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ABSTRACT. Honeybee populations are known to be infected by numerous viruses. Reverse transcription-PCR
(RT-PCR) of regions of the RNA-dependent RNA polymerase is often used to diagnose the presence in apiaries and also
to classify the type of virus detected.

In this report, through analysis of the RdRp gene, we describe a novel recombination event in the DWV genome.
Similarity plot analysis amplified from hundred positive individuals identified a previously undescribed recombination

point in the 5’ region of the polymerase gene.
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To our knowledge this is the first description of recombination in the DWV polymerase gene and highlights the continu-

ous genetic evolution of these viruses.

INEPIAHYH. Eiva: yvoot6 611 01 mAn0vcpoi Tov pelccdv nposfarovrar amé min0og wdv. H pébodog g

RT-PCR o< weproyéc g RNA-e&aptodpevng RNA molopepaong, yp1cIHOTOIEITOL GUYVE Y10 TOV EVTOTIGUO TOV 1OV

o€ péMeceg arhd Kol TPoKEREVOL va Tagvoun0ovv avtoi uioyeveTikd.

v mopovoa £PEVVa, HECH TG avaivong Tov yovidiov RARp, neprypdoetar évag vEOg 0vacUVOLACHOG GTO YEVMNO,

TOV 100 TOV TAPAPOPPOUEVAOV OTEPAV. Mécm avdrvong 100 OeTik®OV de1ypdTOvV PEMGOOV, EVIOTIGTNKE Y10,

TPAOTN QOPA £Vag AVAGVIVAGNOS, 6TO 5° AKPO TOV YOVIdiov TNG ToAvpEpdoNC.

AvTi) givan N TPAOTN TEPLYPAPT] EVOS TETOLOV AVAGVVOVAGHOU GTO YOViISL0 TNG Toivpepdong Tov 1w DW, yeyovdg

OV KATAOEIKVVEL TN ovveYN eEEMEN TOV 1DV HVTAOY.
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Aéeig Kierora: 16¢ tov mapapopeouévev etepov / RARp / pémoceg / Bappoa / avacuvivacpog

INTRODUCTION
Honeybee populations are infected by numer-
ous viruses (Anderson and Trueman, 2000;
Chen and Siede, 2007). Single-stranded RNA virus-
es, infectious to the European honeybee, Apis mel-
lifera L. are known to exist at low levels in colonies,
with no apparent signs of infection. Among them,
Deformed wing virus (DWV) is probably the most
widespread of the so-far-described approximately 18
viruses infecting honeybees, transmitted to larvae by
the ectoparasitic mite Varroa destructor (Ball, 1983;
Allen and Ball, 1991; Bailey and Ball, 1991; Lanzi
et al., 2006; Berenyi et al., 2007). DW virus appears
in coexistence with the ectoparasitic mite Varroa
destructor (Ball, 1983; Hung et al., 1996; Ball, 1997,
Benjeddou et al., 2001;), which is a highly effec-
tive vector of DWV transmission among bees, and
the virus is able to replicate in mite (Bowen-Walker
et al., 1999; Shen et al., 2005; Tentchev et al., 2006).
Bee larvae infected during the white-eyed stage of
development usually survive the infection initially
but latter suffer from deformed wings.

The original host of the mite, the Asian honey bee
Apis cerana Fabr., does not suffer to appreciable
degree by the infestations (Rath and Drescher, 1990).
Also it is well documented that Africanized honey
bees (Apis mellifera adansonii imported into Brazil)

also survive and coexist with V. destructor in South
America (Rosenkranz, 1999). Similar host — parasite
adaptations have also been reported from North Afri-
ca (Boecking and Ritter, 1993). The honey bee, Apis
mellifera L., naturally occurs in Europe, the Middle
East, and Africa. However, subspecies of the honey
bee have been spread worldwide beyond their natu-
ral range, due to economic benefits. More specifical-
ly there are several beekeeping units in Greece that
imports and merchandise bees (Apis melifera ligu-
stica) as pure race or as hybrids (Buckfast bees).
Actually Italian bee is the most widely distribut-
ed of all races of bees including Greece and many
queen producers used it as stock of genetic material.
In Europe, after the invasion of Varroa mite it is gen-
erally accepted that the mite population must be con-
trolled to avoid viruses’ infestation which lead to bee
colony collapse.

DWYV belongs to the genus Iflavirus of the insect
picorna-like viruses and serologically is distantly
related to Egypt bee virus (Bailey and Woods. 1977,
Anderson and Trueman, 2000; Ongus et al., 2004).
DWYV contains a positive, single-stranded, polyade-
nylated and monocistronic RNA genome consist of
10,144 nucleotides. The monopartite genome con-
sists of one large, uninterrupted open reading frame
encoding the viral polypeptide precursor, which is
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post translationally processed by proteases into active
proteins.

The N-terminal end of the polypeptide starts with a
leader peptide (L protein), followed by the structur-
al proteins VP2, putative VP4, VP1, and VP3. The
C-terminal part of the polypeptide contains the non-
structural proteins; conserved motifs of the RNA heli-
case, the putative VPg protein, the C protease and
the RNA-dependent RNA polymerase (RdRp) which
were predicted in the deduced amino acid sequence
(Lanzi et al.,20006).

The RdRp gene is considered as a marker for stud-
ies concerning RNA virus classification and evolution
(Baker and Schroeder, 2008). The amount of genet-
ic diversity that an RNA virus possesses is a direct
result of the virally encoded RNA dependent RNA
polymerase and strain recombination (Lohmann et
al., 1997; Waters et al., 2007). The domains that have
been identified are considered to have important func-
tions with respect to RNA polymerase activity, with
studies involving recombinations and amino acid sub-
stitutions within particular motifs of these domains
having significant impact on the enzymatic activi-
ty (Lohmann et al., 1997; Waters et al., 2007; Baker
and Schroeder, 2008). It is well establised that, in
the sequenced regions of the RdRp gene, the DWV
genome turned out to be highly conserved, inde-
pendent of the geographic origins of the honeybee
samples: the partial sequences exhibited 98 to 99%
nucleotide sequence identity. Substitutions were most
frequently observed at the same positions in the vari-
ous DWV sequences (Berenyi et al., 2007).

To date only two studies were reported, regarding
the shortening of abdomens, the discoloring, and the
reduction of longevity after infection by DWV (Bai-
ley and Ball, 1991; Yue and Genersch, 2005). To our
knowledge this is the first description of recombina-
tion in the DWV genome which became dominant,
associated with symptoms of infection of the virus
independent of wing deformation, and is the only
known evidence of infection by the virus to profes-
sional beekeepers.

MATERIALS AND METHODS

One hundred samples, contain of fifteen individu-
al adult worker bees each, without signs of deformed

wings, were collected from honey bee colonies locat-
ed in two different areas in northern Greece (fifty
different bee colonies each). Bees were immediate-
ly dropped into freezer (-20°C), in order to be killed,
and RNA was extracted almost immediately.

All selected colonies’ samples had never shown
symptoms of deformed wings but were chemical
treated by beekeepers for previously severe infes-
tation of Varroa destructor mites (Tananaki et al.,
2014). The bee colonies were examined after the
treatment for their level of infestation (Tananaki et
al., 2014) and while results suggested that hostpara-
site co-adaptation ensured survival of both the host
and the parasite (Fries et al., 2006; Fries and Bom-
marco, 2007; Locke et al., 2012), the bee colonies
showed characteristic growth retardation and finally
collapsed.

Total RNA was extracted from individual samples
(homogenized 15 bee-workers each) using the Nucle-
oSpin® RNA II Kit according to the manufacturer’s
instructions (Macherey-Nagel, Germany).

Five ul of RNA were subjected to cDNA synthe-
sis by Reverse Transcriptase M-MLV (200units/pl,
Invitrogen, UK), according to the manufacturer’s
instructions, using random primers (dN9), (Taka-
ra Biomedical group, Shiga, Japan), (50nmol/ul).
Three pl of each cDNA were used in subsequent PCR
assays.

PCR was carried out using the published primer
pairs DWV_FWD (5’-TTTGCAAGATGCTGTAT-
GTGG-3"), DWV_REV (5> GTCGTGCAGCTCGA-
TAGGAT-3") (Nielsen et al., 2008) and DWV8934f
(5’-CCTATCGAGCTGCACGACTT-3"), DWV9599r
(5’-CCGAGACCTTGTCCAGGTTA-3") (Berenyi
et al., 2007). Initially we used the specific published
primer pair DWV_FWD-DWV_REV which enabled
us to trace this recombination. Then, another pub-
lished primer pair DWV8934f - DWV9599r was used
to cover a more suitable length in RdRp gene, for
phylogeny purposes, (total nucleotide length 1021bp)
(Kroneman et al., 2011; Ruether et al., 2012; Ruether
et al., 2013; Ruether et al., 2014).

Three pl of the reverse transcription product were
used for subsequent PCR assays in a total volume of
50ul containing 10x PCR buffer, 2 mM MgCl2, 10
mM dNTPs, 0.5ul of Pag DNA polymerase (Strat-
agene), (5 U/ul) and 50pmol of each primer pair.
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After an initial denaturation step at 95°C for 2min,
40 amplification cycles (denaturation at 95°C for 30s,
annealing temperature 54°C for 20s and extension
at 72°C for 30s) were performed followed by a final
extension step at 72°C for 5 min. In some cases Auto
Nested PCR with the same set of primers and under
the same conditions for 25 cycles of amplification
was applied to increase the sensitivity of the assay
(Ruether et al., 2013; Ruether et al., 2014;).

Two independent PCR assays were carried out and
amplicons from the two distinct PCR assays were sub-
jected to sequencing. PCR amplicons were purified
using the QIAquick® Gel Extraction Kit (Qiagen, Ger-
many) and sequenced bidirectionally at VBC-Biotech
(Vienna, Austria). Sequence identity was determined
through BLAST (http:www.ncbi.nlm.gov/blast).

RESULTS AND DISCUSSION

All hundred sequenced samples were positive for
DWYV and shared 99-100% nucleotide similarity thus,
for handling ease in further phylogenetic analyses, we

randomly selected ten sequences, equally originat-
ed from the two different areas. The sequences con-
cerning this report were submitted to GenBank under
the accession numbers: DWV_G:3419:KP165134,
DWV_G:B1:KP165135, DWV_G:A4:KP165136,
DWV_G:B4:KP165137, DWV_G:B7:KP165138,
DWV_G:A3:KP165139, DWV_G:KATH1:KP165140,
DWV_G:FAG8:KP165141, DWV_G:FAG2:KP165142
and DWV_G:FAG3:KP165143.

Multiple alignments of DWV sequences were gen-
erated by ClustalW (available at http://www.ebi.
ac.uk/Tools/msa/clustalw2) and the phylogenetic tree
was constructed by the neighbor-joining method with
1000 bootstrap replicates in the multiple alignment
program MEGA 4.1. All sequences exhibited aber-
rant clustering on the branch of the tree and it was
suspected that those DWYV strains had undergone a
recombinational event.

The relationship of recombinant strains character-
ized in the present study, with other strains assessed
using sequences available from GenBank.

......

Suecies/Abbrv

1. HysL6651 VIETHAN |
2. DWW G:3419
3. AVZ32384 ITALY

AAGCCECCTGEAACATCGRGTAL
AGCCGCETEOAACATEGE
7;.;.;.ctrltc:-;w.;.c;.:rl-.:c

AGCGET
:Aaccclroc:

Figure 1. Left: SimPlot analysis for DWV_G:3419 sequence in the 5’ region of the polymerase gene (8566-8960nt).
Vertical red line indicates the crossover point which was mapped to nucleotide position 8687.

The window size was 100 bp with a step size of 50 bp. The vertical axis indicates the nucleotide identities between the
query sequence (DWV_G:3419) and the strains (listed on the window on the right of the figure), expressed as percent-
ages. The horizontal axis indicates the nucleotide positions of the analyzed genome region.

Right: Bootscan analysis of the genomic region involved in the recombination event at nucleotide position 8687 of
DWV_G:3419 strain in the 5’ region of the polymerase gene (8566-8960nt).

The shaded area represents the point of recombination and underneath, are presented the three DNA fragments aligned

together at the point of recombination.
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To identify the putative parent-like strains and
potential recombination sites, phylogenetic pro-
file analysis was performed using SimPlot program
(Ruether et al., 2012; Ruether et al., 2013; Ruether et
al., 2014).

The plots of the nucleotide sequences are depict-
ed in (Fig. 1-left). Since the strains shared 99-100%
nucleotide similarity, we used one of them, strain
DWV_G:3419 for the analysis. When a similari-
ty plot for the representative strain (DWV_G:3419)
was generated, with strains available from Gen-
Bank, a recombination breakpoint, which was

5 —J0413340 CHLE
” L av2e234 maLy ]

AYIMB02FR
Hi 162356 LK
831 HM 067438 UK REC

2489744 TALY
— F.J011106 TURKEY
L ABOT0959 KAKUGO JP
KF 311109 [TALY
EEL JF440576 lsrael REC
—— JXBTB305 SOUTH KOREA
o 437447 LK

= HMO06T437 UK REC

GLN0G335 LK

KCT86224 KALUGO CHINA
96| KCT86223 CHINA REC
JHOT8304 KOREA
A — HOB16651 VIETNAM

DYV 0:2419
oYY 6:B1
Oy GoAd
THYV G:B4
Oy G:BY
=] DWWV GoA3
DWWV GKATHI
WY G FAGE
DY GIFAGZ
WY G FAG3

KCT85222 Vamoa destruttor vinus-1

Y AY 251269 Vamoa destuctor virus 1 Netherlands
6 JF 440525 Vamoa destructor Wius 1 IBRAEL

ooz

mapped to nucleotide position 8687 (with respect to
the Deformed wing virus isolate PA, accession no
AY?292384) of the sequence alignment was visible.
These findings were further confirmed by boot scan-
ning of the same genome sequences, demonstrating
higher levels of phylogenetic relatedness between the
DWYV_G:3419 genome sequence and the HQ616651
VIETNAM and AY292384 ITALY genome sequence
on the upstream and downstream side of the recombi-
nation site, respectively (Fig.1-right).

Finally, phylogenetic analyses were conducted
using two neighbor-joining phylogenetic trees (1000

WV GIFAG2
DWWV GIFAG3
DWWV BiFAGS
DWV GKATHI
WV G:B7

— DWV GA3
DWWV G:B4
DWWV GiAd
Dwv 6:81
DWWy 63419

AYI92384 ALY

AY 2602 FR

o AJASITH TALY
JO413340 CHLE

n JF 440576 Israsl
— HM 162356 UK
B5L— HMOBT 439 LK
HMOBT 437 UK
(LH09335 LK
37447 LK
JH3TE305 SOUTHKIOREA
FJO11106 TURKEY
KF311108 TALY
ABO70958 JP
] JETE304 KOREA
831 HOG16651 VIETHAM

KCTBEZ24 CHINA
ﬂmﬁm CHING

JFA40525 Vamoa destrue o irus 1 IBRAEL
5 AY 251269 Vamoa destructor vings 1 Netherian
RIKCT86722 Vama destrustor vins-1

na

Figure 2. Neighbour-joining phylogenetic trees based on sequences before and after the identified recombination
site. Left: the examined sequences (8566-8687nt) are most similar to the strain HQ616651 VIETNAM and clusters
on a separate branch. Right: the examined sequences (8687-9587nt) clusters with the AY292384 ITALY strain on
a separate branch with bootstrap value 100. Bootstrap values of less than 50% are not shown.The shaded area rep-
resents the point of recombination and underneath, are presented the three DNA fragments aligned together at the

point of recombination.
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bootstrap replicates in the multiple alignment pro-
gram MEGA 4.1.), based on sequences found either
side of the identified recombination site, were com-
piled to confirm recombinant strains detection (fig.2).
Moreover, we used partially sequenced DWYV strains
that were genetically close according to BLAST clus-
tering. Our initial phylogenetic analysis revealed that
these strains were indeed recombinant.

DWYV genus is highly genetically diverse and this
is, in part, maintained by homologous recombina-
tion. Studies have reported single-stranded RNA
viruses that hypothetically evolve via epochal evo-
lution; these include influenza virus (Koelle et al.,
2006; Van Nimwegen, 2006), NoVs (Siebenga et al.,
2007; Lindesmith et al., 2008) and others. In gener-
al, epochal evolution is a process whereby periods of
stasis defined as no differences in phenotype (epochs)
are observed, followed by rapid bursts of evolution
(innovations) (Donaldson et al., 2008). These obser-
vations raise questions about the biological prop-
erties of the recombinants and the mechanisms of
their dissemination. Two plausible explanations may
be given: a) similar to other RNA viruses they may
undergo an epochal evolution driven by the host
immunity, where herd immunity could be a selec-
tion force in the evolution of these viruses, in which
new antigenic variants emerge and become predom-
inant because of the lack of herd immunity (Don-
aldson et al., 2008), b) the continual appearance of
new variants and recombinant is a result of colonial
expansion from quasi-species by fitness for more effi-
cient viral replication, virulence, and broader host
range. Thought direct evidence for these two plausi-
ble explanations is still lacking.

Interestingly, in this study, all recombinant strains
isolated from asymptomatic individuals to known
symptom of deformed wings, showed an unexplained
behavior - growth retardation- which could be con-
sidered a new symptom of infection. Theoretically,
herd immunity would have developed within this bee
population, and so to avoid extinction, the virus had
to either evolve to evade herd immunity or evolve to
infect new bee populations.

Moore et al. (Simmonds, 2006) demonstrated
that the evolution of DWV-related viruses includ-
ed recombination of three genome ‘modules’ and
had identified two novel recombinants. This report
is the first description of recombination in the DWV
polymerase gene and to our knowledge to date no
intergenogroup recombinant strain has been identi-
fied. Recombination between genomes occurs fre-
quently and is another important feature of the RNA
virus evolution. Recombination may influence vir-
ulence as well as being an essential mechanism for
maintenance of the virus in the population. Spread
and occurrence of recombinant strains in symptom-
atic individuals validate their infectivity in hosts and
shows that recombination does not prevent virulence
(Koonin and Dolja, 1993; Donaldson et al., 2008;
Moore et al., 2011). Given the fact that these virus-
es belong to the family picorna-like viruses in which
belong many other viruses that have an adverse
effect on humans (enteroviruses, hepatitis A viruses,
etc.) these results highlight the continuous genetic
evolution of these viruses. Comparing the evolution-
ary profiles of these different viruses, will likely
provide significant insights into how the DW viruses
became so successful at evading the immune system
by either escape or by penetrating previously naive
populations or both (Koonin and Dolja, 1993; Sim-
monds, 2006).

CONCLUSIONS

To conclude, these findings can also contribute to
form the basis for improved understanding of the role
of DWV and recombinants, thus in the pathogenesis
of deformed wing diseases of honey bees.

As recombination allows the virus to increase its
genetic fitness and to evolve, to spread in the pop-
ulation and probably to escape the host immune
response, our findings suggest that the capacity for
genetic changes displayed by the DWVs will contin-
ue to generate new recombination types. Bl
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