAUCAGGGCAAAACCUGAAAUGGACCGUGU
G C N M/ D NP
2521 GUUAAAUUUGGCAGAAGGAUUACUAAAUAAUACCGUAGGUGGUUGUAAUAUGGAUAAUCC
S Y Q Q S» VP1
2581 GUCAUAUCAGCAAUCUCCGCGUCAUUUUGUUCCUACUGGUAUGCAUAGUUBGCUUUAGG
2641 CACUAAUUUAGUAGAGCCUUUGCAUGCAUUACGAUUAGAUGCAUCAGGUAGACACAACA
2701 UCCAGUUGGGUGUGCGCCUGAUGAAGAUAUGACUGUAUCUUCCAUUGCAURCGAUAUGG
2761 UUUAAUUCGCCAAGUGCAAUGGAAGAAAGACCAUGCGAAAGGAUCAUUAUUAUUACAACU
2821 UGAUGCUGAUCCUUUCGUUGAACAGAAAAUUGAGGGAACCAAUCCAAUUUQJUUGUAUUG
2881 GUUUGCUCCGGUUGGAGUCGUAUCUAGUAUGUUUAUGCAAUGGAGAGGUUGBUUAGAAUA
2941 UAGAUUUGAUAUUAUAGCUUCCCAAUUUCAUACGGGUAGGUUAAUUGUAGGQUUAUGUUCC
3001 UGGACUGACUGCUUCUUUACAACGUCAAAUGGACUAUAUGAAAUUGAAGUCAUCUAGUUA
3061 UGUGGUGUUUGAUUUACAGGAAAGUAAUAGUUUUACGUUUGAAGUGCCCUAJGUGUCAUA
3121 CAGACCGUGGUGGGUGCGUAAGUAUGGUGGUAAUUAUCUGCCAUCUUCUAGGAUGCGCC
3181 UAGCACACUGUUUAUGUAUGUACAAGUACCAUUGAUACCUAUGGAAGCUGUJUCUGAUAC
3241 UAUAGAUAUCAAUGUGUAUGUGCGUGGUGGCAGUUCGUUUGAGGUUUGUGUCCAGUCCA
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3301 ACCUAGUUUAGGUUUGAACUGGAAUACAGAUUUCAUAUUACGUAAUGAUGAGGAGUACCG
3361 CGCAAAGAAUGGAUAUGCACCGUAUUAUGCUGGUGUGUGGCAUAGCUUCAAAAUAGUAA
3421 UUCGCUUGUUUUUAGAUGGGGUUCGGCUUCAGAUCAAAUUGCUCAAUGGCEACAAUAAC
3481 AGUGCCUCGAGGAGAGUUGGCAUUCUUGCGUAUCCGCGAUGCUAAGCAAQIGCUGUAGG
3541 AACGCAACCUUGGCGUACUAUGGUCGUUUGGCCUUCAGGUCAUGGAUAUABMAUUGGAAU
3601 ACCAACUUAUAAUGCUGAACGAGCAAGACAACUUGCUCAGCAUUUGUAUGAIGGUGGGUC
3661 UUUGACAGAUGAAAAGGCUAAGCAAUUAUUUGUGCCUGCUAACCAGCAAGGACCCGGCAA
3721 AGUAAGUAAUGGUAACCCCGUCUGGGAAGUAAUGCGCGCGCCUCUUGCAAGCAGCAAGC
E A V P E /G E ES R N T
3781 GCAUAUACAAGAUUUUGAAUUUGUUGAAGCUGUUCCAGAAGGCGAAGAAUCACGCAACAC
T v L D T T T TL Q S - VP2
3841 UACGGUGUUAGACACGACAACAACGUUACAGUCUAGCGGAUUUGGUCGCGUOUUCUUCGG
3901 UGAGGCAUUUAACGAUCUUAAGACGUUAAUGCGCCGAUACCAAUUAUAUGQUCAAUUAUU
3961 GUUAUCCGUUACUACGGAUAAGGAUAUUGAUCAUUGUAUGUUUACCUUCCMUGUUUACC
4021 UCAAGGGUUAGCGUUAGAUAUAGGUUCGGCUGGAUCUCCUCAUGAAAUAUWAAUCGCUG
4081 CCGUGAUGGUAUCAUUCCAUUGAUAGCGUCAGGGUAUCGGUUUUAUCGAGGGAUUUACG
4141 GUUCAAAAUUGUUUUCCCAAGUAACGUUAAUAGCAAUAUUUGGGUACAACAUCGACCAGA
4201 UCGUAGACUGAAAGGAUGGUCUGAAGCGAAAAUAGUAAACUGUGAUGCUGLAUCUACUGG
4261 ACAAGGUGUUUAUAAUCAUGGAUAUGCUAGUCAUAUUCAGAUUACGCGUGUAAAUAAUGU
4321 UAUAGAAUUGGAAGUCCCGUUUUAUAACGCUACGUGCUAUAAUUAUUUGCAAGCGUUUAA
4381 CCCAUCUAGUGCAGCGUCGAGUUAUGCCGUUUCGCUCGGAGAGAUUUCGGIGGUUUUCA
4441 GGCUACUAGUGAUGACAUUGCAGCCAUAGUUAAUAAACCUGUAACUAUAUAUUACAGUAU
4501 UGGCGAUGGUAUGCAGUUUUCGCAGUGGGUUGGUUAUCAACCAAUGAUGAUCUAGAUCA
4561 AUUGCCAGCACCAGUAGUUAGGGCUGUGCCUGAGGGCCCUAUAGCGAAGAAMAAGAAUUU
4621 UUUCCACCAAACGGCAGAUGAAGUUCGAGAAGCUCAGGCCGCAAAGAUGCGGAAGAUAU
4681 GGGUAUAGUAGUCCAGGACGUUAUAGGAGAGUUAAGUCAGGCUAUACCCGAICUUCAACA
4741 ACCGGAAGUUCAAGCGAAUGUUUUUUCUCUGGUGUCACAGUUAGUGCAUGOAUCAUCGG
4801 UACUAGCCUUAAGACAGUUGCUUGGGCGAUUGUUUCGAUUUUUGUAACUUWBGGUUUGAU
4861 UGGACGUGAAAUGAUGCAUUCAGUCAUAACUGUAGUUAAGCGGUUAUUAGAAAAAUAUCA
4921 CUUGGCGACGCAACCCCAGGAAUCCGCCAAUUCAGGUACGGUUAUUUCCGIAUUCCAGA
4981 AGCACCCAAUGCUGAAGCAGAGGAGGCCAGUGCCUGGGUAUCCAUUAUUUBAAUGGUGU
5041 GUGUAAUAUGUUGAAUGUAGCCGCUCAAAAACCGAAACAAUUUAAAGAUUG GGUAAAAUU
5101 AGCUACCGUAGAUUUUAGUAAUAAUUGUAGAGGUAGUAAUCAGGUAUUUGUGUUUUUCAA
5161 GAAUACGUUUGAAGUGUUGAAGAAAAUGUGGGGUUAUGUGUUUUGUCAGAGJAAUCCUGC
5221 AGCGCGACUCUUGAAAGCAGUGAAUGAUGAACCUGAGAUUUUAAAAGCGUGEGUUAAAGA
5281 AUGUCUGUAUUUAGAUGAUCCUAAAUUUAGAAUGCGACGUGCGCAUGAUCAAGAGUAUAU
5341 UGAGAGAGUGUUUGCGGCCCAUUCGUAUGGACAAAUUUUAUUGCAUGACUWACGGCUGA
5401 AAUGAAUCAAUCGCGUAAUUUAAGUGUGUUUACGAGAGUGUAUGAUCAAAUAUCUAAAUU
5461 GAAGACGGAUCUCAUGGAAAUGGGAUCAAACCCAUAUAUCAGGCGUGAAUGCUUUACGAU
G I G K S
5521 UUGUAUGUGUGGUGCAUCUGGAAUUGGUAAGUCUUAUUUAACUGAUUCUUWWUGCAGCGA
5581 GCUCUUACGUGCGAGUCGUACUCCAGUGACAACGGGCAUUAAGUGUGUCGEAACCCUUU
Y W D Helicase]
5641 GUCUGAUUAUUGGGAUCAGUGUGAUUUUCAGCCCGUUUUAUGUGUUGAUGEAUGUGGAG
5701 UGUUGAAACGUCUACUACGCUCGAUAAACAGUUAAAUAUGCUAUUUCAGGUUCAUUCACC
A D L E G K
5761 AAUUGUACUUUCACCUCCUAAAGCUGAUUUAGAAGGUAAGAAAAUGCGUUAUAAUCCUGA
5821 AAUAUUCAUAUAUAAUACGAAUAAACCUUUUCCGAGGUUUGAUCGUAUAGC UAUGGAAGC
5881 UAUUUAUCGACGUAGAAACGUUUUAAUUGAAUGUAAGGCUAAUGAAGAGAA GAAGCGUGG
5941 AUGUAAACAUUGUGAGAAUAAUAUACCCAUUGCUGAAUGUAGUCCAAAAAU UUUGAAAGA
6001 UUUUCAUCACAUUAAAUUUCGUUAUGCUCAUGAUGUGUGUAAUUCUGAAACUACGUGGUC
6061 UGAGUGGAUGUCGUAUAAUGAAUUUUUGGAAUGGAUUACUCCUGUAUAUAUGGCUAAUCG
6121 ACGUAAAGCAAAUGAAUCGUUUAAGAUGCGUGUUGAUGAAAUGCAAAUGUUGCGUAUGGA
6181 UGAGCCCUUGGAAGGCGAUAAUAUUUUAAAUAAGUAUGUUGAAGUUAAUCAGCGCUUAGU
6241 UGAGGAAAUGAAAGCUUUUAAAGAGCGAACCCUCUGGGCUGAUUUACAACGIGUUGGCUC
6301 AGAGAUUAGUACUUCAGUUAAGAAAGCAUUACCAACUAUUUCCAUUACUGA GAAGCUACC
6361 ACAUUGGACUAUCCAAUGUGGCAUAGCUAAGCCUGAAAUGGAUCAUGCUUAJGAAGUUAU
6421 GAGUUCAUAUGCAGCAGGAAUGAACGCAGAAAUUGAAGCGCAUGAACAAGUUCGUCGUUC
6481 UUCUUUGGAAUGUCAGUAUAUUGAGCCUUCAACUUCAAGACCUCUGGAUGAGAGGGUCC
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6541 UACUAUCGACGAGGAAUUACUUGGCGAAGUAGAAUUUACUUCUUCAGCUUUWEGAGCGUUU
6601 GGUUGAUGAGGGGUAUAUUACUGGUAAACAAAAGAAGUACAUGGCAACUUGGUGUACGAA
6661 ACGAAGAGAGCAUGUAUCCGAUUUUGAUUUAGUAUGGACGGAUAAUUUGCGAJGUUUUGAG
6721 UGCGUAUGUCCACGAGCGUUCUACAUCUACGCGUUUAUCUACCGAUGAUGUAAAUUAUU
6781 UAAGACGAUUAGUAUGUUACAUCAGAGGUAUGAUACCACUGAUUGUGCAAAAUGCCAACA
6841 UUGGUAUGCACCAUUAACAGCUAUUUAUGUUGAUGAUAGAAAGCUAUUUUGGUGCCAGAA
6901 GGAGACUAAGACUUUGAUAGAUGUUCGUAAAUUGUCGAAAGAGGACGUUACAGUCCAAUC
6961 GAAAUUAAUUAACUUAUCGGUUCCGUGCGGUGAUGUAUGUAUGUUACAUUGJAAGUACUU
7021 UAAUUAUUUAUUCCAUAAAGCGUGGUUGUUUGAAAAUCCAACAUGGCGUUUAAUAUAUAA
7081 UGGUACUAAGAAAGGUAUGCCUGAGUAUUUCAUGAAUUGCGUGGAUGAAAWUCAUUAGA
7141 UUCAAAAUUUUGUAAAGUAAAGGUUUGGCUUCAAGCAAUUAUUGAUAAAUA UUUGACUCG
7201 UCCAGUGAAAAUGAUUCGUGACUUUCUAUUUAAAUGGUGGCCGCAAGUAGRAUACGUGUU
7261 AAGUUUGUUAGGUAUAAUUGGUAUAACUGCGUAUGAGAUGCGUAAUCCUAAAUCAACAGC
7321 AGAAGACUUGGCUGAGCACUAUGUUAAUAGGCAUUGUAGUUCAGAUUUUUGSEUCACCAGG
7381 UAUGGCGACUCCUCAGGGAUUAAAAUAUAGUGAAGCGAUAACAGCUAAAGCGCCUAGAAU
7441 CCAUAGAUUGCCCGUUACUACUAGACCUCAGGGAUCAACGCAACAAGUUGAEGCCGCUGU
7501 GAAUAAGAUUUUGCAGAAUAUGGUGUAUAUCGGUGUUGUGUUUCCGAAAGUGCCUGGUAG
7561 UAAGUGGCGAGAUAUUAAUUUUAGAUGUCUUAUGCUUCAUAAUCGGCAAUGUUUGAUGUU
7621 GCGGCAUUACAUUGAGUCGACGGCUGCUUUUCCGGAGGGUACCAAAUACUBUUUAAGUA
7681 UAUUCAUAAUCAAGAAACUCGAAUGUCAGGUGAUAUAUCUGGUAUUGAGAUUGAUUUAUU
7741 GAGUUUACCUAGAUUGUAUUAUGGUGGCUUAGCUGGGGAAGAGUCGUUCGHAGCAAUAU
7801 AGUGUUAGUAACUAUGCCGAAUAGAAUUCCUGAGUGUAAGAGUAUUGUGAAGUUUAUAGC
7861 UUCACAUGCUGAACAUGCUCGUGCUCAAAAUGAUGGUGUGUUAGUUACUGEGAACAUAC
7921 UCAGUUAUUGGCAUUCGAGAAUAAUAAUAAAACACCUAUAAGUAUUAAUGC UGAUGGUUU
G Vv C
7981 GUAUGAGGUUAUACUUCAAGGAGUAUACACUUAUCCAUACCAUGGUGAUGQAJGUUUGUGG
G S | L L Protease I I G I H V A C
8041 GUCUAUAUUAUUGUCUCGUAAUUUACAACGACCGAUUAUAGGGAUCCAUGLAGCUGGUAC
8101 UGAAGGAUUACAUGGCUUUGGUGUUGCUGAACCUCUUGUUCAUGAGAUGUCGACUGGGAA
8161 AGCAAUAGAGAGUGAAAGGGAACCGUAUGAUCGUGUGUAUGAAUUACCUUUGCGUGAAUU
8221 AGAUGAAUCUGAUAUAGGUUUAGAUACUGAUUUAUAUCCUAUAGGAAGAGU UGAUGCGAA
8281 AUUAGCUCAUGCCCAAAGUCCUUCAACAGGAAUUAAAAAGACGCUUAUUCAUGGUACUUU
8341 UGAUGUUUGGACUGAACCGAAUCCGAUGUCAUCACGAGACCCAAGAAUAG@ACCACAUGA
8401 UCCGUUGAAGUUAGGGUGUGAGAAACAUGGUAUGCCAUGUUCUCCAUUUAAICGAAAACA
8461 UUUGGAAUUAGCAACGACUCAUUUAAAGGAGAAGUUAAUUUCCGUAGUUAAACCUAUAAA
8521 CGGAUGCAAGAUUAGAAGUUUGCAAGAUGCUGUGUGUGGUGUACCAGGUUGGAUGGCUU
8581 UGAUUCAAUAUCCUGGAAUACUAGUGCUGGUUUUCCUUUAUCUUCAUUAAAACCGCCAGG
8641 CUCUUCUGGUAAGCGAUGGUUGUUUGAUAUUGAAUUACAAGAUUCAGGAUGJUAUCUUUU
8701 GAGAGGGAUGAGACCUGAACUUGAGAUACAGUUGACAACAACUCAGUUAAUGAGGAAGAA
D C L K D
8761 GGGAAUGAAGCCUCACACUAUAUUCACGGAUUGUUUGAAAGAUACAUGUUUGCCUGUGGA
8821 AAAAUGCAGAAUACCUGGUAAGACUAGAAUAUUUAGUAUAAGUCCCGUCCAAUUUACGAU
8881 UCCAUUCCGACAAUACUAUCUCGAUUUUAUGGCGUCGUACCGUGCCGCUABSCUUAAUGC
8941 UGAGCAUGGAAUAGGUAUAGACGUGAACAGCUUGGAAUGGACAAACUUGGAACAAGUCU
9001 GUCGAAGUAUGGCACGCAUAUUGUGACAGGAGAUUACAAGAAUUUUGGUCMGGGUUAGA
9061 UUCUGAUGUUGCCGCUUCAGCUUUCGAAAUUAUCAUUGAUUGGGUGUUAAAJUACACUGA
9121 AGAAGAUGAUAAAGACGAAAUGAAGCGUGUAAUGUGGACUAUGGCUCAGGAAAUCUUAGC
Polymerase] B G
9181 UCCUAGUCACUUAUGUCGUGAUUUAGUAUAUCGCGUACCAUGCGGUAUUCOUCUGGAUC
9241 ACCAAUUACGGACAUUUUGAAUACUAUUUCGAAUUGUUUGUUAAUUCGAUUGGCUUGGCA
Y G
9301 AGGUAUUACUGAUUUGCCUUUAUCCGAAUUUUCUAGACAUGUCGUGCUAGWUGUUACGG
D D
9361 UGAUGAUCUCAUCAUGAAUGUAAGUGAUGAGAUGAUAGAUAAAUUCAACGCUGUAACAAU
9421 UGGCGAUUUCUUUUCGCGAUAUAAGAUGGAAUUUACGGAUCAGGAUAAAUGQJGGAAAUAC
9481 AGUGCGGUGGCGAACUUUACAAACUGCCACGUUUUUGAAGCAUGGGUUCUBAAACAUCC
9541 AACAAGACCCGUGUUUCUAGCCAAUCUGGAUAAGGUUUCUAUAGAAGGAACAACCAAUUG
9601 GACACAUGCUCGAGGAUUGGGUCGUCGAGUAGCAACCAUUGAGAAUGCUAACAAGCGCU
9661 AGAGUUGGCAUUCGGAUGGGGUCCCGAAUACUUUAAUCAUGUUCGGAAUACAUUAAAAU
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9721 GGCAUUCGACAAGUUAGGUAUUUAUGAGGAUCUCAUCACAUGGGAAGAAAUGGAUGUUAG
9781 AUGUUAUGCUAGCGCUINNUUUUAAGAUUUUAAUACUCAUUAAAAUUAAUUUAUAUUUAG

9841
9901
9961
10021
10081
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Table 3-2 shows the percentage nucleotide idesithietween the isolated virus and the
most closely related viruses generated from amudent of the sequences. The RdRp
nucleotide sequence of this virus has about 48%tiigeto that of SBV. Since the
nucleotide sequence of our virus was not presenihenonline databases (GenBank and
EMBL) and is sufficiently different from that of DW and KV, we named this virus
Varroa destructor virud (VDV-1) because it was isolated from the nMtedestructor.

Predicted amino acid sequences

The structural proteins are predicted to be onShpart of the genome. A comparative
search of similar sequences in the NCBI databasetiftes structural proteins in the N-
terminal half of the polyprotein but there are nmisgly conserved motifs. The VDV-1
polyprotein has one NPGP motif (amino acid posid6-219 from the ORF start), which
is a conserved picornavirus motif for cleavagéat2A/2B site (Ryan & Flint 1997).

Based on the RNA sequence, the VDV-1 non-structprateins were located on thé 3
half of the genome. They have conserved functianaltifs characteristic to RARps,
proteases or helicases of viruses in the picoksduper family (Koonin & Dolja, 1993).
Eight conserved domains have been identified in jRdRino acidsequences (Koonin &
Dolja, 1993) and these are also present in VDVid.(&3a). The three conserved domains
in helicase sequences of picorna-like viruses eesent in the VDV-1 helicase (Fig. 3-
3b). The protease of VDV-1 has GXCG and GXHXXG risotivhich are also conserved in
the 3C-like proteases of other picorna (-like) ses included in the alignment (Fig. 3-3c).
These conserved regions in the protease are cemsigith the putative catalytic residues
and substrate binding sites reported by Koonin &d)d993.
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a) RdRp

' I n \Y
— I —— ——
\ Vi VI Vil
I I I I
b) Helicase
Hel-A Hel-B Hel-C

c) Protease
VDV-1 : ZZ50-I3INADGLYEVIL--QGUVY¥THPYHGD-——[& & W TEGLHGF GV AEPLGHEMF TGKAIESEREPYDRVYELPLEELDESD IGLDTDL———-¥
Juyiits 1 2280-ISINADGLYEVIL--QGVYTHPYHGD - ——| & e TEGLHGFGVAEPLHEMF TGKATESEREP YD RV YELPLEELDESD IGLDTDL——-F
jiats ! 2Z80-ISINADGLYEVIL--QGVY¥THPYHGD-—- Me TEGLHGFGVAEPLGHEMF TGKAIESEREPYDRVYELPLEELDESD IGLDTDL———=7F
SEV 223 7-CNEMCVSELNGTVF --YANDVICYD TS Q0 MG P RGEGICGEGYGVIMTEEAIGD ILALKSOPVVOLEDTE————— GPSLEEAEIILPETHN
EoPV @ Z353-ALTYDMNASFPGTG--T3MIGUQYWLGLOSVE = N —-—LETGDAYAVIICKEMLVEALRILGATPFDMENER———-TTP ITTVGEFKMQFFPET
PnPV @ 2352-PLTYDNASFPGEG--TNMIGUQYWLGSOSVR 5 N --LETGDAYAVASICKEMLVD ALK ALGATPFDMEMER———-TTPVTTIGEFEMQFFPET
IFV 1 2370-NSKE-——-TEDYLNSIPSQ¥D)IITP TQLE] & PENARLRQGYVAP IFRELIPDAGIASVVTEPEGPSTENLTYHNYSVIDAPYHTFQSKIVE
CrP¥ @ 1141-3E3YTQRDC————————— YERNAPT--0 I TP N -V SECHGYACPSTOE AIMDGLNRLEKLD PVHNN ITVOCCFEPPSDIKDTHSGETFE
DCv i 1138-EESYIQRDC————————- YERMNAPT--R ——DAEEHGYACPETQECLETAFSALVNEN-KENISSQF YYE IPNMVDPLGDSSVPE
BQCY @ 1040-IRLR———————————— EAWERSLET--I3i G——HRFGVG-3CFATPFYLEDVKEILSRYDYKAQICAFELVLRODLEFCALFNHLDE
EMCV @ 1754-TFLEAGVIVPVETGOTFNHC IHYEANTRER 2 S S MG TALAS IVEOEN IRAVVHNAFEP OG-~~~ ALERLPDGPRIHVPRETALRPTWVARD

Figure 3-3: Multiple sequence alignment of VDV-1 with picorlige viruses for (a) RdRp sequences (b)
helicase and (c) protease domains. Conserved egmmesponding to those recognised by Koonin &dol
(1993) are indicated with bars above the proteignatent. The black shading indicates 100% sequence
identity and the dark grey shading indicates 80&tidly. The light grey shading shows 60% identithe
numbers at the beginning of the sequences représeamino acid position from the ORF start. Thenbers
within sequences represent the number of omittéd@atids. The amino acid sequences were deduced fr
nucleotide sequences for which accession humbergiaen in Table 3-1.
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A phylogenetic tree was constructed for the predicimino acid sequence of the RdRp
domain of VDV-1 and eighteen related viruses in Bark. The RdRp tree (Fig. 3-4)
segregated the viruses into their (assigned orgsexq) taxonomic group®icornaviridag
Iflavirus and Dicistroviridag). The phylogenetic tree also showed that VDV-1msst
closely related to DWV and KV and clusters togetivégh more distantly related members
of the genudflavirus. VDV-1, DWV, KV and SBV appeared to be more clgsedlated to
each other than to IFV, EoPV and PnPV. The fundliadomains of the helicase and
protease regions of VDV-1, DWV and KV are identi@icept for variations in the
flanking regions and are therefore not suitable fime phylogenetic analysis.

[P PnPV
‘E EoPV
IFv ®
“j SBv %
o momhl Figure 3-4: Phylogenetic analysis of the RdRp
L[QSWV domains Trees were constructed from the
Kv g alignment of RdRp sequences using the
— EMCY } E neighbour-joining method as reported by Leét
Poliovirus | § al.,, 2000. The internal labels at the nodes
PSIV B represent bootstrap values as percentages
36 s ™ estimated by 1000 replicates. The branch lengths
Li{gz BQCV are proportional to relatedness. VDV-1, which is
L, 52 PV o located in th_elfl_avirus cluster, is underlined.
— RRPV ’g EMCYV andPolioviruswere used as an outgroup.
ALPV 2
46 TSV .
‘—1j3 ABPV
82 crPV
100

DCV

DISCUSSION

VDV-1 has morphological characteristics similarinwertebrate picorna-like viruses and
has a positive-sense RNA genome with an organisattich matches that of members of
the genudflavirus. The VDV-1 genome is comparatively longer tharopiaviral genomes
which range from about 7200-8500 nt (Rueckert, J9%6e 1117 nt SNTR is similar in
length to those of mammalian picornaviruses (600012t) (Rueckert, 1996). Other
iflaviruses, except DWV and KV, have sequences tehathan 500 nt in this region
(Chapter 6).

The polyprotein translated from the single largeFQR893 aa) has the same length as that

of DWV and KV. Pairwise alignment of the entire VElVand DWV/KV polyproteins
resulted in parallel conservation from the N to Géerminal end. This was also observed
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in a similar alignment of the 2987 aa of EoPV (Wahg@l.,2004) and 2986 aa PnPV (Wu
et al.,2002) polyprotein sequences. Like picornavirusd3yM polyprotein encodes a 3C-
like protease which cleaves the polyprotein intalen and functionally active proteins.
RdRp which is located on the C terminal of the poiyein is used by the virus to replicate
its genome. It is has been used as a reliable ipréde the construction of phylogenetic
trees for the classification of RNA viruses becaiigends to be highly conserved among
related groups (Zanottet al., 1996; Culleyet al., 2003). The closest relation to VDV-1
was found with two honey bee viruses, DWV and KYhc8 Varroa mites live in close
parasitic proximity with bees, the high homologysetved with two bee viruses is not
surprising as they have probably evolved from armomancestor.

Despite the fact that DWV and KV are closely refate each other [having RNA identities
of 97% (Fujiyukiet al., 2004) and polyprotein identities of 98%], muchsep than to
VDV-1, they are accompanied by clear pathologictiécences. DWV causes deformity in
the wing of bees and KV manifests aggressivenessfaécted worker bees. KV infection
does not result in symptoms of deformation of thegs and the RNA has been detected
almost exclusively in the brains of aggressive workoney bees (Fujiyulet al., 2004).
The bees at the Wageningen University hives sddamot exhibit deformed wings neither
are the workers unduly aggressive. The biologicaperties of VDV-1 in bees will be
studied in Chapter 7.

DWV isolates from Pennsylvania USA (GenBank AY29238taly (GenBank AJ489744)
and France (GenBank AY224602) have either been lstety or partially sequenced and
show 98-99% nucleotide identity to each other aGd9®% identity to KV. VDV-1
nucleotide sequence displays 83-84% identity toDMéV isolates and KV. Considering
the statistics of the molecular data and the alesehthe symptoms attributed to DWV and
KV infection in the Wageningen bees, we concludat tthespite VDV-1 being closely
related to the two it is different. The extent lod Wifference remains to be determined.
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Chapter 4

Varroa destructor virus 1 (VDV-1) and Deformed wing virus
(DWV) replicate in the mite Varroa destructor

Previous electron microscopy studies dfarroa destructor mite tissue showed
accumulations of para-crystalline structures oin®Y picorna-like virus particles scattered
in the cytoplasm giving the apparent indicatioraofirus replicating in the mite (Chapter
2). The virus was isolated from mite, the RNA coetply sequenced and the virus was
namedVarroa destructor virusl (VDV-1) (Chapter 3). To determine whether VDV-1
indeed replicated in these mites, a selective RIR-R&St was developed to detect negative-
sense RNA strands, known to function as replicatibermediates in picorna(-like) viruses.
VDV-1 was discriminated from the closely relatBéformed wing virugDWV) (84%
overall genome identity) by using two primers sets;h specific to one virus. Both viruses
were found in the population ofarroa mites studied and both viruses were shown to
replicate in this mite.

This chapter has been published as part of:

Ongus, J. R., Peters, D., Bonmatin, J-M., Beng&chVlak, J. M. & Oers, M. M. van
(2004). Complete sequence of a picorna-like virfughe genudflavirus replicating in the
mite Varroa destructor. Journal of General Virolo@p: 3747-3755.
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INTRODUCTION

Picorna-like virus particles were isolated fromapplation ofVarroa destructommites at
the Wageningen University apiary (Chapter 2). Theasv was sequenced and named
Varroa destructorvirus 1 (VDV-1). VDV-1 belongs to the Genu#avirus and has 84%
nucleotide sequence identityeformed wing virugDWV; de Mirandeaet al, 2003) of the
honey bee (Chapter 3). VDV-1 and DWV have singtargted, positive-sense RNA
(ssRNA[+]) genomes which contain one large operirepaframe. Iflaviruses resemble
picornaviruses morphologically, physico-chemicallyd in genome organisation (Fauquet
et al.,2005).

Conclusive studies abodffavirus replication have not yet been carried out, buivas
assumed that because of their similarity, iflavdsiggo through similar steps in their
infection cycle as picornaviruses. The initial eiventhe infection process involves the
attachment of the picornavirus to specific receptor the cell membrane and the release of
the naked RNA into the cytoplasm where translatioours. Replication of picornaviruses
is entirely cytoplasmic (Rueckert, 1996) (Fig. 4-Replication complexes are usually
closely associated with membrane complexes defrnoed the endoplasmic reticulum, and
free negative sense RNA is not found (Rueckert6199

Step 1
{3 Virus attachment

Step 2
RNA uncoating

Cell membrane

(+)RNA Q@
Step 3
Step 7 Jranslation
Virion exit (cell lysis (+) RNA=
S S I — — — — |
Polyprotei
cleavage
&
Q@ Structural proteins
o @
&
Step 6 (*) RNA Step 4 Step 5
Virion assembly Genome Translation
and maturation replication

(*)RNA @

ORNA —— ——

Figure 4-1: A schematic overview of the picornavirus infectigyctle. The virus adheres to receptors on the
cell surface (step 1) and following conformationhhnges in the virus capsid, the RNA genome istiege
into the host cell (step 2). The genome acts lilkNA and is translated (step 3). The RNA-dependd R
polymerase (RdRp) drives genome replication (sjefsdme of the positive sense strands generatedgdur
replication are used to translate yet more polginofstep 5), while the rest is assembled togedliter capsid
proteins to form virions (step 6). Finally, the on&t virions exit the cell and the infection cyckgims afresh.
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Replication of VDV-1 and DWV in Varroa destructor

The picornavirus genomes can be translated dirextbe introduced into the cytoplasm
and the naked viral RNA is usually infectious. Theear RNA genomes of the
Picornaviridaeare translated into a viral polyprotein precur@eéauquetet al.,2005). The
host cell does not contain a RNA-dependent RNA mpehase (RdRp) to allow viral
replication. To overcome this constraint, the mijoof RNA viruses encode their own
RNA-dependent RNA polymerase. Picornavirus-encogedteinases autocatalytically
cleave the polyprotein into functional individuatal polypeptides, one of which is the
RdRp (Rueckert, 1996). The release of the RdRpwallthe process of viral genome
replication to proceed. Using the genome strandeasplate the RdRp transcribes a
complementary negative-sense RNA strand (RNA[-Diclv in turn can act as a template
for the production of nascent positive-sense RNAARF]) that is translated to produce
yet more viral proteins. Virions are assembledhi@ tytoplasm where the positive-strand
RNA is packaged into capsid proteins. The virioregure and finally exit from the cell by
cell lysis once large numbers have accumulatedearcytoplasm (Rueckert, 1996).

V. destructoiis an obligate parasite of the honey bee (Baildyadl, 1991). The mite sucks
the haemolymph of the bee for nutrients and migké tup or transmit viruses to bees as it
feeds (Denholm, 1999). Bowen-Walket al, (1999) demonstrated the presence of DWV
in Varroa mites using enzyme-linked immunosorbent assay§BlLI Electron microscopy
studies ofV. destructormite tissue showed accumulations of para-crys&aliitnuctures of
27 nm picorna-like virus particles scattered in ¢oplasm giving the apparent indication
of a virus replicating in the mite (Chapter 2). determine whether VDV-1 replicates in the
mites, a PCR test was designed to detect the comeplary (negative) strand of the viral
genome, which serves as a replication intermedidte.close relationship between VDV-1
and DWV and the close proximity of the hosts froriah either was isolated made it
necessary to design primer sets to distinguishdmtvthese two viral sequences.

MATERIALS AND METHODS

Isolation of RNA from Varroa destructor mites

Live mites that had fallen onto retractable traystl®e bottom of the hives at the
Wageningen University apiary were collected anddusieectly for analysis. Total RNA
was isolated from about 50 live mites. The miteibsdvere macerated in the presence of
RNasirf’ (Promega) prior to RNA extraction with 800 pl TRIZ® reagent (Invitrogen)
and 160 pl of chloroform according to the manufeata instructions. To facilitate RNA
precipitation 200 pg glycogen was added to the sanknally, the RNA was precipitated
and re-suspended in sterile distilled water.

Reverse transcription PCR (RT-PCR)

The VDV-1 and DWV RNA sequences were aligned anchgr sequences were designed
from corresponding regions in the two sequencesswieae not highly conserved. Primers
used in the RT-PCR analysis are listed in Table 4-1
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Table 4-1: Primers used for selective RT-PCR of VDV-1 and DWV

Primer name * Primer sequence Nucleotide positiof PCR product
VDV-1 Fgr GCGAAGTAGAATTTACTTCTTCA 6564-6586

VDV-1 Fgrrpcr CGAAACGAAGAGAGCATGTAT 6657-6677 1130 bp
VDV-1 Rgrpcr CGACTCTTCCCCAGCTAAG 7786-7768

VDV-1R AGCACGAGCATGTTCAGC 7885-7868

DWV Fgr GACACTGAATTCACATCACAG 6588-6608

DWV Fgrrpcr GTAAGCGTCGTGAACATACTG 6679-6699 1129 bp
DWV Rgrpcr GACTCCTCTCCCGCGAGA 7807-7790

DWV-R TCTGAGCACGTATATGTTCATT 7911-7890

# F stands for forward, R is for reverse
8 Nucleotide positions for VDV-1 correspond to thebsiitted sequence under the GenBank accession
number AY251269 and for DWV the sequence undeatitession number AY292384.

Two micrograms of total RNA isolated from live nstevere used to make cDNA from
viral RNA of negative polarity using the forwardirper VDV-1 Fzr. The incubation
temperature of the reaction mixture was raised5t€ Sor 2 min prior to the addition of
Avian myoblastosis viruseverse transcriptase (AMV RT) (Roche) and thetunex was
further incubated at the same temperature for 60 afier adding the enzyme. The
transcriptase was inactivated af@For 10 min. AMV RT and the primer were not added
to the negative control mix during reverse trarmgon. The cDNA was purified with the
‘High Pure PCR Product Purification’ kit (Roche)daRCR amplification was performed
with Taq DNA Polymerase (Promega) using the forward priMBWV-1 Frrpcr and the
reverse primer VDV-1 Rrpcr Following a 5 min denaturing step at’@4the PCR was
done for 30 cycles with denaturation af®@4or 30 sec, annealing at%5for 30 sec and 2
min elongation at 7Z. The final elongation step was extended to 7 atirvZ2C. A
positive PCR control was performed with a plasnmahe of the region of the virus to be
amplified. The same plasmid was used as templatge RCR with corresponding DWV
primers based on the sequence of de Miragidal, (2003), DWV Rktpcr and DWV
Rrrrcr to establish the specificity of the PCR primesesdi

In order to confirm that the VDV-1 virus was presam the live mites used for RNA
extraction, cDNA was synthesised against the p@sigense, viral RNA genome using the
reverse primer VDV-1 R, and PCR amplification wasie using the same PCR primers as
for the negative sense detection, VDVgrgcrand VDV-1 Rerpcr

In a comparable way, the DWV reverse primer DWV-RBswised to detect the DWV
genome and the forward primer DW\&Ro detect negative strand, and hence replication
of DWV in the mites following the same procedurda@svDV-1. The PCR products of the
replication analysis of both viruses were run in agarose gels and fragments with the
correct size were sequenced with the respectiversevprimers VDV-1 Rrpcr and DWV
RrTpPcrR
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RESULTS AND DISCUSSION

During the replication of RNA viruses with a singiganded, positive-sense genome, a
full-length complementary RNA of negative polarity normally transcribed in the host.
This serves as the template for the multiplicatddrthe genome to be packaged into the
capsid to form new virion progeny. A selective RCHPwas set up to detect the presence
of either VDV-1 or DWV RNA[-] strands in infected. destructormites in an effort to
determine whether these viruses replicate in thie species. The primers used to make
cDNA were specific for either the negative or thsigive strand (Table 4-1). Once specific
cDNA was synthesized, a PCR was performed withsdu@e pair of primers for both
positive and negative strand detection, for PCRhotbe sense specific. This primer pair
was also used for the controls, which are valid both positive and negative sense
detection.

RT-PCR for VDV-1 RT-PCR for DWV

Figure 4-2: Reverse transcription PCR with selective primersvMDV-1 (left panel) and DWV (right panel).
The amplified fragments have a length of 1130 bp\bV-1 and 1129 bp for DWV. In the RT-PCR for
VDV-1, PCRs were performed to amplify the positisense viral RNA genome (lane 1), as well as the
negative sense RNA (lane 3). A negative controheuit a RT step (lane 2) and a positive PCR coniilg

a plasmid clone as template (lane 4) were alsmpwgd. The specificity of the primers was checkgd®BR
using a DWV plasmid clone with VDV-1 primers (labg The replication analysis for DWV was carried ou
in a similar way (right panel) and lanes 6-10 weesled in the same order as lanes 1-5.

The RNA sequences of VDV-1 and DWV have high nuidieosequence similarity, so
primer sets specific to each of the two virusesenagsigned from regions in the genome
that showed divergence. This would make it possibléiscriminate between these two
viruses in a replication assay. The specificityled PCR primers selected was ascertained
by PCRs on plasmid templates bearing either a cQilbhe of the VDV-1 or DWV
genome region to be amplified. A PCR product of@bp was amplified when VDV-1
primers were used in combination with a VDV-1 (Fiy2, lane 4), but not a DWV-1
template (lane 5), and vice versa for DWV primdenés 9 and 10) which amplified a
product of 1129 bp. Both VDV-1 (lane 3) and DWVnga8) replicated iv/. destructor
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mites, as seen by RT-PCR amplification of the negattrand. VDV-1 and DWV positive

strand genomes were also detected (lanes 1 arttbdjrgy that the mite extract contained
both viruses. No product was observed when the ®Rp was omitted (lanes 2 and 7)
indicating that the amplification is RNA-dependefihe RT-PCR product from the
negative-sense RNA template was sequenced andghksrwere confirmed.

In this study, an RT-PCR test was developed toridiscate between VDV-1 and DWV
and to selectively detect the presence of eithaitige or negative RNA strands. With
these tests it was demonstrated that both VDV-lwel as DWV replicate in the
V. destructomites. The presence Kakugo virugFujiyuki et al.,2004) in these mites was
not studied. Although the replication of VDV-1 aBD#VV within one mite population was
demonstrated, this PCR test is not suitable tobkskatheir co-existence of both viruses
within a single mite in one reaction since the afigal products are of the same size. Co-
existence could however be tested with these psinrerseparate PCR reactions. The
presence of DWV in/arroa mites was previously shown by a positive reactioiiELISA
with anti-serum raised against DWV isolated fronedbevith deformed wings symptoms
(Bowen-Walkeret al.,1999), but this technique is not adequate to shiove replication.

The detection of both ssRNA[+] and RNA[-] strandsoth VDV-1 and DWYV in the mite
body cannot be explained simply to be a resultngfestion of these RNAs from the
haemolymph of the bees on which they parasitiz€Hapter 2, picorna-like virus particles
were observed in the tissue of the mite in paratatine aggregates which are usually
observed in the final stages of an infection cyeldjch involves virus assembly. The
determination of replication of the two virusesoiwed detecting the RNA[-] strand which
only exists as naked RNA in the cytoplasm in tiggae where replication occurs. If naked
RNA would have been ingested by the mite from deciied bee, it would be highly
unlikely that the RNA would survive in the gut ohet mite where the digestive
juices/enzymes would be very active. A study of digeestive system of the ectoparasitic
sheep scab mit@&soroptes ovigAcari: Psoroptidag revealed the presence of a number of
digestive enzymes and symbiotic bacteria (Hamit#bal, 2003), which not only provide
additional nutrition to the mites but also play aerin digestion by secreting digestive
enzymes (Douglastal, 2001).

Allen & Ball (1996) described that infestation afds with the/arroa mite in some cases
led to the rapid increase of virus infection in ©ie€he spread of DWV, in particular, in
apiaries around Europe has been closely linkedegtesence of this mite (Korpedaal.,
1992). The virus could merely be transmitted tolike by the mite during feeding, but the
ability of DWV to multiply in the mite could offea clear explanation why the mite
strongly triggers the increment in virus load dested bees leading to their death.

In order to improve the detection method for VD\&id DWV and to establishing their co-
existence in an individual mite, a different sespécific primers yielding PCR products of
different sizes for each virus is required. Thisuldoallow the simultaneous detection of
both viruses in PCR reactions for individual mites.
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Chapter 5

Analysis of Varroa destructor virus 1 proteins

Varroa destructor virusl (VDV-1) has a genome organisation typical foe thenus
Iflavirus. The genome of iflaviruses has one large openimgaffame encoding a
polyprotein which is processed to release smalidypgeptides that are functionally active
as structural or non-structural proteins. Thavirus capsid is made up of four structural
proteins named VP1 to VP4 in reducing molecularani&apping of the structural proteins
VP1 and VP2 on the VDV-1 genome by N-terminal seguey supports the N to C
terminal arrangement VP3-VP4-VP1-VP2 found in
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INTRODUCTION

Invertebrate picorna-like viruses of the gefflesvirus have a genome arrangement similar
to that of true mammalian picornaviruses (Faugeketal., 2005). Picornaviruses are
positive-stranded RNA viruses. The genome contairsingle large open reading frame
(ORF) which is translated into a polyprotein fronmigh the mature structural and non-
structural proteins are released by proteolytiawdge. The structural proteins are located
on the N-terminal half and the non-structural prgeon the C-terminal side of the
polyprotein. In picornaviruses, the serine-like tpase 3C accounts for most of the
cleavages while protease 2A accounts for some efptioteolytic activity. The leader
protein (L) of aphthoviruses also has some protaolgctivity (Fauquetet al., 2005).
Iflaviruses have a 3C-like protease and may alse laaleader protein at the N-terminus of
the polyprotein (Isawat al.,1998), but do not have the 2A protease (Chapteig3;3-1).

Picornaviral virions have a capsid which comprit®s structural proteins named VP1 to
VP4 in decreasing molecular mass (Faugetl., 2005). Mature virions of iflaviruses also
contain four structural proteins. Within the polgfain, the structural proteins bifectious
flacherie virus(IFV), the type species of the genrftlavirus, are arranged in the order VP3
— VP4 - VP1 - VP2 in the N to C terminal directidgsawaet al.,1998; Chapter 3, Fig. 3-
1). The picornaviral structural proteins are arehdifferently in the order VP4-VP2-VP3-
VP1. Other members of the gerlflavirus are;Sacbroodvirus (SBV; Ghoshet al.,1999),
Perina nuda picorna-like virugPnPV; Wuet al., 2002), Deformed wing viru§DWV; de
Mirandaet al, 2003),Kakugo virus(KV; Fujiyuki et al.,2004),Ectropis obliqua picorna-
like virus (EoPV; Wanget al., 2004) andVarroa destructor virusl (VDV-1). The
structural proteins of PnPV have been sequencestiitally (Wuet al.,2002) and agree
with the arrangement in IFV, but no informationaigailable on the structural proteins of
the other viruses.

There is very limited information available abouie tiflaviral non-structural proteins.
However, polyprotein sequence predictions showedsewed motifs identifying a
helicase, protease and RNA-dependent RNA polymd@isapter 3; Fig. 3-3).

This study aims at investigating the location of WAD structural proteins in the
polyprotein through N-terminal sequencing to idigntcleavage sites. The predicted
individual structural proteins are expressed intdx@@ as fusion proteins to establish their
antigenicity by Western blot analysis. Antibodiee aaised against the protease for
possible use for rapid and cost-effective deteatioviral replication through methods such
as ELISA.

MATERIALS AND METHODS
SDS-PAGE, Western blot analysis of VDV-1 structuraproteins

A sample of virus purified fronVarroa destructomites (Chapter 2) was used to resolve
the structural proteins on a 12% polyacrylamideigeln SDS-PAGE analysis as described
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by Laemmli, (1970). The proteins were stained ustogmassie brilliant blue G250
(Merck). For Western blot analysis the proteins evdilotted onto a nitrocellulose
membrane (Millipore) and detected using antiseraimsed in rabbits against the purified
virus (Chapter 2). The blot was incubated with gaati-rabbit antibody conjugated to
alkaline phosphatase (Invitrogen) and was develapedkaline phosphatase buffer (0.1 M
Tris/HCI, 0.1 M NaCl, pH 9.5) containing 20@ BCIP (5-bromo-4-chloro-3-indolyl
phosphate, toluidine salt)/NBT (nitro blue tetrazol chloride) solution (Roche).

N-terminal sequencing

Structural proteins were resolved on a 12% polylaomnde gel and blotted onto a PVDF
membrane (Millipore). The proteins were stainechgstoomassie brilliant Blue R-250.
The two large structural proteins (VP1 and VP2)ensgquenced at Centre de Biophysique
Moléculaire, CNRS, France using Edman degradation.

Cloning of VDV-1 genome sequences

The coding regions of the VDV-1 structural protearsl protease were amplified by PCR
from a plasmid template and cloned downstream efTdic promoter and in frame with
Glutathione S-transferase (GST) in a pGEX-2T ve(aonersham Biosciences) (Fig. 5-1a)
or Maltose binding protein (MBP) from a pMAL-c2 \tec (New England Biolabs) (Fig. 5-
1b). The PCR primers designed for the amplificaifmciuding the added restriction sites
for cloning are listed in Table 5-1. The estimatedand C-terminals of the putative leader
peptide were trimmed and replaced by 6 x His tatirgpsequence on both ends to stabilise
the protein so that it would not cleave itself dthe amplified products were digested with
the restriction enzymes indicated and cloned ineorespective vector. The coding regions
of the structural protein VP1 and VP2 were deteedifrom the N-terminal sequences. The
C-terminal end of VP3 was approximated to give@gn whose theoretical size is similar
to that seen on gel. The leader peptide was assumé@ cleaved at the NPGP site
(Chapter 3) and VP3 and VP4 were cloned in oneigept

a) pGEX-2T clones

Tac promoter Restriction site 1 Restriction site 2

| |
) IS Vial peptide  |—

b) pMAL-c2 clones

Tac promoter Restriction site 1 Restriction site 2

|

-{ MBP | viral peptide ——

Figure 5-1: A representation of the cloned vectors for fugioatein expression. GST-fused proteins were
expressed from pGEX-2T clones (a) and MBP-fusedepre from pMAL-c2 clones (b). The viral peptides
were cloned in frame downstream of either GST oFVIB
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Table 5-1: Primers for the PCR amplification of coding regidar VDV-1 peptides.

. . . Location in VDV-1 Restriction site
Primer name Primer sequencé
genomé added
GST-VPE GCGTGGATCC GATAATCCGTCATATCAGCAATC 2573-2595 BamHI
GST-VPk ACGATGAATTC CTTCTGGAACAGCTTCAACAAA 3820-3800 EcoRlI
GST-VP2 GCGTGGATCCGGCGAAGAATCACGCAAC 3821-3838 BamHI
GST-VP% ACGATGAATTC CTCGAACTTCATCTGCCGT 4648-4631 EcoRlI
GST-VP3/4 GCGTGGATCCCCAGATGGTGAAGGTGAAGT 1772-1791 BamHI
GST-VP3/4 AATTCCCGGGTCCATATTACAACCACCTACGGT 2574-2552 Smal
GCGTGGATCC CATCACCATCACCATCACTCTTATGCTG BamHI
GST-Le CTGTTGCCC 1142-1160 6 x His tag underlined
ACGATGAATTC CGTGATGGTGATGGTGATATTAGCT EcoRlI
GST-Ls GAAACAGGATTAGATAG 1744-1721 6 x His tag underlined
GST-
PROTEASE GCGTGGATCCTTGCGGCATTACATTGAGTCG 7619-7639 BamHI
GST-
PROTEASE CGATGAATTC CTGGTGCTATTCTTGGGTCTCGTGA 8395-8372 EcoRlI
MBP-
PROTEASE ATTCGGATCCTTGCGGCATTACATTGAGTCG 7619-7639 BamHI
MBP-
PROTEASE TTGCCTGCAGTGGTGCTATTCTTGGGTCTCGTGA 8395-8372 Pstl

" The subscript in the primer name F stands for fodvead R for reverse. L stands for the putativedeaeptide.
8 Restriction sites in primer sequence are indicatdbld letters. 6 x His codes are underlined.
#VDV-1 nucleotide positions correspond to the sukedisequence with accession number AY251269.

Expression and purification of fusion proteins

E. coli BL21 cells (Stratagene) were transformed with élpression vectors for fusion
proteins. Colonies screened to contain the coo@astructs were grown overnight at’G7

in LB medium (Peptone:Yeast extract:NaCl at a rafi@:1:1) with ampicillin to maintain
the plasmids. The overnight culture was diluted@:into fresh pre-warmed medium with
ampicillin and grown at 3T with agitation to an optical density of betweeb 0 1.0 at
600 nm. IPTG was added to a final concentratio®.@f mM to induce the expression.
Incubation was continued for an additional 2-6 h2&C. The GST-fused structural
proteins served to raise antibodies and the MBEefusdructural proteins were designed to
test the specificity of the antisera against theWBstructural proteins. In the case of the
protease, the MBP-fused protease was used foraalytiproduction and the GST-fused
protease as control.

For purification of the GST fusion proteins, thdtate was chilled on ice for 30 min prior
to the pelleting of cells by centrifugation at 50Qn for 10 min at ZC. The pellet was
resuspended in ice-cold PBS (140 mM NaCl, 1.8 mMR®;, 10 mM NaHPQ,, 2.7 mM
KCI, pH 7.4) to 1/100 of the original volume. Thells were frozen overnight and thawed
on ice followed by disruption using ultrasonicatiarshort bursts. The total soluble protein
was clarified by centrifugation at 10,000 r.p.m: i® min at 4C. Glutathione Sepharose
4B (Amersham Biosciences) was used to bind the @@Tion of the fusion proteins in a
batch purification process using the manufacturiessuctions. The unbound material was
washed away with PBS and the GST-fusion proteinge veduted with 10 mM reduced
glutathione in 50 mM Tris/HCI, pH 8.0.
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For purification of MBP-protease, the culture wasdled on ice followed by centrifugation
at 5000 rpm for 10 min at’@. The pellet was resuspended in ice-cold colunffeb(@0
mM Tris/HCI pH7.4, 200 mM NaCl, 1 mM EDTA). Afterrdezing, thawing and
ultrasonication, the total soluble protein wasiftikzat by centrifugation. MBP was bound to
amylose resin (New England Biolabs) and unboundenatas removed by washing with
column buffer. The MBP-protease fusion protein wiasn eluted using column buffer
containing 10 mM maltose.

Analysis of fusion proteins by SDS-PAGE and Westerhlot analysis

The expression of the GST and MBP fused proteins avealysed in a 12% SDS-PAGE
gel. The proteins were stained using coomassikantiblue G250 (Merck). For Western
blot analysis, proteins resolved in a 12% polyaunile gel were blotted onto a
nitrocellulose membrane and detected using antiseraised against purified virus
(Chapter 2). The blot was incubated with goat eadtbit antibody conjugated to alkaline
phosphatase (Invitrogen) and was developed in iakkaphosphatase buffer (0.1 M
Tris/HCI, 0.1 M NacCl, pH 9.5) containing 20@ BCIP (5-bromo-4-chloro-3-indolyl
phosphate, toluidine salt)/NBT (nitro blue tetraaoi chloride) solution (Roche).

RESULTS

a) SDS-PAGE b) Western blot

_ 218 —
Z - 125 — N

67 — M [
13 — g 11 — I 46

0 31.9— ~ 32
30
201 17-25
17.5—
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Figure 5-2: SDS-PAGE (a) and Western blot analysis (b) offadivirus from mites. The numbers on the
left of each panel indicate the protein size maikekilo Daltons. The approximate sizes of the eimd on
gel or blot and indicated on the right side.
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Detection of VDV-1 proteins in virus samples from ntes

SDS-PAGE of virus sample purified froxfarroa mites showed two strong bands of about
46 kDa and 30 kDa and weaker bands ranging frono 2@ kDa (Fig. 5-2a). Western blot
analysis of the virus sample using IgG raised aygnrified virus particles revealed five
proteins. The antibodies reacted strongly with @tgin of approximately 46 kDa (Fig. 5-
2b). Three reactive proteins were in the 17-25 kédae and one protein had an estimated
size of 32 kDa.

Mapping of the structural proteins on the VDV-1 gerome

The two prominent structural proteins, with moleguinasses of approximately 46 and 30
kDa (indicated in Fig. 5-2a), were excised from #DF membrane and N-terminally
sequenced using Edman degradation. Analysis ofiéhieDa protein yielded the sequence
XNPSYQQS (aa 486-493 in the VDV-1 polyprotein) anthe sequence
XEESXNTTVLDXTTXLQS (aa 902-919) was obtained foretl30 kDa protein. These
positions are in agreement with the arrangementhef structural proteins in the IFV
genome (Isawat al., 1998; Chapter 3, Fig. 3-1), the type species efganudflavirus:
VP1 is positioned N-terminally from VP2, which iechted upstream of the helicase
(Chapter 3, Fig. 3-2). Both proteins appeared tdlkierminally blocked so the first amino
acid could not be identified. This blocking may balieen caused by reactions with
chemical contaminants such as cyanate or formatdwiing sample preparation or storage.

SDS-PAGE and Western blot analysis of fusion protas

Segments of the VDV-1 structural proteins and @stewere individually expressed as
fusion proteins. The boundaries of the structuratgins were estimated from N-terminal
sequencing or predicted cleavage sites. The pmteas cloned to include the entire
conserved amino acid sequence region (Chapterg3;3F3c) (nucleotide position 7619 to
8395). The purpose for expressing these proteirsstavaaise antibodies that could be used
to determine the antigenicity and approximate stfeébe structural proteins in the VDV-1
capsid and to generate an antiserum against thiegse that could be used to detect viral
replication.

The crude bacterial extract and the purified GSJidi proteins were analysed by SDS-
PAGE (Fig. 5-3a) and Western blot analysis (Fi@b%- Antiserum prepared from purified
virus was used to develop the blot. Only the GST-VWision protein gave a signal in both
the purified and crude bacterial protein samplese MBP fusion proteins were also
checked using the same antibodies raised agaimgteduvirus and only the MBP-VP1
fusion protein was recognised. The purified GSTidiusproteins were used to raise
antibodies without success. They failed to recagrise corresponding MBP fusion
proteins used as control and neither did they redtt the protein that was used to make
them (data not shown). The expected sizes of tipeesged fusion proteins are listed in
Table 5-2.
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a) SDS-PAGE b) Western blot
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Figure 5-3: SDS-PAGE (a) and Western blot analysis (b) of BIE21coliexpressed GST fusion proteins.
Antiserum against purified virus was used for Wiestadot analysis. The sizes of the bands (in kikdténs)
of the protein marker are indicated on the lefthef gel or blot.

Table 5-2: Theoretical sizes of the GST and MBP fusion prateirhe structural proteins VP1, VP2 and the
putative leader peptide (L) were expressed sepanatéle VP3 and VP4 were expressed as one protgie.
only non-structural protein expressed was the peate

Protein kDa
GST 27.0
GST-VP1 73.6
GST-VP2 57.7
GST-VP3/4 57.0
GST-L 52.3
GST-protease 55.7
MBP 42.5
MBP-protease 79.0

Specificity of the protease antibodies

The VDV-1 protease fused to MBP was used to prodypeeific protease antibodies in

rats. The antiserum obtained was able to detectMB@-protease fusion protein. The

serum contained antibodies against MBP and agdimestprotease part, as shown by
recognition of MBP alone and of a GST-proteasecfugrotein (Fig. 5-4). No detection

was observed with GST alone. The antibodies hateyat been applied to test the
presence of VDV-1 protease in infected mite or besues, but could be used to locate
virus replication in mite or bee tissue by immursbbliogy.
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Figure 5-4: Analysis of the MBP-protease antiserum by Westéottibg. Purified protein was analysed and
detected with antiserum raised in rats againstMiB#-protease fusion protein. The sizes of the jmote
marker are on the left of the panel.

DISCUSSION

The amino acid sequence of the entire VDV-1 poligiropredicted from the nucleotide
sequence (Chapter 3), and the various segmentscaeneared to polyprotein sequences of
the most closely related viruses (Table 5-3). VD\&id DWV polyproteins are 95%
identical. The least conserved region is the N-teahpart.

Two structural proteins of VDV-1 were defined anlgeit location in the genome
determined. VP1 (46 kDa), the largest capsid pmotappears to be the only protein
responsible for the antigenic response of the wirio the SDS-PAGE gel (Fig. 5-2a), VP2
(30 kDa) is almost equally abundant in the viri@psid as VP1, but does not respond to
the antiserum raised against purified virus (Fi§)5suggesting that it may be hidden from
the surface or is less antigenic. Some extra prdiands can be seen on the SDS-PAGE
gel. The higher molecular weight bands are mosthfikof mite origin and the lower
molecular mass bands could be of virus origin. @nWestern blot for the purified virus, a
protein similar in size to VP1 was recognised pranily but some weak signals are also
detected. All these are probably of mite origircsiit

has been determined that the antiserum agains x@iged in rabbit only recognises VP1
and the other structural proteins of the virusrarerecognised by it.
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Table 5-3: Comparison of VDV-1 proteins to those of relatddvifruses. %l = percentage identity and %S =
percentage similarity

VDV-1 DWV KV SBV IFV
%l %S | %l %S |[%l %S |%l %S

Entire polyprotein 95 98 95 98 18 3p 12 28

RdRp 95 98 95 98 32 57 18 35

Protease 97 98 97 98 24 42 15 28
Amino acid | Helicase 95 98 95 98 14 32 11 26
sequence VP1 97 99 96 98 16 31 13 28

VP2 98 99 98 99 8 28 8 25

First 485 aa from ORF start

including VP3 and VP4 90 97 89 96 16 32 11 26

N-terminal sequencing of VP1 and VP2 identifieditihacation in the polyprotein (Chapter
3; Fig. 3-2). This was found to be in agreementhwiite determined arrangement in IFV
(Isawaet al., 1998). N-terminal sequencing of the structural @ret of IFV and PnPV
indicated that the region encoding the coat presteiidl not start at the beginning of the
ORF. For IFV the coding region (for VP3) startechatino acid position 149 (Isavea al.,
1998) and for PnPV at position 320 (Wtal.,2002), leading to the speculation that these
two viruses may encode a leader protein just liames vertebrate picornaviruses do
(Chapter 3; Fig. 3-1). A similar situation may e VDV-1 (and DWV). Table 5-4 gives

a summary of the cleavage junctions in the stratfamoteins of VDV-1 compared to those
of IFV and PnPV.

Table 5-4: Cleavage sites offlavirus structural proteins. Only two cleavage sites of WD structural
proteins were determined. The branch defining th&B junction is speculated to be active. The fiegptide
in the polyprotein has not yet been establishdtht@ characteristics of the leader peptide (L).

L?/VP3 VP3/VP4 VP4/VP1 VP1/VP2
IFV TQPQ/IGPPE VQG/GPEF MRNK/DKPV TVPQ/GPVQ
PnPV VTAQI/GDED SNPG/PFLS KKDM/D RPQ VTAM/G DER
VDV-1 PNPG/PDGE ? - GCM/DNPS AVFE/GEES

Cardioviruses and aphthoviruses have polyprotewhg;h are somewhat different from the
other picornaviruses in that their ORFs encodedatitianal N-terminal leader peptide, L,
which precedes the P1 capsid region (Rueckert,)199& picornavirus L protein is an
autocatalytic papain-like protease that releasssfifrom the nascent polyprotein after
translation of the virus genome (Ryan & Flint, 1297 cleaves translation initiation factor
elF-4G so as to severely restrict or shut off capeshdent host protein synthesis during
infection therefore giving the virus genome a geeahance of being translated via cap-
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independent initiation from an upstream IRES in gleaomic RNA (Dvoralet al.,2001).
Gorbalenyeet al. (1991) identified a cysteine-tryptophan pair ankistidine as the active
residues in theAphthovirusL protease. The polypeptide sequences precedmgadpsid
region of IFV and PnPV and the comparable regioWDV/-1 do not have these defined
critical functional motifs to render them active@steases of the L type and unless proven
otherwise there is not sufficient information tdlicate that these N-terminal parts function
as proteases (see also Wan@l.,2004; Ghostet al.,1999). However, the size of the first
485 aa (55.5 kDa) which includes the VP3 and ViAgins appears to be much larger than
the possible weight of the two proteins combinedp#rently there is an extra undefined
peptide in this region, which may be a protease dfuta different kind to that of
aphthoviruses.

The VDV-1 polyprotein has one NPGP motif (aa 21&®-#bm the N-terminus), which is a
conserved picornavirus motif for cleavage at thé2BAsite (Ryan & Flint, 1997). PnPV
has two NPGP sites, one of which has been demeedtta be active and to define the
break between the first and second coat proteihsreas the other is assumed to be the C-
terminal site of the fourth coat protein relaticethe ORF start (Wet al., 2002). If we
assume that this site is also active in the VD\blyprotein, a protein of approximately 25
kDa would be released. This 25 kDa protein alonelldvdhave the lowest identity to
homologous proteins of DWV and KV, 83 and 81 %pessively, and could be a target for
specific immunodetection of these viruses, as titserum used in this study which was
raised against virus purified from mites was prdypabised from a mixed population of
viruses, since both VDV1- and DWV were shown tdiogpe in the mites (Chapter 4).

In addition, antisera were raised successfully rjahe VDV-1 protease. The conserved
motifs of the protease are almost identical in D\ VDV-1 (Chapter 3; Fig. 3-3c) so

antiserum raised against the VDV-1 protease willbpbly recognise both viruses with

equal efficiency. Since the protease is a non-stratprotein only expressed upon active
virus replication, these antibodies can now be usedevelop a rapid ELISA method to

determine viral replication in the mite and beeisTWwould provide an more cost effective
alternative to minus strand specific RT-PCR (Chapteand 7) for detecting replication of
VDV-1 or DWV in mites and bees. The antiserum dlas potential to determine in which

tissues the virus replicates in the organisms usimgnmunohistology assay.
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Chapter 6

The 5' nontranslated region ofVarroa destructor virus 1:
Structure prediction and IRES activity luymantria disparcells

Structure prediction of the 5' nontranslated red®MTR) of fourlflavirus RNAs revealed
two types of potential internal ribosome entry Si(lRES) in this group of viruses, which
are discriminated by size and level of complexity.contrast to the intergenic IRES of
Dicistroviruses, the potential 5' IRES structuré#laviruses do not have pseudoknots. To
test the activity of one of these, a bicistronionstouct was made in which the 5' NTR of
Varroa destructorvirus 1 (VDV-1) containing a putative IRES was clonedw®en two
reporter genes, enhanced green fluorescent pr{fhiP) and firefly luciferase (Fluc).
The presence of the 5' NTR of VDV-1 greatly entlehthe expression levels of the
second reporter gene (Fluc)ligmantria dispar_d652Y cells, showing that the 5' NTR of
VDV-1 contains a functional IRES element. This IREEBment was active in a host
specific manner since it showed lower activitySpodoptera frugiperd&f21 cells and no
activity in Drosophila melanogaste®2 cells. This is the firdflavirus 5 NTR for which
IRES activity has been experimentally confirmed.

This chapter will be published in a slightly moddiform as:

Ongus, J. R. Roode, E. C., Pleij, C. W. A., VlaKJ.& van Oers, M. M. Analysis of the 5'
nontranslated region &farroa destructowirus 1: Structure predictions and IRES activity
in Lymantria disparcells. In preparation
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INTRODUCTION

Viruses within the genu#flavirus resemble viruses in the familié&cornaviridae and
Dicistroviridae in genome structure and organisation. They all aiansingle-stranded
positive-sense RNA which is active as messengelisapdlyadenylated at the 3' terminus.
These viruses have a genome-linked viral proteifg)Mon the 5' endRicornaviridaeand
Iflaviruses have a single large open reading frame (ORF) engod single polyprotein,
while in the Dicistroviridae two non-overlapping ORFs are separated by amgeiec
region (Fig. 3-1 of Chapter 3; Christia al., 2005). In all these viruses, the ORFs are
flanked by 5' and 3' nontranslated regions (NTR&)ich contain functionally active RNA
structures that are utilised at various stage$@fitffection process, including polyprotein
synthesis and viral replication.

Translation of most cellular mMRNAs normally stassth the recognition of the 5'

methylated cap followed by scanning along the mdéeto find the AUG initiation codon

(Hershey & Merrick 2000). In this process, a binagmplex of elF-2 and GTP binds
activated met-tRNA to form a ternary complex thatds to the 40S subunit forming the
43S pre-initiation complex. This complex associatéh the mRNA cap structure through
the translation initiation factor elF-4F, a compleixelF4A, elF4B and elF4G. The elF4A
component exhibits RNA helicase activity to unwm&NA secondary structure allowing
access of the AUG start codon to the ribosomal sittau Finally, the 60S subunit
associates with the pre-initiation complex to fdire 80S initiation complex facilitated by
the hydrolysis of the GTP bound to elF-2 (reviewsgdMerrick, 2004).

Instead,Picornaviridae, Dicistroviridaeand probably also
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which also functions irbrosophila embryo extracts and a variety of lepidopterandhse
cells includingSpodoptera frugiperd®® cells andSR1 cells, in rabbit reticulocyte lysate
and in wheat germ translation systems (Woolawayl., 2001; Domier & McCoppin,
2003; Pijlmanet al., 2006 in press; Royaét al.,2004). Triatoma virus(TrV; Czibeneret
al., 2000) isolated from the trypanosoriegatoma infestanswhich transmits Chagas’
disease in Argentina, has a 5' NTR of 549 nt whichtains an IRES element which is
active inXenopusocytes (Czibeneat al, 2005).

Viruses belonging to the geniftavirus include Infectious flacherie viruglFV; Isawaet
al., 1998),Sacbroodvirus (SBV; Ghoshet al.,1999),Varroa destructor virud (VDV-1,;
Chapter 3),Deformed Wing virugDWV; de Mirandaet al, 2003),Kakugo virus(KV;
Fujiyuki et al.,2004),Perina nuda picorna-like viruPnPV; Wuet al.,2002) andEctropis
obliqua picorna-like virus(EoPV; Wanget al., 2004). In the present study, computer-
assisted analysis was performed to predict thensiexy structure of foulflavirus 5' NTRs
so as to identify possible IRES motifs. For thisalgsis the relatively long 5" NTR
sequences of VDV-1 and DWV were chosen, and comdperePnPV and EoPV, which
have shorter 5 NTR sequences in Ifteevirus group (Table 6-1). IFV and SBV have very
short 3 NTR sequences.

The functionality of the 5' NTR of VDV-1 was testedperimentally in various cultured
insect cell lines. This would also identify possilppermissive cell culture systems for
VDV-1. VDV-1 was originally isolated from th€arroa destructomite, an ectoparasite of
the honey bedpis mellifera The virus is able to replicate both in the m@&dpter 4)) and
in the honey bee (will be presented in Chapter ut)durrently there are no cell culture
systems available that would facilitate the stufithes virus.

Table 6-1: Nucleotide sequence length of tHdNF' Rs of iflaviruses and the G+C content in thigioa.

Iflavirus 5'NTR G+C content
PnPV 473 nt 36.79%
EoPV 390 nt 33.85%

IFV 156 nt 39.10%
SBV 178 nt 34.27%
KV 1156 nt 31.92%
DWV 1139 nt 32.31%
VDV-1 1117 nt 32.05%
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MATERIALS AND METHODS

Prediction of the secondary structure of flavirus RNA 5' NTR

Predictions for RNA secondary structures were oletiusing two different algorithms.
The ‘Zuker Mfold program predicts the overall mmim free energy of the RNA
molecule (Zuker, 2003), while in the genetic alor (Gultyaevet al, 1995) the RNA is
sequentially folded from the 5' to 3' end, theraoyulating the folding process during
replication. In the latter program stems are aduaethe growing structure by stepwise
selection from a list containing only those steimst tare compatible with those already
incorporated. The selection of the stem to be adtigzends, among others, on the free
energy of the stem. As the folding progresses, d&ssle structures are removed in favour
of more stable motifs, also ensuring that shorgeamteractions prevail over long-range
pairings (Gultyaevet al, 1995). Another advantage of the genetic algoritls the
possibility to predict RNA pseudoknot structuresieh influence translation initiation by
frameshifting or ribosome read-through (Giededal.,2000).

The secondary structures predicted in this way amalysed by comparison with
homologous sequences, in order to find supportiemproposed secondary structures from
co-variations or compensated base changes in ségions. The preferred sequence
requirement for an optimal comparison is an idgntiinging from approximately 60-80%
between the homologous RNA molecules being comp@adinerget al.,2005). The pairs
VDV-1/DWV and PnPV/EoPV were selected because 8teyw high conservation in the
respective pairwise alignments (see also Table 6-3)

Cloning of reporter plasmids

To test for IRES function in the 5' NTR of VDV-1, series of reporter plasmids were
constructed. The backbone of these reporter plasmids the plZ/V5-His plasmid
(Invitrogen). The reporter genes, enhanced gresordscent protein (EGFP) and firefly
luciferase (Fluc), were cloned into this plasmiddein the control of theOrgyia
pseudotsugatamultiple capsid nucleopolyhedrovirus (OpMNPV) indiee-early 2
(OpIE2) promoter (Theilmann & Stewart, 1992) (Fegl).
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BamHI BamHI Sall HindIIl
pEGFP/VDV-1,/Fluc | _OpIE2 promoter EGFP VDV-1sense 5 NTR | Fluc |

BamHI BamHI Sall HindIIl
pEGFP/VDV-1,./Fluc OpIE2 promoter EGFP VDV-1 antisense 5' NTR | Fluc |

BamHI BamHI Sall HindIII
pEGFP/RhPV,/Fluc OplIE2 promoter EGFP RhPV sense 5 NTR | Fluc |

BamHI BamHI Sall HindIIl
PEGFP/RhPV ,¢/Fluc OpIE2 promoter EGFP RhPV antisense 5' NTR Fluc

BamHI BamHI

PEGFP OplE2 promoter EGFP

BamHI BamHI  Sall HindIIl
pEGFP/Fluc OpIE2 promoter EGFP Fluc

Sall HindIIl

pFluc [ OpIE2 promoter | Fluc |

Xbal

Csp451
pRluc AcIE1 promoter

Figure 6-1: Reporter plasmids used to study IRES activityhef ¥DV-1 5' NTR. The restriction sites used in
cloning are indicated at the top of each bar. Tdmaes of the plasmids are indicated on the left marg

In order to make these constructs, the PCR produmts amplified and cloned into pGEM-
T Easy (Promega). The primers used contained amtengo introduce the appropriate
restriction sites (Table 6-2). The sequences oP@R products were verified by automated
sequence analysis (Greenomics, Wageningen, NLgflfiuciferase (Fluc) was amplified
from the plasmid pGL3-control (Promega) and clonedpGEM-T easy into pET 28a(+)
(Novagen) as &al/Hindlll fragment. The Flucfragment was then recloned into the
plZ/V5 plasmid as aBanHI/Notl fragment generating pFluc. EGFP with an added
eukaryote Kozak consensus ribosome binding siteG/&CC) (Kozak, 1986) before the
start codon was amplified by PCR from the plasnitGpP (Clontech Laboratories) and
cloned as aBanHI| fragment into pFluc to give pEGFP/Fluc. The 5TR of VDV-1,
extended with the first six codons of the polypimtevas amplified from a plasmid clone
containing a 5' segment of the virus genome (GekBagession number AY251269). It
was cloned as BanHI/Sal insert into pFluc either in the sense orientatiand in frame
giving a fusion with Fluc, or in the antisense otaion. EGFP was cloned into these two
constructs as @8anHI fragment to generate the plasmids pEGFP/VRXFIiLc and
pPpEGFP/VDV-1zs/Fluc respectively.

Three control plasmids were used in these assagswith EGFP only (pEGFP), another
with EGFP and Fluc not fused (pEGFP/Fluc) and &l thvith Fluc directly downstream of

the OplE2 promoter (pFluc). As a positive conttble RhPV 5 NTR with the first six

codons of the flanking polyprotein were amplifiedrh the pGEM-CAT/RhPX1/LUC
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plasmid (Woolawayet al.,2001) and cloned asBanHI/Sal fragment between EGFP and
Fluc in the sense or antisense orientation (pEGRPYRFIuc and pEGFP/RhPA/Fluc).
An internal transfection control plasmid containRRgnillaluciferase (pRluc) under control
of the Autographa californicaMNPV immediate-early 1 (AclE1) promoter (Janésal.,
1996) was used to correct for variations in tractsba efficiency (Nalcaciogluet al.,
2003).

Table 6-2: PCR primers used for cloning reporter plasmids.

Primer name® Primer sequence (5' to 3' end Added sequence
Kozak consensus
ribosome binding site

EGFP F CGCGGATCCGCCACCATGGTGAGCAAGGGCGAGG (underlined) BarrHl
site

EGFP R CGCGGATCCTTACTTGTACAGCTC BanHl site
Fluc F CGCGTCGACATGGAAGACGCCAAAAACATAAAG Sal site
Fluc R CGCQ@AGCTT TTACACGGCGATCTTTCCGC Hindlll site
VDV-15'NTR sense F CGO&GATCCGCATAGCGAATTACGGTGCA BanHl site
VDV-15'NTR sense R CGOBICGACAAGAGTTCCACAACTAAATGCCAT Sal site
VDV-15'NTR antisense F CGCGEICGACGCATAGCGAATTACGGTGCA Sal site
VDV-1 5" NTR antisense R CGGBSATCCAAGAGTTCCACAACTAAATGCCAT BanHl site
RhPV 5' NTR sense F CG@HATCCGATAAAAGAACCTAT BanHl site
VSR semse . SSCSSTESACATICCTACMGICHTCOTACAAT s s
RhPV 5' NTR antisense F CGGQ3FCGACGATAAAAGAACCTAT Sal site
RhPV 5' NTR antisense R CGCGGGATCCATTGGTGCAAGACATCGTAGACAT BanmH| site

TATAAATAGATAAAGCTAATGTTATA
#The forward primers have a name ending with F aedéverse primers end with R.
BThe restriction sites are indicated in bold letters

Transfection of reporter vectors into insect cells

The insect cells used in this study welle: melanogasteS2 cells(Schneider, 1972)S.
frugiperdaSf21 cells(Vaughnet al., 1977) and_ymantria dispan.d652Y cells (Goodwin
et al., 1978). Sf21 and Ld652Y cells were grown in Gracipplemented insect medium
(Invitrogen) with 10% foetal bovine serum (FBS) atite S2 cells in Schneider's
Drosophila medium (Invitrogen) supplemented with 20% FBS. O@méion cells were
seeded into 35 mm dishes and incubated overnighR7aC. Following overnight
incubation, the medium over Sf21 and Ld652Y celésweplaced with serum-free Grace’s
insect medium (SFM) (SIGMA) and S2 cells with seffiee Schneider'sDrosophila
medium two hours before transfection. Five microggaf reporter plasmid andug of the
pRIluc internal control plasmid were diluted interde deionised water to a final volume of
25 pl. Tenpl cellfectin® reagent (Invitrogen) was diluted with ibsterile water and added
to the DNA mix. After 15 min incubation, 5001 of SFM was added to the DNA-
transfection mix, which was then used to coveradiés. After 1 h incubation at 2C with
gentle rocking, 50@Qul SFM was added to the cells which were furtheubated for 3 hr at
27°C. One ml of Grace’s insect medium supplementett 1% FBS was added to the
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Sf21 and Ld652Y cells, and medium with 40% FBS 2oc8lls. Incubation was continued
at 27C for 48 h. The transfections were performed inlidage.

Luciferase assay

Cells were examined under a fluorescent microsémpEGPF expression and harvested 48
h post transfection, washed once with phosphatieitad saline pH 7.4 and suspended in
250 pl passive lysis buffer (Promega’s Dual-LuciferasB®porter Assay System). Lysis
was allowed to proceed at room temperature for itbfatlowed by two freeze-thaw cycles
and vortexing. The lysates were clarified by cémgration at 14,000 r.p.m for 30 sec in an
Eppendorf centrifuge 5417C. Firefly luciferase aRdnilla luciferase expression were
sequentially measured using reagents and protooot the Dual-Luciferase® Reporter
Assay System and the readings made using a TD-ZW2fle-tube luminometer (Turner
BioSystems), designed to run Promega’s genetiatepassays.

RESULTS

The Iflavirus RNA 5" NTR structures

VDV-1 and DWV have 81% nucleotide identity in the TR region. The SNTR of
VDV-1 is 1117 nt long, while that of DWV is 22 nedtides longer as a result of
nucleotide insertions (Table 6-1). PnPV and EoP\ershorter 5' NTRs of 473 and 390 nt,
respectively. A pairwise alignment of the entiteNGFR of PnPV and EoPV shows that
they have 64% overall nucleotide identity in thegion. The PnPV sequence has an
extension of 83 nt at the 5' end. If the extragjuence is not considered in the alignment
then the identity level rises to 78%. The entitdN$R of these four viruses was used for
structure prediction.

In the VDV-1/DWV structure (Fig. 6-2), seven donmma@and conserved structural elements
are proposed, five of which are hairpins and twand V) form a branched, cloverleaf-like
structure. It is interesting to note that the bhatt structure labelled V has two identical
palindromic domains in the VDV-1 sequence at thégdm highlighted by the broken
rectangles, and parallel sequences which are bligklil by the broken arrows. In hairpin
structure 1ll, the VDV-1 and DWV sequences weretgudifferent but the overall
configuration was maintained in both. No consersecondary structure could be proposed
so far for the regions in between structures Il Ahdnd between Ill and 1V and including
that just before the underlined AUG start codorgase no co-variation support for the
predicted structures could be obtained in the hogmls sequence. It may well be that the
secondary structure for these regions can be detedmmore easily when other,
homologousl|flavirus RNA sequences can be included in the analysis.
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Figure 6-2: The predicted conserved secondary structure of \IDAhd DWV 5' NTR based on the VDV-1
sequence. The letters in the periphery indicatalifierences in the DWV sequence and thereby shpwie
occurrence of the co-variations in the stem regidhe sequence of DWV in hairpin 1l is differembf that

of VDV-1 but the structure is maintained. The numsbat the bottom indicate the nucleotide sequence
position in the VDV-1 genome from the 5' end. Time$ in between the sequence have been addedeo giv
continuity to the two-dimensional structure, exckptthe dotted breaks at the bottom between strestll

and Ill and between 1l and IV and including thast before the underlined AUG start codon whichdats

the omission of unsupported structures (Table 6-3).

The conserved structural features predicted for vD\and DWV were located

approximately within the first 800 nucleotides whicave a slightly higher G+C content
compared to the remaining portion before the AU&tstodon (Table 6-3) for which no
structure could be predicted with high probability.

Table 6-3: The nucleotide composition of theMTR of VDV-1 and DWV.

5'NTR of VDV-1 5'NTR of DWV
nucle_t_)tlde 1-810 (structured)  811-1117 1-818 (structured) 8199
position
A+U 65.80 % 73.62 % 66.01 % 71.96 %
G+C 34.20 % 26.38 % 33.99 % 28.04 %
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of the secondary structures proposed here may lveelbossible if othetflavirus RNA
sequences become available in the near future.

Firefly luciferase expression due to IRES activityn the 5' NTR of VDV-1

The conserved structural features predicted irbth& TR of these iflaviruses point to the
presence of putative IRES elements in these regiBnsIRES element functions by
binding to cellular translation initiation factolkesading to the recruitment of ribosomes for
the translation of a downstream ORF. The abilityhaf 5' NTR of VDV-1 to function as an
IRES in cell culture was examined. For this analysicistronic reporter plasmids were
designed (Fig. 6-1). The translation of the firREXEGFP) located directly downstream of
the promoter will proceed via a 5' methylated capahdent mechanism. The stop signal at
the end of this ORF prevents the ribosomes frordingathrough to the second ORF. The
expression of the second ORF (Fluc) will only ocduthere is an intervening IRES
element which will recruit ribosomes, allowing tstation of the latter ORF to occur
(Royallet al.,2004).

Following transfection of the bicistronic constmigito DrosophilaS2, or the lepidopteran
Sf21 and Ld652Y cells, EGFP expression was obseirved cultured cell types. Firefly
luciferase activity was measured to check for IRESvity in the 5 NTR of VDV-1. The
construct in which the 5° NTR of VDV-1 was present the sense orientation
(PEGFP/VDV-¥/Fluc) gave significantly higher luciferase actyyiibout ten times more,
compared to the anti-sense construct, in Ld652¥ ¢Elg. 6-4). In Sf21 cells, there was a
slight increase in the luciferase reading whenStHeTR was placed in a sense orientation
between the reporter genes compared to the argessnstruct, but the activity remained
lower than that in Ld652Y cells. There was miniraativity detected in S2 cells but there
was no significant difference in the luminescenatwieen the sense and antisense
orientations of the’'SNTR of VDV-1. In the absence of an interveningMTR sequence
between EGFP and Fluc, there was limited expreseiofluc, in the same order of
magnitude as that measured for the antisense ati@mtconstructs. Mock-transfected cells
and the monocistronic EGFP construct registereduoiderase activity, as expected. The
control clone with Fluc directly behind the OplE®moter, as expected, gave very high
activity, and had to be diluted one hundred tintestitain a range of luciferase activity in
the same scale as that obtained from the repdeemgs.

The 5 IRES of théicistrovirus RhPV has been shown to be functional in Sf21 cells
(Royall et al., 2004) andDrosophila embryo extracts (Woolawagt al., 2001) and was
included here as a positive control to estimate¢tetive strength of the VDV-1 IRES. The
5' IRES of VDV-1 was stronger than that of RhPWLi652Y cells, but the 5' IRES of
RhPV was slightly stronger in Sf21 cells than tb&tvDV-1. In general, Ld652Y cells
gave the best results for both VDV-1 and RhPV. pagormance of the IRES of both was
poor in theDrosophilaS2 cells.
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Figure 6-4: Luciferase activity obtained from the analysisIRES activity in the 5' NTR of VDV-1 and
RhPV in S2 cell{D. melanogastgr Sf21 cells(S. frugiperdd and Ld652Y cellsl(. dispa)). The relative
luminescence (Fluc/Rluc) was used to plot the bisto. Each bar represents the mean of an experinaet
in duplicate and the variation lines show the staddieviation from the mean.

DISCUSSION

The nucleotide sequence of single-stranded RNA splaysignificant role in how the
molecule will be folded. The secondary structureasnposed of short-range interactions
involving the base-pairing of neighbouring nucldes to form hairpin and loop structures.
The structural elements predicted in this studytiier5' NTRs of fouiflavirus species are
mainly simple hairpins, in which the VDV-1/DWYV tymtructure shows more complexity
than that of PnPV/EoPV, which might be relatedn® difference in size of the 5' NTR. So
far, no pseudoknot structures were detected ineeilflavirus structure type. IRES
structures in the intergenic region Dicistroviridae have been shown to have pseudoknot
formations which influence translation initiatidioy example, the translation of the second
ORF of CrPV (Jan & Sarnow, 2003) and RhPV (Domiev&Coppin, 2003) start from the
codon CCU (for the amino acid proline).

Within the Picornaviridae 5' NTR structures have been divided into two $ypased on
structural similarities; th&ntero/Rhinovirusgroup and thé\phthe/Cardio-/Hepatovirus
group. However, the IRES structure can vary evethiwia genus (Witwer, 2001). The
VDV-1/DWV type structure shows some resemblanceht Entera/Rhinovirus group,
which also starts with a three-branched or cloaddike element. In contrast, the
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PnPV/EoOPV structure starts with a very stable lmign the 5 end which has eight
supporting G-C pairs. The EoPV sequence is 83ntteshon the 5' end where the stable
hairpin is located in the PnPV sequence. The haigppears to be stablaG = -28.5
kcal/mole) such that it was assumed to exist eviimowt supporting substitutions from the
EoPV sequence. The PnPV and EoPV have shorterBsNiith simpler structures that are
unique and do not resemble any 5' NTR structuresgmicornaviruses.

The conserved structural features in the 5' NTRDY-1 were mainly confined to the first
810 nucleotides indicating that the essential eleméor the putative IRES are probably
located in this region. The three-branched elerve(fig. 6-2) could have a vital role for
the IRES. The structure is the most prominent eodtains parallel and palindromic
features which could be important recognition sigrfiar translation initiation and binding
of translation factors. There was no sufficientdevice based on co-variations or stable
structure formations between structures Il andaid between Il and IV and in the
remaining A+U rich region (the 300 unstructureddsalsefore the AUG start codon) of the
5'NTR to support the prediction of conserved dtries between VDV-1 and DWV. These
regions could remain mostly single stranded ora¢doifm an elaborate fold at the 3' end of
the 5' NTR like that seen in enteroviruses (Witvi801).

Conserved features are also present in the PnPV/Bbfacture (Fig. 6-3) such as the
repeated stem and loop at the tip of hairpinslVtahich could form important recognition
points for translation initiation factors. Lopez Qeinto & Martinez-Salas (1997) compared
picornavirus IRES secondary structures and revealedxistence of conserved motifs in
the loops. A GNRA motif in the loop of stem 2 andAA on stem 4 are required for IRES
activity. Similar conserved motifs were identifiad the intergenic IRES of some
Dicistroviridae (Domieret al.,2000). The PnPV/EoPV motif in loops | to IV is YMULY
stands for C or U in that position and V is for@or G) VDV-1 and DWV do not appear
to have such conserved loop motifs.

The structure predictions of the 5' NTR of VDV-Ipport the existence of an IRES in this
sequence. IRES activity was investigated usingstsmnic reporter plasmids in cell culture
systems. Due to the absence of mite and bee g, alternative cell lines were used.
VDV-1 infects both theV. destructormite and the honey bee, and is able to replicate i
both organisms (Chapter 4 and 7). Bees are ins@ctsnites are arachnids. The fact that
the virus is able to replicate in very differenganisms justified the attempt to find an
alternative cell system where the 5' NTR could ssaged for IRES activity. Ultimately,
this may lead to a cell system supporting viralagea replication, since IRES activity
enables the translation of viral proteins neededtitee replication.

The bicistronic reporter plasmids were construatetthe P1Z/VV5 plasmid under the control
of the OpIE2 promoter which uses the host celldcaption machinery and does not need
viral factors for activation (Theilmann & Stewalt§92). The expression of the first ORF in
the reporter plasmids is mediated by cap-dependanslation. The observation of EGFP
expression in the cells following transfection slsawat the transcripts are formed and that
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the first cistron is expressed. Since both ORFslecated on the same transcript, the
expression of the second ORF will occur only whesceded by an active IRES element.
The very low Fluc expression with the EGFP/Flucstarct, where the IRES element was
absent, indicated that there was hardly any reamfn by ribosomes once they reached
the stop codon of the EGFP ORF (Fig. 6-4). Theftdshenhancement of the Fluc signal in
the Ld652Y cells when the 5' NTR of VDV-1 was ingorated between the two ORFs,
demonstrated that this region contains a functitiREIS element. This IRES appears to be
cell type specific since it was not active in tHec@lls. Host factors interact with the IRES
element to control its function and it is known tthissue-specific expression of these
essential RNA-binding proteins may account foriddttropisms (Pilipenko, 2001). The
predicted secondary structure of the VDV-1 5" NTHy( 6-2) should facilitate targeted
mutation studies to identify crucial motifs forlRES activity.

A comparison of the 5' IRES activity of VDV-1 toathof RhPV shows that their relative
strengths are similar but very dependent on thiecoéilre system. The 5' RhPV IRES has
been shown to be stronger if the extra codons e@fvttus polyprotein were omitted from
the construct when cloning the 5" NTR (Woolawetyal., 2001). This would probably
enhance the expression of Fluc in the reporternplds Even though '5RhPV IRES
activity has been demonstrateddnosophilaembryo extracts (Woolawast al.,2001), no
activity was observed in the S2 cells in the curstady.

The 5' and intergenic IRES elements of CrPV alspldy different levels of activity in
different insect cells (Masounat al, 2003). CrPV 5' IRES activity in a cell line was a
prerequisite to support genome replication, but i guarantee that the cell line could
support replication. This finding suggested thatitmhal cellular and/or viral factors may
be involved in processing of viral products andiagging of viral particles. In addition, the
strength of the 5' IRES activity was not directlyrrelated to the ability to support CrPV
replication, as moderate IRES activity could alspport CrPV replication.

This is the first demonstration of the activity afi Iflavirus IRES. The observation that
Ld652Y cells are permissive to the 5' IRES of VD\frhy be an important step towards
identifying a cell system that could support VDWdplication. To investigate whether
VDV-1 is able to replicate in the Ld652Y cell linthese cells may be transfected with
VDV-1 genomic RNA. Viral gene expression can thentbsted with specific antibodies
(Chapter 5) to detect the structural proteins amel detection of the complementary
negative sense RNA strand using RT-PCR can coniimas replication.
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Chapter 7

Transmission and incidence oVarroa destructor virus 1 in the mite
Varroa destructor and the honey beé\pis mdllifera:
A comparison witlDeformed wing virus

Varroa destructor virusl (VDV-1) andDeformed wing virugDWYV) are closely related
with 84% genome sequence identity. Infections dué/DV-1 or DWV could not be
distinguished using immunological techniques duth&ohigh amino acid similarity (97%)
of the immunodiminant protein VP1, but could betidguished using specific PCR
methods. Immunoassays showed that both adult maldéesnale mites were infected with
VDV-1 and/or DWV. When one member of a mite famags infected, all other members
were infected. ELISA analysis showed that the pridpo of Varroa mites carrying VDV-1
and/or DWV was 71%, slightly higher than the prdjmor of infected bees (65%). Virus
was detected in mite eggs but not in bee eggs @sdaj-blot immunoassay, indicating that
vertical transmission might occur in the mite p@dan but not in the bees. A
discriminative PCR demonstrated co-existence of VDahd DWV in the same individual
mite or bee. Eighty eight percent of the mites Ndal/-1, 19% were co-infected with
VDV-1 and DWV, and no mites with only DWV infectiowmere detected. Seventy nine
percent of the adult bees had VDV-1, 26% co-inféatith VDV-1 and DWV and there
was no DWV only infection in the adult bees, in 8pecimens tested. It was concluded
that VDV-1 and possibly DWV are primarily mite vees which found a suitable host in
the bee, and this is underscored by the replicatiorDV-1 in the bee just as well as in the
mite. An investigation of the viruses among Eureopeates indicated that the two viruses
exist together in hives across different regionmafnland Europe.

This chapter will be published in a slightly moddiform as:

Ongus, J. R., Keijzer, R. M., Vlak J. M., van Odyk,M. & Peters, D. Transmission and
incidence ofVarroa destructor virusl in the miteVarroa destructorand honey bed@pis
mellifera; a comparison witlibeformed wing virusin preparation
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INTRODUCTION

Most viruses infecting bees are RNA viruses withisometric shape and often belong to
the picorna-like viruses. The invertebrate picodika-viruses are small isometric particles
with a diameter of around 30 nm, which are non-&ped. Their single stranded RNA
genomes are of positive sense and can be monaeistranic (Christiaret al., 2005). The
majority of honey bee viruses persist at low le\adsnapparent, sub-lethal infections and
occasionally cause lethal outbreaks, for exang§debrood virus(SBV; Ball & Bailey,
1991). The ectoparasitiarroa destructommite has been identified as a vector of several
bee viruses includingAcute paralysis virusAPV) (Ball, 1989; Batuev, 1979)Slow
paralysis virus(SPV), Kashmir bee virudKBV) (Denholm, 1999) andeformed wing
virus (DWV; Bowen-Walkeret al, 1999). Picorna-like virus particles were detdcin
extracts ofV. destructormites collected from the Wageningen Universityaapiand the
presence of virus-like particles were confirmedniite tissues by electron microscopy
(Chapter 2). Similar observations were made by $flesset al., (2000) from a sample of
mites in Germany. Th&arroa mite is an obligate parasite of the honey bee (Dkn,
1999) and its development is well synchronisedh&t of the bee (Fig. 7-1).

Previously, honey bee viruses were detected iraetstifrom bees and mainly characterized
by serology (Denholm, 1999). The methods used nifigation did not separate different,
but morphologically similar viruses. Therefore pegions used to produce antisera may
have contained virus mixtures (Denholm, 1999). Twerent advances in nucleotide
sequence technologies have enabled the developofespecific PCR-based detection
methods that indisputably identify the differentuges. Recently, the virus observed in the
Wageningen mites was isolated, sequenced and ndareoh destructor virud (VDV-1)
(Chapter 3). This virus is closely related to DWAblated from honey bees, with 84%
genome sequence and 95% polyprotein identity.
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VDV-1 and DWV both replicate in the mite (Chaptgr BWV has been reported in the
honey bee, whereas this information is lacking V-1. A close correlation exists
betweenV. destructorinfestation and DWYV infection in honey bee colon{@sll 1989;
Bailey & Ball 1991). Because of the cohabitationntifes and bees, and the close genetic
relationship between VDV-1 and DWV, the possibilihat VDV-1 can infect honey bees
can not be excluded. In chapter 4, a specific R&3Rwas developed to distinguish between
these two viruses and also detect their replication

The objective of the study is this chapter is teestigate the incidence and transmission
pathways of VDV-1 in the mite, the bee, and betwi#enmite and bee. For this purpose,
specific RT-PCR methods will be applied to detéd virus and to demonstrate its ability
to replicate in the honey bee. This investigatidso aaims to study the geographic
distribution of VDV-1 in mainland Europe. DWV is vestigated in parallel for
comparison.

MATERIALS AND METHODS

Sampling of mites and bees

Samples were collected from two heavily-infestetbioies at the Wageningen University
apiary from July to September 2004 during Waroa peak. The colonies were maintained
without controlling the mites during this periodotycombs were selected for sampling
eggs, pupae, larvae and adults of mostly workes,eeewell a¥arroa mite eggs, nymphs
and adults (Fig. 7-2). The mites were carefullyasafed from uncapped and capped brood
cells and stored individually at -%0 until use. Bee specimens were carefully checked t
avoid inclusion of infesting mites. Adult bees wemlected when they emerged from the
cell (Fig. 7-1). The bee specimens were separatedwo groups; those that were infested
with mites and those that were not. The mites fitbm infested bees were individually
stored and were analysed for the presence of VDd/or DWV in comparison to the
bees they infested.

/ Honey bees \

‘ Infested ‘ ‘ Non-infested
) Dot-blot
Mite eggs ==\ immunoassay /€ Beeleggs
Bee larvae \ Bee larvae
I Nymphs I
Bee pupae | Bee pupae
Adult bees Adult mites Adult bees

- @@
Figure 7-2: Sampling plan for bees and mites from untreategshin Wageningen. The samples were
analysed by ELISA, RT-PCR and dot-blot assay teatehfection by VDV-1 and/or DWV.
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Purification of virus from Varroa mites

One gram of mites was gently stirred in 2% ethavelrnight. The mites were collected by
centrifugation at 5000 rpm for 5 min in a SorvaBcentrifuge and macerated in 10 ml
0.01 M potassium phosphate (kP O,/KH,POy) buffer, pH 7.3. Large debris was removed
by centrifugation at 5000 rpm for 10 min &C4 The supernatant was centrifuged through
30% sucrose cushion at 27,000 rpm for 6 h in a Beek ultracentrifuge to collect the
particles. The pellet was re-suspended in 1 ml O0potassium phosphate buffer and
centrifuged at 40,000 rpm for 3 h at 4°C in a didoaious 10-40% sucrose gradient. The
fraction with the virus particles was removed ahne particles collected in a pellet, which
was dissolved in 1 ml of potassium phosphate buéfied stored at 4°C.

Enzyme-linked immunosorbent assay (ELISA)

Cliniplate polystyrene microtitre plates (Labsys)emere coated with antiserum (prepared
against purified virus particles isolated frararroa mites, Chapter 2) diluted at a ratio of
1:1000 in coating buffer (0.1 M NaG@QH 9.6) and incubated for 2 h at 37°C. The wafls
the microtitre plate were washed three times wiitilted water to remove unbound
immunoglobulin. Samples of individual honey beeseygrepared by grinding in 1 ml PBS
(140 mM NaCl, 1.8 mM KHPQO,, 10 mM NaHPQ,, 2.7 mM KCI, pH 7.4) in 1.5 ml
Eppendorf tubes. Individual mites were maceratelifjuid nitrogen and suspended in 300
ul PBS. An aliquot of 15Qul bee or mite suspension was added to separats aed
incubated for 2 h at 37°C. The bee and mite matesés removed and the wells were
washed 3 times with distilled water. An aliquot 180 pl 1gG conjugated to alkaline
phosphatase (Lig/ml) was added and incubated for 2 h at 37°C. dbtwjugate was
removed and the wells rinsed 3 times with distilveater. An amount of 150l substrate
buffer containing 1 mg/ml P-nitrophenyl phosphaigodium was added and incubated at
room temperature to allow adequate colour developnighe absorbance was measured at
405 nm.

Total RNA isolation from individual mites and bees

Total RNA was isolated from individusdarroa mites and bees. The samples were ground
in 800l TRIZOL® reagent (Invitrogen) and 200 ug glycogen was addéde sample to
facilitate the precipitation of RNA. One hundreddasixty microlitres of chloroform was
added followed by vortexing for 30 sec. Centrifugiatwas done at 14,000 rpm for 5 min
and the aqueous phase transferred to a new tubeextracted RNA was precipitated from
the aqueous phase by adding an equal volume 2+4pobpad incubated for 1 h at 2D
The sample was centrifuged at 14,000 rpm for 15 iménRNA pellet was washed once
with 70% ethanol, dried, re-suspended in sterilstiltid water and quantified by
spectrophotometry. This RNA was used for specificFRCR detection of VDV-1 and/or
DWYV genomes and for the presence of their respeatvmplementary negative strands
which exist as replication intermediates.

PCR primer design

Two sets of RT-PCR primers were designed to be aséte melting temperature of 65
The first set of primers detects VDV-1 and DWYV eparate reactions (Fig. 7-3a and Table
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7-1). The PCR primers used for the specific indraiddetection of VDV-1 or DWV
genomes have been described in Chapter 4, andegivected products of similar size
(1130 and 1129 bp, respectively).

a) Primers for selective RT- PCR to be used separate _ly

structural proteins non-struatyroteins
A A
/- N )
VPg ‘ VP3 ‘ VP4’ VP1 | VP2 ‘ Helicase PI‘IJ RdR
I
Q NTR P NTR AAA,
4= cDNA of (+) RNA of VDV-1
<= cDNA of (+) RNA of DWV
=» < PCRVDV-1[1130 bp]
=» <= PCRDWV[1129 bp]
-»> CDNA of (-) RNA of VDV-1
-»> CDNA of (-) RNA of DWV
b) Primers for duplex RT- PCR
structural proteins non-struatyroteins
AL AN
-
VPg ‘ VP3 ‘ VP4’ VP1 | VP2 ‘ Heli P| RdR
elicase (=
0 NTR NTR AAA,
<= cDNA of (+) RNA of both VDV-1 and DWV
-»> - 15tPCR of both VDV-1 and DWV
-»> <= DWV nested PCR [280 bp]
-»> < VDV-1 nested PCR [1033 bp]

Figure 7-3: Primers for RT-PCR for detecting VDV-1 and DWV aggtely (a) or simultaneously within one
PCR reaction (b). The arrows indicate the locatibthe primers in the virus genome. See Tablesaidl7-2
for primer sequences.

Table 7-1: Primers used for selective RT-PCR of VDV-1 or DW®hly one set of primers (either VDV-1 or
DWYV) can be used in a single PCR reaction becaoseptoduct size is about the same for either virus
sequence (Chapter 4). These primers have been thappiee virus genome in Fig. 7-3a.

Primer name # Primer sequence Nucleotide positiof Product
VDV-1R AGCACGAGCATGTTCAGC 7885-7868 cDNA of VDV-{#) RNA
VDV-1 Fgr GCGAAGTAGAATTTACTTCTTCA 6564-6586 cDNA of VDV-1-f RNA
VDV-1 Frrpcr CGAAACGAAGAGAGCATGTAT 6657-6677 1130 bp VDV-1 PCR
VDV-1 Rgrpcr CGACTCTTCCCCAGCTAAG 7786-7768

DWV-R TCTGAGCACGTATATGTTCATT 7911-7890 cDNA of DWV+) RNA
DWV Fgr GACACTGAATTCACATCACAG 6588-6608 cDNA of DWV (-) RA
DWV Fgrrpcr GTAAGCGTCGTGAACATACTG 6679-6699 1129 bp DWV PCR
DWV Rgtpcr GACTCCTCTCCCGCGAGA 7807-7790

# E stands for forward, R is for reverse
8 Nucleotide positions for VDV-1 correspond to thébmitted sequence under the accession number A¥i254ad
for DWV the sequence under the accession numbeROR324.

The second set of primers is used to detect botlse$ simultaneously in a nested duplex
RT-PCR (Fig. 7-3b and Table 7-2). Their locationghe virus genome are illustrated in
Fig 7-3b. In the chosen set-up, a PCR product 881p would indicate that VDV-1 was
present and a 280 bp band indicates the presenD®\f. The sensitivity of the duplex
RT-PCR primers was determined in a PCR with sgridiluted plasmid templates. The
amount of template used was 50, 25, 5, 2.5, 025, @.05 and 0.025 ng. The primer sets
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were tested singly with their respective plasmitigfates, and also in a duplex PCR with
both the VDV-1 and DWYV plasmid templates addedhgaasmid in the amounts given.

Table 7-2:Primers used for selective duplex RT-PCR of VDVAtl ®WV.

Primer name # Primer sequence Nucleotide positioR  Product

[VDV-1] 1875-1895  cDNA of (+) RNA of
[DWV] 1897-1917  both VDV-1 and DWV
[VDV-1] 196-216

VDV-1/DWV Reona~ CATTACTAGTCCATCTACTCC

~ st
VDV-1/DWV Fper ~ TATAGTCGTTTGTGGTTCAAG DW\] 204.224 1'PCR
[VDV-1] 1803-1784 008 bPVDV-1
VDV-1/DWV Rper ~ TTTTCTAATTCAACTTCACC 1622 bp DWV

[DWV] 1825-1806

VDV-1 Fecr GAAGTCGAATACTTGTGTATAGT 397-419 2 CR (nested)
VDV-1 Recr ATTACTGATTGAAATGGGGACA 1429-1408 1033 bp VDV-1
DWV Fpcr CGAAGTTGAATGTATTTATAAGAA  406-429 29 PCR (nested)
DWV Recr GAAGTTTCAGTCGCACCGC 685-667 280 bp WV

# F stands for forward, R is for reverse
8 Nucleotide positions for VDV-1 correspond to thésmitted sequence under the accession number A¥25aad
for DWV the sequence under the accession numbeOA324.

Reverse transcription PCR (RT-PCR)

An amount of 2ug of total RNA was used to synthesise VDV-1 or DWYNA. To show
the presence of VDV-1 in the samples from which RiN&s extracted, the cDNA of the
positive sense RNA strand (viral genome) was symke using the reverse primer VDV-1
R (Table 7-1). The incubation temperature of theerse transcription reaction mixture
(RNA template, primer, buffer and deoxynucleotidphtosphate) was raised to°&5for 2
min prior to the addition of AMV reverse transceapé (Roche). This mixture was further
incubated at the same temperature for 60 min. Tdrestriptase was then inactivated at
70°C for 10 min. PCR amplification was performed withqg DNA polymerase (Promega)
in a 50pl reaction mixture with 2ul of the cDNA mix as template, using the forward
primer VDV-1 Frrpcrand the reverse primer VDV-1gRRcr(Table 7-1). In a similar way,
the DWV reverse primer DWV-R was used to make cDdAhe DWV genome and PCR
was performed with DWV frpcrand DWV Rerpcrprimers (Table 7-1). Following a 5 min
denaturing step at 88 the PCR was done for 30 cycles with denaturadio®4C for 30
sec, annealing at 86 for 30 sec and 2 min elongation af@2The final elongation was
done at 72C for 7 min. The specificity of the primers is delsed in Chapter 4.

In order to demonstrate replication of both virusemites and bees, cDNA of the negative
RNA strand (complementary replication intermediateds synthesised by using the

forward primers VDV-1 kr and DWV Ry (Table 7-1), respectively. PCR was done using
primers and conditions described in the previouagraph.

Dot-Blot immunoassay

The presence of VDV-1 and/or DWV in mite and begsewas studied using a dot-blot
immunoassay on a nitrocellulose membrane (Millipo#® virus sample isolated from
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mites was used as positive control arrcchoplusia nieggs, PBS and water were used as
negative control. The membranes were cut into Blgtsizes for the number of samples to
be blotted and pre-marked to identify individuahgdes. Individual mite and bee eggs
were macerated and suspended in a droplet of PB&.naterial was spotted onto the
marked positions on the membranes and allowednid. Gihe membranes were blocked by
incubation in 1% skimmed milk powder in PBS for bn with gentle shaking in a petri
dish at room temperature. The membranes were wdkhesltimes shaking by gently with
0.25% skimmed milk powder in PBS, then incubated3® min in 0.25% skimmed milk
powder in PBS containing a 1:1000 dilution of tmtiserum raised in rabbit against virus
isolated from mites. After incubation, the membranere washed three times with 0.25%
skimmed milk powder in PBS and incubated for 30 mvith goat anti-rabbit antibody
conjugated to alkaline phosphatase (InvitrogenjeiAfhree washes with 0.25% skimmed
milk powder in PBS, the membranes were washed itwestin alkaline phosphatase buffer
(0.1 M Tris/HCI, 0.1 M NaCl, pH 9.5). The membrangsre incubated in 10ml alkaline
phosphatase buffer containing 290 BCIP (5-bromo-4-chloro-3-indolyl phosphate,
toluidine salt)/NBT (nitro blue tetrazolium chloey solution (Roche) for 5 to 20 min. The
reaction was stopped by washing the membranesiitietl water.

Analysis of Varroa mite infection in various European countries

Total RNA was extracted from samples darroa mites obtained from a number of
European countries (Avignon in France, Oberirsdl kinchhain in Germany, Grugliasco
and Udine in Italy, and Evora in Portugal). Thesteswwere also stored at “fDuntil use.
A duplex detection system was designed to detett ¥BDV-1 and DWV in a single PCR.
cDNA of the positive sense RNA strand (viral gendm@s synthesised using a reverse
primer VDV-1/DWV R:.pna (Table 7-2) that could anneal to both virus gemanide first
PCR was done to amplify both VDV-1 and DWV using tirimer pair VDV-1/DWV cr
and VDV-1/DWV Recr(Table 7-2). The subsequent duplex PCR was nestéccarried
out in the presence of primer pairs that were $jgeol each virus. The VDV-1 forward and
reverse PCR primers used were VDV-dckand VDV-1 Rcr The DWV forward and
reverse primers used were DW¥dgand DWV Rwcr(Table 7-2). The VDV-1 and DWV
primer sets could be used together or separatéippoove the sensitivity of the detection
(Fig. 7-12).

RESULTS

Detection of virus by ELISA

Mites infesting honey bees in the Wageningen UsieApiary contained VDV-1 as well
as DWV, as shown in previous RT-PCR experimentsaf@r 4). Thus a positive
serological reaction using the antiserum prepareth fpurified virus, which recognizes
both viruses, is indicative of an infection withhair virus or with both viruses. Analysis of
adult mites and their offspring showed that invasid a brood cell by an infected female
mite resulted in the infection of all mite offspgigTable 7-3). In case the mother mite was
not infected the whole mite family appeared to tee fof infection. The infection of the
mite family in most cases also resulted in thegames of virus in the emerging bee.

77



Chapter 7

Table 7-3: ELISA on mite families and the infested bee pupaebrood cell.

Cell 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Bee ) () ) (+) ) Q) ) ) Q) ) ) 6 06 ) )
" *+) *+) ) ) +) ) ) (+) ¢) ¢) (+) )
MMQ MMQ DNJ& MMQ MMQ MMQ MMQ MMQ MMQ MMQ MMQ MMQ MMQ MMQ MMQ
" ®H W ) ) ) ) ) ) ) (+) ¢) Q] ) )
AMJd DNJ DNQ AMJ3 AMJ PNQ MMQ AMJ Q AM 3 MMQ AMJ3 AMJ3 AM S PN?
(G I G I O ) ) ) ) Q] ) ) (+) ¢) Q] )
DNQ DNQ DN@ Q Q Faeces AM & Egg Q DN? AMJ DNQ DNZ?Q Q
) ) ) ) ) ) ) (+) ¢) Q] )
DN@ Faeces DNQ DNZ@Q AM & DN? DNQ? AMJZ DNQ? DNQ DNZQ
5 ) ) ) ) Q] ) (+) ¢) Q] )
g PN ¢ DN® DN¢@ DN @ PN FaecesDNQ PNQ DNQ DN¢
0] ) ) ) ) Q] (+) ¢) Q] )
i PN @ Faeces PNQ DN @ Egg DN { Faeces PNQ DN¢9
E ¢ ) ) Q] Q] Q] )
8 | Faeces PN @ DN @ Faeces Faeces Faeces DN ¢
2 ) ) )
= Faeces DN @ DN @
) )
PN ¢ PN ¢
) )
PN ¢ PN ¢
) ¢
Egg Egg
) ¢
Faeces Faeces

MM @: mother mite, AM J: adult male, @ : female daughter, DNQ: female deutonymph,
(+) shows positive ELISA results and (-) is for negfive ELISA signal

PNy: female protonymph

These results show that analysis of a single mita family could be used to determine
whether a mite family and the bee on which the snii@rasitized had VDV-1 and/or DWV.
Infection of a whole family enabled the separatdinfected mite families and bees from
non-infected mite families and bees, just by anaty®ne mite. The rest of the mites and
bees could then be used in other studies to ewathatidentity of virus infecting the mites

and bees by PCR, and the dynamics of the infegtiooess.

1007
901
100 R 801
901 & 701
g %
[0} < 50
g 601 S a0
;o -
o 201
o 304 104
204 0
10 1 Bee eggs| Bee larvag Bee pupag Adult beeg
0 (n=40) | (n=36) | (n=40) | (n=60)
Bees (n = 136) Mites (n = 201)
- O % infected 0 69 52 70
@ % infected 65 71 B % non-infecte 100 a 1 ”
B % non-infecte 35 29

Figure 7-4: ELISA analysis to detect the
overall infection rate in mites (adults and
nymphs) and bees (larvae, pupae and adults).
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Figure 7-5: ELISA on bee eggs and mite-
infested bee larvae, pupae and adults. The eggs
were free of virus whereas more that 50% of the
larvae, pupae and adults were infected.
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Upon analysis of the mite families and bees, ite@ped that 71% of the mites and 65% of
the mite-infested bees (larvae, pupae and aduleske VEELISA positive (Fig. 7-4).The
proportion of virus-infected bee larvae, pupae auahlilts was 69%, 52%, and 70%
respectively (Fig. 7-5). The bee eggs (which aneenénfested bywarroa mites) did not
give any positive ELISA reading indicating thatyhdid not contain VDV-1 and/or DWV.
No virus was detected in mite faeces, excludingtalnmation by faeces as a virus
transmission route.

Mite-free bee samples (larvae, pupae and adults} eealysed by ELISA to determine if
the virus could be transmitted between bees withmiintervention of the mite. Out of the
41 samples tested, only one gave a positive reBui$. positive result could be due to an
escaped infesting mite which was infected or cantticate a low incidence of infection

independent of mite infestation.

Specific detection of VDV-1 and DWV in mites and bes

VDV-1 and DWV are closely related viruses with aNARidentity of 84% (Chapter 3).
The immunodominant protein VP1 is 97% conservedaf@@r 5). Because of the high
similarity in their protein profiles and the abjliof VDV-1 and DWV to infect mites
(Chapter 4), it was imperative that the ELISA dhts to be validated by a PCR-based
method to determine whether positive ELISA readiarere due to VDV-1 and/or DWV.
To achieve this aim, primer sets specific for eaichs were designed (Table 7-1 and Fig.
7-3a). These primer sets are used separately tdifaregher VDV-1 or DWV cDNA
products, respectively in a single PCR reaction.

Sixteen randomly-selected adult female mites frafested bees were individually tested
for infection by RT-PCR. The mites could not be lgsed for the presence of virus by
ELISA first before PCR because of their small sizeurteen of them were infected with
VDV-1 (Fig. 6) and three mites (4, 6 and 12), inéecwith VDV-1 were co-infected with
DWV (Fig. 7-6b). Attempts to detect the virusegndividual mite eggs or in pools of 10
eggs were unsuccessful.

DNA marker
egative control
Positive control

N

5 6 7 & 10 11 12 13 14 15 I

@

1130 bp
VDV-1

1 2 3 4 5 6 7 & 10 11 12 13 14 15 16

(b)

1129 bp
DWV

Figure 7-6: RT-PCR detection of VDV-1 (a) and DWV (b) in in@tiual adult femalé/. destructormites.
Both VDV-1 and DWV were present in individuals 4a6d 12. The Lambda DNA digested wHtdRl,
Hindlll andBanHl is used as DNA marker.
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Bees were selected after the mites infesting thaedndeen analysed by ELISA. Some of the
mites gave positive and others negative readingbléTin Fig. 7-7). Both VDV-1 and

DWV were detected in the adult bees that had ba@sted with the ELISA-positive

Varroa mites. The samples labelled 11 to 15 (Fig. 7-djcate that both viruses are able to
co-exist within the same individual bee as was #f&ocase in the mites (Fig. 7-6). The
bees gave positive results only when the infestiig was infected. Bees gave negative
PCR results when they were infested by ELISA-negatnites (for example bees 4 and 7
in Fig. 7-7). In a few cases, no virus could besditd in the bee even though the infesting

mite was positive in ELISA (bees 1, 2 and 3).

Mite sample

ELISA
(405 nm)

ELISA
Result

DNA marker

1 2 3 4 5 6 7 8 91012 13 141516 17 18 19

0O~NOOTh WNPR

(@) 1130 bp

VDV-1

©

10
11
12

1129p 13
DWV 14
15

16

17

18

19

Blank

Positive control

1 2 3 4 5 6 7 8 901112 13 14 15 16 17 18 19

1.274
1.097
0.300
0.086
0.563
0.955
0.114
0.303
0.873
1.220
1.152
1.070
1.033
0.938
0.470
1.151
1.131
1.310
1.045
0.065

0.866

+
+
+

+

+ 4+ + o+ o+ A+
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Figure 7-7: RT-PCR detection of VDV-1 and DWYV in individual tetinfested adult honey bees (on the left).
Both viruses were detected in the bees. The DNAkenas lambda DNA digested withcoRl, Hindlll and
BanHlI. The table on the right gives the ELISA readings$he infesting mites. The number assigned tdeac

mite corresponds to that given to the bee it iefgst

In Chapter 4 it was demonstrated that VDV-1 is ableeplicate inVarroa mites. This
conclusion was based on the finding that the wioahplementary RNA strand was detected
by RT-PCR using the primer VDV-1q-to make cDNA and VDV-1 &pcrand VDV-1
Rrrpcrfor PCR (Table 7-1). Detection of this RNA strandoees showed unequivocally
that VDV-1 also replicates in bee pupae and ad#ity. 7-8). The presence of the virus
genomic RNA in the samples had been establishatl tir be sure that the bees were
infected. The bees analysed were infested with artibat gave positive ELISA signals

(Table in Fig. 7-7).
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Bee pupae Adult bees

10 11 12 13 14 15

.t [( DNA marker

1130 bp
Detection of
VDV-1 (-) RNA

Figure 7-8: Detection of the complementary RNA strand of VD\WrlLmite-infested pupae and adults of
honey bees. The numbers assigned to the adulréeesent the same individual bees with identicahlmers
in Fig. 7-7. The DNA marker is lambda DNA digesteith EcoRl, Hindlll and BanH].

In an attempt to locate where VDV-1 is present nnirgfected bee and detect where the
virus replicates, five adult honey bees were seetiointo three parts (head, thorax and
abdomen). Total RNA was isolated from each parasaply and cDNA synthesised either
from the genome or the complementary RNA strand®/A1L was present and replicated in
head, thorax and abdomen of infected bees as shygwine presence of the genomic and
complementary strand, respectively (Fig. 7-9).

g g

= X

E £

<Z( Bee 1 Bee 2 Bee3 Bee4 Bee 5 < Bee5
8 HTA HTA HTA HTA HTA EHTA

1130 bp ! -_-_eﬂn

VDV-1

Detection of virus genome ) RNA strand] Detection of {) RNA strand

Figure 7-9: Localisation of VDV-1 in infected honey bees usR@-PCR. VDV-1 was detected in the head
(H), thorax (T) and abdomen (A) of five infectedulichoney bees. On the right, detection of the tiega
sense RNA in bee 5 shows that replication occumsrexter the virus is located. The DNA marker is ldmb
DNA digested withEcadRl, Hindlll and BarrHI.

All the data from mites and bees (larvae, pupaeaaiults) has not been presented here but
prevalence rates of VDV-1 and DWV infection, asedetined by RT-PCR, show that
VDV-1 was the predominant virus. Eighty eight petcef the adult female mites had
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VDV-1 while 19% of the mites were co-infected witbhhV-1 and DWV, and no mites with
only DWV infection were detected. Seventy nine patcof the adult bees had VDV-1,
26% of the adult bees were co-infected with VDV+d DWV and there was no DWV
only infection in the adult bees either, in the @pens tested. Both viruses were not
detected in individual bee eggs or ten pooled é&ygRT-PCR. This observation confirms
observations made by ELISA on bee eggs (Fig. 7-5).

To determine whether VDV-1 and DWV could be detédtebees from a region where the
Varroa mite has not yet been encountered (Oldroyd, 19@9ples of forty five bees from
five different hives in Nairobi (Kenya) were testdthe samples proved to be negative for
VDV-1 and/or DWV.

Transmission of virus within mite and bee populatios

Unsuccessful attempts were made to detect infeoigsl and bee eggs individually using
ELISA and RT-PCR. It was thought that because eif ttmall size, mite eggs could not be
individually tested using these methods. The samjoleld be diluted very much resulting
in a poor ELISA signal or RNA could not be isolaiadsufficient amounts to make cDNA
at a detectable level that would give a positiv&RPignal.

The dot-blot immunoassay is an alternative methderes the sample is analysed in a
concentrated form with almost no wastage. Deteatibthe presence of virus in eggs is
positive demonstration of vertical transmissiordiWidual mite and bee eggs and some bee
larvae and pupae were macerated in a small amolrPBS and spotted onto a
nitrocellulose membrane. Different dilutions of therified virus were added as a positive
control. Water, PBS, and@. ni eggs were used as negative control. In total, (it60b 46
mite eggs analysed (all data not shown), gave angtsignal indicating that they were
infected with virus (VDV-1 and/or DWV). On immun@tblot membranes, mite eggs give
high colour intensity when they are infected witihug (Fig. 7-10). In some cases they
show even a higher signal than the undiluted vsarsple. Detection of virus in mite eggs
is a strong indicator that the virus(es) might lestically transmitted among the mites.
Individual members of an infected mite family weakso included (Fig. 7-10; top row)
showing that the females and the males can betadfec

A total of 27 bee eggs were analysed on variouss lod all appeared to be non-infected
when compared to the negative controls. These whsens suggested that VDV-1 and
DWYV are not transmitted vertically in bees. Somfedted bee larvae and pupae were also
analysed on the blot (Fig 7-10).

82



Transmission and incidence of VDV-1
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Adult | Adult Adult Adult
Undiluted virus| Bee pupa $mite | @mite Qmite | Jmite Omite |Water | PBS

2X diluted virug

Bee egg | Beeegg| Beeegyg Beeegg Beeegg Beeegg BeeegggdéBee eggl Bee egg

Mite egg | Mite egg| Mite egg Mite eqg Mite egg Mite eqg &légg Mite egg| Mite egg Mite egg

10X diluted virug

Mite egg | Mite egg| Mite egq Mite egqg Mite eqg Mite eqg &légg Mite egg| Mite edg Mite egg
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Figure 7-10: Dot blot assay of mite eggs and adult mites agds elarvae and pupae of honey bees. A series
of increasing dilutions of a purified virus prep#wa was used as positive control (left columnh).ni eggs,
PBS and water were used as negative controls.

Virus infections in mites from different European ountries

In order to investigate the geographic distributiohVDV-1 and DWV in mainland
Europe, a different set of primers (Table 7-2; Figb) was used to detect and differentiate
the two viruses in a single PCR reaction. Mite dasypbtained from apiaries from other
European countries were monitored for the presehe®V-1 and DWV.

The specificity of PCR primers (Table 7-2 and HeBb) used to detect the two viruses
simultaneously in a duplex PCR or individually wasted (Fig. 7-11) to ensure that both
VDV-1 and DWV could be detected at the same timthauit one primer set interfering
with the other. The lanes labelled 1-3 had a pldgemplate of VDV-1 and PCR was done
with either VDV-1 or DWV primers or both primer sah the same PCR reaction. In this
case only the VDV-1 sequence was amplified and gheesize expected for the VDV-1
product, showing that the DWV primers did not reusg the VDV-1 sequence. In a
reverse experiment it was shown that DWV was oatpgnised by DWV primers (lanes 4-
6). The lanes labelled 7-9 had both VDV-1 and DW¥smid templates. PCR was done
with either VDV-1 or DWV primers or both primer seih the same reaction. The primer
sets proved to be specific for either VDV-1 or DVéXd both sequences were amplified
where both primer sets were present showing tlegptimers could be used successfully to
detect VDV-1 and DWYV simultaneously.
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VDV-1 and DWV primers
RT-PCR control

VDV-1 and DWV primers
VDV-1 and DWV primers

100 bp DNA ladder

VDV-1 primers
DWYV primers
VDV-1 primers
DWV primers
DWV primers

0
@
£
S
N}
>
[a)
>

VDV-1
1033 bp

DWV
280 bp

Lane 1-3, VDV-1 Lane 4-6, DWV Lane 7-9, VDV-1 and
Plasmid template Plasmid template DWV Plasmid templates

Figure 7-11: Specificity of two primer sets designed for usaiduplex PCR for the simultaneous detection
of VDV-1 and DWV. The lanes marked 1 to 9 show s$pecificity of the reaction in the detection ofheit
VDV-1 or DWV or both templates. RNA from a numbdrimfected mites was used for the RT-PCR control
(lane 10). The DNA size marker is the 100 bp DNddeer (Fermentas).

Having confirmed that the primers designed werecifipe a dilution series of VDV-1
and/or DWV plasmid templates was used in a PCR testletermine the minimum
detectable concentration of the template (Fig. )/-EPom the dilution series used in this
test, the minimum amount of template detected endiplex PCR was 0.25 ng (Fig. 7-12,
panel A), whereas the single PCR reactions aren&stimore sensitive, since 0.05 ng
template can be amplified when only one primemset used at a time (Fig. 7-12, Panels B
and C). These results suggest that in order todwgpthe sensitivity of detecting either
virus, two separate reactions should be performeergvonly one primer set is included per
reaction.

A nested duplex RT-PCR was used to detect VDV-1W8/ simultaneously in the mites
from different regions in Europe. VDV-1 was detecta mites from Germany, Italy and
France but not from Portugal. DWV was detectedverg sample analysed.
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A) Duplex PCR (VDV-1 and DWV primers and templates)

(ng of each plasmid template . 0.5 0.25 0.05 0.025

1000 bp 1033 bp VDV-1

280 bp DWV

B) VDV-1 primers only/VDV-1 template

(ng of VDV-1 plasmid template 25 525 0.5 0.25 0.05 0.025

1000 bp 1033 bp VDV-1

C) DWV primers only/DWV template

(ng of DWV plasmid template) 50 255 25 0.5 0.25 0.05 0.025

1000 bp

500 bp
280 bp DWV

100.bp

Figure 7-12: Sensitivity test for PCR primers used in the stam#ous detection of VDV-1 and DWV in a
single PCR mix. Panel A shows the results of a@upICR in the presence of the plasmid templatdoibf
viruses. Each template is present in amounts iteticat the top of the lane. Panel B shows theak#ste
VDV-1 primers and panel C the DWV primers testedividually in the presence of their respective
templates alone. The DNA size marker is the 100Np ladder (Fermentas).
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DISCUSSION

The mite and bee populations in two untreated beeshat the Wageningen University
apiary were heavily infected with VDV-1 and to ader extent DWV. The proportion of
infected mites (71%) as determined by ELISA waghgly higher than that of bees (65%).
Analysis of individual mites and bees by RT-PCR vebd that VDV-1 was the

predominant virus which was detected at higherueagy than DWV, the latter being
present in less than 30% of infected individuals.

VDV-1 and DWV share 95% of their polyprotein sequeer{Chapter 3). Only the coat
proteins determine the serological reaction espgci&%P1 (Chapter 5). This
immunodominant protein of VDV-1 and DWV showed klig higher sequence identity
(97%) than the polyprotein (Chapter 5), thus ELI&Alot-blot immunoassay would not be
appropriate to distinguish between the two viruseshey will show strong cross reactivity
in their antisera. It is very likely that the amtiem raised using virus extracted and purified
from mites was produced against both viruses. EL&8A blot immunoassay showed that
when a single member of a mite family was infectdtpther members were also infected
and that both adult male and female mites can feeted. These results suggest that the
virus could either be transmitted horizontally i@ hymphs through feeding on the bee’s
haemolymph or vertically from the mother mite thghuher eggs. Virus was detected in
mite eggs using a blot immunoassay. This stronglygssted that vertical transmission
does occur in the mite population. Bee eggs andlpgeELISA or blot immunoassay did
not yield positive results. This observation suggebat either the virus is not vertically
transmitted by the queen bee or she was not irdedike queens were not tested for
infection in this study. However, studies by Shetnal. (2005) showed that some bee
viruses (KBV and SBV) can be transmitted verticiythe queen.
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Nordstrom (2003) which indicated that the mothelesimay contain DWV while the pupal
host remained free from overt infection. Howeveoydétrom (2003) demonstrated that the
adult mite and its progeny can acquire DWV fromirsfiected bee. Bowen-Walkeat al.
(1999) used ELISA-based methods to show that nuitere able to acquire DWV from
infected bees and to transmit the virus to noneiefé bees. Horizontal transmission does
occur between the bee and mite and the virus estalihove from an infected mite to a bee
and possibly in the reverse direction (not demaedt in this study) as the mite feeds on
the bee’s haemolymph.

The use of specific primers in RT-PCR made it ddedio distinguish between the closely
related VDV-1 and DWV (84% genome sequence idenGtyapter 3), and to even detect
both simultaneously in the same individual mitdbee using a duplex PCR. In this study it
has been established that VDV-1 can also replicatine bee just as it was previously
established that it does in the mite (Chapter #)s Tould indicate that the honey bee is
used by VDV-1 as a reservoir or as a secondary fhast where other mites (the primary
hosts) can pick up the infection. Virus could bededted in mite eggs on a dot blot
immunoassay, but because of the small size of egites, extraction of total RNA from an
individual for the purpose of performing RT-PCR didt yield any positive result. It is
thought that the amount of RNA available for systhimg cDNA was very little such that
the template was not detectable in PCR. It wasetber not possible to conclude whether
the infecting virus was VDV-1 and/or DWV. Betterstdts could be obtained if the batch
size is much larger, therefore, increasing the casuthat more mite eggs selected could be
infected. These can be analysed by nested PCRpitmwa the sensitivity of detection. Bee
eggs are comparatively much bigger in size and weatysed by RT-PCR individually or
in batches of 10 eggs, but did not give any pasitesult confirming earlier findings that
indicated that vertical transmission of VDV-1 or DWhight not occur in the bees.

The data gathered so far in this study and infdonafrom literature that strongly
associates DWV witlvarroa mites (Ball 1989; Bailey & Ball 1991) suggeststth®V-1
and DWYV are mite viruses. This idea is further supgd by the absence of either VDV-1
or DWV in bees from Kenya (a region with no mitdestation; Oldroyd 1999). The
absence of DWV in bees from a mite-free region anthrern Sweden (Yue & Genersch,
2005), strengthens the argument that the primasy bbVDV-1 and DWV is thé/arroa
mite and these viruses found a convenient hostarbee.

In this study, VDV-1 was detected in the head, akoand abdomen of infected bees and
was able to replicate in the three locations. Blhiservation suggests that VDV-1 replicates
in various tissues. Yue & Genersch (2005) detebtdd/ by RT-PCR in the head, thorax
and abdomen of infected bees and demonstratethibatirus could also replicate in these
three body zones.

Mixed virus infections in bees are widespread iturea RT-PCR studies by Shen al.

(2005) indicated that co-infections of KBV and SBNH occur in the bee populations
investigated. These viruses were detected in foodces and in faecal matter. KBV was
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detected in infesting mites, and most importantiythe mite saliva. This finding suggests

that the mite may be able to vector this particwews. Individual bees can harbour

multiple virus infections simultaneously. They ofteend to be dual infections. Up to four

viruses (DWV, KBV, SBV andlack queen cell virgswere detected simultaneously in a
multiple RT-PCR from an individual bee (Chenal.,2004b). This study demonstrated that
VDV-1 and DWV can co-exist in an individual mite loee and both viruses were detected
in mites from different European countries showtimgf it is not an unusual occurrence.

Little is known about the pathogenicity of VDV-1thin the mite or bee populations. Other
investigators observed that bees displaying defdrmiegs had usually large amounts of
DWV, but high titres were not necessarily linkedwing deformity (Nordstrénet al,
1999; Bowen-Walker et al., 1999). Morphologicalfeliénces were not observed during
sample collection between VDV-1 infected or norectéd mites or bees.

Investigation of the mite samples from various oegi of mainland Europe revealed that
VDV-1 was as widely spread as DWV and that the wvases apparently co-exist. The
pathobiology of VDV-1 and DWYV in the mite and be#l seeds to be investigated.
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Chapter 8

General discussion

Varroa destructoris a parasitic mite that feeds on the haemolynfphooey bees. Within
the last three decades, destructorinvaded honey bee colonies in Europe and many othe
regions in the world creating a new and seriousahto the survival of the honey b&pis
mellifera (de Jong, 1982b). The appearanceVofdestructorwas particularly associated
with lethargy, malformations and deformities in §s@me of which were attributed to the
appearance of new viruses suchDeformed wing virugDWV) (Bowen-Walkeret al,
1999). In this research, a new virus naWagroa destructowvirus 1 (VDV-1) was isolated
from this mite and sequenced (Chapters 2 and 3lyArs of sequence data showed that
VDV-1 has an 84% genome sequence identity to DWhé VDV-1 genome has one large
open reading frame (ORF) which is translated in2B8833 amino acid-long polyprotein with
an amino acid identity of 95% relative to DWV.

Genetic variation in VDV-1 and DWV

The genomes of RNA viruses exist as a distributbrsequence variants based on a
consensus sequence (Matthews, 1991). RNA-depeRi¢Atpolymerases drive the rapid
rate of viral replication resulting in a high errate that causes changes in viral RNA
sequences (Domingo & Holland, 1988). This formshhsis of the ‘quasi species’ concept
of viruses (Domingo & Holland, 1988), where a spscconsists of a mixture of near
isogenic genomes. Single nucleotide changes ig#gm®me of some RNA viruses have
been demonstrated either to be silent or to affd@racteristics such as symptom
expression, transmission, virulence, viral movememtd host mediated resistance
(Blanchard & Anderson, 1998). This variation isp@ssible for the rapid adaptation of
RNA viruses to new environments and hosts (for gdannfluenza virus). This concept
prompted the investigation of the genetic variagion VDV-1 and DWV in mite
populations from bee hives in various European t@s To this aim, specific primers
were designed to amplify 1033 bp of VDV-1 and 280dd DWV (Chapter 7). The PCR
amplified products were cloned and sequenced tabksh the relationship between the
sequences of VDV-1 isolated from Wageningen in Natherlands, Avignon in France,
Oberirsel and Kirchhain in Germany, Grugliasco dddhe in Italy, and Evora in Portugal.
The obtained sequences were aligned using thealXfugtogram (Thompsoet al.,1997)
and viewed in GeneDoc (Nicholas, 1997). The neighhoining trees were plotted in
ClustalX and bootstrap values estimated from 1@licates. The trees were observed in
TreeView software (Page, 1996).

VDV-1 sequences could be amplified from mites ad#ée from all the regions except from
Evora (Portugal). These sequences showed 96 — 98f@amidentity (or 1-4% single

nucleotide polymorphisms) and confirm that theybalong to one virus species, VDV-1.
At certain nucleotide positions (indicated withasterisk) in the amplified genome region,
the same nucleotide change was observed in moneotia sequence in both VDV-1 (Fig.
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8-1la) and DWV (Fig. 8-1b) sequences. Real hot spots more than 2 nucleotide
possibilities at a particular position were not eved, neither were longer stretches of
variable nucleotides. The virus sampled from Avigiibrance) was most closely related to
the VDV-1 sequence from Wageningen (The Netherlatdg. 8-2a).

() Alignment of VDV-1 sequences
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Figure 8-1: Alignment of European VDV-1 mapping to the nucidetposition 397-1429 in the virus genome
(GenBank accession number AY251269) (a) and DWV pimgpto the nucleotide position 406-685 in the
DWV genome (b) sequences. The DWV sequence fronmfyarania, USA (GenBank accession number
AY292384) used as the basis for comparison. The [B¥&4cia Italy sequence (GenBank accession number
AJ489744) was included in the comparison.
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A comparison of the 280 bp from therton translated region of DWV sequences amplified
from mite samples from the various locations indpér to sequences in GenBank showed
96-99% nucleotide identity (Fig. 8-1b). The Waggen DWV is most related to the
Pennsylvania DWV sequence (Fig. 8-2b). The degfgalymorphism is similar to that
seen in the VDV-1 sequences, although in the lathse the '5Send of the coding region
was included. The variations in the VDV-1 sequeraressilent in the region containing the
beginning part of the polyprotein in that they dat khange the amino acid sequence.
Changes in the'SNTR could affect viral replication and translatifor example a C-to-U
mutation at base 472 in the poliovirus IRES wasalgstrated to alter its tissue tropism and
attenuation (Kauder & Racaniello, 2004).

(a) VDV-1 tree (b) DWV tree
Grugliasco-Italy Brescia-ltaly
— Evora-Portugal
Udine-Italy TRICHOTOMY
Avignon-France
Trichotomy
123 Udine-Italy
Oberarsel-Germany
345 )
Kirchhain-Germany
69.9
‘ Kirchhain-Germany . )
Grugliasco-Italy
— 76.2 1352 Oberiirsel-Germany
Avignon-France

45.0

[ Pennsylvania-USA

99.9

53.1
Wageningen Wageningen
The Netherlands TheNetherlands

Figure 8-2: Phylogenetic tree for VDV-1 (a) and DWV (b) plattéom the aligned sequences in Fig. 8-1.
The numbers at the nodes of the tree are the baptshlues as percentages estimated from 100@aegsi

Kakugo virus(KV; Fujiyuki et al., 2004), isolated from the brains of aggressive work
honey bees in Japan, has a 97% genome identity\W/ [de Mirandaet al, 2003).
Considering that the genome variation falls witktie range seen in the DWV isolates
analysed here suggests that KV and DWV are variahthhe same virus species only
differing in tissue tropism and/or virulence.

Bee or mite viruses?

VDV-1 and DWV have both been detected and founcepdicate inV. destructorandA.
mellifera (Chapters 4 and 7). The possibility of verticansmission of either or both
viruses was demonstrated in the mite populatiorthey detection of virus in mite eggs
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using a dot-blot immunoassay. There was no indinatiat vertical transmission did occur
in the bee population studied (Chapter 7). Becafisige unspecific nature of the antiserum
used in the immunoassay, it is not known with éetyawhich of the two viruses was
detected in the mite eggs, but since both virusee present in the populations studied,
and neither was detected in bee eggs, both arghhao have the ability to be vertically
transmitted via mite eggs.

The current hypothesis for the transmission of VD#nd DWV between mite and bee
populations based upon results recorded from relsgarthis thesis, with support from
published literature (Nordstrém, 2003; Bowen-Wal&eal., 1999), is illustrated in Figure

8-3.

Bee population

Mite population
(all infected)

—  Mite eggs Bee eggs (no infection)
Protonymphs . Larvae (infected)
N /1
S ’
- N
c Replication N /’ Reblicat
E’% N , ¢ eplication
L0 Y /
£ == 1
g§ Deutonymphs = = = > Horizontal : - — — > Pupae (infected)
IS 1 Transmission "
Replicati
¢ epicaion v pRS N ¢ Replication
- - - ~ <
~ ~
Adults -~ 2 Adults (infected)
| Replication Replication
Acquisition

Figure 8-3: A schematic representation of the transmissioW@Y-1 and DWV between the mite and bee
populations. The downward facing arrows indicat direction of growth of either the mite or bee. WAD
replication was detected in both the mite and bages indicated. Nordstrom (2003) and Bowen-Waditer
al. (1999) reported that the mother mite and its prggaosuld acquire DWV from the honey bee pupae and
adults. Mites infest bees from the larval stage taadsmit VDV-1 and DWV horizontally to the beetasy
feed (indicated by the broken lines). The infecttigises could be detected in the mite eggs suiggette
occurrence of vertical transmission in mites.

Since VDV-1 and/or DWV go through a full transmasicycle in the mite population, the
current thought is that these viruses are primaniie viruses. The research presented in
this thesis demonstrated that bees contained thesses only when infested by infected
mites suggesting that the virus was moving fromrii to the bee. Published literature
has recorded that DWV can also be acquired by niites infected bees (Nordstrom,
2003; Bowen-Walkeet al.,1999). The transmission flow shows that thesesesuare able
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to replicate in bees and appear to have adaptdtetbee as a secondary host. Additional
evidence that these are mite viruses is the fatt\tbV-1 and DWV were not detected in
bees from regions in Kenya and the northern pdrtSweden where th¥arroa mite is
absent (Oldroyd, 1999; Yue & Genersch, 2005). Baiggests that VDV-1 and DWV are
strongly associated with the mite. The spread oANDWA. melliferahas been attributed to
the introduction olVarroa mite infestation in the colonies (Bailey & Ball941; Bowen-
Walkeret al, 1999). Thus the prevention of mites going to-imdasted areas is of utmost
importance to avoid disease.

It has been reported that deformed wing symptontsomey bees could be brought about
by physiological factors in the development of bee other than an infection with DWV,
such as the detrimental effects evoked by heawsiafion withVarroa mites (de Jongt
al., 1982a) (though these authors did not considerffeetef viral infection in their study)
or microbial septicaemia, due to infection with romrganisms transmitted byarroa
(Shabanov, 1984; Glifiski & Jarosz, 1992arroa infestation is reported to have a general
immunosuppression effect on honey bees, which edsamicrobial infections (Yang &
Cox-Foster, 2005). Bacterial factors combined with mite infestation were thought to
enhance the replication of DWV.

DWYV appears to have been prematurely named sirfeetion with this virus does not
always cause a deformed wing phenotype (Nordsebmi., 1999; Bowen-Walker et al.,
1999; Chapter 2). Most of the bees in the Wagemiigees were infected with VDV-1 and
some with DWV but the deformed symptoms were raf@ynd among bees that were later
found to be infected with DWV and VDV-1. When VDVahd DWV co-exist in a host
there are chances that recombination could occlyr ibrihey infect the same cell as is
known for poliovirus (Wimmeet al.,1993). It is not known if VDV-1 and DWV can infect
the same cell at the same time. If they could ntlest likely form of recombination would
be cross packaging during virion assembly whereefample the genome of VDV-1 could
be encapsidated in the structural proteins of DW&€netic recombination involving the
cross over of single-stranded RNA viral genomes almo occur as demonstrated by
Duggal et al. (1997) for poliovirus in a cell-free system. No VEL/DWV crossover
recombinants were detected in this study, althotiggn,number of VDV-1/DWYV isolates
investigated was limited. The predominant reasangknetic variation in RNA viruses
remains the absence of proofreading and editingtiiums in the RNA-dependent RNA
polymerase (Domingo & Holland, 1988).

VDV-1 IRES structure and the location of the virusin mite tissue

The secondary structure of the 5' NTR of VDV-1 \pasdicted in Chapter 6 and was found
to resemble internal ribosome entry site (IREQ)dtires of picornaviruses of tihino-
/Enterovirus type (Witwer, 2001). The VDV-1 IRES especiallyseenbles that of
poliovirus (Wimmeret al.,1993). The availability of a predicted secondarycture for the
5'NTR of VDV-1 should facilitate targeted mutatistudies to identify crucial motifs for 5'
IRES activity. Disruptions caused by mutations thl&tr key elements in the structure can
be applied to map the boundaries and most impoelantents for IRES activity. Mutations
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may be in the form of deletions that will melt aminent structural element, for example,
the branched clover-leaf structure labelled V m¥%DV-1 5" NTR structure (Chapter 6), or
nucleotide substitutions that will either undo eustural element or disrupt a conserved
motif, for example the conserved palindrome analpglrdomains in the structure labelled
V in the VDV-1 structure, which are thought to b@portant recognition sites for
translation initiation factors and could be targeter mutation. By extrapolation from the
poliovirus 5' NTR structure and mapping of the IR&&mmeret al., 1993), the VDV-1
IRES would include the prominent clover-leaf eleingérand the two hairpins immediately
flanking it on either side.

IRES elements also play an important role in sonoéepn expression systems, where two
proteins can be expressed under the control ofpomoter from a bicistronic expression
vector. An example of an available commercial pidsthat is based on such a system is
pIRESIeo (Clontech Laboratories). The advantages of suskerys are: they save time
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tissue. In view of this, KV (which appears to bevariant of DWV) was positively
connected to infection of the brain of honey bdasiyuki et al.,2004). KV may contain
non-silent mutations that affect its neurotropisesulting in higher viral load in the brain.

It is also possible that the Japan bees’ aggresssgewas caused by other reasons besides
just the presence of KV.

There is now need to investigate if VDV-1 can regie in the Ld652Y cell line. The use of
intact virus to test replication will depend on tiglity of the virus to attach and penetrate
the cell to release the genome RNA into the cy®plaThe absence of suitable receptors
on the surface of this cell line will mean thatthpproach may not be feasible. In that case,
genomic RNA isolated from purified virus shouldtbensfected into these cells. For a pure
isolate, RNA transcripts can be synthesised usistyang promoter in a plasmid clone of
full-length genome cDNA and transfected into thiscénfectious cDNA clones of another
picorna-like virus from beeflack queen cell viryshave been constructed (Benjedaxiu
al., 2002) suggesting that this is a feasible stratdine ability of the virus to replicate
would then be tested by looking for the complemgnRNA strand. The permissiveness of
the cell line to support proper assembly of infmasi particles can be assessed using
antibodies to detect the structural proteins sushth@se described in Chapter 5. The
amount of infectious virus produced will ultimatafgpend on the permissiveness of the
cells. The virus could be isolated from the cefid ased to infect mites or bees to confirm
their infectivity.

Taxonomy

The 7" International Committee on Taxonomy of Viruses T} report formalised the
concept of virus species for the first time (VangBemortelet al., 2000). ICTV uses
different viral properties to describe and chanasteviral taxa, which results in names of
orders, families, subfamilies, genera and spe@gecies is universally accepted as the
lowest taxonomic clustering of living organisms. 1891, the virus species definition by
ICTV stated that: “A virus species is a polythetilass of viruses that constitute a
replicating lineage and occupy a particular ecaabgniche”. A polythetic class comprises
members with several properties in common but nglsicommon attribute is present in
all of its members, such that no single property lva used to define the species (Fraetki
al., 1991). A single character, such as host respanaeertain degree of genome sequence
dissimilarity cannot be used to absolutely diffdéiztie two virus species within the same
genus. The ¥ ICTV report therefore concludes that the use afirgle discriminating
character to distinguish species is deemed to bpphopriate because of the inherent
variability amongst members of the species.

The ICTV 7" report continues to state that a virus speciesisidered to be a replicating
lineage with members that descend from a commoesanic and represent an evolving
lineage whose membership varies over time. Shaesdemt also links different species,
genera and determines phylogeny. Sequence dataiadhe extent to which a virus has
diverged over time. As variations accumulate, thpartance of genotypic and phenotypic
differences will lead to the conclusion that a safmentity has been formed. Characters
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useful in discriminating between virus species imitihe same genus are: genome sequence
relatedness, natural host range, cell and tissapstn, pathogenicity and cytopathology,
mode of transmission, physico-chemical propertiesimons, and antigenic properties of
viral proteins (Van Regenmortet al.,2000).

The research presented in this thesis raises thgtiqn about the classification of VDV-1

and DWV. ICTV rules state the insufficiency of ugisequence differences alone in
classification. Whereas DWV has been associated déformities in developing bees,

VDV-1 has not presented any clear symptoms in #eslor mites it infected. There is also
the observation that DWV infections do not autooslly cause deformity at lower titres,

but rather the infection that results in very htghes of DWV brings about the deformed

symptoms (Nordstronet al, 1999). No study has so far been done to denaisstr

conclusively that mite-free bee larvae and pupaeulated with DWV end up as adults

with deformed wing symptoms. More research needddodone to investigate the

pathobiology of VDV-1 and DWV in bees. This willgqeire the use of pure isolates of each
virus, which could be obtained in tissue culturenigking transcripts from a cDNA clone

in a cell line that is permissive to viral replicat (Benjeddotet al.,2002).

According to the ICTV ¥ report, characters for species demarcation vardifierent
genera. No single criterion has absolute suprenoaey others, but it is the total of the
information gathered that enables reliable spedesarcation. This is ambiguous since
boundaries are not clearly defined and the thresbah be subjective. VDV-1 and DWV
are iflaviruses sharing 84% of their genomes. Tdreyboth able to infect the honey ee
mellifera and the mite/. destructor Ectropis obliqua picorna-like virugEoPV; Wanget
al., 2004) andPerina nuda picorna-like viruPnPV; Wuet al.,2002) both named after the
moth species from which they were isolated also iflaviruses and have 81% mutual
genome identity and share 87% of their amino aeglience. That the situation is far from
clear is exemplified by a case study among bacuees of the genus
Nucleopolyhedrovirusidentified two individuals,Helicoverpa zeasingle-nucleocapsid
nucleopolyhedrovirus (HzSNPV) andHelicoverpa armigera single-nucleocapsid
nucleopolyhedrovirugHearSNPV) whose genomes are very similar in theicleotide
(97% identity) composition, and which encode higidgntical proteins (99% identity)
(Chenet al.,2002). These viruses were named after the lepedapthosts from which they
were isolated, but may represent one species withhosts. However, in thé"&eport of
ICTV (Fauquett al.,2005) they are still recorded as separate species.

The question now is, can each of the four mentiofi@druses be considered as individual
species or should some be grouped? Sequence data #tat VDV-1 and DWV appear to
have split from a common ancestor and formed tvidyfatable populations. So far, no
intermediates have been found; however, each ditbecould be referred to as variants of
the same species. The structures of theER (Chapter 6) suggest that coupling of these
species would place VDV-1 and DWYV into one groud &mPV and EoPV into another.
The second question to be asked is how far shdwlg tove apart to be considered as
independent species? There is sufficient differanceneir genetic makeup that has been
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maintained and cannot allow both viruses to bermedeto as identical. These questions can
only be answered once all the characteristics usefliscriminating between virus species
are fully investigated for these viruses.

Detection methods

The use of antibodies raised in rabbits againstfipdrvirus from mites enabled the
detection of both VDV-1 and DWYV infections (Chap®rsince the antiserum was very
likely prepared from a mixture of the two virus@is antiserum proved to be useful in
ELISA for the screening of a large number of spesimand also in blot immunoassays to
check for infection with both viruses. The resuéiported in Chapter 5 show that the major
structural protein VP1 was responsible for the imogenic response of the viruses in
rabbits, since it was the only protein recognisgditis antiserum. The VP1 proteins of
VDV-1 and DWV are 97% identical; it is therefore tnpossible to differentiate an
immunogenic response in rabbits due to VDV-1 or DWV

The research described in this thesis (Chaptelsd)showed that VDV-1 and DWV can be
distinguished using specific primers in RT-PCR #&tedt either virus sequence, also when
the individual mite or bee is co-infected by botluses. The current trend in identifying
virus infections in mites and bees is moving awaynf the use of serology alone towards
qualifying the observed results using specific RzRed methods (Tentcheva, 2004;
Genersclet al.,2006). This has led to the finding that multipleuges are able to infect an
individual bee (Cheet al.,2004b; Sherrt al.,2005).

The infecting viruses could be present in an irdiiai at low levels. In order to improve

VDV-1 and DWYV detection, a nested PCR was developkdre the first round of PCR

with primers that anneal to both sequences isvi@th by a second round of PCR using
specific primers to discriminate between the twgussices (Chapter 7).

Relative load of VDV-1 and DWV in mites and bees

In analysing VDV-1 and DWV infections in mites abdes from Wageningen, VDV-1
infection was detected in most of the samples aade gstronger signals than DWV
(Chapter 7). The stronger VDV-1 signal could beilaited to the performance of the
primers selected in PCR or could imply that the DW&ds were lower. When the selected
primers were used to test the specificity and seitgi of detection using plasmid
templates bearing either VDV-1 or DWV sequencepaggntly the primer sets for both
viruses performed the same in this control expenint€hapter 7). There was no visible
indication that either set was better than the rotNermal PCR is not quantitative since
reactions can become saturated and the produntyisbecked at the end of a run. A more
reliable method to detect the absolute and reldteel of DWV and VDV-1 would be
guantitative PCR (Q-PCR) (Heet al.,1996; Generscht al.,2006). This would give more
accurate information on the individual viral loagpecially where co-existence occurs.
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Management ofVarroa infestation

Since some bee viruses are associated Vatihoa mites and mites play a role in bacterial
infections in bees, control of mites is not onlypontant to prevent direct effects of their
feeding behaviour, but also in controlling or comitg these viruses and other
opportunistic infections. The current options fbe tcontrol ofV. destructorinclude the
application of various chemicals, organic acids arahipulative treatments. A variety of
chemicals have been used to conWfalroa mite populations in bee colonies. Among the
chemicals commonly used are approved syntheticicides which specifically affect
mites, such as, Tau-fluvalinate (Apistynflumethrin and coumaphos (Perizin) (Koeniger
& Fuchs, 1988; Ritter, 1990). Organic acids (formic
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General discussion

from V. destructomites that had apparent pathological symptomanimttempt to verify
their pathogenicity. These include bacteria, visjdeickettsiae fungi and parasitoids.
Some like the bacteriBacillus thuringiensishowed some disease symptoms, and like the
rest of the microorganisms studied, it could affetier organisms besides the mites
(Chandleret al.,2001). No effective natural enemies able to cavide population decline

of Varroa, without harming other organisms in the proceasghyet been identified.

Entomopathogenic fungi provide prime candidatesMarroa control since many species
are active against acarines (mites and ticks) iturea The potential ofHirsutella
thompsonii and Metarhizium anisopliaeas biological control agents ofarroa were
evaluated in a laboratory setting and in obsermatives (Kangaet al., 2002). In the
laboratory, the time needed to kill 90% of the miteToo) was 4.16 days fad. thompsonii
and 5.85 days foM. anisopliaeat 1.1 x 16 conidia mn¥, at a temperature (34 1°C)
similar to conditions in a brood nest of a honewg kelony. The disadvantage is that the
treatments did not significantly affect the mitepptation in sealed broodd. thompsonii
was apparently harmless to honey bee workers asatipbut Shavet al. (2002) reported
that four isolates dfl. anisopliaecaused significant mortality to honey bees.

The use of VDV-1 as a biological control agent agaithe mite does not seem feasible
even though the virus apparently originated from tfite. This position is taken because
VDV-1 and also DWV seem to have successfully foandlternative host in the honey bee
and DWV and the closely related KV have been ingdéd in causing severe disease
symptoms in infected bees (Bowen-Walkemal, 1999; Fujiyukiet al.,2004). To date it is
unclear whether VDV-1 is pathogenic to bees eithexctly or indirectly by making them
more vulnerable to other pathogens. It remainsaancWwhether VDV-1 has a negative
effect on the mites either at the individual or population level.

Although only a limited number of bees from CentAdfica have been tested, neither
DWV nor VDV-1 could be detected. Since the mife destructorhas not yet been
identified in this area and since it might be irved in the spread of DWV and VDV-1, it is
of utmost importance to keep the mite out of Cérfeaca by preventing the importation
of bee stocks from infested hives. However, digftbees and swarms of infested bees from
other regions on the continent cannot be controlléds means that it is just a matter of
time before the mite finds its way to Central AfridVlethods are are available to detect
iflaviruses such as DWV or VDV-1 (Chapter 4).

Conclusion

In this research VDV-1 was characterised and coetpdao DWV. Both viruses have
diverged to form separate and fairly stable poputat VDV-1 (and DWV) can infect and
replicate in the/arroa mite as well as in the honey bee, and they ca-éxiapiaries found
around mainland Europe. The study also showedtligaé is potential to find alternative
cell systems in which VDV-1 could replicate and shecould be used for further
investigations of its behaviour. VDV-1 cannot besidered to be a suitable candidate to
be used as a biological control agent againswvthaestructomite because of its ability to
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Chapter 8

infect and replicate in honey bees and the abseinclear pathogenic effects in mites. The
virus has apparently broadly spread in Europe kag hot reduced th&arroa mite
problem.
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Summary

Summary

Varroa destructomite is an ectoparasite of the honey Bpés mellifera This species was
recently differentiated fronVarroa jacobsonispecies which infests the Asian b&pis
cerana Varroa mites feed entirely on the bee’s haemolymph ang lh@en associated with
the spread of a number of viruses. Since the mitge first observed in Java, Indonesia in
1904, they have been reported in most regions efwbrld except Australia and the
equatorial regions of AfricaV. destructorseverely affects and threatens the survival of
A. mellifera The mite was spread #. mellifera colonies in other areas by migratory
practices of bee keepers and by drifting swarmg Jurvival of bee colonies attacked by
these mites is threatened since the mites wealkecolbny if left untreated. Honey bees are
important pollinators in nature and in the agrietdt and horticultural industries. Bee
keepers can also earn from the sale of honey, lageawd propolis. At this moment, there
is no absolute method available for controlling thige. The methods currently employed
use chemicals which contaminate honey and othephmsicts, and mites are developing
resistance to some of the chemicals used. The egonmpact of mite infestation makes it
necessary to investigate alternative options fotrcb

At the onset of the research described in thisgh23 nm picorna-like virus particles were
observed in mite tissue apparently going throughnéection cycle. The identity of this
virus was unknown and it was unclear if it was atifigus to the mite only or to the bee as
well. The aim of this research was to isolate #iisis from the mite, characterise its
genome in detail and study its behaviour in mitd bae populations with the intention to
determine its potential as a biological controlragegainst th&/arroa mite.

Electron microscopic examinations showed para-alys¢ aggregates of virus particles in
the cytoplasm of mite tissue. The virus particleavpurified from mites collected from
the Wageningen University apiary and used to rassbit polyclonal antibodies. The
antibody was applied to locate the virus in tissaetions of mites in an immunohistology
examination which revealed that the virus was abuotig located in the tissues of the
lower digestive tract (Chapter 2). The virus was aetected in salivary glands, indicating
that this virus is not transmitted via these glands

In the next phase RNA was isolated from these vradicles and the viral genome was
fully sequenced (Chapter 3). The virus has a siagended, positive-sense genome which
is polyadenylated at thé 8rminus and can serve directly as messenger RN genome
has a length of 10,112 nucleotides (without theyfoltail) and one large open reading
frame (ORF) encoding a polyprotein of 2893 amin@scThe structural proteins are
located in the N-terminal half and the non-strualtyoroteins on the C-terminal half of the
polyprotein, and are produced by autoproteolyteachge. The ORF is flanked on either
side by nontranslated regions (NTRs). Phylogeratialysis of its RNA-dependent RNA
polymerase in a comparison with those of relatedses in the GenBank database revealed
that this virus shows high sequence similarity temtbers of the genuslavirus. The
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genome organisation is also highly comparablel&viiuses and clearly distinct from that
of dicistroviruses. Since the genome sequence igf thius had not been previously
reported, the virus was namétarroa destructor virusl (VDV-1) after the mite from
which it was first isolated. VDV-1 is most closeallated toDeformed wing virugDWV)
which was isolated from honey bees with wing abradities. VDV-1 and DWV have 84%
genome and 95% polyprotein identity.

To confirm that VDV-1 is able to replicate in the m
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picorna(-like) viruses in general is initiated Hyetrecognition of one or two internal
ribosome entry sites (IRES). The cap-dependent amgsim of translation initiation
employed by most cellular mRNAs is not used byehgruses. The IRES activity in thé 5
NTRs of iflaviruses had not yet been determinedeermentally. Therefore, IRES activity
in the 3 NTR of VDV-1 was examined. This research was a@soed at identifying a
permissive cell line with the ability to support VEL IRES function, which is a
prerequisite for the translation of the polyprot®RF, and which might potentially support
viral replication. The activity of the IRES of VDV¥-was investigated by cloning thé 5
NTR between two reporter genes: enhanced greerefiuent protein (EGFP) and firefly
luciferase (Fluc). EGFP was cloned directly doweestn of the OplE2 promoter, which is
activated by cellular factors, and is translated @ cap-dependent mechanism. The
translation of Fluc was dependent on IRES actiwitythe 3 NTR of VDV-1 in the
respective cell lines. The presence of the 5° NTTRVDV-1 greatly improved the
expression levels of the second reporter gene Flutymantria disparLd652Y cells,
showing that the 5' NTR of VDV-1 contains a funoaIRES element. This IRES element
was active in a host specific manner since it slibweich lower activity inSpodoptera
frugiperdaSf21 cells and no activity iBrosophila melanogaste®2 cells.

The transmission of VDV-1 between the mifedestructorand the honey be&. mellifera
was surveyed in comparison with DWV (Chapter 7). dedermine the spread of these
viruses in mites (adults, nymphs and eggs) and (eggs, larvae, pupae and adults), the
antiserum raised against purified virus was useHLISA analyses. Infections by VDV-1
or DWV could not be distinguished using this immiagy technique due to the high
similarity (97%) in the immunodominant protein VPIhe proportion ofVarroa mites
(71%) infected with VDV-1 and/or DWV at the Wagegém University apiary was slightly
higher than that of bees (65%). Vertical transmisso the next generation was established
in the mite population since virus was detectenhite eggs using a dot-blot immunoassay.
Virus could not be detected in bee eggs, implyha ho vertical transmission occurred in
this species. Subsequently, nested RT-PCR wastashstinguish VDV-1 from DWV and
with this technique both viruses could be deteetszh in the same individual. Eighty eight
percent of the mites had VDV-1, 19% of the miteseveo-infected with VDV-1 and
DWV, and no mites with only DWV infection were detied. Seventy nine percent of the
adult bees had VDV-1, 26% of the adult bees wermfszted with VDV-1 and DWYV and
there was no DWV only infection in the adult beé&ber, in the specimens tested. The
conclusion from this experiment is that VDV-1 andVB are able to co-exist in an
individual mite or bee and can replicate in botlgamisms. A limited survey of these
viruses among mites from different regions of mema Europe indicated that the two
viruses exist together in hives across this patthefwvorld.

The research described in this thesis comparedctosely related viruses able to infect
both the mite and bee. One of these viruses (VDW-hew. In this study the pathogenicity
of VDV-1 in mites and bees was not analysed iniljddat so far clear symptoms have not
been found in the mite or the bee that could bebated to VDV-1 infection. In these
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studies, DWV also did not result in clear symptamsites and bees. Due to the results
obtained, VDV-1 is not a prime candidate for biatad control of theV. destructomite.
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Samenvatting

Samenvatting

De mijt Varroa destructoris een ectoparasiet van de honinglfipis mellifera De
soortnaanmV. destructoris onlangsingevoerd om deze mijt te onderscheiden Vamnroa
jacobsoni,die parasiteert op de Aziatische Bipis cerana Varroa-mijten voeden zich
uitsluitend met hemolymf van bijen en zijn betrokkaij de verspreiding van een aantal
virussen. Sinds hun ontdekking op het Indonesigilaad Java in 1904 wordevarroa
mijten nu bijna overal in de wereld gevonden, bedah Australié en in gebieden in
Centraal Afrika.V. destructorvormt een ernstige bedreiging voAr mellifera De mijt
werd geintroduceerd iA. melliferakolonies in nieuwe gebieden via bijentransportrdoo
imkers en door uitzwermende bijen. De overlevingska van bijenkolonies, die door deze
mijt worden geparasiteerd, nemen drastisch af wamee geen maatregelen genomen
worden, omdat de bijen bij een grote dichtheid daze mijt ernstig verzwakt worden.
Honingbijen spelen een belangrijke rol bij de bregtg van planten, zowel in de natuur als
in de land- en tuinbouw. Imkers verdienen ook aarverkoop van honing, bijenwas en
propolis. Op dit moment zijn er geen afdoende nuthobeschikbaar om de mijt te
bestrijden. De chemische middelen die op dit momeotden gebruikt leiden tot
verontreiniging van honing en andere bijenproductem de mijten hebben inmiddels
resistentie ontwikkeld tegen een aantal van deztrijtengsmiddelen. De economische
gevolgen van de aantasting van bijen door mijterkemahet noodzakelik om naar
alternatieve bestrijdingsmethodes te zoeken.

Bij het begin van het onderzoek, beschreven in ptiefschrift, werden in mijten
picornavirus-achtige virusdeeltjes gevonden metdéameter van 27 nm. De identiteit van
het virus was onbekend en het was ook niet dulidefidit een virus was dat alleen mijten
infecteert of ook bijen. Het doel van de studie wasdit virus te isoleren, het grondig te
karakteriseren en om het gedrag van dit virus jtemi en bijenpopulaties te onderzoeken.
Dit alles geschiedde om te bepalen of dit virus xowmnen worden ontwikkeld tot
biologisch bestrijdingsmiddel van 8&arroa mijt.

Op elektronenmicroscopische foto’s waren in hetoghtsma van mijtenweefsel

parakristalljnen aggregaten van virusdeeltjesiéa.zVirusdeeltjes werden geisoleerd uit
mijten die verzameld waren in de bijenkasten varg®agen Universiteit en vervolgens
gebruikt om antiserum op te wekken in konijnen. Hetiserum werd gebruikt voor een
immunohistochemische detectie van het virus in sedefan mijten en dit liet zien dat het
virus overvloedig aanwezig was in cellen van hetdomhbinale deel van het

spijsverteringskanaal, de gastric caccae, maar iniespeekselklieren (Hoofdstuk 2).

Hetgeen aangeeft dat de speekselklieren waarsghigaen rol spelen in virusoverdracht
van dit virus,

In de volgende fase van het onderzoek werd uit gigmedeeltjes RNA geisoleerd en werd
de basenvolgorde van het virale genoom bepaald fddtuk 3). Het virus heeft een
enkelstrengs RNA genoom met een positieve polagteeen polyA staart aan het 3’einde,
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zodat het direct als boodschapper RNA kan fungdrst.genoom heeft een lengte van
10.112 nucleotiden (zonder de poly-A staart) enitbézn groot ‘open reading frame’
(ORF) dat codeert voor een polyproteine van 289#ha@auren. De structurele eiwitten
bevinden zich in het N-terminale en de niet-strrgdieiwitten in het C-terminale deel van
het polyproteine en worden door autoproteolytiselséviteit geproduceerd. Het ORF
wordt aan beide zijden geflankeerd door RNA-segemedie niet vertaald worden in eiwit,
de zogenaamde igt-vertaalde_egio’s (NTRs). Uit fylogenetische analyse van h&AR
afhankelijke RNA polymerase (RdRp) van dit virusdX dat het nauw verwant was aan de
RdRps van virussen van het genflavirus. Ook de genoomorganisatie is gelijk aan die
van iflavirussen. Omdat de gevonden sequentie reigearder gerapporteerd was, werd het
virus V. destructor virusl (VDV-1) genoemd, naar de mijt waaruit het geisadewas.
VDV-1 is nauw verwant aaDeformed wing viru¢DWV), dat geisoleerd is uit honingbijen
en morfologische afwijkingen aan de vleugels vezaakt. De genoomsequenties van
VDV-1 en DWV zijn voor 84% identiek, de polyprotesmvoor 95%.

Om te bevestigen dat VDV-1 in staat is te replinere de mijt werden oligonucleotiden

(‘primers’) ontworpen om specifiek de negatieveesyy van het RNA aan te tonen. Deze
negatieve streng komt alleen voor als replicatiermediair en is derhalve bewijs voor
virusvermenigvuldiging. Voor dit experiment werdemee primerparen gebruikt, opdat
onderscheid gemaakt kon worden tussen VDV-1 en DW¥t deze primers werd eerst
cDNA gemaakt, dat vervolgens werd vermeerderd rebulp van PCR. Op vergelijkbare

wijze werden primers specifiek voor de ‘positiegéeng gebruikt om het genomisch RNA
van VDV-1 en DWV te detecteren in de mijt. Deze exxpenten lieten zien dat zowel

VDV-1 als DWV repliceert in de mijten. (Hoofdstuk.4Deze resultaten komen overeen
met de eerdere elektronenmicroscopische waarnemwdmg de grote accumulatie van

virusdeeltjes in parakristallijnen aggregaten, betgal een sterke aanwijzing was voor
replicatie van het virus in het cytoplasma vanenigellen (Hoofdstuk 2).

In hoofdstuk 5 werden de structurele eiwitten va ¢peisoleerde virus bestudeerd met
behulp van SDS-PAGE en dit gaf aan dat de tweetgpougirale eiwitten (VP1 en VP2) in

relatief gelijke hoeveelheden aanwezig waren in higtisdeeltie. De N-terminale

aminozuurvolgorde van VP1 en VP2 werd bepaald osh teastellen waar het polyproteine
geknipt wordt. VP2 bevindt zich in het polyproteimeteen N-terminaal van het helicase,
het eerste niet-structurele viruseiwit. In het pobteine ligt VP1 direct voor VP2. In

Western blot analyses bleek het antiserum, opgetegkn het gezuiverde virus, alleen heel
sterk met VP1 te reageren. In een vervolgexperingrtien de structurele eiwitten één
voor één tot expressie gebrachtbscherichia coli als fusie met glutathion S-transferase.
De fusie-eiwitten werden vervolgens getest in eeasté@n blot analyse met antiserum
tegen het gezuiverde virus en dit bevestigde ddt MR enige structurele eiwit is, dat door
dit antiserum herkend wordt. Dit suggereert dafl \l'feét oppervlak van het virusdeeltje
zodanig bedekt dat de andere structurele eiwitterden afgeschermd, of dat de andere
structurele eiwitten niet-immunogeen zijn. Het i8r8C-achtige protease werd ook als een
fusie-eiwit tot expressie gebracht en hiertegenderrantilichamen opgewekt. Met deze
antilichamen kon het protease efficiént worden tgadeerd in een controle-experiment.

11€
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Dit antiserum kan in de toekomst toegepast wordanreplicerend VDV-1 virus aan te
tonen met bijvoorbeeld ELISA, in aanvulling op datwikkelde RT-PCR techniek
(Hoofdstuk 4), of om replicatie van het virus in dajt te lokaliseren met behulp van
immunohistologische technieken.

Tot dusver is over de structuur en de functie varB dhiet-vertaalde regio’s (INTR) van
het RNA van iflavirussen nog niets bekend. In Hetd#t 6 van dit onderzoek wordt de
geconserveerde secundaire structuren voorspelcei® dNTR van het RNA van vier
iflavirussen. Hierbij werden twee verschillendeNdI'R types gevonden: VDV-1 en DWV
hebben lange '5NTRs met complexe secundaire structuren, die fijl@ die van
enterovirussenRjicornaviridag, met name op die van poliovird®erina nuda picorna-like
virus (PnPV) enEctropis obliqua picorna-like viru¢EoPV) hebben kortere BITRs met
eenvoudigere structuren. Dergelijke 5'NTRs zijn tngeevonden in picornavirussen.
Picorna-achtige virussen maken geen gebruik van ‘tap’-afhankelijke translatie
mechanisme, dat gebruikt wordt om de meeste ceulaRNAsS te vertalen. Bij deze
virussen start de vertaling van het ORF met dedratixng van een ‘internal ribosome entry
sites’ (IRES). VDV-1 is het eerst iflavirus waarvda IRES activiteit van de 5’NTR ook
experimenteel werd onderzocht. Dit onderzoek wak bedoeld om een cellijn te
identificeren, die de functie van de VDV-1 IRES kondersteunen, hetgeen een absolute
voorwaarde is voor de translatie van het ORF, emrdigelijk virale replicatie zou toelaten.
De activiteit van de VDV-1 IRES werd bestudeerd rhehulp van een bicistronisch
construct waarbij de '5NTR gekloneerd werd tussen twee ‘reporter’ gengruoen
fluorescerend proteine (EGFP) en luciferase (FIE§FP werd direct achter een OplE2
promoter geplaatst, en wordt via het cap-afharkkédlignslatie-mechanisme in de cel
vertaald in eiwit. In dit experiment, is de tran&avan Fluc, afhankelijk van IRES activiteit
in de 5 NTR van VDV-1. De aanwezigheid van de VDV5'NTR verhoogde het
expressieniveau van Fluc aanzienlijk en dit beteldat de 5 NTR van VDV-1 een
functioneel IRES element bevat. De activiteit vazel IRES werd gevonden luymantria
dispar Ld652Y cellen, en is gastheer-specifiek omdat daviteit veel lager was in
Spodoptera frugiperdaSf21 cellen, en omdat de IRES inactief was Dnosophila
melanogaste62 cellen.

De overdracht van VDV-1 tussen de n¥t destructoren de honingbiA. melliferain
vergelijking met DWV werd bestudeerd in HoofdstukQm de verspreiding van deze
virussen in mijten (eieren, nymfen en adulten) genb(eieren, larven, poppen en adulten)
aan te tonen werd het antiserum tegen gezuivenas viyebruikt in ELISA analyses.
Infecties van VDV-1 en DWV konden niet uit elkaaehguden worden met deze
immunologische techniek vanwege de grote overeeakdm het immunodominante
structurele eiwit VP1 (97% identiteit). In de bij@sten van de Wageningen Universiteit
was het percentage van darroa mijten (71%) met VDV-1 en/of DWV iets hoger dart da
van de bijen (65%). Verticale overdracht van hetizvinaar de volgende generatie mijten
werd aangetoond met een immunologische ‘dot blogthode. Het virus werd niet
gevonden in bijeneieren, wat betekent dat transaleaoverdracht van VDV-1 en DWV in
bijen niet plaats lijkt te vinden. Via een ‘nestBI-PCR’ methode werd onderscheid
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gemaakt tussen VDV-1 en DWV en met deze technigkl&o beide virussen in mijten en
bijen worden aangetoond, zelfs in één individu. t&okachtig procent van de mijten
bevatte VDV-1, 19% had een co-infectie met DWV agdan. Mijten met alleen DWV
werden niet gevonden. Van de volwassen bijen hdd VBV-1, 26% had een co-infectie
met DWV, en in de geteste monsters werden ook dgen gevonden met alleen een
DWV-infectie. De conclusie van dit hoofdstuk is ddaDV-1 en DWV samen kunnen
voorkomen in een individuele mijt of bij en dat deizich zowel in bijen als in mijten
kunnen vermeerderen. Bij een beperkt onderzoek mgten in bijenkolonies uit
verschillende delen van het Europese vaste lanekhbiat beide virussen naast elkaar
voorkomen.

Het onderzoek, beschreven in dit proefschrift, ebjig twee nauwverwante virussen die
zowel mijten als bijen infecteren. Een ervan (VD)-k nieuw. In deze studie is het
ziektebeeld dat VDV-1 veroorzaakt in mijten en bijget in detail onderzocht, maar tot
dusverre zijn noch in mijten noch in bijen duidaij symptomen waargenomen, die
toegeschreven konden worden aan een VDV-1 infe@id. bij een DWYV infectie werden

in deze studie geen duidelijke symptomen waargendiuig¢bijen noch mijten). Gezien de
gevonden resultaten lijkt VDV-1 geen primaire kaladit te zijn voor de biologische
bestrijding van d&. destructomijt.
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