















































General introduction

determined but can be predicted to locate regions with potential importance for IRES
activity. A bee or mite tissue or cell culture system that could facilitate the study of VDV-1
replication is not available. As an alternative it was investigated whether the virus could
replicate in lepidopteran or Drosophila cell lines. The 5' NTR of VDV-1 was investigated
to determine if it contained a putative IRES that would be active in these cell types. The
IRES activity in the 5' NTR was investigated using bicistronic reporter constructs via
plasmids transfected into the cell lines. In this way a compatible cell system might be
identified to facilitate the study of the virus (Chapter 6).

An ecological survey was carried out (Chapter 7) to investigate the extent to which VDV-1
had spread in the mite and/or bee populations, to identify whether the mite or the bee must
be regarded as the primary host and to get clues about its transmission routes. This study
involved the use of ELISA techniques to detect the virus in mites and bees, and was further
qualified using RT-PCR with virus-specific primer sets. To study the prevalence of VDV-1
in Europe and to analyse its geographical variation mites from various regions were
analysed. Bee samples from Kenya (a Varroa-free region) were investigated for the
presence of this virus.

In Chapter 8 the results of the whole study will be discussed in a broader context, taking
into account the literature data from other researchers and other viral systems. The
taxonomic position of VDV-1 will be discussed. Novel research questions are formulated
and suggestions on how these should be addressed presented, as well as the expected
applicability of the pathogen for biological control of the Varroa mite.
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Chapter 2

Distribution of the virus within the mite body
Varroa mites have a hard protective exoskeleton that protects the vital organs in the body.
Figure 2-4 shows a schematic representation of the dorsal view of the Varroa mite. The
brain, muscle, mouth parts and salivary glands are located in the anterior part of the body
(De Ruiter & Kaas, 1983). The reproductive organs, Malphigian tubules and most of the
digestive system are located in the posterior part.

Virus infection could be detected in mites by chromogen deposition on the infected tissues
as a result of an enzymatic reaction between the conjugate on the secondary antibody and
the substrate. Virus could prominently be found in both the upper and lower gastric caecae
lobes of the alimentary tract (Fig. 2-3). The virus was notably absent in the muscle tissue,
brain, and rectum. The technique used did not detect any virus in the salivary glands or the
reproductive organs.

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

The virus particles in infected cells occurred either scattered throughout in irregular
arrangements or clustered in para-crystalline arrays in the cytoplasm of cells (Fig. 2-6a).
Virus particles also occurred in vacuoles (Fig. 2-6b). Occasionally, infected cells were
encountered in which the virus particles were enclosed in apparently closed membranous
sacs (Fig. 2-6¢), or were aligned between membranes or enclosed in tubular membranous
structures (Fig. 2-6d).

Anterior part

Posterior part

Figure 2-4: A dorsal view of the internal anatomy of the female Varroa mite. b: brain, gc: gastric caecum, 1g:
lateral gland, lo: lyrate organ, m: muscle, mpt: Malphigian tubules, ov: ovary, sf: sacculus foemineus, sg:
salivary gland, r: ramus, re: rectum, v: ventriculus (de Ruiter & Kaas, 1983).

20










































Chapter 3

Table 3-2 shows the percentage nucleotide identities between the isolated virus and the
most closely related viruses generated from an alignment of the sequences. The RdRp
nucleotide sequence of this virus has about 48% identity to that of SBV. Since the
nucleotide sequence of our virus was not present in the online databases (GenBank and
EMBL) and is sufficiently different from that of DWV and KV, we named this virus
Varroa destructor virus 1 (VDV-1) because it was isolated from the mite V. destructor.

Predicted amino acid sequences

The structural proteins are predicted to be on the 5" part of the genome. A comparative
search of similar sequences in the NCBI database identifies structural proteins in the N-
terminal half of the polyprotein but there are no strongly conserved motifs. The VDV-1
polyprotein has one NPGP motif (amino acid position 216-219 from the ORF start), which
is a conserved picornavirus motif for cleavage at the 2A/2B site (Ryan & Flint 1997).

Based on the RNA sequence, the VDV-1 non-structural proteins were located on the 3’
half of the genome. They have conserved functional motifs characteristic to RdRps,
proteases or helicases of viruses in the picorna-like super family (Koonin & Dolja, 1993).
Eight conserved domains have been identified in RdRp amino acid sequences (Koonin &
Dolja, 1993) and these are also present in VDV-1 (Fig. 3-3a). The three conserved domains
in helicase sequences of picorna-like viruses were present in the VDV-1 helicase (Fig. 3-
3b). The protease of VDV-1 has GXCG and GXHXXG motifs, which are also conserved in
the 3C-like proteases of other picorna (-like) viruses included in the alignment (Fig. 3-3c).
These conserved regions in the protease are consistent with the putative catalytic residues
and substrate binding sites reported by Koonin & Dolja, 1993.
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Chapter 3

A phylogenetic tree was constructed for the predicted amino acid sequence of the RdRp
domain of VDV-1 and eighteen related viruses in GenBank. The RdRp tree (Fig. 3-4)
segregated the viruses into their (assigned or proposed) taxonomic groups (Picornaviridae,
Iflavirus and Dicistroviridae). The phylogenetic tree also showed that VDV-1 is most
closely related to DWV and KV and clusters together with more distantly related members
of the genus Iflavirus. VDV-1, DWV, KV and SBV appeared to be more closely related to
each other than to IFV, EoPV and PnPV. The functional domains of the helicase and
protease regions of VDV-1, DWV and KV are identical except for variations in the
flanking regions and are therefore not suitable for the phylogenetic analysis.
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DISCUSSION

VDV-1 has morphological characteristics similar to invertebrate picorna-like viruses and
has a positive-sense RNA genome with an organisation which matches that of members of
the genus Iflavirus. The VDV-1 genome is comparatively longer than picornaviral genomes
which range from about 7200-8500 nt (Rueckert, 1996). The 1117 nt 5* NTR is similar in
length to those of mammalian picornaviruses (600-1200 nt) (Rueckert, 1996). Other
iflaviruses, except DWV and KV, have sequences shorter than 500 nt in this region
(Chapter 6).

The polyprotein translated from the single large ORF (2893 aa) has the same length as that

of DWV and KV. Pairwise alignment of the entire VDV-1 and DWV/KV polyproteins
resulted in parallel conservation from the N to the C terminal end. This was also observed
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Chapter 4

INTRODUCTION

Picorna-like virus particles were isolated from a population of Varroa destructor mites at
the Wageningen University apiary (Chapter 2). The virus was sequenced and named
Varroa destructor virus 1 (VDV-1). VDV-1 belongs to the Genus Iflavirus and has 84%
nucleotide sequence identity to Deformed wing virus (DWYV; de Miranda et al., 2003) of the
honey bee (Chapter 3). VDV-1 and DWV have single-stranded, positive-sense RNA
(ssRNA[+]) genomes which contain one large open reading frame. Iflaviruses resemble
picornaviruses morphologically, physico-chemically and in genome organisation (Fauquet
et al., 2005).

Conclusive studies about Iflavirus replication have not yet been carried out, but it was
assumed that because of their similarity, iflaviruses go through similar steps in their
infection cycle as picornaviruses. The initial event in the infection process involves the
attachment of the picornavirus to specific receptors on the cell membrane and the release of
the naked RNA into the cytoplasm where translation occurs. Replication of picornaviruses
is entirely cytoplasmic (Rueckert, 1996) (Fig. 4-1). Replication complexes are usually
closely associated with membrane complexes derived from the endoplasmic reticulum, and
free negative sense RNA is not found (Rueckert, 1996).
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Figure 4-1: A schematic overview of the picornavirus infection cycle. The virus adheres to receptors on the
cell surface (step 1) and following conformational changes in the virus capsid, the RNA genome is injected
into the host cell (step 2). The genome acts like mRNA and is translated (step 3). The RNA-dependent RNA
polymerase (RdRp) drives genome replication (step 4). Some of the positive sense strands generated during
replication are used to translate yet more polyprotein (step 5), while the rest is assembled together with capsid
proteins to form virions (step 6). Finally, the mature virions exit the cell and the infection cycle begins afresh.
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Chapter 5

INTRODUCTION

Invertebrate picorna-like viruses of the genus [flavirus have a genome arrangement similar
to that of true mammalian picornaviruses (Fauquet er al, 2005). Picornaviruses are
positive-stranded RNA viruses. The genome contains a single large open reading frame
(ORF) which is translated into a polyprotein from which the mature structural and non-
structural proteins are released by proteolytic cleavage. The structural proteins are located
on the N-terminal half and the non-structural proteins on the C-terminal side of the
polyprotein. In picornaviruses, the serine-like protease 3C accounts for most of the
cleavages while protease 2A accounts for some of the proteolytic activity. The leader
protein (L) of aphthoviruses also has some proteolytic activity (Fauquet et al, 2005).
Iflaviruses have a 3C-like protease and may also have a leader protein at the N-terminus of
the polyprotein (Isawa et al., 1998), but do not have the 2A protease (Chapter 3; Fig. 3-1).

Picornaviral virions have a capsid which comprises four structural proteins named VP1 to
VP4 in decreasing molecular mass (Fauquet et al., 2005). Mature virions of iflaviruses also
contain four structural proteins. Within the polyprotein, the structural proteins of Infectious
flacherie virus (IFV), the type species of the genus Iflavirus, are arranged in the order VP3
— VP4 — VP1 — VP2 in the N to C terminal direction (Isawa ef al., 1998; Chapter 3, Fig. 3-
1). The picornaviral structural proteins are arranged differently in the order VP4-VP2-VP3-
VP1. Other members of the genus Iflavirus are; Sacbrood virus (SBV; Ghosh et al., 1999),
Perina nuda picorna-like virus (PnPV; Wu et al., 2002), Deformed wing virus (DWV; de
Miranda et al., 2003), Kakugo virus (KV; Fujiyuki et al., 2004), Ectropis obliqua picorna-
like virus (EoPV; Wang et al., 2004) and Varroa destructor virus 1 (VDV-1). The
structural proteins of PnPV have been sequenced N-terminally (Wu et al., 2002) and agree
with the arrangement in IFV, but no information is available on the structural proteins of
the other viruses.

There is very limited information available about the iflaviral non-structural proteins.
However, polyprotein sequence predictions showed conserved motifs identifying a
helicase, protease and RNA-dependent RNA polymerase (Chapter 3; Fig. 3-3).

This study aims at investigating the location of VDV-1 structural proteins in the
polyprotein through N-terminal sequencing to identify cleavage sites. The predicted
individual structural proteins are expressed in bacteria as fusion proteins to establish their
antigenicity by Western blot analysis. Antibodies are raised against the protease for
possible use for rapid and cost-effective detection of viral replication through methods such
as ELISA.

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

A sample of virus purified from Varroa destructor mites (Chapter 2) was used to resolve
the structural proteins on a 12% polyacrylamide gel in an SDS-PAGE analysis as described
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Analysis of VDV-1 proteins

For purification of MBP-protease, the culture was chilled on ice followed by centrifugation
at 5000 rpm for 10 min at 4°C. The pellet was resuspended in ice-cold column buffer (20
mM Tris/HCl pH7.4, 200 mM NaCl, 1 mM EDTA). After freezing, thawing and
ultrasonication, the total soluble protein was clarified by centrifugation. MBP was bound to
amylose resin (New England Biolabs) and unbound matter was removed by washing with
column buffer. The MBP-protease fusion protein was then eluted using column buffer
containing 10 mM maltose.

Analysis of fusion proteins by SDS-PAGE and Western blot analysis

The expression of the GST and MBP fused proteins was analysed in a 12% SDS-PAGE
gel. The proteins were stained using coomassie brilliant blue G250 (Merck). For Western
blot analysis, proteins resolved in a 12% polyacrylamide gel were blotted onto a
nitrocellulose membrane and detected using antiserum raised against purified virus
(Chapter 2). The blot was incubated with goat anti-rabbit antibody conjugated to alkaline
phosphatase (Invitrogen) and was developed in alkaline phosphatase buffer (0.1 M
Tris/HC1, 0.1 M NaCl, pH 9.5) containing 200 pl BCIP (5-bromo-4-chloro-3-indolyl
phosphate, toluidine salt)/NBT (nitro blue tetrazolium chloride) solution (Roche).

RESULTS

a) SDS-PAGE b) Western blot
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Figure 5-2: SDS-PAGE (a) and Western blot analysis (b) of purified virus from mites. The numbers on the
left of each paneli indicate the protein size marker in kilo Daltons. The approximate sizes of the proteins on
gel or blot and indicated on the right side.
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Chapter 6

MATERIALS AND METHODS

Prediction of the secondary structure of Iflavirus RNA 5' NTR

Predictions for RNA secondary structures were obtained using two different algorithms.
The ‘Zuker’ Mfold program predicts the overall minimum free energy of the RNA
molecule (Zuker, 2003), while in the genetic algorithm (Gultyaev et al., 1995) the RNA is
sequentially folded from the 5' to 3' end, thereby simulating the folding process during
replication. In the latter program stems are added to the growing structure by stepwise
selection from a list containing only those stems that are compatible with those already
incorporated. The selection of the stem to be added depends, among others, on the free
energy of the stem. As the folding progresses, less stable structures are removed in favour
of more stable motifs, also ensuring that short-range interactions prevail over long-range
pairings (Gultyaev et al., 1995). Another advantage of the genetic algorithm is the
possibility to predict RNA pseudoknot structures, which influence translation initiation by
frameshifting or ribosome read-through (Giedroc et al., 2000).

The secondary structures predicted in this way are analysed by comparison with
homologous sequences, in order to find support for the proposed secondary structures from
co-variations or compensated base changes in stem regions. The preferred sequence
requirement for an optimal comparison is an identity ranging from approximately 60-80%
between the homologous RNA molecules being compared (Gardner, et al., 2005). The pairs
VDV-1/DWYV and PnPV/EoPV were selected because they show 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, a series of reporter plasmids were
constructed. The backbone of these reporter plasmids was the pIZ/V5-His plasmid
(Invitrogen). The reporter genes, enhanced green fluorescent protein (EGFP) and firefly
luciferase (Fluc), were cloned into this plasmid under the control of the Orgyia
pseudotsugata multiple capsid nucleopolyhedrovirus (OpMNPV) immediate-early 2
(OpIE2) promoter (Theilmann & Stewart, 1992) (Fig. 6-1).
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Samenvatting

gemaakt tussen VDV-1 en DWV en met deze techniek konden beide virussen in mijten en
bijen worden aangetoond, zelfs in één individu. Achtentachtig procent van de mijten
bevatte VDV-1, 19% had een co-infectie met DWV ondergaan. Mijten met alleen DWV
werden niet gevonden. Van de volwassen bijen had 79% VDV-1, 26% had een co-infectie
met DWV, en in de geteste monsters werden ook geen bijen gevonden met alleen een
DWV-infectie. De conclusie van dit hoofdstuk is dat VDV-1 en DWV samen kunnen
voorkomen in een individuele mijt of bij en dat beide zich zowel in bijen als in mijten
kunnen vermeerderen. Bij een beperkt onderzoek aan mijten in bijenkolonies uit
verschillende delen van het Europese vaste land bleek dat beide virussen naast elkaar
voorkomen.

Het onderzoek, beschreven in dit proefschrift, vergelijkt twee nauwverwante virussen die
zowel mijten als bijen infecteren. Een ervan (VDV-1), is nieuw. In deze studie is het
ziektebeeld dat VDV-1 veroorzaakt in mijten en bijen niet in detail onderzocht, maar tot
dusverre zijn noch in mijten noch in bijen duidelijke symptomen waargenomen, die
toegeschreven konden worden aan een VDV-1 infectie. Ook bij een DWV infectie werden
in deze studie geen duidelijke symptomen waargenomen (bij bijen noch mijten). Gezien de
gevonden resultaten lijkt VDV-1 geen primaire kandidaat te zijn voor de biologische
bestrijding van de V. destructor mijt.
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