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Ever tried. Ever failed. No matter.
Try again. Fail again. Fail better.

(Samuel Beckett)
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SUMMARY

Summary

During the last twenty year€ydia pomonollagranulovirus (CpGVBaculoviridag has
become the most important biological control agentthe codling moth (CM) in or-
ganic and integrated apple production. CpGV conotonall requirements of a biocon-
trol agent: it has a narrow host range and is kiginulent against CM larvae, it is
environmentally safe and does not interfere with-target organisms. Today, CpGV is
applied in Europe on 100-150,000 ha per year. Hyer@l commercial CpGV products
in Europe are based on the isolate CpGV-M, which diacovered in Mexico (Tanada,
1964). A serious threat to succesfull applicatibl©pGV products is the occurrence of
CpGYV resistance of CM observed in the field. Frod®2 on, populations with up to
1000-10,000 fold reduced susceptibility were regafrom commercial apple orchards
in Germany, France, Italy and the Netherlands-fitls¢ reported cases of field resis-
tance to baculovirus products ever. In order twipl® alternatives to the presently used
CpGV-M, novel CpGYV isolates of different geograploicgion were tested for their
efficacy against susceptible and resistant CM kar\his thesis focuses on the identifi-
cation and characterisation of resistance overcgr@ipGV isolates and the analysis of

their molecular difference to CpGV-M.

In total, five out fo sixteen CpGYV isolates testedaboratory bioassays were found to
be able to completely overcome resistance to Cp@&Visolates were compared by
restriction fragment length polymorphism (RFLP) lgsis, in order to identify differ-
ences in their genomic content. It was found tkalates corresponding in their restric-
tion profile to CpGV-M showed no efficacy againssistant CM populations, whereas
isolates able to overcome resistance in CM diffaredheir restriction profile from
CpGV-M. To pinpoint the differences on moleculavderesulting in this improved
virulence of some CpGYV isolates, major genomic suafadifference were amplified,
sequenced and analysed. Insertions of about Owekb found in the resistance over-
coming isolates CpGV-101, -112 and -E2, but notother resistance overcoming iso-
lates. Analysis of the insertions™ structure regdahat they might be due to transposi-

tion events, but not involved in overcoming resis&@a
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With regard to a future registration of novel Cp@dlates, it is necessary to identify
different isolates reliably in mixtures. RFLP ars$yshowed that the conventionally
used assignment of CpGV isolates to their geogcaphigin is no longer applicable, as
isolates from different regions shared the samél@spor isolates from the same region
differed in their profiles. Hence, a new method fietermination based on molecular
analysis was established. Partial sequencing of cthreservedpolyhedrin/granulin
(polh/gran) late expression factor-8ef-8) and late expression factor-flef-9) genes
revealed single nucleotide polymorphisms (SNPs)? @Nalysis corresponded with the
grouping obtained by RFLP analysis, therefore, Wqaenetic classification of CpGV
genome types A-E is proposed. Phylogenetic anahessed on these SNPs suggested
that CpGV-M was the phylogenetically youngest oé tiested CpGV isolates. The
resistance overcoming isolates were allocated t@rak genome types. Therefore,
whole genome sequencing of two resistance overapnsiolates CpGV-I112 (type D
genome) and -S (type E genome) was performed,derdo identify a common feature
which distinguishes these genomes from CpGV-M. CgGWas also completely re-
sequenced as a reference. Comparison of the tlere@ges revealed a high sequence
identity. Nevertheless, several insertions andtagls ranging from single to hundreds
of nucleotides (nt) were found. Comparison on opesding frame (ORF) level re-
vealed that CpGV-112 and -S shared only one pro#dieration when compared to
CpGV-M: a stretch of 24 nt present in ORF cp24 p&¥-M, which codes for the early
genepe3d8 This stretch was also not found in any of theeptlesistance overcoming
isolates. Combined with the results of the phyl@&geranalysis, it is proposed that these

24 nt are a recent insertion into the CpGV-M genome

The role ofpe38in overcoming resistance was investigated by kimgchutpe38of a
CpGV-M based bacmid. This construct was not ablmdoce infection of susceptible
(CpS) or resistant (CpRR1) CM larvae. Whpe38 of the resistance overcoming
CpGV-112 was inserted into the knock-out bacmie, ithfectivity could not be rescued,
neither in CpS nor in CpRR1, suggesting that theogec portion ofpe38might also
play a role in its function.

Combining bioassay data, RFLPS and phylogenetitysisait can be concluded that
the recently observed resistance is not a resstem€pGV in general, but to CpGV-M
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and related A-type genomes. In this thesis, seves$tance overcoming isolates were
identified. RFLP and SNP analysis provide tools i@entifying and characterising
different CpGV isolates reliably, a pre-conditioor fa future registration of CpGV

products based on novel CpGV isolates.

12
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1 Introduction

“Pest insects do not develop resistance or tolefata naturally occurring pathogens
indicated Jaques (1983) as advantage for theirinsgead of chemical pesticides in
insect pest control. Emergence of mass resistahtesects to baculoviruses was con-
sidered unlikely for several years, due to the linge of co-evolution of insects and
their viruses (Kirschbaum, 1985; Hawtin, 1992).ded, observations of increase in
baculovirus field resistance were extremely raoe (éview see Cory and Myers, 2003),
and resistance to baculovirus infection was rathported as a reversible reaction se-
lected for in the laboratory. Briese (1986a), imtcast, claimed “to consider the evolu-
tionary consequences of artificially manipulatirige tbalance between pathogen and
host in the field” by increased use of microbiahttol agents. He suggested to keep
control program management and the selection ofernvoulent pathogen strains in

view.

These considerations were promptly of actuality mvire2005 the first cases of bacu-
lovirus field resistance were reported, concermiodling moth populations in Germany
(Fritsch et al., 2005). Later, resistant populaiarere also reported from France, Italy,
Austria, Switzerland and the Netherlands (Sauphabhal., 2006; Asser-Kaiser et al.,
2007; Jehle et al., 2008). This was the first doent®d case of field resistance against a
baculovirus biocontrol product. Resistance to tilmdolgical control agen€Cydia pomo-
nella granulovirus (CpGV) is a severe threat to the effit control of codling moth in
organic and integrated farming. For designing sonabde strategies for future applica-
tion, it is crucial to search for alternatives, lsas further CpGV isolates which are able
to overcome this resistance. The molecular mechanisdeveloping and overcoming
resistance needs investigation, in order to evalfidtire resistance management strate-
gies. This thesis addresses the characterisatidnmeethods for the identification of
novel, resistance overcoming CpGV isolates, as aglhvestigations on the molecular
mechanism involved in overcoming codling moth resise to CpGV.
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1.1 Baculoviruses

1.1.1 Baculovirus structure and infection cycle

More than 20 families of insect viruses are desdjltovering DNA and RNA viruses
(Fauguet and Mayo, 2005). In three virus familes;luded viruses can be observed:
the Baculoviridae cypoviruses (CPVsReovirida@ and entomopoxviruses (EPVs,
Poxviridag. Development of insect viruses as microbial aanagents is based pre-
dominantly on baculoviruses, which are double ste@hDNA viruses with a circular
closed genome of 80-180 kb (Rohrmann, 2008). Baaui® DNA is packed into rod
shaped virions, which are embedded in a proteireacoatrix called occlusion body
(OB) (Granados, 1980) (Fig. 1.1, Fig. 1.2). The @d&s not only protect the virions
from physical damage by environmental agents (¢\glight), it also delivers the virus
to the alkaline midgut of the host (Hu et al., 2003ore than 600 viruses belong to the
family of Baculoviridae A typical feature of baculoviruses is the appeegaof two
virion phenotypes during their replication cycleey®nd the occluded form, which
mediates oral infection from insect to insect, $peeading of infection from cell to cell
is transmitted by the non-occluded budded virus )(BWederici, 1997). Genetically,

these two morphological forms are identical.

Two major groups of baculoviruses can be obskba&sed on OB morphology: the
Nucleopolyhdrovirus (NPV) and Granuloviruses (GWpr NPVs, the occlusion bodies
of 0.15-15 um in size are called polyhedra andaiargeveral virions. Occlusion bodies
of GV (granules) with a size of 120-300 nm are gigantly smaller and contain typi-
cally one (rarely two or more) virions (Hu et &Q03; Rohrmann, 2008) (Fig. 1.1 A, B).
Among NPVs, virions with single nucleocapsids (SNRXY multiple nucleocapsids

(MNPV) are distinguished (Granados, 1980) (Fig.A)1
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nucleocapsid with

dsDNA
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proteinacous matrix
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Fig. 1.1. (A) Schematic drawing of occlusion bodies (OBs) of MNPVs, SNPVs and GVs.
MNPVs contain multiple nucleocapsids, SNPVs and GVs only one per virion. MNPVs and
SNPVs contain several virions, GVs only one. (B) EI  ectron micrograph of Cydia pomo-
nella granulovirus (CpGV). Viral occlusion bodies (OB) a nd virions (ODV) are clearly
visible. Photo: Dr. A. Huger, Julius Kuihn-Institut, Darmstadt.

Baculoviruses infect only larval instars, and tretunal way of infection is the oral
infection by uptaking OBs. Primary infection istiated when virus OBs are dissolved
in the alcaline conditions (pH > 10) of the inseutigut (Fig. 1.2). The virions then
released from the OBs are called occlusion-denwges (ODVs). The next barrier to
virus infection in the insect midgut is the penghaic membrane (PM). For the disinte-
gration of the PM two mechanisms are discussed, lyne&irus-coded metallopro-
teinases (Wang et al., 1997) or by bacterial pnatses associated with the OB (Rubin-
stein and Polson, 1982; Rohrmann, 2008). Infeaticthe midgut epithelial cells is then
mediated by four genes, the thqger os infectivity factorgpif) andp74. These genes
have conserved homologues in all sequenced bacusogenomes (Faulkner et al.,
1997; Kikhno et al., 2002; Pijlman, 2003; Fang kt 2006). P74 was shown to be

essential for primary infection of larval midgutllseby mediating ODV binding to
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cellular targets (Faulkner et al., 1997). PIF-1 &tl-2 are also essential for mediating
receptor binding to midgut cells, whereas PIF-thilved in another crucial, but yet
unidentified event in primary infection (Ohkawa,08). After entering the cell, the
ODVs are transported to the nucleus, a process;hwiiost likely involves actin po-
lymerization (Lanier and Volkman, 1998). Here, saniption of viral genes and ge-
nome replication is induced. Viral replication lsaid the development of a virogenic
stroma and hypertrophy of the nucleus (Walker et1882). Typical for the granulovi-
rus initial phase of replication is the enlargemehthe nucleus, which is attended by
the disintegration of its membrane (Federici, 19%0llowing the production of nu-
cleocapsids, the newly synthesised genomes areagedkwith viral proteins. The
nucleocapsids bud out of the basal plasmalemmaeapire an envelope derived from
the cell membrane during this process (Granadod.amdker, 1981). This virion pheno-
type is now called budded virus (BV) and spreadstracheal and/or hemolymph in the
insect causing the secondary infection. The majdrflsion protein is the F protein,
which is involved in entering into and budding fraalls. The F protein is found in all
lepidopteran baculoviruses (Pearson and Rohrma&g)2However, in some lepidop-
teran NPVs, the so-called group | NPVs, the fumctad the F protein is replaced by
GP64 (Lung et al., 2002). Insect tissues are ethteyeeither direct penetration trough
the basal lamina, or by tracheal junctions. Somes,&/g. CpGV, infect the tracheal
matrix it enters the tissue by direct penetratibrB9 from the midgut cells into tra-
cheoblasts (Federici, 1997). Later in secondargcindn, the nucleus enlarges and
ruptures; cytopslam and nucleoplasm mix. Nucleddapassemble and are enveloped
by membranes outside the stroma. The OB proteimirais highly expressed in the
very late phase of infection, and virions are odelliand the cell becomes filled with
granules (Federici, 1997). In the final stage d&dtion, tissues and cells of the insects
disintegrate and the OBs are released into the@mwient, ready to start a new infec-

tion cycle when they are ingested by other insects.
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- insect midgut

peritrophic membrane (PM)

primary infection midgut cells
C
secondary infection N o other tissues

Q o oo(O)Bs

Fig. 1.2. Schematic CpGV infection cycle. (A) After  uptake of occlusion bodies (OBs) per
0s, the OBs are solubilised in the alkaline milieu of the insect midgut, releasing the oc-
clusion derived viruses (ODVs). ODVs pass the perit  rophic membrane (PM). (B) Primary
infection starts with fusion of ODVs with the midgu t epithelial cells. They enter the nu-
cleus (N), where replication is started. The newly synthesised nucleocapsids bud
through the membrane of the epithelial cell. (C) Se  condary infection starts with release of
budded virus (BV) and the infection of other tissue cells. After replication in the nucleus
(N), nucleocapsids are embedded in proteinaceous oc  clusion bodies (OBs) very late in
infection. Upon liquefaction of the host cells, OBs are released into environment to start
the next infection cycle.

1.1.2 Classification of baculoviruses

Until recently, classification was mainly basedtbe morphological features of OBs.
With increasing availability of genomic data, phyémetic analyses using conserved
baculovirus genes provided further insight into Waeirus diversity and evolution.
Based on gene content, NPVs can be divided intogiwaps. Group | NPVs for exam-
ple possess as their BV fusion protein GP64, gribupPVs lack gp64 using the F

protein (Zanotto et al., 1993; Pearson et al., 20Based on phylogenetic comparison
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of 29 baculovirus genomes, it was found that baduls phylogeny does not follow the
OB morphology, rather than host phylogeny (Jehlal.e2006c; Herniou et al., 2003).
Accordingly, a new classification containing fowengra of the baculovirus family was
established: Alphabaculoviruses include all leptdogn-specific NPVs, whereas Beta-
baculoviruses comprise the lepidopteran-specific sG\¥Gammabaculoviruses and
Deltabaculoviruses include hymenopteran-specifid/dlRnd dipteran-specific NPVs,
respectively. Baculoviruses are named accordinghé host from which they were
isolated. Their names are abbreviated using tketfiro letters of the genus and species.
Only viruses with numerous citations in literatamed originally named using only the
first letter of genus and species of their hostgin their original abbreviations (Rohr-
mann, 2008).

1.1.3 Baculovirus genome and gene expression

By biochemical analysis and electron microscopyubavirus genomes were found
already more than 30 years ago to appear as aiycahzalently closed DNAs with wide
divergence in size within different viruses (Sumse972). Restriction endonuclease
analysis (REN) has been available since the 19@0sHaracterisation of baculovirus
genomes. It provides a powerful tool for the estiaraof total genome sizes, identifica-
tion of different baculoviruses or for establishpigysical maps of the genomes (Possee
and Rohrmann, 1997). The next step to revolutioges®mme analysis was the possibil-
ity of whole genome sequencing. Since the firstlippbon of the completely se-
guenced genome diutographa californicamultinucleocapsid nucleopolyhedrovirus
(ACMNPV) in 1994 (Ayres et al., 1994), the numbésequenced baculovirus genomes
increased rapidly over three in 1997 (Possee arttrrRann, 1997) to more than 50
today (Harrison, 2009). Genome sizes of baculoeswuescribed so far range from 80
to 180 kb, encoding between 89 open reading fraf@&d-s) inNeodiprion sertifer
(Nese) NPV to 181 ORFs iKestia c-nigrum(Xecn) GV (Van Oers and Vlak, 2007).
Comparative analysis of 13 baculovirus genomesatede30 core genes, which are
present in all baculoviruses analysed. The prodoicteese genes are involved in dif-

ferent stages of the infection cycle and could $sgmed to RNA transcription, DNA
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replication, to structural and auxiliary proteinsdaproteins which function have not
been determined yet (Herniou et al., 2003). Theew&hge of genome sizes indicates
that some baculoviruses lack genes present in theuloviruses (Possee and Rohr-
mann, 1997). Indeed, differences in gene content wet only found between different
viruses, but even in isolates of one virus. Congoariof the genomes of two genotypes
of Mamestra configuratanucleopolyhedrovirus-A (MacoNPV-A) isolated frorhet
same host population revealed one additional ORé&nm of the genotypes (Li et al.,
2005). Comparison of four variants of ACMNPV showbdt these field isolates con-
tained an additional gene compaired to the preWatdstermined sequence (Yanase et
al., 2000), showing that genomic heterogeneity acuboviruses can also be found
between isolates of one species.

Several sources of genetic variability have beeatkd during the last decades. Genetic
differences are primarily found in the regionbwb (baculovirus repeated open reading
frame)genes, suggesting that they are involved in piogithaculovirus genome varia-
tion (Li et al., 2005). Recombination events (faample when a host is infected with
more than one virus isolate) and the uptake ofspasons play a role in the acquire-
ment of new genes (Van Oers and Vlak, 2007). Hateotransfer of transposable
elements has also been described for some baawsesirincluding CpGV (Jehle et al.,
1995; 1998). Beyond that, regions containimg(lhomologous regionjepeats are hot-
spots of intragenomic recombination (Van Oers atak)2007), contributing to the
genomic plasticity described for baculoviruses. Seheegions consist of both direct
repeats and imperfect palindromes with similar ¢erparts spread over the genome
(Possee and Rohrmann, 199Hy. regions were also showo function ascis-acting
transcriptionalenhancers of early gene expression in ACMNPV (Ld Bhiller, 1997)

and may act as origins of replicatiarij (Kool et al., 1994).

Baculovirus ORFs are present on both DNA strandslockwise and anti-clockwise

orientation. They start with ATG and generally dut nontain introns, an exception is
the ACMNPV ie0 transcriptional unitwith an intron of 4.5 kb. Baculovirus gene ex-
pression is temporarily regulated by four clasdegemes: Immediate early genes (IE),
delayed early genes (DE), late (L) and very latk)(§enes (Van Oers and Vlak, 2007).
By definition, the early genes are transcribed teeforus replication. Therefore, early
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transcription is independent of viral DNA replicatiand late gene expression (Friesen,
1997). Early genes are transcribed by host RNAmehase Il and are thus not affected
by inhibitors of DNA synthesis. Their gene produdte the transactivatde-1 activate
delayed-early genes. Proteins needed for viral Diplication or for reprograming

hosts cells towards virus propagation are encoglezhldy genes.

Late genes are transcribed after the beginningraf BWNA replication and are encoded
by viral RNA polymerase, insensitive ieamanitin. They code for structural proteins;
for examplep6.9 vp39 vpl054andvp9l are involved in nucleocapsid structure or
assembly and are conserved among baculovirus genfiieeniou et al., 2003). In the
very late phase, genes for structural proteins piglyhedrin/granulin for OB synthesis
are transcribed. Baculovirus late gene expresssolinked to DNA replication. For
expression of late genes, the so-called late esiomesfactors (LEFs) are needed
(Friesen, 1997; van Oers and Vlak, 2007). All bo¢ genes associated with ACMNPV
late gene expression and DNA replication are aigolved in host range determination
(Thiem, 1997).

1.1.4 Baculovirus host range determination

In general, baculoviruses have a very narrow hargge. The determining factor of their
host specificity is the ability to enter cells aigbues of the host organism, to replicate
there and to produce new virus particles (Thien®7)9The occlusion body is the first
limitation for host entry. Lepidopteran larvae harealkaline midgut milieu, where the
proteinacous matrix of the OB is dissolved for aske of the virions. Organisms lacking
these alkaline conditions should therefore not Umcaptible to baculovirus infection.
Indeed, studies on non-target organisms like bindgmmals and wasps revealed no
effect of OB uptake (Miller and Lu, 1997). As thectuded form of virus is the form
usually applied in the field, this kind of host ganlimitation is a natural advantage for

the use of baculoviruses as biocontrol agent.

On molecular level, host range is limited by thdigbof the viral protein products to

interact with host cell components. Numerous stuti@ve been made using insect cell
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culture transfected witlBombyx morinuclear polyhedrosis virus (BmNPV) and
AcMNPV. These two baculoviruses show a high segeedentity of about 93% on
predicted protein level, but they differ signifitgnin their infectivity for host cells.
BmNPV replicates irBombyx moriBmN) cells, but not irBpodoptera frugiperdéSf)
cells; ACMNPV replicates in Sf (and many other digles), but not in BmN cells. De-
spite the fact that these two viruses do not infleeir heterologous cell line, the patterns
of gene expression differed in the non-permisselélmes (for review see Rohrmann,
2008).

Further limitations to viral infection can occurthe level of virus entry into cells or by
a block of replication in the selected cells (rexed in Lu and Miller, 1997). Regarding
virus entry into cell, the role of BV is crucialrfbost range considerations, because they
spread the systemic infection in the insect tissi83 enter cells by endocytosis
(Volkman et al., 1986). Studies on AcCMNPV BV entnyo non-permissive insect cells
showed that the BV were able to enter the cells tandeliver the viral DNA to the
nucleus (Miller and Lu, 1997). The expression giorter genes under the control of
different promoters revealed that expression cbeldietected from host and early viral
promoters, while it was not present in all celeknfrom late or very late promotors. The
finding that ACMNPV was able to enter into the raud of several cell lines suggested
that the baculovirus host range is not determinethb presence of appropriate recep-
tors for virus attachment and entry into the hadl, but that the block of infection in
semi- or nonpermissive insect cells takes placenduor after gene transcription, ex-
pression or viral DNA replication. This was corroéied by the fact that ACMNPV is

also able to enter mammalian cells (Miller and 1997; Thiem, 1997).

During the last two decades, several genes whiemge be involved in host range
determination could be identified. Following homgdais recombination by co-
infection of Sf21 cells with BmNPV and AcMNPV, acmmbinant virus eh-AcCMNPV

with wider host range could be isolated (Maedaletl®93). This recombinant virus
was able to replicate in both Sf21 and BmN cell&72 bp fragment could be identified
in eh-AcMNPV which originated from BmNPV and waspensible for this altered
host range. This fragment derived from the codegjan of the putative DNA helicase

gene, implicating that DNA helicase plays a rolebaculovirus host range definition
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(Maeda et al., 1993). Further studies performedhenminimal essential nucleotides
(nt) involved in expanding the ACMNPV host rangewhkd that substitution of the two
nucleotides G and C in AcCMNPV to A and T in theambinant virus were sufficient to
expand its host range (Croizier et al, 1994). ®ubstitution changed a single amino
acid from Ser (ACMNPV) to Asp (BmNPV). Coinfectiasf wild-type BmNPV and
AcMNPV in BmN cells led to a complete inhibition BIMNPYV replication and a stop
of both viral and host protein synthesis. This @ff@as not found when co-infection
was done using the eh-AcMNPV mutant carrying th2 B fragment originating from
BmNPV. Therefore, it was suggested that the AcCMN#HM-type DNA helicase inhib-
its directly or indirectly the translational mackmg of BmN cells (Kamita and Maeda,
1993).

Transient expression assays in Sf21 revealed #haehes of ACMNPV contribute to
the expression of a reporter gene under late pir@motor control, the so-called late
expression factor€f) genes (Lu and Miller, 1995). Testing of this LHbrary in TN-
368 cells (deriving fromTrichoplusia n) indicated that in this cell line, an additional
factor was necessary for reporter gene expresBipuoo-transfection of the LEF library
with an AcCMNPV clone library, ORF 70 could be idéetl as beeing involved in late
gene expression and was therefore termed hossmetific factor-1 fjcf-1) (Lu and
Miller, 1995). Another host range factordiric1) was identified as aymantria dispar
multiple nucleopolyhedrovirus (LAMNPV) gene whicimabled AcCMNPV to infect
Ld652Y cells (deriving fromL. dispal) after co-transfection with the two viruses
(Thiem et al., 1996)Hrf-1 is not associated with DNA replication or late gexpres-
sion (Thiem, 1997). Among the baculoviruses, omy brf-1 homologue is found in
Orgyia pseudotsugateultiple nucleopolyhedrovirus (OpMNPV), raisingetlquestion
of the evolutionary origin dfirf-1 (Ikeda et al., 2005).

One reaction of insect cells to counteract virdéation is the initiation of host cell
apoptosis. To overcome this block of infection, Wlaciruses are able to interfere with
this process using different genes and mechanisgmgeyed in Rohrmann, 1998). The
AcMNPV p35overcomes the host cellular defense against iofetly expression of an
inhibitor. P35 blocks apoptosis, which can be irgtlimn some insect cells as a repsonse

to viral infection, by binding to and inactivatiaf caspase 1 (Bump et al., 1995). In
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CpGV, a gene with similar function was identifieddatermedap (inhibitor of apop-
tosis). The predicted polypeptide sequence of IédAtaining a zinc-finger motif, had
no homology to AcCMNPV P35, indicating that thes@ageare unrelated in their mode

of action and evolutionary history.

1.1.5 Cydia pomonella Granulovirus (CpGV)

CpGV was first isolated from infected codling mdM) larvae in 1963 in Mexico
(CpGV-M) (Tanada, 1964). Due to its high viruleragginst codling moth, its detection
was promising for the development of CM controlatgies (Tanada, 1968). Since
1979, research on biological control using baculses was concerned with produc-
tion, standardisation, formulation and applicatadrvirus products. In France, an apple
orchard IPM (integrated pest management) prograsitiven based on the application
of CpGV, and the product Carpovirusine was develogad tested in several orchards.
In 1987, the CpGV-product Madex was registerd int&wand by Andermatt Biocon-
trol. Two years later, Hochst registered GranupanGermany (Huber, 1998). Since
then, CpGV products have been applied in most efEbropean countries, in South
Africa, North and South America and in New Zeala’d. products registered in
Europe contain the isolate CpGV-M as active ingretliBased on restriction fragment
length polymorphism (RFLP) analysis, further isetafrom England (CpGV-E) and
Russia (CpGV-R) have been identified (Crook et¥85; Crook et al., 1997), but not
applied in the field, because they did not show sunyerior effect to CpGV-M in labo-

ratory bioassays.

The isolate CpGV-M1, am vivo cloned genotype of CpGV-M, was completely se-
guenced (Lugue et al., 2001). The circular closetbgne contained 143 putative ORFs
and had a length of 123,500 nt. Eleven of these SORE so far found to be unique to
CpGV (Lange, 2003). 118 ORFs were homologous tarotiaculoviruses. Coding

sequences represented 88.4% of the genome. In Cg&Vhomologous repeat se-
guencest{rs), present in most baculovirus genomes (Van Oeds\dak, 2007), were

not present. Instead, one major repeat region &ndopies of a 73-77 bp imperfect

palindrome dispersed over the genome were founquéet al., 2001). These 13 repeat
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regions were shown to replicate in infection-degnicdssays and are therefore putative

origins of replication(ori) in CpGV (Hilton and Winstanley, 2007).

1.2 Cydia pomonella: a pest in apple orchards

The geographical origin of the codling mdilydia pomonellgL.) is Eurasia, where it
was associated with apples and walnuts. From tlitespread around the world with
growing production of apples and pears and becamajar pest in plantings. Further
hosts are quinces and apricots. The damage omuite it caused by the feeding larvae
(Barnes, 1991). Today, CM is an important pestumoge, North and South America,
South Africa, New Zealand and Australia (Vickersl awothschild, 1991). CM infesta-
tion can result in consequences as drastic as pletarioss of marketable fruits, caus-

ing severe economic damage to the growers.

1.2.1 Codling moth life cycle and damage

Full-grown codling moth larvae (L5) are overwintegiin a cocoon hidden under the
bark of sterns or branches, in a stage called dspa@etween April and June, they start
to pupate, most likely controlled by temperaturarties, 1991). End of May, the moths
of the first generation hatch. Their flight timedsaring dusk at temperatures of about
15°C (Alford, 1984). Eggs are laid on fruits andves, with egg development being
temperature-dependent and taking 80-85 degree wdiistemperatures over 10°C
(Harzer, 2006). After 10 to 14 days, L1 larvaetstarhatch (Alford, 1984). Between
several hours and a few days later, the neonatadastart to bore into the fruit, often
through the calyx to the core, where they also {gtdzer, 2006). The following larval
stages (L2-L5) develop in the fruit. After four iwe weeks, the L5-larvae leave the
fruit. The length of the single larval stages ismhatemperature-dependent. L5 larvae
then either hide under rough bark for the next doahdiapause, or, beginning of July
until August, they start to pupate again and dgv@lsecond generation. From end of
July to beginning of September, the second gemerati moth flys. In Southern
Europe, two to three generations per year are cammbereas in Northern Europe
only one generation appears. Depending on clintatndlitions, up to four generations

per year can be observed (Lacey et al., 2007). llyswaly one larva develops in one
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apple. Infested fruits are not marketable and caly be used for juice production.
Inside the fruit, the larva feeds on the pulp also an the developing seeds. The open-
ings fill with feces and the color of the entry éahanges to red. Damaged fruits ripen
and fall down from the tree earlier than healthytf. The second generation can cause
damage even more severe as the first generatioaube eggs are laid on already ripen-
ing fruits. High infestation is especially observeldse to fruit storehouses or to the
storage of fruit boxes from the preceding year ¢Adf 1984). Even after heavy frost
periods, when all fruit sets are destroyed anduitsfdevelop, CM does not die out, the

larvae then feed on leaves and sprouts (Heinze3)197

1.2.2 Codling moth control strategies

Codling moth is the most devastating pest of app&nes, 1991). If CM control fails
in an orchard, further pest control (mites, aphidsfrollers etc.) is invalid, because
production of high quality fruits is not possibleér6ft and Riedel, 1991). Assailable for
biological control are the larval stages L1 and ttig other larval stages L2 to L4 de-
velop in the fruits. Neonates are only amenabléd thety bore into the fruit. Diapausing
or L5 larvae are accessible to control agents flamger period, but they do not feed
anymore and therefore can not uptake pathogenss(Lacey et al., 2007). The appli-
cation of chemical insecticides to control neonkevae underwent several “eras”
(Croft and Riedel, 1991). Until the 1950s, contodlL1 larvae was done with lead
arsenate as gut insecticide or using DDT, becatige tong effectivity (Kotte, 1958).
However, CM populations developped resistance enfigd to both chemicals (Croft
and Riedel, 1991). Therefore, new compounds like diganophosphate parathion or
several pyrethroids were introduced, but the pdggilf further resistance develop-
ment had to be kept in mind. Chemical insecticichas also have severe effects on non-
target organisms. Besides, the consumer today wnlateaccept fruits with residues of
chemical pesticides. Therefore, biological conagénts became more and more impor-
tant. On one hand, natural enemies of insectspiétasitoids, nematodes, protozoa and
bacteria haven been tested in the field (revieweBalcon and Huber, 1991). But they
showed only little decrease of fruit damage or wamgted to distinct climatic condi-

tions. Reduction of codling moth damage was replovtben using entomopathogenic



INTRODUCTION 26

fungi (Falcon and Huber, 1991). On the other hamdattempt to control CM on the
level of moth is mating disruption using pheromahgpensers. However, success of
this so-called mating disruption depends on popmuiatensitiy and the number of
generations per season and is therefore only uigefuinonitoring. Usually, fruit dam-
age must not exceed 1-2% to be economically maablenfor the grower. Therefore,
mating disruption is combined with the use of inmédes when the larval population
exceeds 1000 per hectare (Vickers and Rothsch@fl1)1 Against the background of
these control attempts, it is apparent that theadisry of CpGV solved several prob-
lems of the conventional insecticides. It is highpecific to CM and therefore does not
interfere with non-target organisms in the orchdrais is combined with a very high
virulence to CM; its LI, for neonate larvae was determined to 1.2 granates/
(Huber, 1986). Transmission of the virus from ingednsect may spread infection in a
CM population. On the other hand, there are sonmearos of the growers regarding
CpGV application: its inactivation by UV radiatioa,slow speed of kill and the need
for multiple applications, which is attended byHheg costs. Today, CpGV is applied on
more than 100,000 ha in Europe and North Americapm@ing to informations from

CpGV producers.

1.2.3 Occurrence of codling moth resistance to CpGV

It was often assumed that the development of esistin codling moth against CpGV
was unlikely, due to the complex replication cyefeCpGV (Rohrmann, 1998). Resis-
tance was only induced in lab experiments when ladipas were kept under selection
pressure, and insects returned to their initiaklleaf susceptibility, when selection
pressure was ended. Threefold resistance was @usena laboratory strain of the fall
armyworm, Spodoptera frugiperdaunder selection pressure, which was lost when
selection was stopped (Fuxa and Richter, 1989bdratory strain of the velvetbean
caterpillarAnticarsia gemmataligleveloped five fold resistance to its nucleopotiroe
virus (AgMNPV) within four generations, but retuth& its original level of suscepti-
bility after stopping virus exposure. Two furtherckes of selection for resistance and
its reversion could be performed, suggesting thebrarol agent which induced resis-

tance in a population can regain its usefulnesswirels treatment is terminated (Fuxa
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and Richter, 1998). After selection with NPV foreovi3 generations, Brazilian colo-
nies of A. gemmatalisbecame 1000 fold more resistant, whereas colom@s the
United States revealed only five times higher tasise (Abot et al., 1996).

Codling moth populations which showed a reducedeqtsbility to CpGV application
in the field were first observed in two orchards2@003. F1 offspring of these field
populations was tested in bioassay and showed & @00 fold reduced susceptibility
to CpGV than the sensitive lab population (Fritsttal., 2005). At the same time, bio-
assay tests on a CM field population in Franceakka 13,000 fold reduced suscepti-
bility compared to the internal lab population (Blaanor et al., 2006). Until 2006, CM
populations of 13 German organic apple orcharde wested systematically in bioassay
for their susceptibility to CpGV-M. Resistance oatifrom 1000 to 10,000 fold were
reported (Asser-Kaiser et al., 2007). Initially, searossing experiments of a laboratory
reared field strain (BW-FI-03, Stud-Baden) suggested CpGV resistance is inherited
in an autosomal, semidominant manner (Eberle anié J2006). However, when single
pair crosses of a strain CpRR1, which derived fi®wi-FI-03 were performed, clear
evidence for a sex-linkage to the chromosome Zawdncentration dependent domi-
nance could be provided (Asser-Kaiser et al, 2@0720). This was consistent with the
observation of rapid emergence of CpGV resistaSetection for both homozygous
and heterozygous resistant insects was fosteratebfact that all commercially avail-
able products in Europe were all based on onetesd@pGV-M, which was applied

several times during a season for several yedteionrchards.
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1.3 Aim of this thesis

Since the first occurrence of codling moth resistaa few years ago, an intense search
for future alternatives to CpGV-M was initiated I{le et al., 2006a; Jehle, 2006b).
When the mode of inheritance of resistance to CpGWas determined, it was clear
that resistance management could not be basedriheflCpGV-M application. Sex-
linked inheritance provides a rapid selection, @émndas suggested that the resistance
gene is selected for in the field even at low vicesicentrations (Asser-Kaiser et al.,
2007).

This situation was the basis of questions to beesbin this theses:
* Are there other CpGV isolates more virulent to Girt CpGV-M?
e If so, what is the difference to conventional CpGN?-

* Is it due to an additional gene present in restgasvercoming isolates or is it

based on a single nucleotide mutation?
* What is the molecular mechanism of overcoming tasce?

* And what does this mean for the future applicabdiCpGV in biological con-

trol of codling moth?

In Chapter 3, 16 CpGV isolates originating fromfelént geographic regions were
tested for their virulence in bioassays. For deteimg differences in their genomic
content or organisation and for their charactaonsatCpGV isolates were compared to
CpGV-M1/-M by RFLP analysis.

Genomic differences found between resistance owgrgpisolates and CpGV-M1 by
RFLP analysis were investigated by partial genoetgiencing in described Chapter 4.
By phylogenetic analysis of single nucleotide patyphisms (SNPs) in conserved
genes, a new grouping of isolates which is not dbase the geographic origin was

aimed for.
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Whole genome sequencing (Chapter 5) of two resistamvercoming isolates and
CpGV-M as internal reference was done to investigkfiferences between the isolates

on genomic level.

In Chapter 6, the difference found between restgavercoming isolates and CpGV-
M1 was tested for its role in overcoming resistantee role of the genpe38was
investigated by knock out gfe38of a CpGV-M bacmid and swapping of CpGV-112

pe38into the knock out bacmid.

The results of all chapters are combined in Chaptand discussed for a general con-

clusion.
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2 Materials

2.1 Chemicals

The following chemicals (Table 2.1a) and antibisti€able 2.1b) were used:

Table 2.1a. The chemicals used were purchased from

the following suppliers.

1 kb DNA ladder

GeneRuler™

10 x NH;, reaction buffer

Axon Labortechnik

50 mM MgCL solution

Axon Labortechnik

Antibiotics

Roth

dNTP-Mix 12.5 pml

Axon Labortechnik

Fast Digest restriction enzymes

New England Biolabs

iProof™ High-Fidelity DNA Polymerase 2 U/ul Bio-Rad
IPTG Roth
other chemicals Roth

PCR Primer Eurofins mwg operon
Proteinase K Roth
QuantiTect SYBRGreen | PCR Kit Qiagen

Restriction enzymes

Fermentas Life Sciences

RNAse A

Roth

T4 DNA Ligase 1U/ul

Fermentas Life Sciences

TagDNA Polymerase 1000 units, 5 U/ul

Axon Laborte&hni

X-Gal

Roth

MHindIll DNA ladder

Fermentas Life Sciences
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Table 2.1b. Antibiotics for selecting the different

bacmids constructed.

Antibiotics Stock solution

Chloramphenicol 30 mg/ml in EtOH

Ampicillin 100 mg/ml in 50% EtOH

Tetracycline 10 mg/ml in 75% EtOH

Kanamycin 30mg/ml in dd$D

2.2 Bacterial strains and plasmids

For cloning of plasmid and bacmids, following matkr (Table 2.2) were used.

Table 2.2. Cells and plasmids used for the cloning

of different bacmid constructs.

E. coli strain  Description Supplier
DH5a F®80dacZAM15A(lacZYA)U169, recAl, Invitrogen

endAl, hsdR17, (k,m¢’), phoA, sufE44,)” thi°

gyrA96 relAl
TransforMax™ F ,mcrA, A(mrr-hscRMS-mcrBC) Epicentre
EPI300™ ®80dacZAM15, AlacX74,recAl, endAl,

araD139,A(ara, ley7697,galu, galK, A, rpsL,

nupG, trfA, dhfr
Plasmid Description Supplier
puUC19 0.5 pg/ul Fermentas

Life Sciences

CpBac Elmenofy (2008) -
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2.3 Media and buffers

All solutions, buffers and media were prepareddi# and autoclaved (121°C, 1bar,
20 min) or sterilised by filtration (0.11 pm Millype-Filter).

LB-Agar (Luria Bertani Medium)

59 Bacto Tryptone
10g Bacto Yeast Extract
59 NaCl

15 g Agar were added when preparing solid LB metie pH value was adjusted to
7.2-7.5 by titrating with 1 N NaOH or HCI befondlifg up to a volume of 1 L.

SOC-Medium

20g Bacto Tryptone

59 Bacto Yeast Extract
0.5g NacCl

0.2g KCl

2g MgSQx 7 HO

After filling up to a volume of 1 L and sterilisati by autoclaving, 20 ml sterile filtered

1 M glucose were added.

TE- Puffer pH 8

10 mM Tris-HCI pH 8.0
1 mM EDTA pH 8.0
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10 x TAE- Puffer

48.49g Tris
11.4 ml acetic acid

10ml 1 MEDTAPpH 8.0

Sterilisation was done by autoclaving after filliag to a volume of 1 L.

Semi- synthetic insect medium (Ivaldi-Sender)

For 500 ml semi-synthetic medium (lvaldi-Sender74)xhe following components were

weighed in:

32g corn meal

59 agaragar

33 g wheat germ
15g brewers yeast
2.85 g ascorbic acid

1.15 g 4-Hydroxybenzoesauremethylester (nipagin)

Agar and corn meal were disolved in 500 ml wated antoclaved. Ascorbic acid was
dissolved in 25-30 ml distilled water, nipagin insmall volume of 96% EtOH (v/v).
Corn meal, agar, wheat germ, brewer's yeast andgmpwere mixed directly after
autoclaving. In order to avoid decomposition, asimoacid was added when the mixture
had cooled down to 60°C.

2.4 Insect strains

SusceptibleCydia pomonelldarvae (CpS) used as reference strain in the &yaswere
derived from the insect rearing at the DLR RheitgpfdNeustadt/Weinstrasse. This

population originated from Andermatt Biocontrol (&erland) and has been reared

33
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continuously virus free for more than nine yearse Generation time of CpS was about
one month. After the population became CpGV comtateid at the end of 2008, a new
population was established from codling moth eggwered from Andermatt Biocontrol
AG (Switzerland).

The resistant strain CpR (BW-FI-03) originated frarfield population from an orchard
in South Baden, Germany, where CpGV products faited¢ontrol the codling moth
population (Fritsch et al.,, 2005). The populatiopRChas been reared at the DLR
Rheinpfalz since 2005.

Establishment of a homogenous resistant popula@@ipRR1 based on the insect strain
CpR had become necessary in 2006. Testing of tlsprofg of single pair crosses of
CpR had shown that this strain still contained spsble insects (Asser-Kaiser et al.,
2007). The offspring of single pair crosses wegte# at a discriminative concentration
of 5.8 x 10 OB/ml (Asser-Kaiser et al., 2009). Families wi#sistant offspring were
subjected to two further rounds of selection befstablishing the homogenous strain
CpRR1 (Asser-Kaiser et al., 2007).

2.5 Origin of CpGV lIsolates

The so-called “Mexican Isolate” CpGV-M (Tanada, 498 identical to the virus used in
the commercial products registered in Europe (Hub2®8). It was already established
as a virus stock at the DLR Rheinpfalz. By propeggthis strain, the virus stock CpGV-
M (EU) was produced as a reference for the EU ptdfgustainCpGV”.

The isolates originating from Iran, Georgia and hagan were collected and kindly
provided by Dr. Mohammadreza Rezapanah (PPDRI Tehran) (Table 2.3). Then
vivo cloned isolate CpGV-E2 derived from the so-calféhglish Isolate” CpGV-E
(Crook et al., 1985) and was kindly provided by Doreen Winstanley, Horticulture
Research International (HRI), Wellesbourne, UK.

Two isolates from Georgia, CpGV-G01 and -G02, wkiredly provided by Dr. T.
Chkhubianishvili (University of Tiflis, Georgia).
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Table 2.3. Designation and origion of CpGV isolates

examined in this work.

Isolate Origin

CpGV-M virus stock, DLR Rheinpfalz

CpGV-M (EU) virus stock, propagated from CpGV-M 8atN° TPCpGVBTPS_02

CpGV-112 Tabriz, Iran
Stock DLR Rheinpfalz, Batch- N° TPCpGVI12_01

CpGV-101 Ghazvin, Iran (Laborstamm), larvae cokectin September 1999
(Rezapanah et al., 2008)

CpGV-108 Orumiyeh, Iran, larvae collected in Sepbem1999 (Rezapanah et al.,
2008)

CpGV-166 Masshad, Iran, larvae collected in Sepemi®99 (Rezapanah et al.,
2008)

CpGV-168 Orumiyeh, Iran, larvae collected in Septem1997 (Rezapanah et al.,
2008)

CpGV-107 Ghazvin, Iran (lab strain) (Rezapanahl.e2808)

CpGV-GO01 Georgia

CpGV-G02 Georgia

CpGV-E2 isolated byn vivo cloning of CpGV-E (Reading) (Crook et al., 1997)

CpGV-S isolation of Virosoft™

CpGV-AZ1 Guba, Azerbaijan, collected August 2007rtla2008

CpGV-AZ2 Guba, Azerbaijan, collected August 2007rta2008

CpGV-AZ3 Guba, Azerbaijan, collected August 2007rtle2008

CpGV-Az4 Guba, Azerbaijan, collected August 2007rtha2008

CpGV-AZ5 Guba, Azerbaijan, collected August 2007rtha2008

CpGV-AZ6 Guba, Azerbaijan, collected August 2007rtha2008

CpGV-AZ7 Guba, Azerbaijan, collected August 2007rtha2008

CpGV-G03 Gori, Azerbaijan, collected August 2007¢b4a2008

CpGV-G04

Gori, Azerbaijan, collected August 2007¢b4a2008
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2.6 Software

For assembling the contigs obtained from whole gensequencing to a consensus
sequence, the program Segman of the DNAStar Laserfeersion 7.1.0, DNASTAR
Inc.) package was used. For open reading frame YQirRddiction, the consensus se-
guence was exported into Genequest. Primerdesigrmperéormed using PrimerSelect.

Sequence alignments were performed using Clustahplemented in Bioedit (BioEdit
Sequence Alignment Editor 7.0.5.3). Phylogenetialysis based on these alignments
was done using MEGA 3.1 (Kumar et al., 2004).

The statistical analysis of bioassays was performvéd ToxRat Solutions Standard
Version 2.09 (ToxRat Solutions GmbH).

Documentation of agarose electrophoresis gels was dsing Opticon Monitor 3.1.12
(BioRad, 2005).

2.7 Oligonucleotides

Primer walking strategy was used to fill the remagngaps after CpGV-I12 whole

genome sequencing (Table 2.4).

Table 2.4. Oligonucleotides designed for filling th e gaps after sequencing the CpGV-I12
genome. Given are the internal name, primer sequenc e in direction 5°-3" and the corre-
sponding genome position in CpGV-M1 (Luque et al., 2001) which was used as a template
for sequence assembly.

primer sequence 5- 3° nt CpGV-M1

55115 for GTCTCTGAGGGGTCGTCTTT 54,351-54,37(
55785 rev AATCCAACCCGCTCTGAATC 55,002-55,021
27839 for TATCTGGGCGGCGAGGTTATCT 27,124-27,145
28275 rev CCGAGGAAGTAGTGGTAGTGGTGA 27,560-27,583
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primer sequence 5- 3° nt CpGV-M1
12586 _for GGATCCTCACCCAGTTTCAGT 12,586-12,604
13131 rev AGTGTCGTGGGTTGTAGTATTTTG 13,131-13,154

#3Karolin_for
#3Karolin_rev
66568 _upper
66568 lower
64665 _upper
65091 lower
100712_upper
100955 _lower
119999 upper
119999 lower
64618 _upper
65043 _lower
88245 upper
89345 lower
88587_upper
88587 _lower
27145 upper
27145 lower
36980 _upper
36980 _lower
42600 _upper
42600 _lower
3195 upper
3195 lower

AGGAGGAGGTTAGTGGAGGGTGTT
AGGAGAGTAAATCGTGGCAGTTGA
ACTTGTTCCTTGACCGCCTACGA
TCACCCCTTTTGCACCCTTGTT
TTGTTCCTTGACCGCCTACG
GACCCCTTGTTCACCACTCG
GAGACGACAAAGGGCGACGAC
CATCAGCGACTCCAGTTCAATCAG
CACGGTGTTGACAATGATGCTGA
AACAGTGCCACCACGCTCACA
CCACCCACATACATCATCAAATCT
CGCACCCACCAAATCGTTC
CGGCCGTGCATCGTTTTAG
GGGGCAGACTCGGTGTTACTG
GAGGGTGGCGCGGAATAAGA
ACAATGCATCAAAGGCGTCGTT
TTTTGACGCCGCAGAGCCAGTA
CGGACACAAACACGCCACATA
GGCGGGTCCAGAAAATGTTA
GGTGGTGGTGGTAGTGATGATAGT
CGAGTGCCAAGCTGAAGGTGATAG
TGGTTGCGCTGGTTCTTGTTTTAG
GTGAGCGAAAACGGAAAATGACA
CGAAGCGGACGTGGAGGAGTT

46,682-46,709
47,208-47,231
65,562-65,584
66,381-66,404
65,564-65,534
66,372-66,389
99,525-99,545

100,146-100,164
119,056-119,079
119,630-119,65(

63,506-63,529
64,285-64,303
86,684-86,704
86,6118-88,631
87,736-87,759
88,684-88,709
26,295-26,314
27,233-27,259
36,143-36,164
37,036-37,059
41,818-41,841]
42,206-42,229
2951-2973
3752-3772

)
3




MATERIALS

For localisation of deletions, insertions or congam of mutations in different CpGV
isolates, specific PCR primers were designed (Talbg These primers were also used

for sequencing (Genterprise Genomics, Mainz). Cg&V{Luque et al., 2001), was

used as template sequence.

Table 2.5. Oligonucleotides designed for localisati
ent CpGV isolates. Given are the internal name, pri

on of insertions and deletions in differ-
mer sequence in direction 5-3" and

the corresponding genome position in CpGV-M1 (Luque et al., 2001).

primer sequence 5- 3° nt CpGV-M1
ODV-e66_upper TTGCCGGCCGTGCGTGTC 32,600-32,6171
ODV-e66_lower GAGGAACCCCCAACCGAACCATT 33,231-33,253
84000 _upper ACCGCCTCACCGTCCATAAACT 83,192-83,213

84000 _lower
82000 _upper
82000 _lower
86000 _upper
86000 _lower
93000 _upper
93000 _lower
107000_upper
107000_lower
110000 _upper
110000 _lower
113000 _upper
113000 _lower
p74_upper
p74_lower
pkl_upper
pkl_lower
ORF94_upper
ORF94 _lower

ACCCATCCCACGGCCTACATAC
CTTTCGCCGTCAACCTCTTCTGCT
GCGTTCCACCGATTACCGTCTCC
GGCGCACACTAAAATTACGACGAG
GGCGAGATACACCTGGGCAAAGT
GCGGCGGTGTCCAGTTTGAG
GCTATCGGTCCGTTGGGTAATGT
CGCGTATCAAAACAGCCCCTCATT
GTACCCGCCGATCCCGAAACAAA
AGCCCGTTTCACCTGTTCATAGTA
ATTTTAGAGCGAGCCGATTCAG
TGCGGCGAGGACAAGTTCAAT
GGTGGTGGAGCGGGTGGATAG
GCCCCGTGCACCAATCTCAAAA
GCTCGCGACGGCAACATTCAGT
CTGATGCGCAACAACCCCAACT
TAAGATTTCATACGCCACCACTCC
ATTGTCGCCGGCATTATTA
TTGGTTAGTGGTGGTTTATTTAGA

84,285-84,304
81,634-81,657
82,228-82,25(
84,829-84,854
85,645-58,667
92,834-92,859
93,407-93,429
106,956-106,97¢
107,728-107,75(

109,028-109,051

109,542-109,563
113,698-113,714

111,942-111,962

49,721-49,744
50,266-50,287
1449-1470
1874-1851
76,456-76,474
76,932-76,909

)

3
3

b




MATERIALS

primer sequence 5- 3° nt CpGV-M1

VS_for GAATCTTCTCCCCCTCCAC 51,925-51,943
VS rev TCATCATTATTGCGACTGTTTC 52,214-52,193
18-20 for ACCCTTATATTCCTACTCTTCTCT 17,968- 18,005
18-20 rev TGTCCTTGGCTAGCTTATCTTA 20,003-20,024

For amplification of the highly conserved gete® expression factor (leB-andgranu-
lin (polh/gran)degenerated primers were used (Lange and Jel@ld; 28hle et al., 2006)
(Table 2.6). Sequencing was performed using thedata primers M13 und T7 (Genter-

prise Genomics, Mainz).

Table 2.6. Oligonuclectides for the amplification o f the conserved genes lef-8 and
polh/gran.

primer sequence 5- 3° target gene

PolH-M13 Forward TGTAAAACGACGGCCAGTNRCNGAR
GAYCCNTT

CAGGAAACAGCTA-
PolH-M13-29 GACCDGGNGCRAAYTC YTT polh/gran

8RmMod-M13-29 CAGGAAACAGCTATGACCA(CT)(AG)
TA(GC)GG(AG)TC(CT)TC(GC)GC

TAATACGACTCACTA-
T7-5F TAGGGCA(CT)GG(ACT)GA(AG)ATGA
C lef-8

Three oligonucleotide pairs covering the regiomaein 16 and 26 kb (CpGV-M1) were
designed to localise the 0.7 kb insertion in Cp&¥/Hable 2.7). The overlapping
fragments had a size of about 4 kb each. For & laetween 18 and 22 kb of the CpGV
genome, it was not possible to find a specific gripair. This region containsha-like
region: repeat structures which are spread 13 twwes the whole genome (Hilton and
Winstanley, 2008).
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Table 2.7. Primer for the localisation of the 0.7 k b insertion in CpGV-I12 and -E2.

primer sequence 5- 3° nt CpGV-M1

16-20 lower TAATCGCCGCCGCTTATCAA 19,907-19,926
16-20_upper TGCGCCCTACCTATCAACATACG 15,911-15,933
20-24 lower TCCTCAAACGAACCCTCAATAAG 23,996-24,018
20-24 _upper AAACCGCCTAATCAACTGATACAA 19,945-19,9649
22-26_lower GTCCGCCACACTGTCCTTGATG 25,945-25,964
22-26_upper AGCGCCGGCCTGATAGCA 22,036-22,053

Oligonucleotides were designed to knock peB8by homologous recombination (Ta-
ble 2.8). They corresponded in their 5°- 3" nudtest 1 to 50 to the CpGV-M1 se-
quence. The adjacent 25 and 24 bp, respectivelye wpecific to amplify the Tn5-
neomycin-cassette of the Tn5-neo template DNA (RQuaicd Easy BAC Modification
Kit, Gene Bridges). Neomycin was used as markee denthe selection of knock out
mutants. The expected size of the PCR producteh#omycin-cassette Tn5-neo was
1082 bp.

Table 2.8. Oligonucleotides for the construction of the pe38 knock out bacmid
CpBac Ape38. The 50 nt corresponding to the CpGV-M1 sequen ce are given in italics.

primer sequence 5- 3 target gene

left arm pe38 k.o. =~ TTTTAACAATGTACTGGTGGCTGATGAA
CTTCTGCTTGAGGTTCAATAGGACA  nt1-50: 18,624-18,673
GCAAGCGAACCGGAATTGC

right arm pe38 k.0. TTGGAGTATGAACCGATCGCGACCACT
ACACCGGCGAGTGCCATIGTCGAA-  nt1-50: 19,671-19,618
GAACTCGTCAAGAAGGCG

k.o.-check_lower CCAAGCGGCCGGAGAACCTG 18.124-18.143

k.o.-check_upper CGCCCTGCCCGACTGTGAAA .
neomycin-cassette
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The primer pair pe38_au_upper and pe38_au_lowarkdd thepe38gene in CpGV-
112 (Table 2.9). The upper primer containe@aH| and the lower primer akcoRlI
restriction site to allow directed cloning of th€R product into a vector. The expected
PCR product size was 1317 bp.

Table 2.9. Oligonucleotides for the amplification o f pe38 of CpGV-112. Underlined: in-
serted recognition sites for BamHI and EcoRlI respectively.

primer sequence 5- 3 nt CpGV-I12

pe38_au_upper GCCCAGGAT@ABAATAACAGCAATAATA 19,233-19,261
pe38_au_lower2 TCTAGAATTGATAAACTTGTTTGTGCCAC 20,519-20550

Primer pair BacAmpCp15-rep_F and BacAmpCpl5-rep ak designed by Dr. Wael
Elmenofy to swap a target sequence cloned in pUu@bhe GFP locus of the bacmid
CpBac by homologous recombination (Tables 2.10)2Adr detailed description of the
sequences see 6.2.4.

Table 2.10. Oligonucleotides for construction of a bacmid CpBac Ape38/112-pe38 by
homologous recombination, using the CpGV-112 pe38 gene. The nt corresponding to the
GFP locus are given in italics. For detailed descri  ption see text.

primer sequence 5- 3° target gene
BacAmpCpl5-rep_F TACAGCCAGTAGTGCTCGCCGCAGTC 1-50: GFP-
GAGCGACAGGGCGAAGCCCTCGAG cassetteifalic)

TACCTGAAGTTTTAAATCAATCTAAAGT
51-80: puUC19

BacAmpCpl5-rep_R TAATTGTGTTTAATATTACATTTTTGTTGA  1-50: GFP-
GTGCATATCGAGGTCGAGHBIACCTCGTAT  cassetteifalic)

GTTGTGTGGAATTGT
51-78: pUC19
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Table 2.11. Primer pairs used for screening for suc

cessful homologous recombination.

primer sequence 5- 3 target gene
Swap_upper AAAGCGCGGATCTGGGAAGTGACG CHl-Gen
Swap_lower ATGTGCGCGGAACCCCTATTTGT AmB—Gen

Pacsite_upper

Pacsite_lower

AGACGCGCCTGTTTACTTGT
TGGCGGCACCTTTCTACG

101800-101819
102406-102423
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3 Overcoming CpGV resistance in codling moth with

new CpGV isolates

Parts of the results presented in this chapter baee published in: Eberle et al., 2008;
Eberle et al., 2009.

3.1 Introduction

Due to its high virulence and host specificiBydia pomonellagranulovirus (CpGV) is
known to be one of the most efficient and safe pet&l for the control of the codling
moth in pome fruit production (Huber, 1998). Fosthric reasons, all registered CpGV
products in Europe are based so far on the sodcdNéexican isolate” CpGV-M
(Tanada, 1964) as active ingredient. Further isslare known from literature: two
deriving from England (CpGV-E) and one from Rug€pGV-R) (Crook et al., 1985;
Harvey, 1983). A product based on a virus isolatettie CP4 region of Quebec, Canada,
is CpGV Virosoft™ (Vincent et al., 2007). Thesel@es differ among each other in
terms of their biological activity and in their testion profiles. Recently, further CpGV
isolates originating from Iran and Georgia werenideed and characterised by restric-
tion fragment length polymorphism (RFLP) analysiggle nucleotide polymorphism
(SNP) analysis and partial genome sequencing (Rezép 2001; Rezapanah et al,
2008).

The resistance to CpGV-M observed in field popaolai of Cydia pomonellgFritsch et
al., 2005; Asser-Kaiser et al., 2007) not onlyeaithe question to the mechanism of this
resistance, but also requires new strategies afsvapplication in biological control
programes. In order to test alternatives to theectly used CpGV-M based products,
CpGYV isolates of different geographical origin weseamined in this work with regard
to their biological activity and their molecularffdrences. Most of the isolates analysed
in this thesis derived from the Caucasian regioan(l Georgia), where the origin of
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codling moth is supposed to be. The term isolafierseo a virus sample isolated from

one or few larvae collected at the same place atiteasame time (Cory et al., 1997).

In previous studies, it could be shown that theitra isolate CpGV-112 is able to over-
come resistance in the lab population CpR (Jehld.eP006, Eberle et al., 2008). The
factor leading to this improved efficacy is not knoyet.

Characterisation and identification of the diffar€@pGV isolates were done by deter-
mining their median lethal concentration @gCin bioassays and by DNA endonuclease
restriction (REN) analysis followed by comparisoithathe published REN profiles of
CpGV-M1 (Crook et al., 1997). Here, the questiased if different virus genotypes are
phenotypically neutral or if they show differendesheir virulence.

Differences in the reaction of an insect populatmrirus infection can be quantified by
comparing bioassays of the concerning populativiasiables like instar of the insects,
pathogen concentration or environmental factorsy§erature, photoperiod) should be
constant in order to obtain a reliable concentratimrtality relationship. Usually, the
relationship between dose or concentration of hqugn and mortality of an organism or
between period of time and mortality are determinéiduses like baculoviruses with
occlusion bodies (OBs) are applied orally with thet, either by mixing the diet with
known OB concentrations or by applying known OBeto&vans and Shapiro, 1997).

Differences between populations should be examaelifferent concentrations, in order
to obtain the complete concentration-mortality tielaship. This is necessary to be able
to distinguish if the reaction to a pathogen iga shift in the reaction to an infection or
if it is only the elimination of susceptible hostdividuals of a population (Briese,

1986a). The applied concentration should inducetatityr levels in the insects between
10 and 90%. At least 20 insects should be appbe@very concentration (Jones, 2000).
Every bioassay must include its own negative contabich contains all components

except the virus. As effects like time of day, adion in temperature or in handling

influence the experiment, every bioassay shoulddpeated at least two times. The
replicate should be done at a different day widslity prepared medium, but preferably

under the same conditions to assure a real repl{@dtbertson and Preisler, 1992). The
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activity of a pathogen is usually measured as nmeléitnal dose (LEy) or median lethal

concentration (L&), inducing a mortality of 50% in the test organgssm

Beyond the biological activity of an isolate, chaesisation is done by comparison of
DNA restriction endonuclease (REN) profiles (Bugged983). Differences between
virus genotypes like insertions, deletions or pamitations, which result in alterations of
the REN profile can be identified. Beyond that, RBNalysis allows distinguishing

between a single genotype and a mixture of gensetyldaturally occurring baculovirus

isolates often consist of a mixture of differenhgg/pes, which can usually be detected
by submolar bands in the REN profile (Smith and d&r01988). REN analyses also
provides the information for constructing physicaps, which assign the position of the

fragments along the DNA molecule (Kurstak, 1991).

In order to develop a better insight into the bigidal and genetic diversity of different
CpGYV isolates and to identify new isolates ableot@rcome CpGV resistance, it is
necessary to be able to identify different CpGViates reliably. The main question
addressed to in this work was: which differencesl llo an improved efficacy of CpGV
isolates against resistant codling moth popula#tdfsr that, isolates overcoming resis-
tance needed to be identified and then comparedatecular level to CpGV-M1, to find
out, if there is an alteration which they have amenon. This chapter describes how
various isolates from different origins worldwidere tested for their efficacy to suscep-
tible and resistant codling moth larvae. Their Rpfdfiles were compared among each
other and to CpGV-M1 (Crook et al., 1997), in ortieidentify and to allocate differ-

ences in genome content.
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3.2 Methods

3.2.1 Virus propagation

Propagation of CpGV isolates was performed in LA3aodling moth larvae, following
the so-called diet plug method. Neonate larvadhefsusceptible laboratory strain CpS,
reared continuously at the DLR Rheinpfalz/Neusi@ge chapter 2.4), were kept on
virus free diet for 10 days until they reachedandi4. These larvae were then infected
orally at a low virus concentration to allow themgrow and to produce a maximum of
virus. The virus suspension was applied in a volafene pl containing 1000 OBs to
the surface of a small piece of diet (about two3nrRach larva was put into a well
containing one piece of diet. Larvae, which ha@eahe piece of diet completely within
24 h were transferred again to virus free diet.ilUntection was visible - usually after
five to six days - larvae were incubated at 26°@ aantrolled daily. Infected larvae
were collected and frozen at -20°C until OB isa@lati Propagation of one virus isolate
was usually done using 200 to 250 infected larvae.

For isolating OBs from larvae, the collected lavwere pestled in SDS (0.5%, w/v). By
filtering the suspension through cottonwool, heagbstiles were removed from the
suspension. After pelleting the OBs by centrifugat{30 min, 17,000 g) the pellet was
resuspended in a small volume of d@H Purification of the OBs was performed by
several centrifugation steps over a glycerol 1ag&/70/80%, v/v) for 40 min at 12,000
g. The OBs concentrated in the 60% glycerol layee OBs were washed with dgbl

and pelleted by centrifugation for 30 min at 12,@0®urified OBs were resuspended in

about one ml of kD, depending on the size of the pellet.

46
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3.2.2 Estimation of virus concentration

The number of OBs per ml in a virus stock solutiees scored using a Petroff-Hauser
couting chamber (depth 0.02 mm) in the dark fightias of a Leica light microscope
(Leica DMBRE). Dilution of OBs was done in stepd@.: At least 10 pl of the OB
suspension were used for every dilution step. OiCentration was estimated calculat-
ing the mean of four countings. Counting was dasreelach bioassay separately and
independently of other countings, in order to avt&y-dependent variations. For long

time storage, virus stocks were frozen at -80°Cskmrt time storage at -20°C.

3.2.3 Bioassays: Estimation of the LCsg

Reaction of the susceptible (CpS) and resistanR(@pRR1) codling moth lab strains
(see chapter 2.4) to infection with different viigslates was scored in bioassays. Bioas-
says were performed in autoclavable 50-well plat@staining 45 ml of diet (Ivaldi-
Sender, 1974) mixed with five ml OB suspension iffecent concentrations per plate.
For control plates the diet was mixed with five 3O instead of OB suspension. Dif-
ferent from the insect rearing the diet was prepavigh half the amount of agar-agar to
assure that diet could cool down to 40°C withouidgying. Therewith, thermal inacti-
vation of the virus was avoided. Freshly made pligtes were allowed to dry for at least
one day before setting up larvae. In order to elthose larvae from the experiment
which died from handling, larval mortality was deténed at the first day following the
experimental setup. In order to estimate the medtkttmal concentrations (L), the
concentration-mortality relationship was determiregd six different concentrations:
3x10, 1x10, 3x1¢, 1x1d, 3x1d and 1x10 OB/ml. Fifty neonate larvae (L1) were
used for each concentration, and 100 L1 larvagheruntreated control. Mortality was
determined after one, seven and 14 days. Contrdiafityp was general below 15% and
in the case of CpGV-M against CpR (14 days) 33.8Btee independent replicates were
applied. Mortality data were corrected for contnobrtality (Abbott, 1925). Bioassay
plates were incubated at 26°C with a relative hityiof 60% and a light-dark period of
16:8h.
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3.2.4 Statistical analysis

Estimation of the median lethal concentrations gd)@nd slopes of the concentration-
mortality lines were done using probit analysis XRat Solutions Standard Software

Version 2.10.05 (see 2.6)). Parallelism of the prbbes implies a constant relative

potency at all levels of response. If the slopesparallel, then the overlap of the 95%
confidence intervals for two analyses indicate tatsignificant difference exists. The

LCso values were considered significantly differenthiéir probit lines were parallel and

their 95% confidutial limits (CL) did not overlafR¢bertson and Preisler, 1992; Jones,
2000). Parallelism of the slope of probit lines wasted using the parallel line assay
option (parallel line assay with potency estimationquantal responses) implemented
in ToxRat Standard 2.10.05.

3.2.5 DNA isolation of a virus solution

For isolating DNA from viral OBs, the virus suspemswas centrifuged for 15 min at
14,000 rpm and 4°C. The pelleted OBs were resuggkim filter-sterilised 100 mM
NaCOs and incubated for 30 min at 37°C to dissolve tlBs By adding 1 M HCL, pH
value was adjusted to eight. RNAse A was addetidcsblution in a final concentration
of 45 pg/ml and incubated for 10 min at 37°C. Byiad SDS to a final concentration of
1% and Proteinase K (final concentration 250 pgAdt)on particles were disintegrated
while incubating the solution for 1 h at 37°C. Aftextracting with phe-
nol/chloroform/isoamylalcohol (25:24:1) the solutiovas centrifuged for two min at
14,000 rpm. The upper phase was removed and thenste repeated. When no protein
interface was visible between the two layers, ahivas step using only chloro-
form/isoamylalcohol was performed. DNA was preafetl by adding 1/10 of the vol-
ume of Na-Acetat (3 M, pH 5.2) and the 2.5 voluno¢96% EtOH. The DNA was
allowed to precipitate over night at -20°C or &@°*@ for 30 min. DNA was pelleted for
15 min at 14,000 rpm and room temperature. The OQi¢Aet was washed with 70%
EtOH and dissolved in about 100 ul TE buffer (1 ®MTA, 10 mM Tris, pH 8).
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3.2.6 Restriction enzyme analysis (REN)

Viral DNA of different CpGV isolates was digestesing the restriction enzymésall,
EcadRl, BanHl, Xhd, Pst, Kpnl, Sad, Smd, Apa andHindlll for comparison with the
previously published DNA restriction endonucleasalgsis of CpGV-M1 (Crook et al.,
1997). For each restriction profile, 0.6 ug DNA watigested for 3 h. The reaction
volume was usually 20 ul using 17 ul virus DNA, 210 x buffer and 1 ul restriction
enzyme. The enzymatic reaction was stopped by ifrgethe sample at -20°C or by

addition of loading buffer.

3.2.7 Gelelectrophoresis

Digested DNA was electrophoresed at 25 V (24 mA)lfb h (0.8% agarose, 1 x TAE).
The MHindlll DNA ladder and 1kb DNA ladder (GeneRuler™) wersed as molecular
size standars. The gels were stained in an ethithtomide bath (0.5 pg/ml) for about
15 min and photographed using the INTAS Documentafilystem Software.

49
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3.3 Results: Bioassays with CpS, CpR and CpRR1

3.3.1 Activity testing of different CpGV isolates at a given OB concentra-
tion
As a first determination of the virulence of the@p isolates CpGV-G02, -166, -112,
-108, -101, -107, -168 and -GO1 deriving from Iré) and Georgia (G) and in stock at the
DLR Rheinpfalz/Neustadt, the response of sens{@&S) L1 larvae was determined at
a virus concentration of 2000 OB/ml (Fig. 3.1). Sleoncentration was chosen as the
LCso of CpS larvae after seven days in bioassay witb\G was expected to be in
this range (Table 3.1). Mortality was always coteecfor control mortality (Abbott,
1925).

Five out of eight isolates showed after seven dalgsver efficacy against CpS larvae as
CpGV-M (Fig. 3.1). The isolates CpGV-G02 and -I6@luced mortalities of 55.7 and
25.1%, respectively. Their efficacy was therefogssl than the efficacy of CpGV-M
(86.5%) (Fig. 3.1). A low efficacy against CpS laevwas also found for the isolates
CpGV-107, -168 and -G01,; they induced only 17.7%@Y/-107) mortality at maximum.
CpGV-168 and -GO1 were therefore not tested atroto@centrations or against the
resistant codling moth populations CpR or CpRR1Ireg€hisolates were comparable in
their efficacy to CpGV-M: mortality induced by thsolates CpGV-112, -108 and -101
reached values between 80.5 and 84.2 %, respaciive). 3.1). Therefore, these iso-
lates were chosen for full-range bioassays. CpGWd4 used as reference and -107 was
also included for testing one of the low efficiéslates against the different CM popu-

lations.
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Fig. 3.1. Mortality induced in neonate  C. pomonella larvae after seven days of incubation
on 2000 OB/ml diet with different CpGV isolates. Da ta shown are means of three inde-
pendent replicates. For the isolate GO1, mortality had a mathematically value of -8.4%
because the control mortality was higher than the m ortality in the virus treatment. Bars
indicate the standard deviation.

3.3.2 Activity testing of different CpGV isolates in full range bioassays

To determine the complete concentration-mortakfationship in CpS using the differ-
ent isolates and to determine their sk@alues, full range bioassays with virus OB
concentrations ranging from 3>@€ 1x1G OB/ml were performed (Fig. 3.2 A, B).
Comparison of the obtained k§&values and its 95% confidutial limits is possitleen
the slope of the probit lines are parallel. Therefdhe slopes of probit lines of the
different CpGV isolates were compared by paraltet lssay to the included CpGV-M
standard. The measureX3P, theX? for parallelism. If the propability ak2P (p(X2P) is
equal or lower than the selected significane |€0€050), than the validity criterion of

parallelism is not fulfilled.

Comparison of L& values and the slopes of probit lines of 14 te€p&V isolates to
CpGV-M (EU) (Table 3.1, Table 3.2) revealed thatcept for CpGV-S, their L&

values after seven days were slightly lower tha ¢t CoGV-M (EU). For CpGV-101, -
E2, -AZ1, -AZ4 and -G04, no statement could be maoleut the significance of g
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differences, because the slopes of probit linetheftestes isolates and CpGV-M (EU)
were not parallel (Table 3.2). The isolates CpG8;:1012, -AZ2, -AZ3, -AZ5, -AZ6, -
AZ7 and -G03 worked significantly better againstSGmmpared to CpGV-M (EU) after
seven days based on thesh®@alues and the non-overlapping of their 95% caurtiad
limits (CL). For CpGV-S, the L& was with 9.3 x 102 OB/ml higher compared to
CpGV-M (EU) (1.87 x 18), but not significantly different from it based e overlap-
ping of 95% CLs. After 14 days, lsgvalues were very similar to each other (Table,3.1)
except for CpGV-S (2.5 x 2@B/mI), which was about 10 times higher compacethe
other LGy values. The probit lines of CpGV-S, -108, and -AZédre not parallel to the
probit line of CpGV-M (EU) (Table 3.2), but theiffieacy was similar to CpGV-M.
CpGV-AZ5 and -AZ6 had a significant better efficgrtban CpGV-M (EU) based on
the non-overlapping of 95% CLs, the other isolatiesnot differ significantly in their
efficacy against CpS from CpGV-M (EU) after 14 dayexposure.

mortality [probits]

100 1000 10000 100000 100 1000 10000 100000

log concentration [OB/ml] log concentration [OB/ml]
o M _-®__ 08 _m 01 R S _A FE2 & 5 Qo A 0O A72
__O__ AZ3 o AZ4 _A AZS A AT A __ATT _e (D3 o G0 __m_ 107

Fig. 3.2. Concentration-mortality response (probits
after (A) seven and (B) 14 days of incubation with

) of the susceptible CM lab strain CpS
16 CpGV isolates.
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Table 3.1. LCg, values (CpS) after seven days in bioassay and test

slope of probit lines using CpGV-M (EU) as referenc

the probit line. CL = confidutial limits. n.d. = no
mathematical reasons.
significane level (0.050), the observations are in
sis. n = number of test insects.* indicate statisti

CL. RP = Relative potency (ratio LC

50 CPGV-M/LC 59 CpGYV isolate).

ing of parallelism of
e. § = only one replicate. S = slope of
t determined: no value determined due to
X2P = X2 for parallelism, p( X2 = associated probability- in case p >
agreement with the parallelism hypothe-
cal differences based on non-overlapping
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7 days
CpGV LG (95% CL) n e X2p pxzP) validity criterion of RP
[OB/ml] x 10° parallelism

108 0.93(0.72-1.17) 817 221  1.39 0.16 0.68 ilfatt 2.0*
101 0.85 (0.7- 1.30) 815 0.78 1.87 6.73 0.009 nbilled 2.2
112 0.89 (0.73- 1.07) 1082 8.92  1.54 1.51 0.21 ilfedf 2.1*
E2 0.95(0.79- 1.14) 1173  4.03 1.67 5.98 0.01 uiditléd 1.9
S 9.30(1.4-9.4) 538 49.0 1.42 0.35 0.55 fulfilled 0.2
107 1.58 (1.3-1.8) 837 3.29 1.78 10.8 <0.001 ndfifed 1.1
AZ1 0.58 (0.35- 0.84) 822 9.71 1.69 7.55 0.006 falfifled 3.2
AZ2 0.41 (0.33- 0.51) 834 4.98 1.54 3.16 0.07 fieldi 4.5*%
AZ3® 0.53 (0.38- 0.73) 275 2.03 1.78 3.64 0.05 fuldille 3.5*
AZ43 0.38 (0.28- 0.50) 279 392 218 7.04 0.008 ndiled 4.9
AZ5® 0.17 (0.11- 0.24) 276 2.48 1.92 3.51 0.06 fuldille 11+
AZ6° 0.25(0.17- 0.34) 279 0.59 1.81 2.80 0.09 fuldille 7.48*
AZT7® 0.37 (0.25- 0.51) 276 236 173 3.23 0.07 fuldille 5.0*
G03 0.48 (0.32- 0.69) 279 5.64 1.45 0.74 0.38 fuldille 3.8*
Go# 0.39 (0.28- 0.53) 275 041 198 561 0.01 noflfetf 4.7
M (EU) 1.87 (1.52-2.32) 827 634 132 - - - -
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Table 3.2. LC 5, values (CpS) after 14 days in bioassay and testing of parallelism of slope
of probit lines using CpGV-M (EU) as reference. 8 =  only one replicate. S = slope of the
probit line. CL = confidutial limits. n.d. = not de  termined: no value determined due to

mathematical reasons. X2P= X2 for parallelism, p( X2)= associated probability- in case p >
significane level (0.050), the observations are in agreement with the parallelism hypothe-

sis. n = number of test insects. .* indicate statis tical differences based on non-
overlapping CL. RP = Relative potency (ratio LC 5y CpGV-M/LC5y CpGV isolate).
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14 days
CpGV LG (95% CL) n ¥? S X2p pX2P)  validity criterion RP
[OB/ml] x 10° of parallelism
108 0.93(0.72-1.17) 817 221 1.39 14.72 <0.001ot fulfilled 0.2
01 0.85 (0.7- 1.30) 815 0.78 1.87 0.07 0.78 fieldl| 0.2*
112 0.89(0.73-1.07) 1082 892 154 0.33 0.56 ilfetf 0.2*
E2 0.95(0.79-1.14) 1173 4.03 1.67 3.57 0.05 Ifetfi 0.2*
S 2.5(0.6-7.5) 538 49.0 142 5.98 0.01 not fell 0.08
107 1.58 (1.3-1.8) 837 329 1.78 0.01 0.89 fueil 0.1*
AZ1 0.58 (0.35-0.84) 822 9.71 1.69 0.43 0.51 fieldi 0.1*
AZ2 0.41(0.33-0.51) 834 498 154 0.008 0.92 ilfatd 0.4*
AZ3® 0.53(0.38-0.73) 275 203 1.78 2.08 0.14 fuldille 0.3*
AZ4® 0.38 (0.28-0.50) 279 3.92 218 3.99 0.04 noflfedf 0.5
AZ5® 0.17 (0.11-0.24) 276 248 192 0.16 0.68 fuldille 11
AZ6° 0.25(0.17-0.34) 279 059 181 0.52 0.46 fuldille 0.8
AZT® 0.37 (0.25-0.51) 276 236 1.73 0.16 0.68 fuldille 0.5*
GoZ 0.48 (0.32-0.69) 279 5.64 1.45 0.002 0.96 fdll 0.4*
Go# 0.18 (0.12-0.24) 275 1.30 2.00 0.53 0.46 fdll 1.1*

M(EU) 0.20 (0.15-0.24) 827 4.31 1.76 - - -
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After determining the efficacy of the different Cg@olates against CpS, the aim was to

select isolates which were able to overcome Cp&istance. Therefore, the isolates
CpGV-112, -108 and -101 were tested against the §tkdin CpR which showed a 100

times decreased susceptibility, but was geneticadtyhomogenous (Asser-Kaiser et al.,

2010). The LGy values for CpGV-I12 tested against CpS and CpRevdatermined

previously in the framework of a diploma thesis ¢Hé, 2006).

The isolates CpGV-112, -108 and -101 were ableeroome resistance in the population

CpR (Fig. 3.3). Whereas the L&after seven days was 1.66 x> XDB/ml in bioassay

with CpGV-M, the LG was about 10 (CpGV-112) to 30 times (-101, -108)ver (Table

3.3) using the so-called Iranian isolates. Basedhenoverlap of 95% CL, it could be
shown that CpGV-112 had a significant better efficagainst CpR after seven days of
incubation as CpGV-M. For CpGV-I01 and -I08, thepals of probit lines were not
parallel to CpGV-M (Table 3.4), but the mortalityduced was comparable to CpGV-112
(Fig. 3.3 A).

100 1000 10000 100000 100 1000 10000 100000
log concentration [OB/ml] log concentration [OB/ml]

Fig. 3.3. Concentration-mortality response of ther  esistant CM lab strain CpR after seven
(A) and 14 (B) days in bioassay with resistance ove rcoming isolates CpGV-112, -101, -108
and -M as reference.
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After 14 days of incubation, the gvalues for CpGV-112, 101 and -108 against CpR
were in the range of the lsgvalues obtained for susceptible larvae (compal®#era.2).

In contrast, it was not possible to obtain a4 ®@hen using CpGV-M. As control mortal-
ity was increasing but not the mortality on theusiplates, the Abbott corrected mortality
was lower than 50%. Estimation of the 14 daydKy interpolation leaded therefore to a
LCsp higher than the value obtained for seven daysalleasm of slopes of probit lines
compared to CpGV-M was not to expect, becausedhees for CpGV-M did not show a
sigmoid concentration-response curve, but werdesaag between 10 and 35% mortal-

ity.

Table 3.3. LC5q values after 7 days in bioassay with different CoGV isolates against CpR.
S= slope of the probit line. CL = confidutial limit  s. n.d. = not determined, no value deter-
mined due to mathematical reasons. Testing of paral lelism of slope of probit lines was
done using CpGV-M (TPCpGVBTPS _02) as reference. X2 P = X2 for parallelism, p( X?) =
associated probability- in case p > significane lev el (0.050), the observations are in
agreement with the parallelism hypothesis. n = numb er of test insects. * indicate statisti-
cal differences based on non-overlapping CL. RP = R elative potency (ratio LC 59 CpGV-
M/LCs, CpGV-isolate).

7 days

CpGV n LGo(95% CL) S z2 X2P  p(X2P) validity RP

[OB/mI] x 10° criterion of

parallelism

112 1093 12.7(9.2-185) 064 752 | 240 0.12 fulfilled 13.0
108 818 8.2 (6.3-10.9) 0.93 3.50 17.1 <0.001 not fulfilled 20.2
101 815 6.1(2.9-12.7) 1.09 154 45.61 <0.001 not fulfilled 27.2
M 1095 166 (34- 816) 0.62 10.7] - - - -
(TPCpGVBTPS_02)
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Table 3.4. LC g values after 14 days in bioassay with different CpG  V isolates against CpR.
S= slope of the probit line. CL = confidutial limit  s. n.d. = not determined, no value deter-
mined due to mathematical reasons. Testing of paral lelism of slope of probit lines was
done using CpGV-M (TPCpGVBTPS_02) as reference. X2 P = X2 for parallelism, p( X?) =
associated probability- in case p > significane lev el (0.050), the observations are in
agreement with the parallelism hypothesis. n = numb er of test insects. .* indicate statisti-
cal differences based on non-overlapping CL. RP = R elative potency (ratio LC 50 CpGV
isolate/LC 5o CpGV-M).

14 days

CpGV n LGo(95% CL) S z2 X2P  pK2P) validity RP

[OB/ml] x 10° criterion of

parallelism

112 1093 0.30(0.22- 0.39) 1.53 6.33 55.9 < 0.00Dt fulfiled 5263
108 818 0.29 (n.d.- 1.0) 1.27 43 49.2 <0.001 fobfilled 5444
101 815 0.24 (n.d.) 2.03 332 60.0 <0.001 notifat 6579
M 1095 1579 (n.d.) 0.24 30.9 - - -
(TPCpGVBTPS_02)

When comparing the efficacy of these isolates agaipS and CpR, it was found that
the full efficacy of the resistance overcoming &et CpGV-112, -101 and -108 was
visible after 14 days of exposure (Fig. 3.3 B). Taégponses of CpS and CpR to the virus
isolates CpGV-M and -112 are compared in Fig. A#er seven days, CpGV-M caused
high mortality of CpS. In contrast, CpR showedghhy reduced susceptibility to CpGV-
M, which did not reach 50% mortality, even at thighlest concentration of 1 x 10
OB/ml. The isolate CpGV-112 showed a 4= 0.89 x 18 OB/ml for CpS. In CpR,
CpGV-112 showed a L& of 12.7 x 16 OB/ml indicating an increased virulence com-
pared to CpGV-M. After 14 days of exposure, thees wo further increase in mortality
for CpR incubated with CpGV-M. In contrast, CpG\2I$howed a L& of 0.3 x 16
OB/ml on CpR, which was similar to that of CpGV-Mainst CpS. Moreover, its effi-
ciency on CpS (L&= 0.89 x 18 OB/ml) was similar to that of CpGV-M (Fig. 3.4,34.
B).
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Fig. 3.4. Concentration-mortality response (probits ) of codling moth strains CpS and CpR
after (A) 7 days and (B) 14 days of incubation with CpGV-M or CpGV-I12.

When the genetically homogenous resistant codlinghretrain CpRR1 (Asser-Kaiser et
al., 2007) was available, the isolates CpGV-E2anr8 also -107 and -AZ1 were tested
against this strain (Fig. 3.5). CpGV-M was testgaiast CpRR1 previously (Asser-
Kaiser, 2010), but due to the high resistance levE@lpRR1, it was not possible to obtain
a LG value after seven or 14 days. Even when increasiag/irus concentrations of
CpGV-M up to 18 OB/ml, mortality never exceeded 4% in any of tfeatments (Sabine
Asser-Kaiser, personal communication). Therefore probit analysis with comparison
of slopes of probit lines to CpGV-M (EU) was pos$sildi-or CpGV-AZ1, it was also not
possible to obtain a Ldg value, as mortality did not increase to more tb&h With
CpGV-107, mortality reached 2.9% after seven armmleased to 33.3% after 14 d at the
highest concentration of 3 x 1@B/ml. The probit lines of CpGV-E2 and -S were
compared to each other, in order to obtain thdicafy against CoRR1. The kgof
CpGV-S at day seven was 7.6 times higher compare@pGV-E2. After 14 days of
exposure, the L& values of CpGV-E2 and -S against CpRR1 did ndedgignificantly
(Table 3.5). Both isolates were able to overconsestance in CpRR1, the efficacy was
comparable to that of CpGV-M against CpS larvae.
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Fig. 3.5. Concentration-mortality response of the h
CpRR1 after seven (A) and fourteen (B) days in bioa
E2, -S, -AZ1 and -107.

omogenous resistant CM lab strain
ssay with the CpGV isolates CpGV-

Table 3.5. LC5q values after seven and 14 days in bioassay with Cp  GV-E2 and -S against
CpRR1. For CpGV-M (EUV), 107 and -AZ1, it was not po ssible to obtain LC 5, values due to
the low mortality induced by these isolates. S = sl ope of the probit line. CL = confidutial
limit. n.d. = not determined, no value determined d  ue to mathematical reasons.

7 days 14 days
CpGV  LC50 (95% CL) n S x2 |LC50 (95% CL) S X2
[OB/ml] x 10° [OB/ml] x 10°

E2 1.89 (1.53-2.31) 770 1.50 8.45 | 0.28(0.08- 0.96 ) 1.00  4.06
S 14.4 (11.4-185) 623 1.33 8.83 | 0.72(0.11- 1.66) 1.09 165
107 - 970 - - - -
AZ1 - 888 - - - )

M (EU) - 977 - - - )
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Table 3.6. Testing of parallelism of slope of probi  t lines of CpGV-S and -E2. X2P = X2 for
parallelism, p( X?) = associated probability- in case p > significan e level (0.050), the ob-
servations are in agreement with the parallelism hy  pothesis.

7 days 14 days
CpGV  X2P  p(X2P) validity criterion X2p p(X2P)  validity criterion of
of parallelism parallelism
E2/S 5.8 0.015 not fulfilled 0.0002 0.99 fulfilled

In total, five resistance overcoming isolates (CplBY, -108, -112, -E2 and -S) could be
identified in bioassays against resistant (CpR, RPRCM strains. These isolates
worked against CpS as well as CpGV-M or even diidhetter (Table 3.1, 3.2). Against
resistant CM populations, the isolates revealeldefficacy after 14 days: their efficacy

was then comparable to the efficacy of CpGV-M (Edainst CpS.

Taking together, the following isolates showed rmprioved efficacy in CpGV resistant
CM strains (CpR and CpRR1) when compared to CpG\CpIGV-112, -101, .-108, -E2
and -S.
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3.4 Results: RFLP analysis of 14 CpGV isolates

As a first step towards a molecular characterisatiothe new CpGV isolates, restriction
analyses were performed using the enzy8eds EcaRl, BanHl, Xhd, Pst, Kpnl, Sad,
Smad, Apd andHindlll, in order to compare them with the previousBtablished restric-
tion map of CpGV-M1 (Crook et al., 1997) or CpGV-hM stock at DLR
Rheinpfalz/Neustadt. CpGV-M1 and -M show the saestriction profile. Profiles of the
isolates CpGV-I07, -168 and -GOl1 were previouslyedmined by Dr. Samy Sayed
(Eberle et al., 2009).

CpGV-I01, -108 and -112

The isolates CpGV-I01, -108 and -112 shared idemtREN patterns to each other when
digested with 10 enzymes (Fig. 3.6-3.8). In sthd, Pst, Kpnl, Sad, Smd, HindllI)
out of 10 digests their profiles did not differ fnothe previously determined profile of
CpGV-M1 (Crook et al., 1997). However, differeneesre found in th&al profile: the
fragments E and F were visible as a double barabotit 7.3 kb in size. In CpGV-M1,

Sal-E and -F are visible as two bands of 8.7 anckB.3

In the EcaRI profile, two bands of 18.1 (A1) and 10.5 (A2) ikistead of a singlEcadRlI-

A (27.9 kb) band as typical for CpGV-M were foumtjicating an additiongEcaR| site

in the genomes of CpGV-I01, -108 and -112. As thialktsum of these two fragments was
greater than the size of the correspondiogRI fragment A in the other isolates, this
region was suggested to harbour an insertion oklf. 7his conclusion was corroborated
by theBanHlI profile: BanHI-C, corresponding to the same genome regioBcaR|-A,
was running at a higher molecular weight than il6G&gV (15.2 kb).

The Apa digest of CpGV-101, -I08 and -112 revealed oneliidnal band of 2.5 kb not
present in CpGV-M1, indicating an additiorgdal site in CpGV-112.

For none of these profiles submolar bands weréleison the gel, suggesting that the
isolates CpGV-101, -108 and -112 are rather homagmsnisolates, which do not contain

further isolates at a high level.
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Fig. 3.6. DNA restriction analysis (0.8% agarose, 1  x TAE) of CpGV-I12 for Sall, EcoRl,
BamHI, Xhol, Pstl, Kpnl, Sacl, Smal, Apal and Hindlll. Restriction fragments are lettered in
sequential order of their size. L DNA digested with Hindlll is included for molecular size
standards. Red: REN fragment differences to CpGV-M1  (Crook et al., 1997).
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Fig. 3.7. DNA restriction analysis (0.8 % agarose, 1 x TAE) of CpGV-I01 for Sall, EcoRl,
BamHI, Xhol, Pstl, Kpnl, Sacl, Smal, Apal and Hindlll. Restriction fragments are lettered in
sequential order of their size, L DNA digested with Hindlll is included for molecular size
standards. Red: REN fragment differences to CpGV-M1  (Crook et al., 1997).
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MHindlll  Sall Xhol Pstt  Kpnl  Sacl NHindlll  1kb ~ EcoRl  BamHI Smal  Hindlll  MHindlll
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Fig. 3.8. DNA restriction analysis (0.8% agarose, 1  x TAE) of CpGV-108 for Sall, EcoRl,
BamHI, Xhol, Pstl, Kpnl, Sacl, Smal, Apal and Hindlll. Restriction fragments are lettered

in sequential order of their size, A DNA digested with Hindlll and 1 kb ladder (1 kb) are
included for molecular size standards. Red: REN fra  gment differences to CpGV-M1
(Crook et al., 1997).
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Since the main differences of these isolates an@\GpI1 indicating that CpGV-112
carried a genome insertion were found using theyraesz BanHI and EcadRl, these
enzymes were chosen for the analysis of CpGV-EZL\GR2 was isolated bin vivo-
cloning of the English isolate CpGV-E (Crook et 4B85), in order to identify putative
common insertion sites. Furthermore, the enzyKtes and Pst were included to allow
a comparison with the previously performed analgdiseveral CpGV isolates (Reza-
panah, 2001; Rezapanah et al., 2008).



OVERCOMING CPGV RESISTANCE IN CODLING MOTH WITH NEW CPGV ISOLATES 64

CpGV-E2

The Xhd profile of CpGV-E2 showed an additional fragmert11.2 kb compared to
CpGV-M1 (Crook et al., 1997) and CpGV-M (Fig. 3.9oncurrently the fragments
corresponding tXha-F (7.1 kb) and -J (4.1 kb) of CpGV-M were missifgs these
bands are lying adjacent in the CpGV-M restrictioap, it is proposed that the 11.2 kb
band is due to a missinghd restriction site in CpGV-E2. FragmeXholl (4.7 kb) was
slightly smaller compared to that of CpGV-M (4.9 kbhis band corresponds to the area
51.5-56.4 kb in the CpGV-M genome map. Either #risa harbours a deletion of about
0.2 kb or there is an additionXhd restriction site, which would give an additional
fragment that is too small to be seen on the gel.

The BanHI digest revealed all bands present in CpGV-M. BanHI-J, one band was
present at the same size as in CpGV-M (5.2 kbgcarsd was slightly smaller with 5.0
kb. Both bands were fainter compared to the follmyismaller bands, suggesting a
submolarity of each of the two band&anHI-J covers the genome region of 12.9-18.1
kb and might harbour a deletion of about 200 b€pGV-E2. The 5.0 kb band corre-
sponds to the fragment previously described for Ci€2 as a shift in @8anH| site
(Crook et al., 1985). As the two fragments of 5@l &.2 kb are both fainter than the
other bands, it is proposed that they derive frara genotypes present in the isolate
CpGV-E2.

The Pstl profile showed a submolar band of 11 kb betwdenftagment$’si-D (13.4
kb) and -E (10.5 kb)Psi-E was present at the same size as in CpGV-M. @&k bands
were faint, they are likely submolar bands of tvematypes, with onEst-E correspond-
ing to CpGV-M. The fragment8st-F and -G (8.2 and 7.7 kb in CpGV-M) were present
as a double band in CpGV-E2. The fragmdpsd-H and -1, which are present as a
double band in CpGV-M (6.4 kb), were visible as tvands of 6.4 and 6.9 kb in CpGV-
E2. As the size difference between the fragmestsF and -G and also betwe&st-H
and -1 amounts to 0.5 kb and the fragmd?dt-F and -1 are adjacent in the genome map,
it is likely that there is a shift in Bst site, resulting in a smaller fragmesti-F and a

lager fragmenPst-1. The fragment$sti-J and -K visible as a double band in CpGV-M
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(2.2 kb) were present as two bands in CpGV-E2 niexg Pst-J is about 0.5 kb larger as
fragment K. This is likely to be due to an insamtias this genome region (19.5-21.7 kb)
corresponds in parts to the fragmeBktsiRI-Al and -A2, which were also supposed to

harbour an insertion of about 0.7 kb.

FragmentEcoRI-A (27.9 kb) was missing in CpGV-E2, instead, tadditional frag-
ments Al and A2 of 15.1 and 13.5 kb, respectivebyld be observed. As the total size
of these two fragments (28.6 kb) is larger thansize of CpGV-M1 fragmerEcaRl-A,
this area likely harbours an insertion of 0.7 kimilar to CpGV-I112. However, the Al
and A2 fragment sizes were not identical to thoséhe isolates CpGV-I112, -101 and
-108, suggesting that CpGV-E2 differed from thesaates in respect to the insertion or

the insertion site (see Chapter 4).

Xhol BamHI  Pstl EcoRl
MIlllkb M E2 M E2 M E2 Ml 1kb M E2

Fig. 3.9. DNA restriction analysis (0.8% agarose, 1  x TAE) of the in vivo cloned isolate
CpGV-E2 and CpGV-M (EU-Standard) for Xhol, BamHI, Pstl and EcoRI. Restriction frag-
ments are lettered in sequential order of their siz  e. MHindlll DNA ladder and 1 kb DNA
ladder were included for molecular size standards. Red: CpGV-E2 fragments differing
from CpGV-M. Red arrows indicate additional or miss  ing REN fragments.
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CpGV-S

Compared to CpGV-M1 and to the isolates -112, -H@] and -E2, the CpGV-S profile

revealed several insertion and deletion sites @itD).

The fragment8anHI-C (15.2 kb) and -J (5.2 kb) were missing; ingtea single band of
about 20.1 kb was present. As the fragm@&#asHI-C and -J are lying adjacent in the
CpGV-M1 restriction map (Crook et al., 1985), thirsding could be due to a missing
BanHlI restriction site in CpGV-S and a fused fragm@nt.

Pst-E (12.4 kb) was larger compared to the otherai®d (10.5-11 kb), indicating that
this genome region (54.5-65.0 kb in CpGV-M1) caran insertion of about 0.2 kb.
FragmenPst-C (16.6 kb in CpGV-M1) was missing; instead, tadditional band®st-
C1 (8 kb) and -C2 (7.7 kb) were visible. As the sofrthis two fragment sizes (about
15.7 kb) was smaller as the size of fragnfestt-C in CpGV-M1 (16.6 kb), it is possible
that this genome region (79.6-96.2 kb in CpGV-Majries one ore more deletions of
totally 0.9 kb.

The same genome region corresponds in parts tivagmentEcoRI-B (21.6 kb), which
was also smaller than those of other isolates (R1)9EcoRI-C was not present, but two
fragments C1 (11 kb) and C2 (5.8 kb) could be idiedt

One difference was found in ti&ad digest:Sad-C (16.7 in CpGV-M1) and -F (15 kb in
CpGV-M1), adjacent regions in the genome, were ribksly fused to a single band of
31.4 kb. All other restriction fragments of CpGVe8rresponded to CpGV-M, support-

ing the above interpretation of gain and lossesirajle REN sites.
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MHindlll  1kb Sall BamHI Pstl Xhol Kpnl Sacl Smal Apal Hindlll MHindlll  1kb  EcoRI
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Fig. 3.10. DNA restriction analysis (0.8% agarose, 1 x TAE) of CpGV-S for Sall, EcoRl,
BamHI, Xhol, Pstl, Kpnl, Sacl, Smal, Apal and Hindlll. Fragments are lettered in sequential
order of their size. AHindlll DNA ladder and 1 kb DNA ladder are included fo  r molecular
size standards. Red: fragments differing fromthe C ~ pGV-M1 profile (Crook et al., 1997).
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CpGV-AZ1-7 and CpGV-G03,-G04

The seven isolates CpGV-AZ1-7 collected in Azedrdgn as well as the isolates
CpGV-G03 and -G04 received from Georgia did notediin theirPst, EcaRl, BanHl
and Xhd profile from CpGV-M (EU) or from the publishedgdile of CpGV-M1 (Crook
et al., 1997) (Fig. 3.11-3.14). All bands coulditeentified at the expected position.

BamHlI

AZ1 AZ2 AZ3 AzZ4 AZ5 AZ6 AZ7 GO3 GO4 M MHIIl - 1kb

Fig. 3.11. DNA restriction analysis (0.8% agarose, 1 x TAE) of the isolates CpGV-AZ1-7
sowie -G03, -G04 and CpGV-M (EU-Standard) for BamHI. Fragments are lettered for
CpGV-M in sequential order of their size.  A/Hindlll DNA ladder ( AHIII) and 1kb DNA ladder
(1 kb) are included for molecular size standards.
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EcoRlI
NHII 1kb  AZ1 AZ2 AZ3 AzZ4 AZ5 M AZ7 GO3 1kb MHIN
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E
GH
13
K
L
20

Fig. 3.12. DNA restriction analysis (0.8% agarose, 1 x TAE) for the isolates CpGV-AZ1-7, -
GO03, -G04 and CpGV-M (EU-Standard) for EcoRI. Fragments are lettered for CpGV-M in
sequential order of their size.  A/Hindlll DNA ladder ( A/HIII) and 1kb DNA ladder (1 kb) were
included for molecular size standards.
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Fig. 3.13. DNA restriction analysis (0.8% agarose, 1 x TAE) of CpGV-AZ1-7, -G03, -G04
and CpGV-M (EU-Standard) for Xhol. Fragments are lettered for CpGV-M in sequential
order of their size. A/Hindlll DNA ladder ( A/HIII) and 1kb DNA ladder (1 kb) are included for
molecular size standards.
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Psitl
MHII 1kb AZ1 AZ2 AZ3 AZ4 AZ5 AZ6

AZ7 GO03 G04
kb
231
- -
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9.4 .
65
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Fig. 3.14. DNA restriction analysis (0.8% agarose, 1 x TAE) of CpGV-AZ1-7, -G03, -G04
and CpGV-M (EU-Standard) for Pstl. Fragments are lettered for CpGV-M in sequential
order of their size. A/Hindlll DNA ladder ( A/HIII) and 1kb DNA ladder (1 kb) are included for
molecular size standards.
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Taken togheter, comparison of the restriction peefivith the map of CpGV-M1 estab-
lished by Crooket al. (1985, 1997) revealed that the isolates CpGV-AZ1&03 and
-G04 corresponded to CpGV-M1 and CpGV-M (EU), resipely (Fig. 3.11-3.14). In
contrast, the isolates CpGV-112, -101 and -108 eoreéd an approximately 0.7 kb inser-
tion harbouring an addition&cadRl site near 19 kb of the genome of CpGV. CpGV-E2
contained an insertion of a similar size, also imitBcoRI-A but at a slightly different
position. Further differences were found in a b2deletion in the area of 51.5-56.4 kb
and in a missingkhd site. Compared to CpGV-M, the isolate CpGV-S sbdweveral
insertion and deletion sites. An insertion of ab@& kb was expected in the genome
area between 54.5 and 65.0 kb, whereas one ore aetegons of in total 0.9 kb are
proposed for the region of 79.6-96.2 kb correspogddo CpGV-M1 (Fig. 3.15).
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Table 3.7. DNA restriction fragment sizes (kb) of C

Pstl, EcoRlI, Xhol and BamHI. *As reference, CpGV-M1 fragments sizes have bee

pGV isolates different from CpGV-M (CpGV-112, -101,
n included (Crook et al., 1997).

-108, -112, -E2 and -S) after digestion with

Pstl 101 108 112 E2 S M1* EcoR 101 108 112 E2 S M1*
Fragment Fragment
A 28.1 281 281 27.9 27.2 279 A - - - - 27.3 27.9
B 215 215 215 21.0 21.z 21.0 B 219 219 219 219 216 21.9
Al - - - - - - Al 181 181 181 15.1 - -
C 16.6 16.6 16.6 16.6 16]p C 16.9 16.9 16.9 16.9 3 16p
D 134 134 134 134 12.7 134 D 125 125 125 125 11.7 125
A2 - - - - - - C1 - - - - 11.0 -
E 105 1C.5 105 11 12.4 10.t A2 105 105 105 135 - -
F 8.2 8.2 8.2 7.7 8.1 8.2 E 105 105 105 105 10.1 10.5
Ci - - - - 8.C - F 6.4 6.4 6.4 6.4 6.2 6.4
Cc2 - - - - 7.7 - Cc2 - - - - 5.8 -
G 7.7 7.7 7.7 7.7 6.8 7.7 G 5.0 5.0 5.0 5.0 4. 5.C
H 6.4 6.4 6.4 6.9 6.2 6.4 H 5.0 5.0 5.0 5.0 4. 5.C
| 6.4 6.4 6.4 6.4 6.4 | 4.9 4.9 4.9 4.9 4.7 4.
J 2.2 2.2 2.2 2.7 2.2 J 4.8 4.8 4.8 4.8 4.7 4.8
K 22 22 22 2.2 2.2 K 4.0 4.0 4.0 4.0 3.8 4.C
L 1.8 1.8 1.8 1.8 1.8 L 3.0 3.0 3.0 3.0 3.C 3.C
M 1.3 1.3 1.3 1.3 .2 M 1.7 1.7 1.7 1.7 1.7
N 1.1 1.1 1.1 1.1 1.1
Xhol 01 108 112 E2 s M1+ || BamH 101 108 112 E2 s M1*
Fragment Fragment
A 39.2 382 39.2 39.2 37.2 39.2 A 254 254 254 254 245 254
B 24.1 241 24.1 234 227 234 B 245 245 245 245 24.1 245
C 118 11.8 118 118 118 11.8 C 15.7 15.7 15.7 15.2 - 15.2
F+ - - - 11.2 - - C+! - - - - 20.1 -
D 8.4 8.4 8.4 8.4 8.2 8.4 D 9.5 9.5 9.5 9.6 9.4 9.6
E 7.9 7.9 7.9 7.9 7.7 7.S E 9.5 9.5 9.5 9.6 9.2 9.6
F 7.1 7.1 7.1 - 6.9 7.1 F 6.9 6.9 6.9 7.0 6.S 7.0
G 6.5 6.5 6.5 6.6 6. 6K G 6.5 6.5 6.5 6.4 6. 6.4
H 53 5.3 53 5.2 51 5.2 H 5.9 5.9 5.9 5.9 5.8 5.9
| 4.9 4.9 4.9 4.7 5.1 4) | 5.7 5.7 5.7 5.7 5.9 5.
J 4.1 4.1 4.1 - 4.1 J 5.3 53 5.3 5.0 - 5.2
K 3.6 3.6 3.6 3.6 3.4 K 3.9 3.9 3.9 3.8 3.9 3.
L 1.4 1.4 1.4 1.4 1.4 L 3.2 3.2 3.2 31 3.1 31
M 1.2 1.2 1.2 1.2 1.2 M 3.2 3.2 3.2 31 3.1 31
N 0.8 0.8 0.8 0.8 0.8 N 1.1 1.1 1.1 1.1 1.1
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3.5 Discussion

As some local field populations of codling moth hast their susceptibility to CpGV-M,

a search for alternative CpGV isolates overcoming tesistance phenomenon (Asser-
Kaiser et al., 2007) has been initiated. PromidpgsV isolates more effective against
CpR and CpRR1 than CpGV-M could be found whenrgstaturally occurring CpGV
isolates originating from different geographic @ws: resistance against CpGV could be
overcome by five out of 19 examined CpGV isolat@sGV-112, -108, -101, -E2 and -S.

After seven days in bioassay, efficacy againststast larvae (CpR, CpRR1) was for
CpGV-E2 comparable to the efficacy of CpGV-M agtisasceptible codling moth
larvae (CpS). The L& of CpGV-I12, -108, -101 and -S against CpR or CARRas after
seven days 10 to 100 times higher than theyloBtained for CpS tested with CpGV-M.
Full efficacy of the isolates CpGV-112, -108, -I0‘(E2 and -S became apparent after 14
days in bioassay. Here, the efficacy of all isdatas in the same range as of CpGV-M
against susceptible CpS larvae. No statement ®significance of some Lgg differ-
ences could be made for some isolates after savaften 14 days, because the slopes of
their probit lines were not parallel to the slopetlwe reference CpGV-M (EU). The
bioassays described here were carried out overiadpef three years, therefore, influ-
ences like the season or variations in the fitoéslse reared populations can be reflected

in the bioassay data.

The fact that CpGV-M induced a mortality of aboG8in CpR led to the conclusion,
that the population CpR still contained susceptibgects. As they died after seven days
in bioassay, leaving only the resistant ones, rityrtdid not increase until day 14. Due
to increasing control mortality and its Abbott @wmture, mortality after 14 days is
mathematically lower than after seven days in Big. For the surviving insects, a £
100,000 than that of CpS can be expected (AsseyeKat al., 2007). Indeed, further
studies demonstrated that CpR was a mixture ofeptibte and resistant individuals.

Based on single pair crosses, it was estimate®8t4t of the CpR insects were suscepti-
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ble ones (Asser-Kaiser et al., 2009). The 100,@0d+fesistance of the other 70% could
be overcome completely by the new isolates.

Whether CpGV-I12 or other isolates are suitabledwodling moth control in orchards
with CpGYV resistance needs to be evaluated initid. fin 2007, first field trials with
CpGV-112 had been performed in orchards with Cp@Ssistance and showed similar
good results as another improved CpGV-M (Madex )Pllnat had been selected on a

resistant codling moth population (Zingg, 2008).

Another requirement for the registration and fiafzplication of a new CpGV isolate is
the ability to identify all genotypes present inmaxture or to assure if a homogenous
isolate is provided. Based on DNA restriction asalythe resistance overcoming iso-
lates CpGV-S, -112, -108 and -101 were found to dmnetically rather homogenous
isolates, as they did not show any submolar bandtheir restriction profiles. The
CpGV-E2 profile revealed submolar bands which st@sespond to fragments specific
for CpGV-M/-M1. CpGV-E2 was isolated by vivo-cloning from the so-called English
isolate (CpGV-E) which showed a predominant CpGMiké profile (Crook et al.,
1985). Further rounds @ vivo-cloning did not increase the CpGV-E2 genotype,that
CpGV-M like type (Crook et al., 1985).

Characterisation by restriction analysis revealed tsolates that were able to overcome
resistance differed from CpGV-M in their profileSgGV-I112, -108, -101, -E2 and -S).
Isolates corresponding in their profiles to CpGV{MpGV-AZ1 -AZ7, -G03, -G04)
showed a similar biological activity against Cp§yRCand CpRR1, respectively, to
CpGV-M. Therefore, resistance to CpGV is not omsgtricted to one isolate, but seems

to be specific to all CpGV-M like isolates.

CpGV-112, -108 and -101 showed very similar redtdn profiles to CpGV-M. RFLPs
found were later on corroborated by CpGV-I112 whggmome sequencing (Chapter 5).
Due to an additionabal recognition site in CpGV-112 nt position 112,0%al-E of
CpGV-112 was 1.3 kb smaller compared to CpGV-M.sTtasulted in a similar size of
Sal-E asSal-F, visible as a double band &al-E and -F in the CpGV-I12 profile. The
additionalApa restriction site predicted from the RFLP analysiss located in CpGV-
112 nt position 19,121, revealing an additionagfreentApa-C of 2.4 kb.
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An insertion of about 0.7 kb was estimated betwE®22 kb in the genome. For CpGV-
E2, an insertion of similar size is expected in $hene region but at a slightly different
position, aEcaRI-Al and -A2, harbouring this insertion site, did in their sizes from

those of CpGV-I12, -108 and -101. CpGV-S differedits restriction profile from CpGV-

112, -108, -101 and -E2 as well as from CpGV-M. dontrast to the other examined
CpGYV isolates, several insertions and deletionsexygected based on the restriction
profile. The insertion of 0.7 kb could not be dét¢eicin CpGV-S. Therefore, a correlation
of the 0.7 kb insertion observed in CpGV-I12 an@ :kith overcoming resistance is

unlikely.

The restriction profiles of the isolates CpGV-16&601, -G02, -107 -168 and -108 were
previously determined by Dr. Samy Sayed (Eberlalgt2009). It was found that the
profiles of CpGV-166 and -G02 corresponded to CplVThe isolates CpGV-107, -168
and -GO01 differed from CpGV-M in thelPst profiles. Compared to CpGV-M, a dele-
tion of 2.4 kb in the genome area of 51.6-55.4 &bld be localised for these isolates
(Eberle et al., 2009), similar to the previoushsd#ed so-called Russian isolate (Har-
vey and Volkman, 1983).

Taken together, the analysis of CpGV isolates fidifferent geographical regions in
Iran, Georgia and thie vivo-cloned English isolate revealed a considerablatran in
their RFLPs. However, by mapping these variationsst isolates can be attributed to
genome types which were previously described usioigtes from Mexico, England and
Russia (Crook et al., 1985; Harvey and Volkman,3)98he isolates CpGV-112, -101
and -108 showed similar RFLPs compared to the EhglipGV-E isolate. CpGV-E was
shown to have an additionBtadRl site and in total an insertion of about 1 kb panmed

to CpGV-M (Crook et al., 1985), as it was also obed for CpGV-E2. Hence, it was
found that the insertion of CpGV-I12, -108 and -Mas at a slightly different position as
in CpGV-E2.

The isolates CpGV-AZ1 to -AZ7, -G02 to -G04 corrasged to CpGV-M in their
restriction profiles and fragment sizes (Fig. 3.31t4). Also the CpGV isolates CpGV-
166 and -G03 were found to correspond to CpGV-Mefisbet al., 2009, Fig. 3.14). The
isolates CpGV-I07, -G0O1 and -168 lacked a 2.58 &hayne region withifecoRI-C and

74
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showed a similar restriction profile to CpGV-R (Heeet al., 2009, Fig. 3.12), for which
a deletion of 2.4 kb at the same map position leghproposed previously (Crook et al.,

Fig. 3.15. Restriction endonuclease mapping of all
lished map of CpGV-M (Crook et al., 1985). Restrict
cate additional endonuclease restriction sites and

ing sites. Mapped sequence insertions and deletions

triangles, respectively. The proposed genome types
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It is striking that related genotypes of the presly described isolates could be found in
the field in the same geographical region. Convgrseolates from different geographic
regions shared the same restriction profiles. THifferent CpGV RFLP types cannot be
attributed to different geographical origins anymbut have to be considered as putative
members of a meta-population of different genotype€pGV. This view is corrobo-
rated by a previous finding that single genotypesewsolated from CpGV-E by in vivo-
cloning, resulting in two genotypes E1 and E2. VéherE1l was indistinguishable from
CpGV-M, E2 had a similar restriction profile to C@gé/, with modifications, resulting
in an additional EcoRI site and about 1 kb more D{Tkook et al., 1985). Since all
analysed RFLPs could be attributed to the domiganbtypes of the previously charac-
terised geographic isolates M, E and R, it is satggkto apply the letters A, B, C, D and
so on for identification of the different genomeég in CpGV mixtures. According to
this, the A type genome corresponds to CpGV-M aé ageAZ1-AZ7, 166 and G02-04,
whereas the B and C genotype correspond to CpG¥re2-R (CpGV-107, -168 and -
GO01), respectively. For the novel isolates CpGV;-H@1 and -108, the D type genome is
proposed and for CpGV-S an E type genome.
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4 Molecular characterisation of CpGV isolates: part ial

seqguencing of genomic differences

The results presented in this chapter have beelspat as: Eberle et al., 2009.

4.1 Introduction

Baculovirus genomes are characterised by a highedegf genetic variability, often

mirrored by differences in their biological actwifvan Oers and Vlak, 2007). Not only
virus isolates originating from different geogragdiiareas show molecular differences,
also samples from the same origin may vary in theiretic content. Beyond mutations,
intra- and intergenic recombination events andrnbkertion of transposons play a role in

baculovirus natural variation (Van Oers and VIak0?).

Thereby, some genome regions are more often subjetianges than others. For exam-
ple, the homologous repealir] regions, which are interspersed repetitive ATric
sequencedr regions can be found at several positions througtie virus genome and
are hotspots of genomic variation (Hilton and Waméty, 2007; Van Oers and Vlak,
2007). These regions function as acting enhancing factors for the transcription of
early genes by RNA polymerase Il (Theilmann andv@te 1992). In CpGV, one major
repeat region is dispersed in 13 copies of an ifepepalindromic sequence throughout
the genome (Luque et al.,, 2001; Hilton et al., 20@®eyond thehr repeats, thdoro
(baculovirus repeated open reading frame) geneefter target sequences for genomic
recombination events (LOpez-Ferber et al., 2003)alysis of two field isolates of
Mamestra configurataaucleopolyhedrovirus-A (MacoNPV-A), differing imeir DNA
restriction profiles and host virulence, revealedttthe greatest divergence between the
two genomes could be found in the region of tHree genes (Li et al., 2005). It was
proposed thabro genes contribute to baculovirus genome diversitpéing involved in
recombination events and baculovirus gene lossquisition (Li et al., 2005; Harrison,
2009).
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Recombination events between baculovirus genomémimnplogous recombination also
occur with high frequency (Van Oers and Vlak, 200&hle et al., 2003), for example
during the infection of a host with two baculovirgenotypes at the same time. Inter-
specific recombination events between baculovir@esless frequent, but observed in
case of thgranulin genes of CpGV and CrleGV (Jehle et al., 2003). Gencompari-

son of Xestia c-nigrum(XecnGV) andMamestra configurataNPV (MacoNPV-B)

revealed that MacoNPV-B contained four ORFs whi@reronly present in the distantly
related XecnGV, suggesting a lateral gene trafsfaveen both viruses (Li et al., 2002).

The insertion of transposable elements from th¢ inbs the virus genome also increases
the genetic variability of baculoviruses. Not omizen replicating in cell culture, also
vivo insertion events could be observed (for reviewReesen, 1993; Jehle et al., 1995;
Jehle et al., 1998). Most of these transposonsnateable to transpose further. The
transposons TCl4.7 and TCp3.2 of thél-like/marinerfamily were observed im vivo
cloned CpGV variants; the putative transposase ge also defective (Jehle et al.,
1998; Jehle et al., 1995). Transposon TCI4.7, &B.ihsertion sequence, derived from
C. leucotretaan alternative CpGV host. The 3.2 kb transposBp3[2, characterised by
750 bp of ITRs (inverted terminal repeats), derittesin the hosiC. pomonella(Jehle,
1996). Homologous recombination between the ITR#hi transposon was shown to
causen vivo inversion of the transposon in the CpGV mutant €g@Cp4 (Arends and
Jehle, 2002), corroborating the assumption thdtaiculovirus genomes repeated struc-

tures are sources for genetic heterogeneity.

To date, CpGV is the best characterised Betabaruk@nd is therefore often used as a
model organism for other GVs. The so far examine&Z isolates are analysed in the
following chapter with regards to their geneticetisity. Partial sequencing of the previ-
ously identified RFLPs in different isolates debed in Chapter 3 and a phylogenetic
analysis should give insight into diversity and letion of CpGV with regards to their
biological activity. The 0.7 kb insertion observedthe EcaRl REN profiles of CpGV-
101, -108, -112 and -E2 (see Chapter 3) should dmalised by PCR, sequenced and
analysed for the isolates CpGV-112 and -E2.
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A classification of geographic different isolateis molecular level was aimed for by
single nucleotide polymorphism (SNP) detectiondetd by phylogenetic analysis. For
phylogenetic analysis, thmlh/gran lef-8 andlef-9 genes of isolates of different genome
types were selected. These genes are highly catsertepidopteran-specific baculovi-
ruses (Lange et al., 2004; Jehle et al., 2006; ideret al., 2001)Polh/grancodes for
polyhedrin/granulin polyhedrinis the structural protein of the occlusion bodyBjGn
Alpha- and Gammabaculoviruses. The homologue genBetabaculoviruses igran,
coding forgranulin. Due to their high conservation, tpelh/gran genes were the first
baculovirus genes used for phylogenetic analysesrfRann et al., 1981; Zanotto et al.,
1993). Thdate expression factor-8nd-9 (lef-8 andlef-9) genes are coding for subunits
of the baculovirus RNA polymerase and were so d@niified in all completely se-
guenced baculovirus genomes (Jehle et al., 200®).cbmbined data sets of concate-
nated sequences pblh/gran lef-8 andlef-9 genes are useful in species identification
(Lange et al., 2004; Jehle et al., 2006). The caatlwn of different genes in phyloge-
netic analyses gives more robust results than esigghe phylogenies (Herniou et al.,
2003; Lange et al., 2004). Single gene phylogemayg provide erroneous conclusions,
as shown for thepolh gene of ACMNPYV, which is a chimeric gene resultingm a

recombination of a group | and a group 11 NPV (&eR004).

By partial sequencing and phylogenetic analysisemted in this chapter, evolution of
CpGV genomes was elucidated. Partial sequencin@p®@V-101 and -E2 showed that
the two genome types contained an additional notepr coding insertion of about 0.7
kb. However, this insertion was located at sligtdifferent positions in the genomes.
Analysis based on the partial sequences ofléh8, lef-9 and polh/gran genes reveald
SNPs which corresponded to the RFLP results angrihgosed genome types presented
in Chapter 3.
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4.2 Methods

4.2.1 PCR amplification

80

PCR reactions were carried out in an Eppendéaktercycler. Annealing temperature

and extension time varied according to the sizthefamplified PCR product. Standard

PCR reactions were performed in 0.2 ml tudgspendorf) with a final volume &0 ul:

reagent volume program temperature [°C] time [mirn
10 x buffer 5 ul 1. Denaturation 95°C 5
50 mM MgCL, 2 ul 2. Denaturation 95°C 1
10 mM dNTPs 1l 3. Annealing 45-60 °C 1
10 pml primer F | 1 pl 4. Extension 72°C 1
10 pmol primer R| 1 ul 5. repetition of step 2- 9,2
Taq polymerase | 0.5 ul 6. Final extension | 72°C 7
template DNA 1-3 ul
ddH0 to 50 pl

—_

Prior to sequencing, PCR products were purifiechgigthe GFX PCR DNA and Gel

Band Purification Kit (Amersham). DNA concentratioras estimated by agarose gel

analysis and comparison to a standard with knowouarmof DNA.
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4.2.2 Sequencing of selected marker genes

The partial sequences of tlate expression factor @ef-8), late expression factor @ef-

9) andpolyhedrin/granulin(polh/gran) genes were amplified using the degenerate primer
method described previously (Lange et al., 200HleJet al., 2006). PCR products used
for direct sequencing were purified using the GEXRPDNA and Gel Band Purification
Kit (Amersham) and both DNA strands were sequenegidg M13 universal, M13
reverse and T7 standard primers (MWG), dependintherprimers used for amplifica-

tion.

4.2.3 Partial sequencing of CpGV-101 and -E2

According to the physical map of all isolates, 820 kb area was amplified by PCR
from DNA of isolate CpGV-101 using the oligonucletds 18-20 for and 18-20 rev

(Table 2.5). To identify the CpGV-E2 insertion sitee region between 16 and 26 kb
was amplified in fragments of 4 kb (Table 2.7).gohucleotides were designed accord-
ing to the sequence of CpGV-M1, using the Primex8e53.0 software. The genome area
predicted to harbour the insertion was sequencett@gorise Genomics) and the result-
ing sequence was deposited in GenBank under thession number EU428826. Dot

plot analysis of the insertion sequences for répetiregions was performed using

BioEdit 7.0.5.3

4.2.4 Phylogenetic analysis

Partialpolh/granandlef-8 sequences determined for different isolates weneatenated
and aligned to each other using Clustal W impleexkmh BioEdit. The corresponding
polh/gran andlef-8 sequences dEryptophlebia leucotret&V (CrleGV) were included
in the analyses as an outgroup (Lange and Jehl8)28 phylogenetic analysis using
minimum evolution and maximum parsimony algorithwess performed using Mega 3.1
(Tamura et al., 2007).
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4.3 Results: partial sequencing of CpGV-101 and -E2

As suggested from DNA restriction analysis (Cha@gr insertions of 0.7 kb were
expected in the CpGV isolates -101, -108, -112 aBd8 within EcaRI-A. The insertion in

CpGV-E2 was suggested to be at a slightly diffepodition compared to CpGV-101, -
108 and -112. To determine the genome positiorhefihsertion sites in CpGV-101 and -
E2, three pairs of oligonucleotides were desigmmednplify overlapping 4 kb fragments
of CpGV-M, -101 and -E2 ranging from 16-26 kb oet@pGV-M genome. Thereby, the
insertion could be located between 16-20 kb inGp&V-101 genome and between 20-
22 kb in CpGV-E2 (Fig. 4.1). These areas were secpee in order to compare and

analyse the complete nucleotide sequences of fiegtions.

M K A J
CpGV-M/EcoRlI [ 1 I I
50 9.0 36.9 41.7 kb
16 18 20 22 24 26 kb
1 1 1 1 1 1
PCR primer ) ({mm
> <
ey <G
16-20 kb 20-24 kb 22-26 kb
PCR products kb M 101 E2 M E2 101 M E2 1011kb w

NOD oD

Fig. 4.1. PCR screening for the 0.7 kb insertions i n CpGV-I01 and -E2. Three pairs of
oligonucleotides were designed to cover the region between 16-26 kb of the CpGV-M
genome, as the insertion sites of -101 and -E2 coul d be located by REN analysis to this
area of EcoRI-A. This region was amplified in three overlappin g fragments of 4 kb. PCR
products without insertion show therefore sizes of 4 kb, PCR products harbouring the 0.7
kb insertion are accordingly larger.



MOLECULAR CHARACTERISATION OF CPGV ISOLATES: PARTIAL SEQUENCING OF GENOMIC 83

DIFFERENCES

Sequencing of the PCR fragments revealed that Cj@&\Garried a major insertion of

687 bp in the intergenic region between the ORR3@nd cp24 at nt 18,462 of CpGV-
M1, while a nearly identical insertion sequence&®8 bp was found between the ORFs
cp27 and cp28 in CpGV-E2 (Fig. 4.2). Further smaihsertions and deletions were

found in the area of the insertion site of CpGV-I01

01 EZ2
L1l 195 2|1'8 11 | 1 | 1 | |
I EcoR1
E2
21903
17972-18430 18574-19722
1 cp23 ) cp24 (pe-38) | 101
5 1
17986 %7 20024
-11 - 24

Fig. 4.2. Map of the 18-20 kb area of the genome of CpGV-101 and the 21 kb area of CpGV-
E2 to map the insertion sites. The fragments were a  mplified by PCR and subjected to

sequencing using sequence-specific primers. ORFs ar e indicated as horizontal arrows.

Insertions and deletions are indicated by black and white triangles, respectively. The

nucleotide positions are numbered relative to the C pGV-M1 genome sequence (Luque et
al., 2001).



MOLECULAR CHARACTERISATION OF CPGV ISOLATES: PARTIAL SEQUENCING OF GENOMIC 84

DIFFERENCES

Dot plot analysis of the CpGV-I01 and -E2 insertggguence against each other re-

vealed that the sequences were nearly identicgl &8). Repetitive regions were indi-

cated by the patterns on either side of the magahals. Dot plot analysis of CpGV-

I01 and -E2 against their reverse complements sticivat the inserted sequences

contained several short inverted repeats, butamgdr inverted repeat border sequences

as it would be typical for transposable elements.

A CpGV-I01/-E2

B CpGV-101/-101 reverse complement

a0 =

20 =

280 \

0 ~ \
420

560

630 ~

70~

C CpGV-E2/-E2 reverse complement

7 140 20 20 El [ Fe

| [ | | | | |

560

50

70
|

7 K a0 20 El El ) W@ 50 &0 70

o0 ~

0 =

560 ~

b =

Fig. 4.3. Dot plot analysis of the 0.7 kb insertion
against -E2 (Y-axis) (window size: 10, mismatch lim
complement, (C) CpGV-E2 against its reverse complem

limit; 2).

sequence of (A): CpGV-I01 (X-axis)
it: 0), (B) CpGV-I01 against its reverse
ent (window size: 10, mismatch
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Detailed sequence analysis revealed that the iosesequences were bordered by an
inverted terminal repeat of 11 nt (5-(C/T)CTTTAGGGG) as well as a duplication of
the target site of 5°-AAAATAAA (nt 21,867-21,874 ©pGV-M1) in -E2; no target site
duplication was observed in -I01 (Fig. 4.4). Thegance of inverted terminal repeats and
target site duplications are features similar &emtions of transposable elements. Here,
the inverted terminal repeats are very short amditisertion sequence is not protein
coding. However, itontained numerous internal inverted repeat strestand revealed

a rather symmetrical structure.

18424 11 18462 ; ;
QGV- M AGTTTAGGAAAGTAAAATATATGTATGATTTTTTTATTA. - - iverted repeat A inverted repeatB
QGV- 101 AGTTTAGGAAAGTAAAATATATGTATGA- - - - - - - - - - - GGATCTTTAGGCGGGRCAAGACGRGT TOGTATTAAACCAGTTGAGT T
QGV- E2 AAAGGACAAATGGAAAT AAATAAAAGAAaaaat aaalCCTTTAGEOGGEGRCAAGACGGGT TOGTAT TAAACCAGTTGAGTT
QGV- M AAAGGACAAATGGAAATAAATAAAAGAAZAAAL AAAT =TT T =TT < < <= o w < m 2 cw e o mmmeoocoaoon
21839 21874
POEM e invertedrepeat C_________________ invertedrepeatDd .
QGV- 101 TTAGGCCAAAATCT GAGTAAGT ATGACT CTAAT GTTGOCAGT TTCTATTTAAT TCTGATTCTGAGT AAGT TCGATAAT GTATAGAGCAT TTTATTAGT TATCCAAGTTCC
QGV- E2 TTAGGCCAAAATCT GAGTAAGT ATGACT CTAAT GTTGCCAGT TTCTATTTAAT TCTGATTCTGAGT AAGT TCGAT AATGTATAGAGCAT TTTATTAGT TATCCAAGTTCC
o T Y2 Y
CPOV- M e ....._.__.invertedrepeatE . invertedrepBat ...
QGV- 101 TAAGATGTCAGGTTATTAAGATCT! ITOCT AGCTCTTCAGATTCTCATAATGCOGGAT TCTGAGT AGGT CAGAAAAT CACATAACCAT TGTGACATTGTCATTAAGA
QGV- E2 TAAGATGTCAGGTTATTAAGATCT! ITOCTAGCTCTTCAGATTCTCATAATGCOGGAT TCT GAGT AGGT CAGAAAAT CACATAACCAT TGTGACATTGTCATTAAGA
QOGVEM e e e e
POV M inverted repeat G inverted repeat G
QGV- 101 ACTAT[TTATTAATTACTTTATCATAT TTAATCT TAAAGT GGCCAGT ATCT CAGATATCTGCTGATTGTACCT GGCCT TTTCGAAAT TAAATATACATAAAATCTGTCCTA
QGV- E2 ACTATIQTATTAATTACTTTATCATATTTAATCT TAAAGT GGCCAGTATCT CAGATATCTGCTGATTGTACCT GGCCT TTTCGAAAT TAAATATACATAAAATCTGT CCTA
QOGVEM e e e
POV-M i .. lnvertedrepeat Bl ... .. ... inverted repeat D’ ____________
QGV- 101 [GTAAGAAAGCGT TATTTCCAGAATTCATCATTAAAAGAATCT GCTTAATATTT TAATCGAATCGTTGCT AAT CGGATGAGAT AAGAAACT GCATAAATCOGAT OCTAACT
QGV- E2 AT AAGAAAGCGT TATTTCCAGAATTCATCATTAAAAGAATCT GCTTAATATTT TAATCGAATCGTTGCT AAT CGGAT GAGAT AAGAAACT GCAT AAATCOGAT OCCAACT
QOGV-M e e
POV M inverted repeat F~
QGV- 101 TATTACCAATCAGACGT AT TACTGT CAT GTCACGGGACCATATACGAAT CTGACCTACT CAGAAATTGT TTTAAAAAGAAAGT GACT TCTATATCATAAGTCGTATGTCG
QGV- E2 TATTACCAATCAGACGT AT TACGT CATGTCACGGGACCATATACGAAT CTGACCTACT CAGAAATTGT TTTAAAAAGAAAGT GACT TCTATATCATAAGT CGTATGTCG
o e YA
POV M e eeeeeeeeeeeeeeeo..._....iOvertedrepeatC’  ____ invertedrepeatB’
QGV- 101 ATATTGTTTTGTTCAGAAAGATACCTAT GBOGAATCTGBOCT CTACAGAGT OGGGCT TACT CAGATTCGBBA00C: - - - - = < == - == === =< w mm e o m o e oo crasc
QGV- E2 ATATTGTTTTGTTCAGAAAGATACCTAT GBOGAAT CTGGOCT CTACAGAGT OGGGCT TACT CAGAT TCGGGCT CAAAAACGAAACT GTCTCAATACGAAT CTGOOCTGGC
o e Y2 Y e
) d 18463 18480 +28 18481
pGv-M  INverted repeat A 1ooaaeTAGTTTAGGAA: < < - - - - <o meeeeeee e eeae AGTTTAGGAAAATAAAAAAAAGT AATATAAATTTTTATCATTTTTATTTGTA
QGV- 101 (COCGOCTAAAGETTCOGGCTAGT TTAGGAAAGT AMAAAAATGT GTATCATTCCGATTAGT TTAGGAAAGTAAAAAAAT GTAATATGAATTTTTATTATTTTTATTTGTA
QGV- E2 COCGOCTAAAGGRaaat aaaTAGAT GGATAGAATACT GAATATAAAATAAGACACA
QO-M e TAGATGGATAGAATACTGAATATAAAATAAGACACA
21910
21875
18569 +37 18570 18592
QGV- M AACACATAAAATAACAGCAAAAATAGCAACAGT AAA: - - - - = < < =« == - oe o oe oo ACAGTTAATATTTAATGGGTTTT
QGV- 101 AACACATAAAATAACAGCAAT AATAGCAACAGT AAATTATTATTAACAAAAACCTTAATCTAAACACATT TAAACAGT TAATATTTAATGGGTTTT

Fig. 4.4. Alignment of the CpGV-101 and -E2 inserti  on site. The corresponding parts of the
CpGV-M genome are given for both the sequences, num bers indicate the nucleotide
position according to the CpGV-M genome and the num ber of inserted or deleted nucleo-
tides. Arrows indicate direct repeats, inverted rep eats are given underlined in italics and
lettered alphabetically. The first and the last inv  erted repeat are shown in boxes. Frames
indicate mismatches between the CpGV-101 and -E2 in  sertion sequence.
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Strikingly, the region containing repeat B, C andHy. 4.5) had sequence similarity to
putativehr repeats of CpGV, which have been recently ideattifis origins of replication
(Hilton and Winstanley, 2007). Further small indalitations of 11-28 nucleotides were
identified in the neighbourhood of the insertiotesn CpGV-I01. Sequencing of the
corresponding region of CpGV-112 (see Chapter B¢aéed the identical insertion at the
same position as iBpGV-I01. Based on DNA restriction mapping the sansertion is
also predicted for CpGV-108.

1 _304Z-311% ACGAGTCTGAGTTAATTTGE GLARTTTGAGAAALATTTARAAATTT ~ACTTT - TTCTCCCAATTAACTCGGA CTC
E_3Fze0-3325 L. C..C..TTA.G. . CCAG.. . CG.. ST Tl T U TT. e o
3 _11221-1120& ce. AL GCLUTGEGECD JAG. . T..CG. . A——_..CGT...TCG. AdbDp TCTTG...A. . GC_A..-_..
4 12144-12071 ... ... T...C..C-RA. _.__._ A ———_ . T. ... TTC. _AA-—-A_ _AG.T.. A _G._..C-_.._
L_Z8924-28333 ... C..C..C..CATTIG.AG. . . CTG-—_ ... ...... T...T-CTC..--_ . TCT.GG. .. ... .....—-...
6_484530-43555 ... GT_ _TG.GCC AR _CTG.CG.G. A . GT.. TCG._ Add T TTG.._ A  GC_A._-__.
7_E034E-E0271 ... GT..TGCGEC AAG. . TGCCG. G --A. . GT.. TAG.  Addi TCTCG. AL, AR A . -_ ..
g2 _el4e3-61288 ... .. C..C..T..CC..--AG.T...T.............. o oiiTo e s 0= =na o n oo 0o e L L
9 _77E21-77EEE ce--....C_.__.C.AC .C-AA . C.A -——_____.. T. ... I Gl
l0_S3891-82366 cee-...CoCL.T.G.C..C-RA_ ... iloaooaas C..TT--T.COTCGERAGA G A.G

11_96Z83-351%4 ... ... .. AT--_A. ... T. ... T. ... TT.G. CCTGLTAL oLl
lz_1037E1-102735 ... C..... T... AT e T...T...T-CTC..-——..... GTT... ...,
13_114565-114540 P e [ [ LS [y Sy [ epspepeps gy T...T--AC. . ——_ . TCA. .CG..........—...
CpGV-TI12 insertion ... _ A ___. CC..C.C A oL _GT T._ A . _ _GRAAGTGAC. . CTA_ .—-_ _AT.AG..
CpGV-EZ insertion Sooolsaana cc..c.cC A A ..GT T.. A .. GRAACGTCGAC. . CTA..--__AT.AG..

Fig. 4.5. Alignment of a putative hr repeat within the 0.7 kb insertion of CpGV-I01 wit  h hr
repeats identified in the genome of CpGV-M1 (Hilton and Winstanley, 2007).
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4.4 Phylogenetic analysis of 11 CpGV isolates

PCR amplification of the partigdolh/gran lef-8 andlef-9 genes for the isolates CpGV-
M1, -G02, -166, -101, -108, -112, -107, -168, -GO1E2, and -S (Table 4.1) resulted in
DNA fragments of about 460, 740 and 260 bp, respelgt Sequencing did not reveal
any difference between the gene fragments of Cp®%;d66 and -M1 (Table 4.1).

The isolates CpGV-101, -108 and -112 showed homogsty two single nucleotide
polymorphisms (SNPs) in tHef-8 sequence at nt 114,274 and 114,693 with twesitran
tions (T to C) (Table 4.1). The SNP at 114,274 eduits in a predicted amino acid
change at position 506 of LEF-8 from threonine tetmonine, the other SNP laf-8 is
synonymous. No difference to CpGV-M1 was foundhegolh/gransequences.

Compared to CpGV-M1, three SNPs could be detectdtie isolates CpGV-I07, -168
and -G02. Nucleotide 381 in tlmmlh/grangene showed a transition from A to G. Two
more transitions from C to T were present at nuades 114,267 and 114,693 in tleé8
gene. All transitions were synonymous. No diffeeerweas found in the partidéf-9

sequence in any of the isolates (Table 4.1).

CpGV-E2 differed in itolh/gransequence from all other isolates, showing one itrans
tion from C to T at nt 246 and one transversiomfrd to C at nt 249. Nucleotide 381
corresponded to CpGV-M1, whereas nt 564 showedraition to C as observed for the
isolates CpGV-I07, -168 and -G01. None of thesengea altered the predicted amino
acid sequence of theolh/gran genes. Thdef-8 sequence revealed one transition at nt
114,267 from C to T, corresponding to CpGV-107 8-#hd -GO1. A transversion from A
to T at nt 114,654 was unique to CpGV-E2 and reduilh an amino acid change from

lysine to asparagine.

CpGV-S corresponded in ifgolh/gran SNPs to isolate CpGV-E2. No SNPs were de-
tected forlef8; the sequence corresponded to CpGV-M1, -G02 a6l Thelef-9 se-
guence had not been determined for CpGV-E2 an@sSt was non-informative with

regard to SNPs in the other isolates.
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Table 4.1. Single nucleotide polymorphisms (SNPs) d  etected in PCR-amplified fragments
of polh/gran, lef-8 and lef-9 genes. The nucleotide positions of SNPs within the polh/gran
and lef-8 genes are given and are numbered according to the nucleotide positions in the
published genome of CpGV-M1 (Luque et al., 2001), w hich was taken as a reference. No
SNPs were detected in lef-9.

CpGY [prepesed | GenBank polhieran GenBank lef-8 GenBank  [lgf9
izolate getf;;:le Arcession 246 245 351 o654 Arcession 14267 114274 114654 114693 | Accession

M1 A [NC_002816 | @ B G T |[wmC_oozsls | © C B € [WC_oozgis

Goz A EU370249 | [ ] G 1] EU370242 c c ] c EU370260

166 A EU370248 | [ ] G 1] EU370239 c c ] c EU370257

101 D EU370243 | [ B G ] EU370235 c ] B ] EU370253

108 D EU370244 | [ ] G 1] EU370236 c 1] ] 1] EU370254

2 D EU370246 | [ ] G 1] EU370238 c 1] ] 1] EU370256

107 C EU370245 | & || || C EU370237 ] C || ] EU370255

168 C EU370247 | B ] ] c EU370240 1] c ] 1] EU370258

G01 C EU370250 | B ] ] c EU370241 1] c ] 1] EU370259

E2 B EU428824 | T c G c EU428825 ] c ] c . nd

s E 5 ] [ G [ [ [ B [ nd

The highly conserved partibdf-8 andpolh/grangene sequences were concatenated and
used for phylogenetic analyses. The homologousesegs of the most closely related
CpGV neighbour, th€ryptophlebia leucotretgranulovirus (CrleGV) were included as
outgroup (Lange and Jehle, 2003; Jehle et al., )200& phylogenetic tree obtained
clearly placed CpGV-168 and the related isolat€3,-tG0O1 at the basis of the tree of
CpGV isolates (Fig. 4.6), indicating that these ajaea types are ancestral to those of
other isolates.
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Fig. 4.6. Minimum evolution (ME) tree of 10 CpGV is olates and CpGV-M. The analysis is
based on 1032 nt derived from partial  polh/gran and lef-8 sequences (Jehle et al., 2006)
using CrleGV as an outgroup. Numbers at the nodes i  ndicate bootstrap values (%) of 500
replicates. The optimal tree with the sum of branch length = 0.2 is shown. The ME tree
was searched using the close-neighbour-interchange algorithm at a search level of 1; the
neighbour-joining algorithm was used to generate th e initial tree. All positions containing
gaps and missing data were eliminated from the data  set; phylogenetic analysis was
conducted in Mega 3.1 (Tamura et al., 2007). The pr oposed insertion of the ORFs cp63-
cp66 (see Fig. 4.7) is indicated on the left.
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4.5 Discussion

The classification of CpGV isolates into differgg@gnome types proposed in Chapter 3 is
corroborated by the SNPs detected ingbla/granandlef-8 genes.

As previously shown, thpolh/granandlef-8 genes are highly conserved among lepidop-
teran-specific baculovirues and are very well suftg phylogenetic analyis (Herniou et
al., 2001; Lange et al., 2004; Jehle et al., 2006).

In the partialpolh/gran gene, only one position differs between CpGV-MH dhe
isolates CpGV-107, -168 and -G01. Two SNPs couldde¢ected concerning tHef-8
sequence in all isolates except the M-type isoldtbe isolates CpGV-112, -108 and -101
differ in three nucleotide positions from CpGV-Me&sulting in one amino acid change
from threonine to methionine; both are hydrophabiuno acids which therefore proba-
bly have a similar function. CpGV-Haolh/grandiffers in three positions from CpGV-
M1 and in two positions ifef-8. CpGV-S corresponds in itgolh/gran sequence to
CpGV-E2, in itslef-8 sequence to CpGV-M. This poses the question tot wktent
recombination events are involved in the formatidrihe different genome types. Ho-
mologous recombination of virus variants appearse@ frequent event contributing to
the genetic diversity of granuloviruses (Jehle let 2003). Recombination within the
coding region of the putative DNA helicase geneAaftographa californicaNPV
(AcNPV) and Bombyx morinuclear polyhedrosis virus (BmNPV) resulted in e
panded host range (Maeda et al., 1993). pbk gene of AcCMNPV shows a mosaic
structure of group | and Il motifs as a result@a@eécombination event in its evolutionary
history (Jehle, 2004). As such a recombination eean confuse phylogenetic studies
based on that single gene, a combined set of cmtayenes results in more reliable

results to infer phylogenetic trees of baculovisudeange et al., 2004).

Since the SNPs described here are located in haghigerved genome regions, it needs
further analyses and comparisons including othaatss to define to what extent these
SNPs could be useful for isolate identification abassification.Comparing the SNP
analysis to the restriction analyses describedhapter 3, it is striking that the classifica-

tion based on the REN profiles corresponds to theming based on SNPs: the isolates
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CpGV-166 and -G02 correspond in REN profile and SN CpGV-M. They are there-
fore grouped together in the phylogenetic analfsig. 4.6). CpGV-101, -108 and -112 do
not differ in their restriction profiles from eadther, but from all other isolates. Beyond
this, they share the same SNPs (Table 4.1) andharefore grouped together in the
phylogenetic tree (Fig. 4.6).

The isolates CpGV-107, -168 and -GO1 (type C) wgreuped as basal branch in the
phylogenetic analysis, indicating that they are ghglogenetically eldest isolates of the
examined ones. CpGV-M would therefore belong topthgogenetically youngest. This
view is corroborated by further partial sequenaidRFLPs of different genome types
(Eberle et al., 2009). The four ORFs cp63-cp66 ravk present in type C genomes
(Eberle et al., 2009, Fig. 4.7), but in all otheamined genome types A, B, D and E. The
presence of these four ORFs can be predicted éoistilates analysed in this thesis due
to the results of the REN analyses (Chapter 3). OR$ cp63 is a homologue to the
baculovirus repeat ORFbrp) and cp66 is homologous pip-2 whereas cp64 and cp65
are unique to CpGV at this position. The genes are a multi-gene family in baculovi-
ruses and are thought to have an important fundgtiogene transcription and genome
replication (Kang et al., 1999; Zemskov et al., @0Bideshi et al., 2003). The loci bfo
genes have been repeatedly identified in diffeladulovirus genomes as hotspots of
recombination events and genome heterogeneity @-Bpeber et al., 2003). Notably, the
ORF cp64 was identified to be homologous to the ©B#e59 and phop56, suggesting
that this gene is widely distributed among GVs fgeto Tortricidae (Lange and Jehle,
2003). In case of 168 and other type C genomesghkiewy cp64 is not present. Strikingly,
CpGV-M1 has a second homologue of this gene (cpXAte all known CpGV isolates
do not show any RFLP in the genome area of cp10@, predicted that this ORF is
present in all CpGVs including 168 and other C tge@omes.

In comparison to other GVs, only A, B, D and E typpGVs contain the ORFs cp63-
Cp66 in their genome (Fig. 4.7). The ORF orgamsatf 168 (C type) is more similar to

other GVs than those of CpGV-M1 and -I112, strongliggesting that the ORFs cp63-
Ccp66 can be considered as recent insertion intedh@non ancestor of the genomes of

A, B, D and E type CpGVs, rather than a deletiothenC type. Based on gene content it
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can therefore also be hypothesized that the C §p8V genome is phylogenetically

ancestral, as it was also suggested from the pbgletec analyses (Fig. 4.6).

o© Q\Q‘{L
|63 ][ 64]| 65 | 66 |

v
cpov-mi [ oo L6267 ][] [60 )z | 109

CpGV -168* - AA |62 ||68 | \ﬂlm ___________ 109
CrleGV B (s ][] [s9] [eo] [er] [62] 6264 ]
PhopGV B (52 ] [s5] [se] Jeo] [e2] [62][63]

PlxyGV B (7)) 40 | lso| [s1][s2][s3]

xeenav [N 8 ) [z ] np. L8] [79][s0]

AdorGV -Ii—lp AMA 58| [s0] [0

AgseGV B o) s6] o [sa] [eo] [61][e2]
A g™ Qlﬂ@ & g

@

Fig. 4.7. Comparative gene content and gene order a  nalysis of the map unit 50-54 kb of
CpGV-M (Luque et al., 2001), including CpGV-168 (Eb erle et al., 2009), CrleGV (Lange and
Jehle, 2003), Phthorimaea opercullela GV (PhopGV) (GenBank accession number
NC_004062), Plutella xylostella GV (PIxyGV) (Hashimoto et al., 2000), Xestia c-nigrum GV
(XecnGV) Hayakawa et al., 1999), Adoxophyes orana GV (Ador GV) (Wormleaton et al.,
2003) and Agrotis segetum GV (AgseGV) (NC_005839). Numbers in boxes indicate the
ORF numbers in the respective genomes. The same col oured boxes indicate homolo-
gous ORFs. ™M~ ORFs not shown; n.p., not present. *, Isolate 168 is numbered according
to the CpGV-M1 sequence. The existence of the ORFs s predicted from REN analysis.
Redrawn from Eberle et al. (2009).
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DIFFERENCES

CpGV-101, -112, -108 and -E2 contain a 0.7 kb naotgin coding insertion, which was
previously mapped for CpGV-E. The 714 bp inserfmund in CpGV-E2 is bordered by
the inverted repeat of CTTTAGGCGGG (inverted regeand A" in Fig. 4.4) and might
be regarded as the original inserted sequencdiisasdquence is structured quite sym-
metrical and is present in CpGV-101 and -E2. Thditamhal 31 bp in CpGV-E2 10 bp
upstream of the last repeat (repeat A") suggestletion in CpGV-101 rather than an
insertion in -E2, because this part contains aeecglof 8 bp which is repeated inverted
10 bp downstream from the first repeat sequengeéteA). The inverted repeat structure
and the target site duplications indicate that dhgin of this inserted sequence could
derive from a transposable element. One regionatung the repeats B, C and D (Fig.
4.) shows some similarity tbr regions, which have been recently demonstrated to
function as origin of CpGV replication (Hilton aiWinstanley, 2007). As this 0.7 kb
insertion is not present in all resistance overomnisolates, it is most likely not involved

in overcoming resistance.

In conclusion, the molecular analysis of differ@uGV isolates revealed a considerable
genetic variability due to point mutations, insentiof ORFs and possibly the insertion of
a transposable element. Despite these variougeliites, it was possible by SNP analy-
sis, in agreement with the RFLP analyses, to githepdifferent isolates to five main

genome types. Regarding the question about thstaese overcoming factor, it is

indispensable to go more into detail of sequenda: dzhanges on the level of point
mutations, which do not lead to RFLPs, need to &erchined by whole genome se-
guencing of resistance overcoming isolates. Thaecnlar differences might be related

to differences in the biological activity.
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5 Comparative genomics of different CpGV isolates

5.1 Introduction

As sequencing methods have become more and maighstorward during the last
years, the number of completely sequenced bacuk®genomes increased rapidly from
the first one in 1994 (Ayres et al., 1994), overeéhin 1997 (Possee and Rohrmann,
1997) to more than 50 genomes today (Harrison, R0@®iole genome sequencing of
baculoviruses revealed a variety in size and geméeat, ranging from 89 ORFblé¢o-
diprion sertifer(Nese) NPV) to 181 ORFXéstia c-nigrum(Xecn) GV) (Van Oers and
Vlak, 2007). Although these genome sequences pedvidhportant insight into the
diversity of baculoviruses, comparison of differsttains of the same virus species by
complete genome analysis is limited (Zhang e28I05; Li et al., 2005)

For DNA restriction (REN) mapping of baculovirus®ak and Smith (1982) proposed
a convention for the zero point as the smallest REaygment harbouring polyhedrin
homologous sequence. Accordingly, thayhedrinor granulin ORF is conventionally
assigned as number one in the genome, with tharedehthe start codon ATG as base
number one. Baculovirus ORFs are located on boti\ BNMands, with early and late
genes distributed over the genome (Van Oers ank, \2@07). All ORFs start with an
ATG. For ORF prediction, ORFs larger than 50 codamsconsidered as putative ORFs
(Van Oers and Vlak, 2007). In general, baculovigesomes contain only short inter-

genic regions and non-overlapping ORFs.

The circular closed genome of the genotype M1, Wwhvasin-vivo cloned from CpGV-
M, was completely sequenced by Luque et al. (20@1gontained 143 putative ORFs
with a length of 123,500 nt. The typical homologoapeat sequencehlr§), present in
most baculovirus genomes (Van Oers and Vlak, 200&)e not found in CpGV. These
regions consist of both direct repeats and impegpatindromes with similar counter-
parts spread over the genome (Possee and Rohrbh@@n). Instead of typicdir re-
gions, one major repeat region and 13 copies d3-@77bp imperfect palindrome dis-

persed over the genome were identified (Luque t28I01; Hilton and Winstanley,
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2007). Regions containingr sequences odbaculovirus repeated open reading frame
(bro) genes are hotspots of intragenomic recombinafitan Oers and Vlak, 2007),
contributing to the genomic plasticity described baculovirusesHr regions were also
shownto act as cis-acting transcriptionahhancers of early gene expressiorAuto-
grapha californicamultinucleocapsid nucleopolyhedrovirus (AcCMNPVu(knd Miller,

1997) and may function as origins of replication ) (Kool et al., 1994).

Comparison of the completely sequenced genomeswof genotypes ofMamestra
configuratanucleopolyhedrovirus-A (MacoNPV-A) deriving frorng same host popula-
tion revealed 49 ORFs carrying point mutationseiitisns and deletions as well as one
additional ORF in one of the genotypes (Li et 2005). One of these isolates showed in
bioassay a median lethal dose (LD50) value whick t®a times higher compared to the
other isolate. The genetic differences were for n@st part found in the region of
severalbro genes, indicating that tHwo genes are associated with baculovirus genome
variation (Li et al., 2005). Comparison of four its of ACMNPV showed that these
field isolates contained an additional gene compaoethe previously determined se-
guence (Yanase et al., 2000), indicating that gentveterogeneity in baculoviruses can

also be found between isolates of one species.

Genome analysis of two isolates ld&licoverpa armigeranucleocapsid nucleopolyhe-
drovirus (HearNPV) from the same host differingheir virulence also revealed varia-
tions in theirhrs andbro genes (Zhang et al., 2005). Comparison of the WR¥|rge-
nome to the complete nucleotide sequence and geoayaeisation oHelicoverpa zea
single nucleocapsid nucleopolyhedrovirus (HzSNRerled that the major differences
occurred in the organisation of tlne regions. Furthermore, these two virus variants

contained differenbro genes (Chen et al., 2002).

Several CpGV isolates are able to overcome resistancodling moth (Chapter 3). As

these resistance overcoming isolates differ in seoh RFLPs or genome types, the
guestion arose which capacity they share for oweimtg resistance to CpGV. In this

Chapter 5, this question is addressed to by seque@nd comparing the genome se-
guences of two resistance overcoming isolates Cfzavand -S and the re-sequenced
isolate CpGV-M as an internal reference.
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5.2 Methods

5.2.1 Whole genome sequencing

CpGV-112 whole genome sequencing was performedyuUSanger sequencing technol-
ogy by Genterprise Genomics (Mainz). For creatinghatgun library, 60 pg DNA
isolated from the virus stock TPCpGVI12_01 weredusee Chapter 2). DNA isolation
was performed as described previously (see Ch8ptés the CpGV-M1 sequence was
already published (Luque et al., 2001) and the nggnomic differences between
CpGV-I12 and -M1 were already known from the REN(fie, a genome coverage of
three was regarded as sufficient. For closing #mgiencing gaps, specific oligonucleo-
tides were designed (Table 2.7) using the bordetiseogaps as DNA template (primer
walking strategy).

The virus genomes of CpGV-M and -S were sequensgd)uhe 454 sequencing tech-
nology (University of Florida, Gainesville, USA).eBveen 15-20 ug DNA were used
for each genome sequencing. Re-sequencing of CpGhebame necessary as first
differences between the isolates were found to rbetation mistakes in CpGV-M1

(Luque et al., 2001) when performing partial seqirggn on putative differences be-
tween CpGV-M and resistance overcoming isolatesréiore, DNA was isolated from

the virus stock CpGV-M (EU).

5.2.2 Genome analysis using DNAStar

Trace files obtained from the sequencing facilitiesre checked by eye and minor
mistakes were corrected. The files were assembdety SeqMan (DNAStar, Laser-
gene). The known CpGV-M1 sequence (Luque et al0l1P@vas used as reference
sequence. The alignment was adjusted manually wbéenlone by the program. Pre-
dicted ORFs (methionine initiated, encoding mo@ntb0 amino acids) were compared
to public databases using the BLAST programs
(http://www.ncbi.nlm.nih.gov/blast/Blast.ggiThe ORFs were compared between the

three sequenced genomes and to the previouslyspeldliCpGV-M1 sequence (Luque
et al., 2001) in order to find significant diffex@s between the resistance overcoming
isolates and CpGV-M.
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5.3 Results: Genome comparison of CpGV-M, -112, and -S

5.3.1 Whole genome sequence of CpGV-M

Sequence analysis and localisation of indel mutatwwere performed in comparison to
CpGV-M1 (Luque et al., 2001). Therefore, the ORIedted in the re-sequenced
CpGV-M were named according to the CpGV-M1 sequar®tation (Luque et al.,
2001).

The largest contig contained 8319 sequences o8dbd obtained ones. The average
coverage was 17.23 reads per nucleotide. CpGV-Mike et al., 2001) was included
into the assembly file as reference sequence. &M sequence was 123,529 bp in
length, 29 bp more than previously determined fpG¥-M1 (Luque et al., 2001). The
G/C content was 45.27%. Instead of 143 ORFs (Lugua., 2001), 142 ORFs were
predicted for CpGV-M (Table 5.1). Thereof, 27 ORIF®wed differences in their pre-
dicted amino acid sequence from CpGV-M1. Theseedifices were due to single
predicted additional or missing nucleotides, legdm frameshifts in the sequence, and
to amino acid (aa) changes based on single nudeegtolymorphisms (SNPs). The
nucleotide differences between CpGV-M1 and -M werestly found in positions
where one nucleotide was repeated several timiae isequence.

Differences in the prediction of ORFS were foundnine cases; cp28, cp29, cp36,
cp50, cp51, cp52, cp82, cpl29 and cpl30 were enterticted splitted or fused com-
pared to CpGV-M1. The ORFs cp28 and cp29 were piedlias a single ORF of 457
codons. This difference to the prediction in theG¥pM1 annotation (Luque et al.,
2001) was due to an additional T in nucleotide gmsi22,900 found in CpGV-M. Due
to this frameshift, the predicted ORF cp28 did eotl in nt 22,918 in the stop codon
TGA, but continued to nt 24,049, the stop codoop#9.

CpGV-M1 ORF cp36 was predicted as two ORFs 36a3@tdof 55 and 61 codons,
respectively. The sequence differences underlymg thanged prediction were two
nucleotide positions. The G in nt position 30,98kwot present in CpGV-M; also the
A in position 31,060 was missing. Due to these #ahifts, two overlapping ORFs
were predicted.
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An ORF corresponding to CpGV-M1 cp38 could not band. One additional nt for
CpGV-M led to a frameshift; therefore, there wasyanvery short ORF predicted from
the same start codon as in CpGV-M1 (Fig. 5.1). @RE7 in CpGV-M was with 745
predicted aa longer than in CpGV-M1 (683 aa) (Tdble. Anyway, the putative cp38
region was covered by CpGV-M cp37.

34350 34360 34370 34380 343590 34400 34410 34420

Ml camegeraccacaataaasatCaytyt-aatoacCac e yet CogLaataactaaacteagre alyt tygar tytacaar
M CAACGCCACCACAATARAAATC AGTGTALATTTCACCACTCGC T CGTAATAAC TALACTC AGOC AT S TTGSATTGTACLL]

|

Fig. 5.1. An ORF corresponding to CpGV-M1 ORF cp38 was not found in CpGV-M. Due to
an additional nucleotide (red arrow), no ORF was pr  edicted from the start codon (high-
lighted in red) annotated for CpGV-M1.

The CpGV-M1 ORFs cp50 and cp51 were predicted asgle ORF cp50 of 1101
codons. This difference based on 20 single nucdledtifferences between the CpGV-M1
and CpGV-M sequence in this region. In consequearicthese differences, the stop
codon TAA predicted for CpGV-M1 ORF cp51 was nodeninframe and the ORF

ended 64 nucleotides later than predicted prewousl

ORF cp52 was predicted as two ORFs cp52a and cib&ise ORFs were with 121 and
247 codons longer than cp52 in CpGV-M1 (342 codo@&)F cp52a began 144 nucleo-
tides upstream of the predicted start of CpGV-MbZpTwo additional nucleotides in
CpGV-M led to the same reading frame as in CpGV-btilthat the aa sequence did not
differ downstream of aa position 35; the start codd the previously predicted cp52.
Due to one further frameshift, ORF cp52a endedr &4 codons in TAA at position
44,083. ORF 52b began 23 nt upstream, ending irstitye codon previously predicted
for ORF cp52. Hereby, ORF cp52a was lying compjetelthe antecendent cp50/51.
BLASTX analysis showed sequence similarity of cpE2®RFs of further baculoviruses
on amino acid level (Table 5.2). The homologuesitbfor cp52b showed also a similar
size as the predicted CpGV ORF. For ORF cp52ajmiasity could be found, indicat-
ing that this prediction should be discarded indhaotation as ORF as it is lying com-
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pletely in a larger ORF and has no homologue irrobaculoviruses, which were two

criteria of ORF selection.

ORF cp82 was predicted as cp82a and cp82b, ovanapp 76 nt. The ORFs had a
length of 86 and 231 codons, respectively. An aaligl C found in CpGV-M1 at nt
64,845 led to a shift in the reading frame, endip§2b in position nt 64,747 in TGA.

CpGV-M1 ORF cpl29 and cpl30 were predicted as oRE ©pl29. For CpGV-M1,
177 bp of non-coding sequence were predicted betwlee ORFs. In CpGV-M, an
additional C in nt 112,703 led to a frameshift pil80. Hence, cpl130 did not end in the
predicted stop codon but ran on until the stop noafacp129.

Compared to the CpGV-M1 ORF predictions the cp8l¢ep35 and cpl05 were found
to be truncated (Table 5.1). Due to nt differen¢lesy ran into earlier stop codons than

predicted previously.

Beside the already mentioned fusions of ORFs, aHewing ORFs were larger than in
CpGV-M1: cp26, cp27, cp37, cp55, cp76 and cpl35.

Single nucleotide differences resulting in singl@rao acid changes or frameshifts due to
missing or additional nucleotides were found in,a#6, cpll, cpl7%p26, cp27, cp3l,
cp50/51, cp55, cp83, cp87, cpl23, cpl@®l31 and cpl35. In total, sequence identity
between CpGV-M1 (Luque et al., 2001) and CpGV-M @8%0.
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Table 5.1. Positions and orientations of 142 putati

ORFs are numbered according to the previously deter

(Luque et al., 2001). ORFs differing in their predi
amino acid sequence are written in red. AA differen

ve ORFs predicted for CpGV-M. The
mined 143 ORFs for CpGV-M1
ction from CpGV-M1 in terms of length or
ces are specified as follows: fs =

frameshift mutation, A = deletion, V¥ =insertion and by indicating aa changes . For details
see text.
CpGV-M | CpGV-M1 name position in ength Igngth position and
ORF ORF CpGV-M (nt) (aa) type of aa
differences
1 1 granulin 1>747 747 248
2 2 749<1273 525 174
3 3 pk-1 1254>2093 840 279 fs161-180
4 4 2173<2739 567 188
5 5 2729>2971 243 80
6 6 312253298 177 | 58 | 1OLOLASY
7 7 ie-1 3391<4857 1467 488
8 8 4963>5541 579 192
9 9 5581<5886 306 101
10 10 chitinase 6027<7811 1785 594
11 11 cathepsin 7934>8935 1002 333 S231C
12 12 9015>9248 234 77
13 13 gp37 9318<10073 756 251
14 14 odv-e18 10,145<10,399 255 84
15 15 p49 10,400<11,773 1374 457
16 16 12,145<12,735 591 196
17 17 iap-3 12,865>13,692 828 275 V166A
18 18 odv-e56 13,730<14,797 1068 355
19 19 orfl15R 15,171>15,398 228 75
20 20 orfl6L 15,458<16,165 708 235
21 21 orfl7L 16,434<16,613 180 59
22 22 orfl7R 16,836>17,879 1044 347
23 23 17,970>18,428 459 152
24 24 pe38 18,571<19,719 1149 382
25 25 20,165<20,329 165 54
26 26 20328>21,314 | 987 | 320 |10 VA
fs191-197,
27 27 20,358<21,827 1470 490 ¥ 405-490
28 28+29 22,688>24,058 1371 457 fused
30 30 24,629>25,174 546 181
31 31 F-protein 25306>27,009 | 1794 | 598 H523Q,
' ' A599-601
32 32 27,325>28,665 1341 446
33 33 28,737<29,621 885 294
34 34 29,664<30,353 690 229
35 35 pif-3 30,247>30,822 576 191 A192-199
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CpGV-M | CpGV-M1 name position in ength Igngth position and
ORF ORF CpGV-M (nt) (aa) type of aa
differences
36a 36 30,998<31,162 165 55 fs26, split
36b 36 30,901<31,083 183 61 split
37 37 odv-e66 31,205<33,439 2235 745 V1-62
- 38
39 39 33,481>33,798 318 105
40 40 33,851<34,180 330 109
41 41 lef-2 34,321>34,836 516 171
42 42 orf35RA 34,928>35,176 249 82
43 43 35,223<35,567 345 114
44 44 orf36L 35,632<36,255 624 207
45 45 36,314<36,778 465 154
46 46 mp-nase 36,836<38,473 1638 545
47 47 p13 38,480>39,289 810 269
48 48 pif-1 39,333>40,451 1119 372
49 49 40,448<40,837 390 129
50 50+51 40,773>44,090 3318 1101 fused
52a 52 43,709<44,071 363 121 fs1-24, split
52b 52 44,099<44,839 741 247 split
53 53 44,849>44,995 147 48
54 54 ubiquitin 45,071<45,355 285 94
fs266-281
55 55 45,434>46,498 1065 355 fs309-321
¥ 327-355
56 56 46,505>46,714 210 69
57 57 pp31/39K 46,791<47,516 726 241
58 58 lef-11 47,467<47,871 405 134
59 59 sod 47,826<48,224 399 132
60 60 p74 48,598<50,664 2067 688
61 61 50,883<51,095 213 70
62 62 51,067<51,636 570 189
63 63 bro 51,774>51,941 168 55
64 64 52,654>53,546 693 230
65 65 53,444<53,683 240 79
66 66 ptp-2 53,838>54,059 222 73
67 67 54,134<54,397 264 87
68 68 p47 54,369>55,751 1383 460
69 69 55,790>56,452 663 220
70 70 56,526<57,080 555 184
71 71 p24capsid 57,150>57,761 612 203
72 72 57,800<58,144 345 114
73 73 38.7kd 58,338<58,934 597 198
74 74 lef-1 58,915<59,622 708 235
75 75 pif-2 59,748>61,364 1617 538
76 76 61,523<62,203 681 227 V196-227
77 77 62,271<62,582 312 103
78 78 62,591<62,818 228 75
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CpGV-M | CpGV-M1 name position in ength Igngth position and
ORF ORF CpGV-M (nt) (aa) type of aa
differences
79 79 62,842>63,312 471 156
80 80 lef-6 63,309<63,614 306 101
81 81 dbp 63,693<64,565 873 290
82a 82 64,592<64,849 258 86 split
82b 82 64,773<65,465 693 231 split
83 83 p45 65,355>66,674 1320 439 fs53-55
84 84 pl2 66,706>67,035 330 109
85 85 bv/odv-c42 67,094>68,236 1143 380
86 86 p6.9 68,268>68,417 150 49
87 87 lef-5 68,518<69,246 729 242 fs88-91
88 88 38K 69,070>70,101 1032 343
89 89 70,269<70,754 486 161
90 90 helicase 70,738>74,133 3396 1131
91 91 odv-e25 74,245<74,886 642 213
92 92 74,976<75,461 486 161
93 93 75,525>76,280 756 251
94 94 iap 76,324<77,055 732 243
95 95 lef-4 77,060<78,502 1443 480
96 96 vp39capsid 78,574>79,431 858 285
97 97 odv-ec27 79,573>80,439 867 288
98 98 ptp-2 80753>81,238 486 161
99 99 81,329<82,513 1185 394
100 100 82,545>82,871 327 108
101 101 vp9lcapsid 82,906<84,903 1998 665
102 102 tlp20 84,884>85,534 651 216
103 103 85,509>86,084 576 191
104 104 gp4l 86,110>86,979 870 289
105 105 87,059>87,319 261 86 A1-25
106 106 vif-1 87,276>88,412 1137 378
107 107 88,508>88,762 255 84
108 108 88,874>89,320 447 148
109 109 89,415<89,990 576 191
110 110 90,729<90,352 408 135
111 111 dnapol 90,849<94,004 3156 1051
112 112 desmoplakin 93,946>96,102 2157 718
113 113 lef-3 96,313<97,374 1062 353
114 114 97,343>97,723 381 126
115 115 97,845>98,351 507 168
116 116 iap-5 98,533>99,360 828 275
117 117 lef-9 99,335>100,834 1500 499
118 118 fp25K 100,870>101,355 486 161
119 119 101,468>101,956 489 162
120 120 dna-ligase 102,007<103,719 | 1713 570
121 121 104,019>104,234 216 71
122 122 104,328>104,528 201 66
123 123 fof 104,618<105,820 | 1203 400 S214P
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CpGV-M | CpGV-M1 name position in ength Igngth position and
ORF ORF CpGV-M (nt) (aa) type of aa
differences
124 124 105,973>106,272 300 99
125 125 alk-exo 106,435>107,631 | 1197 398 H352N
126 126 helicase-2 107,555>108,928 | 1374 457
127 127 rrl 109,017<110,891 | 1875 624
128 128 rr2a 111,019>112,107 | 1089 362
129 129+130 112,140<113,120 981 327 fused
131 131 lef-8 113,198<115,819 | 2622 873 Q738E
132 132 115,907>116,302 396 131
133 133 116,364<116,552 189 62
134 134 116,542>116,943 402 133
D281N
135 135 117,012<118,142 | 1131 377 v355-377
136 136 118,148<118,369 222 73
137 137 lef-10 118,320>118,589 270 89
138 138 vpl054 118,447>119,445 999 332
139 139 119,335<119,655 321 106
140 140 119,756>120,799 | 1044 347
141 141 egt 120,882<122,336 | 1455 484
142 142 122,354>122,557 204 67
143 143 me53 122,530>123,441 912 303

Table 5.2. BLASTX analysis of homologous genes foun

For cp52a, no similarities were found.

d for ORF cp52b (247 codons).

103

description/ GenBank acc ession n° ORF score expected
length value
(aa)

ORF43 Pieris rapae GV/ ACZ63529.1 210 370 8.0E-101

hypothetical protein Cryptophlebia leucotreta GV/ NP_891897.1 206 324 5.0E-87

ORF43 Adoxophyes orana GV/ NP_872497.1 202 281 6.0E-74

ORF 40 Agrotis segetum GV/ YP_006298.1 219 259 1.0E-67

ORF50 Xestia c-nigrum granulovirus/ NP_059198.1 272 237 1.0E-60
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granuline 2 pkl 4 5 6 ie-1 8 9 chitinase cathepsin 12 gp37 odv-el8 p49 16 iap3 odv-e56
1 5000 10000
orfl5R orfl6L orfl7L orfl7R 23 pe38 2526 ' 27 28+29 30 F-protein 32 33 34
15000 20000 25000
35 36a 36b odv-e66 39 40 lef-2 35Ra 43 orfl6L 45 mp-nase pl3 pif-1 49 50+ 51 52a 52b 53
30000 35000 40000
ubiquitin 55 56 39K Iel-ll sod p74 61 62 63 64 65 ptp2 67 p47 69 70 p24capsid 72 38.7kd
45000 50000 55000
lef-1 75 76 77 7879 lefé dbp 82a82b p45 pl2 bv/odv-c42 p6.9 lef5 38K 89 helicase odv-e25
60000 65000 70000
92 93 iap lef-4  vp39capsid odv-ec27 ptp-2 99 100 vp9lcapsid tlp20 103 gp4l 105 vif-1 107 108 109
75000 80000 85000
110 dnapol desmoplakin lef-3 114 115 iap-5 lef-9 fp25K 119 dnaligase 121 122
90000 95000 100000
fof 124 alk-exo helicase-2 rrl rr2a 129+130 lef-8 132 133 134 135 136 lef-10 vp1054 139
105000 110000 115000
140 egt 142 mi53
120000 123530

Fig. 5.2. Linear map of the CpGV-M genome (123,529 nt). Arrows symbolise CpGV-M ORFs and their transcr  iptional direction. CpoGV-M ORFs which

do not differ from CpGV-ML1 in terms of the predicte  d aa sequence are coloured in green, ORFs showing a  a differences to CpGV-M1 are coloured in

blue.
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5.3.2 Whole genome sequencing of CpGV-112
The CpGV-I12 genome was 124,269 bp in size andccdaie142 putative ORFs. The

largest contig contained 638 sequences, the avemaggage was 3.9 reads per nucleo-
tide. All differences found when comparing CpGV-Mthe previously published CpGV-
M1 sequence (Luque et al., 2001) could also bedanrCpGV-112. This indicated that
the differences found between the CpGV-M and -Mdusaces were really based on
sequencing errors in the CpGV-M1 annotation and amteal differences of the two
isolates on genomic level. On amino acid levely@dven ORFs of CpGV-I12 differed
in their predicted protein product from CpGV-M. AsCpGV-M, there was no CpGV-
M1-like ORF cp38 found in CpGV-I12 (Table 5.3).

On nucleotide level, the alteration observed in3p2as based on three nucleotide
changes in positions nt 18,303 and 18,304, whecetimes C (CpGV-112) instead of

two times T (CpGV-M) occurred, whereas in positidnl8,329, CpGV-I112 revealed A

instead of G. The predicted amino acid sequencegp®8 differed in two amino acids

from that of CpGV-M, resulting in an ORF aa identf 98.7% (Table 5.3). In aa posi-

tion 111, an alanine residue was found insteadatih@. In position 120, valine was

predicted for CpGV-I12, for CpGV-M isoleucine. Alif these amino acid changes
concerned aliphatic residues, suggesting that tHd#sences do not seriously change
the proteins™ 3-D-structure.

ORF cp24 encodesme38homologue (Luque et al., 2001). In CpGV-112 thRFEX(1125
nt, 374 aa) was shorter than in CpGV-M (1149 nf 3&). From nucleotide position
18,771 on, an indel mutation of 24 bp was foundreHg, a sequence motif of eight
amino acids found in CpGV-M was not present in CplG¥: [Asp-Thr-Val-Asp-Asp-
Thr-Val-Asp] from aa position 311 on. The motif [;3hr-Val-Asp] was three times
present in CpGV-M and only one time in CpGV-I12 Tt identity of CpGV-112 cp24
to that of CpGV-M was 97.4%.

ORF cp62 of CpGV-I12 (606 nt, 202 aa) was 36 bméorthan predicted for CpGV-M
(570 nt, 189 aa). A duplication of the motif [GluuaPro-Arg-Val-Glu-Glu-Pro-His-Lys-
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Val-GIn] was found in the aa positions 349-360. @aned to CpGV-M, the ORF iden-
tity based on aa was 94.0%.

The nucleotide sequence of CpGV-112 cp83 differedne nt from CpGV-M; due to a
transversion from C to A, aa 252 was changed freatihe to methionine. ORF aa
identity was 99.1% compared to CpGV-M.

Three amino acid differences were predicted forgiogein product of cp128, resulting
in an aa of 99.2% compared to CpGV-M. TransitiolC&23T in cpl28 resulted in a
change of aa 278 from isoleucine to threonine. 8awm® a transversion C111,461A,
amino acid 157 was leucine instead of isoleucirgpattic acid instead of tyrosine was
found in aa 274 due to a change G111,809T. As tspanid carries an acidic group
whereas tyrosine an aromatic one, this differengghihtause changes in protein struc-

ture or function, depending on the function of #iie.

As in CpGV-M, CpGV-I12 cpl29 consisted of the CpGM- ORFs cpl29 and cpl30
(Table 5.1). Additionally, aa 264 (serine) was tide Two further amino acid changes
(G292C, L314I) were found in CpGV-112 cpl29.

In cpl31, nt 113,703 revealed T (CpGV-112) insteddG (CpGV-M). Compared to
CpGV-M, ORF aa identity was 99.8%. Two differencesre found in the predicted
protein product. Methionine instead of threonine@@nposition 506, isoleucine instead of
serine in aa position 704. Thereby, nucleotidetmrsil 14,306 revealed a T (CpGV-112)
instead of C (CpGV-M). AA position 738 was glutamilike in CpGV-M1 and not
glutamatic acid like in CpGV-M.
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Table 5.3. Positions and orientations of 142 putati ve ORFs predicted for CpGV-I112. The
ORFs are numbered according to the previously publi shed sequence of CpGV-M1 (Luque
et al., 2001). ORFs differing in their prediction f rom CpGV-M1 in terms of length or amino
acid sequence are written in red. Real differences to CpGV-M are written in blue. AA
differences are specified as follows: fs = frameshi ft mutation, A = deletion, V¥ = insertion
and by indicating aa changes.

CpGV-
[I)12 CpGV-M1 name position in length | length position
ORF ORF CpGV-I12 (nt) (aa) and type of
aa differences
1 1 granulin 1>747 747 248
2 2 749<1273 525 174
3 3 pk-1 1254>2093 840 279 fs161-180
4 4 2173<2739 567 188
5 5 2729>2971 243 80
fs51-57
6 6 3122>3298 177 58 A59-72
7 7 ie-1 3391<4857 1467 488
8 8 4963>5541 579 192
9 9 5581<5886 306 101
10 10 chitinase 6027<7811 1785 594
11 11 cathepsin 7934>8935 1002 333 S231C
12 12 9015>9248 234 77
13 13 gp37 9318<10,073 756 251
14 14 odv-el8 10,146<10,400 255 84
15 15 p49 10,401<11,774 1374 475
16 16 12,146<12,736 591 196
17 17 iap-3 12,866>13,693 828 275 V166A
18 18 odv-e56 13,731<14,798 1068 355
19 19 orf15R 15,172>15,399 228 75
20 20 orfl6L 15,459<16,166 708 235
21 21 orfl7L 16,435<16,614 180 59
22 22 orfl7R 16,837>17,880 1044 347
23 23 17,971>18,429 459 152 V111A, I120A
24 24 pe38 19,314<20,438 1125 374 A311-319
25 25 20,884<21,048 165 54
26 26 21,047>22,033 987 329 Vv 121-329
fs191-197
27 27 21,077<22,546 1470 490 ¥ 405-490
28 28+29 23,407<24,777 1371 457 fused
30 30 25,348>25,893 546 181
31 31 F-protein 26,025>27,818 | 1794 | 598 H523Q
’ ’ A599-601
32 32 28,044>29,384 1341 446
33 33 29,456<30,340 885 294
34 34 30,383<31,072 690 229
35 35 pif-3 30,966>31,541 576 191 A192-199
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CpGV-
[I)12 CpGV-M1 name position in length | length position
ORF ORF CpGV-112 (nt) (aa) and type of
aa differences
36a 36 31,717<31,881 165 55 fs26, split
36b 36 31,620<31,802 183 61 split
37 37 odv-e66 31,924<34,158 2235 745 V1-62
- 38

39 39 34,200>34,517 318 105

40 40 34,570<34,899 330 109

41 41 lef-2 35,040>35,555 516 171

42 42 orf35Ra 35,647>35,895 249 82

43 43 35,942<36,286 345 114

44 44 orf36L 36,351<36,974 624 207

45 45 37,033<37,497 465 154

46 46 mp-nase 37,555<39,192 1638 545

47 47 p13 39,199>40,008 810 269

48 48 pif-1 40,052>41,170 1119 372

49 49 41,167<41,556 390 129

50 50+51 41,492>44,794 3303 | 1101 fused
52a 52 44,413<44,775 363 121 fs1-24, split
52b 52 44,803<45,543 741 247 split
53 53 45,553>45,699 147 48

54 54 ubiquitin 45,775<46,059 285 94

fs266-281
55 55 46,138>47,202 1065 355 fs309-321
V¥ 327-355

56 56 47,209>47,418 210 69

57 57 pp31/39K 47,495<48,220 726 241

58 58 lef-11 48,171<48,575 405 134

59 59 sod 48,530<48,928 399 132

60 60 p74 49,302<51,368 2067 688

61 61 51,587>51,799 213 70

62 62 51,771<52,376 606 201 V¥ 349-360

63 63 bro 52,514>52,681 168 55

64 64 53,394>54,086 693 230

65 65 54,184<54,423 240 79

66 66 ptp-2 54,578>54,799 222 73

67 67 54,874<55,137 264 87

68 68 p47 55,109>56,491 1383 460

69 69 56,530>57,192 663 220

70 70 57,266<57,820 555 184

71 71 p24 capsid 57,890>58,501 612 203

72 72 58,540<58,884 345 114

73 73 38.7kd 59,078<59,675 597 198

74 74 lef-1 59,655<60,362 708 235

75 75 pif-2 60,488>62,104 1617 538

76 76 62,265<62,945 681 227 V¥ 196-227

77 77 63,013<63,324 312 103
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CpGV-
[I)12 CpGV-M1 name position in length | length position
ORF ORF CpGV-112 (nt) (aa) and type of
aa differences
78 78 63,333<63,560 228 75
79 79 63,584>64,054 471 156
80 80 lef-6 64,051<64,356 306 101
81 81 dbp 64,435<65,307 873 290
82a 82 65,591<65,334 258 86 split
82b 82 65,515<66,207 693 231 split
83 83 p45 66,097>67,416 1320 439 fs53-55, L252M
84 84 pl2 67,448>67,777 330 109
85 85 bv/odv-c42 67,836>68,978 1143 380
86 86 p6.9 69,010>69,159 150 49
87 87 lef-5 69,260<69,988 729 242 fs88-91
88 88 38K 69,812>70,843 1032 343
89 89 71,011<71,496 486 161
90 90 helicase 71,480>74,875 3396 1131
91 91 odv-e25 74,987<75,628 642 213
92 92 75,719<76,204 486 161
93 93 76,268>77,023 756 251
94 94 iap 77,067<77,798 732 243
95 95 lef-4 77,803<79,245 1443 480
96 96 vp39capsid 79,317>80,174 858 285
97 97 odv-ec27 80,316>81,182 867 288
98 98 ptp-2 81,496>81,981 486 161
99 99 82,072<83,256 1185 394
100 100 83,288>83,614 327 108
101 101 vp9lcapsid 83,649<85,646 1998 665
102 102 tlp20 85,627>86,277 651 216
103 103 86,252>86,827 576 191
104 104 gp4l 86,853>87,722 870 289
105 105 87,802>88,062 261 86 A1-25
106 106 vif-1 88,019>89,155 1137 378
107 107 89,251>89,505 255 84
108 108 89,617>90,063 447 148
109 109 90,158<90,733 576 191
110 110 91,064<91,471 408 135
111 111 dnapol 91,591<94,746 3156 1051
112 112 desmoplakin 94,688>96,844 2157 718
113 113 lef3 97,055<98,116 1062 353
114 114 98,085>98,465 381 126
115 115 98,587>99,093 507 168
116 116 iap-5 992,75>100,102 828 275
117 117 lefo 100,077>101,576 | 1500 499
118 118 fp25K 101,612>102,097 486 161
119 119 102,210>102,698 489 162
120 120 dnaligase 102,749<104,461 1713 570
121 121 104,761>104,976 216 71
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CpGV-

[I)12 CpGV-M1 name position in length | length position
ORF ORF CpGV-112 (nt) (aa) and type of

aa differences
122 122 105,070>105,270 201 66
123 123 fof 105,360<106,562 1203 400
124 124 106,716>107,015 300 99
125 125 alk-exo 107,178>108,374 1197 398 H352N
126 126 helicase?2 108,298>109,671 1374 457
127 127 rrl 109,760<111,634 1875 624
128 128 r2a 111,762-112,850 | 1089 | 362 | 'T°7LY2T4D
129 | 129+130 112,883<113860 | 978 | 326 fused

' ' A264,G292C,L3141
131 131 lef-8 113,938<116,559 2622 873 T506M, S704l1
132 132 116,647>117,042 396 131
133 133 117,104<117,292 189 62
134 134 117,282>117,683 402 133
D281N

135 135 117,752<118,882 1131 377 v 355-377
136 136 118,888<119,109 222 73
137 137 lef-10 119,060>119,329 270 89
138 138 vpl054 119,187>120,185 999 332
139 139 120,075<120,395 321 106
140 140 120,496>121,539 1044 347
141 141 egt 121,622<123,076 1455 484
142 142 123,094>123,297 204 67
143 143 me53 123,270>124,181 912 303

Beside these differences in coding regions, a feanges in non coding regions were
observed. A deletion of 16 nt compared to CpGV-Mague et al., 2001) was found
from nt 24,545 on. One deletion of 15 nt was foaadcerning the CpGV-M1 nt 43,601-
43,616. A duplication of a 36 nt long motif was moufrom nt 51,240 on. Beside these
indel mutations, only 45 SNPs compared to CpGV-Meafeund.

Overall, CpGV-112 was found to be very similar ke tisolate CpGV-M. G/C content in
CpGV-I12 was with 45.2% identical to CpGV-M1 (45.2%nd to -M (45.2%). Beside
the described differences and the insertion of Kbh7starting from nt 18,454 in the
CpGV-I12 genome, the genome content and genomaliseden of CpGV-112 and -M
were identical. Alignment with the CpGV-M sequeneging BLAST (bl2seq under
http://www.ncbi.nlm.nih.goy/reaveled a sequence identity of 99% when notidernag
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the 0.7 kb insertion. Of the 13 CpQ¥ regions (Luque et al., 2001), orly8 showed a
difference to CpGV-M. One additional T was founddpGV-I112 at nt position 62,186.
The other 1rs were identical to CpGV-M.
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5.3.3 Whole genome sequencing of CpGV-S

The largest contig obtained for the CpGV-S sequetm&ained 12,127 sequences,
resulting in an average coverage of 21.27 readsyaeotide. With 123,193 bp, CpGV-

S had the smallest of the three sequenced gendmesntrast to CpGV-M and -112,

only 140 putative ORFs were detected. Fifty-ninghafse ORFs showed differences to
CpGV-M, when compared on amino acid level. Agairsafjuence differences between
CpGV-M and CpGV-M1 (Luque et al., 2001) were alsarfd in the CpGV-S sequence,
corroborating the previous conclusion that thesterdinces were due to errors in the
sequence annotation of CpGV-ML1. In contrast to CAGY/ where the sequence differ-
ences to CpGV-M were for the most part SNPs orriitses or deletions of single nu-

cleotides, several indel mutations of differenesiavere found throughout the CpGV-S
genome (Table 5.4). Most of these indel mutatioesevilanked by several SNPs in the
adjacent regions. Several differences were closket@reviously described major repeat
region between 20 and 22 kb (Luque et al., 200%pdhe 13 CpGV repeat sequences

dispersed over the genome (Hilton and Winstanlé9y72.

Table 5.4. Insertions (+) and deletions (-) foundi n the CpGV-S genome when compared to
the CpGV-M, -M1 (Luque et al., 2001) and -112 genom e sequences. Several indel muta-
tions were found to be close to the 13 CpGV repeat sequences and the major repeat
region described previously (Luque et al., 2001; Hi  Iton and Winstanley, 2007).

closest CpGV-M1
indel nt position in sequence characteristics repeat region (Hil-
mutation CpGV-M1 ton and Win-
stanley, 2007)
it 42-311
+ 27 bp| following nt 3242 cps, dqphcaﬂo_n of the 30423116
preceding motif 3260-3335
duplication of the preced-
+ 56 bp| following nt 10,127 | ing motif, AT-rich, non 11,981-11,906
coding
12,144-12,071
+ 16 bp| following nt 12,065 corresponds to additional
16 bp stretch found in
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closest CpGV-M1

indel nt position in sequence characteristics repeat region (Hil-
mutation CpGV-M1 q ton and Win-
stanley, 2007)
MCp5 close to the integrg-
tion site of TCI4.7 (Jehle
et al., 1995) (Fig. 5.3)
-9 bp| 15,668-15,677 non coding sequence
-5 bp| 16,823-16,828 delgtlon of the.precedlng
motif, non coding
- 38 bp| 20,329- 20,366 cp25, cp26
+ 30 bp| following nt 20,450| CAT- rich sequence, cp26
- 225 bp| 20,820- 20,948 cp27 major repeat region
: 20- 22 kb
- 32 bp| 24,342- 24,347 repegted motifs, non
codning
- 16 bp| 24,538- 24,553 AT-rich, non coding
+ 12 bp| following nt 25,213 duplication TATA se-
guence, non coding
+ 27 bp| following nt 27,700 cp32, d_upllcatl_on of the
preceding motif
+ 18 bp| following nt 29,800 cp34, c!upllcatl_on of the
preceding motif
+ 12 bp| following nt 33,136 duplication of arepeated | ,q g4 »g 999
motif, cp37
- 12 bp| 33,159-33171 deletion of a repeated
motif, cp37
: non coding, insertion
+ 8 bp| following nt 33,846 TTCAATTA
+ 18 bp| following nt 47,481 | CP°8Ie-11 duplication of | ;g 451 48 555

the preceding motif

-15bp

51,133- 51,148

cp62, deletion of a re-
peated motif

-45 bp

51,178- 51,222

deletion of a repeated
motif, non coding

50,946-50,871
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closest CpGV-M1

indel nt position in sequence characteristics repeat region (Hil-
mutation CpGV-M1 q ton and Win-
stanley, 2007)
+ 211 bp| following nt 51,990 BLASTX similarity to bro
genes
+ 11 bp| following nt 52,156| NN coding, duplication,
P 9 ' AT-rich sequence
- 18 bp| 56,868- 56,885 deletion of a rgpeated
sequence motif
+ 63 bp .
following nt 56,924 cp70, dlépllcay;on ofa
24 bp repeated moti
-9 bp| 57,093-57,102 AT- rich motif
- 148 bp| 57,916- 58,063 cp72
-6 bp| 62,502- 62,507 cp77, CCT repeats 61,463-61,338
- 176 bp| 76,532- 76,707 cp9iép 77,581-77,655
+12bp| 89,937-89.049 | CP109, duplication of the | 55 g4, g3 964
preceding motif
- 14 bp| 90,056- 90,070 deletion of a repeated
motif, non coding
+ 19 bp| following nt 97,791 | duplication of the preced-| 54 554 g6 194

ing motif, non coding

-19 bp

101,953- 101,972

repeated AT-rich sequenc
motif, non coding

'903,721-103.795

- 27 bp

120,789- 120,815

AT-rich sequence, non
coding

114,565-114,640
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In CpGV-S, 59 ORFs showed differences on aa lemelpared to CpGV-M (Table 5.5).
The ORFs cp25 and cp26 found in CpGV-M1, -M an@ -tbuld not be found in the
genome of CpGV-S. The predicted start codons ofwizeanti-clockwise and clockwise
orientated ORFs were lying in a 38 bp deletion dmad in CpGV-S (Table 5.4).
CpGV-M1 cp38 was not predicted as previously deiteech for CoGV-M and -112 (see
5.3.2).

Single amino acid changes between CpGV-M and - ¥aemd in 47 ORFs (Table 5.5).
Eighteen ORFs differed in their length from the QR#tedicted for CpGV-M due to
insertion or deletions (Table 5.5). In ORF cp2, toelon for aa 114 (Gly) was dupli-

cated. In cp6, a motif coding for nine amino acii®s duplicated (see also Table 5.4).

Cpl6 started 13 aa earlier than predicted for CM&EVI-he amino acids 66-67 were not
found in cp20. ORF cp24€38 showed, corresponding to CpGV-112, eight amindsc

less than CpGV-M (311-319). ORF cp27 lacked thenanaicids 366-440 and 476-479,
attended by an insertion of five aa (Table 5.5)3Cfacked the aa 599-601. A motif of
nine amino acids was duplicated in cp32. In cp34peasitions 194-199 were duplicated
and the ORF endet earlier than predicted for CpG\dé to an additional T. Cp46
showed a duplication of aa 471, in cp52b, one adit aa in position 27 was found. In
cp58 (ef-11), a motif of six amino acids was duplicated. Cgted 24 aa earlier than
predicted for CpGV-M. In cp62, nineteen amino acikre missing due to a deletion.
One additional codon was found in cp70. Two amicidsaawere not found in cp77 due to
a deletion site. Cp94 started 16 aa later as pgestlior CpGV-M and was missing the
last 133 aa due to a deletion site in this ared.08pharboured a duplication of four aa
(see also Table 5.4). Position 129 in cpll2 wastee!

In the 13 CpGVnhr regions (Luque et al., 2001), four nt differentexCpGV-M were
found. Inhr2, CpGV-S nt 3316 was A instead of G (CpGV-M), B23B A instead of G.
In hr4, CpGV-S nt 12,218 was T instead of A, andhih2, nt 103,488 was C instead of
T. The othehrs were identical to CpGV-M.

An insertion site of 211 bp between the ORFs cpB@ ep64 showed similarity to
baculovirusbro genes when analysed with BLASTX (Fig. 5.4). Tratieh was in frame

+ 1. The sequence itself did not show any repeattsire nor were target site duplica-
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tions found, indicating that this structure did detive from a transposition event. There
was also no similarity to the 0.7 kb insertion fdun CpGV-112 or -E2. The sequences
bordering the insertion revealed no BLASTX hitss@&l no in frame start or stop codon

was found, and there was no aa sequence simitaritye cp63dro gene.

12140 12150 12160 12170 12130 12130 12200

TTCATTTGGTGTACTAC AeatgyttttaatgtacRCGTGACGAGGCCGAC TTTATTAGC TGATTT A

M — | ttoatttggtgtactaca———————————————~— acgtgacgagyocgactttat tagotgat ttag
12— | TTCATTTGGTGTACTACA-——————————————— ACGTGACGAGGCCGACTTTATTAGC TGATTTAL
S — | TTCATTTGGTGTACTACACATGGTTTTALTGTAC GCGTGACGLGGCCGACTTTATTAGC TGATTTLL
MCp5 +— | TTCACTTGGTGTACTACACATGGTTTTAATGTACGCGTGACGAGGCCGACTTTATTAGC TGATTTAL

Fig. 5.3. Alignment of CpGV-M, -112 and -S with the reverse complement of the MCp5
insertion region of TCl4.7 (gi|727219]|). Sixteen ad ditional bp found close to the integra-
tion site of transposon TCl4.7 in MCp5 (Jehle et al ., 1995) were also present in CpGV-S,
as well as one nt change from A (M, 112) to G (S, M Cp5). These differences were not
found in CpGV-M or -112.

10 20 30 40 50 60 70

B O T PSR IVRRPUOt ERPRDEUR IVURPR IR (FRPRVRPRS IPUPRY PPN [P PR IR I

CpGV-S A 3 Slljz NHKATI & Y RVEPL E- - -
ORF130 [ Xestia c-nigrum Gv] <P 2- PYBL[HI LDHC- - QAAADQGF U =ARYLINEYKT Ev
bro-g [ Leucani a separata NPV] TTRYYK L RHTRI IRTSVYCEQRVORSS(

bro-f [Lymantria di spar M\PV] J ‘ -
bro-g [M configurata NPV-A] ) 3 RLLFH- - SPPSI HYAKIRSRDIYKL ALHEY(S| =

Fig. 5.4. BLASTX analysis followed by ClustalW mult iple alignment of the 211 nt insertion
in CpGV-S reveald similarities on amino acid level to the baculovirus bro genes of Xestia
c-nigrum GV (gi|9635380), Leucania separata NPV (gi | 114679974), Lymantria dispar
MNPV (gi|9631041) and Mamestra configurata NPV-A (g i|33331834). Colours: identity and
similarity shading (BioEdit 7.0.5.3)
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Table 5.5. Position and orientation of 141 putative ORFs predicted for CpGV-S. ORFs

differing in their prediction from CpGV-ML1 in terms of length or amino acid sequence are
written in red. Real differences to CpGV-M are writ  ten in blue. AA sequence differences
are described as follows: fs = frameshift mutation, A = deletion, V¥ = insertion and by

indicating single amino acid changes.

CpGV-S | CpGV-M1 name position ength length positin and
ORF ORF (nt) (aq) type of aa
differences
1 1 granulin 1>747 747 248
2 2 749<1276 528 175 V114
3 3 pk-1 1257>2096 840 279 fs161-180
4 4 2741<2175 567 188
5 5 2731>2973 243 80
Vv 29-37,
6 6 3124>3327 204 67 fs51-57, A59-72
7 7 ie-1 3420<4886 1467 488 E368D
8 8 4992>5570 579 192
9 9 5610<5915 306 101
10 10 chitinase 6055<7839 1785 594 M555L, D473E
11 11 cathepsin 7962>8963 1002 333 S231C
12 12 9043>9276 234 77
13 13 gp37 9348<10,103 756 251
14 14 odv-el18 10,232<10,486 255 84
15 15 p49 10,487<11,860 1374 457 D30V
16 16 12,248<12,877 630 209 v1-13
17 17 iap-3 12,969>13,796 828 275 V61A, V166A
18 18 odv-e56 13,834<14,901 1068 355
19 19 orfl5R 15,275>15,502 228 75
20 20 orf16L 15,562<16,260 699 232 A10V, A66-67
21 21 orfl7L 16,529<16,708 180 59
22 22 orfl7R 16,925>17,968 1044 347
23 23 18,059>18,517 459 152
24 24 pe38 18,661<19,785 1125 374 A311-319
- 25
- 26
fs191-197
27 27 20,370<21,644 1275 425 A366-440, A476-
479,V 459-464.
28 28+29 22,505>23,875 1371 457 fused
30 30 24,399>24,944 546 181
A599-601,
31 31 F-protein 25,088>26,881 1794 598 H523Q
L5051, G323E
L71M, V250A,
32 32 27,107>28,474 1368 455 | V264A, M438T,
V364-372
33 33 28,546<29,430 885 294
G160A, V¥ 194-
34 34 29,567<30,181 612 204 199, fs 203-
205,A206-229
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CpGV-S | CpGV-M1 name position ength length positin and
ORF ORF (nt) (aa) type of aa
differences
35 35 pif-3 30,075>30,650 576 191 A192-199
36a 36 30,827<30,991 165 55 split
36b 36 30,730<30,912 183 61 fs26, split
V1-62, fs94-101,
37 37 odv-e66 31,033<33,267 2235 745 M48Y. P68S
- 38
39 39 33,309>33,626 318 105 R71K, N77G
40 40 33,687<34,016 330 109
41 41 lef-2 34,157>34,672 516 171 V4TA, F96L
42 42 orf35RA 34,764>35,012 249 82
43 43 35,059<35,403 345 114
44 44 orf36L 35,468<36,091 624 207 I8L
45 45 36,150<36,614 465 154
V87L, D178E,
46 46 mp-nase 36,672<38,312 1641 546 v G471
47 47 p13 38,319>39,128 810 269 V211l
48 48 pif-1 39,172>40,290 1119 372
49 49 40,287<40,676 390 129
50 50+51 40,612>43,929 3318 1106 fused
52a 52 43,910<43,545 366 122 VL27, split
52b 52 43,938<44,678 741 247 split
53 53 44,688>44,834 147 48
54 54 ubiquitin 44,910<45,194 285 94
fs266-281, fs309-
55 55 45,273>46,337 1065 326 312, ¥327-355
56 56 46,344>46,553 210 69
2K, A130V,
57 57 pp31/39K 46,630<47,373 744 248 Q N136D
58 58 lef-11 47,306<47,728 423 140 V122-124
59 59 sod 47,683<48,156 474 157 V1-24
60 60 p74 48,458<50,524 2067 688
61 61 50,742<50,954 213 70 M24T
62 62 50926<51435 | 510 | 173 | 139108 1159
63 63 bro 51,573>51,740 168 55
64 64 52,675>53,367 693 230
65 65 53,465<53,704 240 79
66 66 ptp-2 53,859>54,098 240 80
67 67 54,150<54,413 264 87
68 68 pa7 54,385>55,767 1383 460 V355M
69 69 55,806>56,468 663 220
70 70 56,541<57,116 576 192 v 27
71 71 p24capsid 57,178>57,789 612 203
72 72 57,828<58,103 276 92 fs1-47, A48-71
73 73 38.7kd 58,218<58,814 597 198 ci1ow
74 74 lef-1 58,795<59,502 708 235 N28K
75 75 pif-2 59,628>61,244 1617 538 V319M
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CpGV-S | CpGV-M1 name position ength length positin and
ORF ORF (nt) (aa) type of aa
differences
76 76 61,403<62,083 681 227 D85E, ¥ 196-227
77 77 62,151<62,456 306 101 A24-25
78 78 62,465<62,692 228 75
79 79 62,716>63,186 471 156 D63E
80 80 lef-6 63,183<63,488 306 101
81 81 dbp 63,567<64,439 873 290 split
82a 82 64,466<64,723 258 86 split
82b 82 64,647<65,339 693 231 134T
Y4C,
83 83 p45 65,229>66,548 1320 439 G20C,1283M,
fs53-55
84 84 pl2 66,580>66,909 330 109
85 85 bv/odv-c42 66,968>68,110 1143 380
86 86 p6.9 68,142>68,291 150 49
87 87 lef-5 68,392<69,120 729 242 fs88-91
88 88 38K 68,944<69,975 1032 343
89 89 70,143<70,628 486 161 S137P
90 90 helicase 70,612>74,007 3396 1131
91 91 ODV-e25 74,119<74,760 642 213
92 92 74,850<75,335 486 161 1110M
93 93 75,399>76,154 756 251 V145M
. D9G, Al-16,
94 94 iap 76,424<76,705 282 91 A110-243
95 95 lef-4 76,758<78,200 1443 480 N271S
96 96 vp39capsid 78,272>79,129 858 285 D90S
97 97 odv-ec27 79,271>80,137 867 288
98 98 ptp-2 80,451>80,936 486 161
99 99 81,027<82,211 1185 394 Al116V
100 100 82,243>82,569 327 108
101 101 vp9lcapsid | 82,604<84,601 1998 665 S517N
102 102 tlp20 84,582>85,232 651 216
103 103 85,207>85,782 576 191
104 104 gp4l 85,808>86,677 870 289
105 105 86,757>87,017 261 86 A1-25
106 106 vif-1 86,974>88,110 1137 378 D159E
107 107 88,205>88,459 255 84
108 108 88,579>89,017 447 148 V100A
109 109 89,112<89,699 588 195 v12-15
110 110 90,432<90,016 408 135
111 111 dnapol 93,698<90,543 3156 1051 A823T
112 112 desmoplakin | 93,640>95,793 2154 718 N19D,A129
113 113 lef-3 97,065<96,004 1062 353
114 114 97,034>97,414 381 126
115 115 97,555>98,061 507 168
116 116 iap-5 98,243>99,070 828 275
117 117 lef-9 99,045>100,544 | 1500 499
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CpGV-S | CpGV-M1 name position ength length positin and

ORF ORF (nt) (aa) type of aa
differences

118 118 fp25K 100,580>101,065 | 486 161
119 119 101,178>101,666 | 489 162 A7TV
120 120 dnaligase | 101,698<103,410 | 1713 570
121 121 103,710>103,925 | 216 71
122 122 104,019>104,219 | 201 66 V45|
123 123 fof 104,309<105,511 | 1203 400
124 124 105,664>105,963 | 300 99
125 125 alk-exo 106,126>107,322 | 1197 398 H352N, K90R
126 126 helicase 107,246>108,619 | 1374 457
127 127 rrl 110,582<108,708 | 1875 624 Y542F
128 128 rr2a 110,710>117,798 | 1089 362 E349K
129 129+130 112,811<111,831 | 981 327 fused
131 131 lef-8 115,510<112,889 | 2622 873 Q738E
132 132 115,597>115,992 | 396 131 T25N
133 133 116,242<116,054 | 189 62
134 134 116,232>116,633 | 402 133
135 135 117,832<116,702 | 1131 | 377 | D28 VIS
136 136 118,059<117,838 | 222 73
137 137 lef-10 118,010>118,279 | 270 89
138 138 vp1054 118,137>119,135 | 999 332 V232l
139 139 119,345<119,025 | 321 106 D44G
140 140 119,446>120,489 | 1044 347 D263E
141 141 egt 122,000<120,546 | 1455 484 A280G
142 142 122,018>122,221 | 204 67
143 143 me53 122,194>123,105 | 912 303 143

Summarizing, the CpGV-S sequence revealed sevefalemces to CpGV-M and -112,
most of them due to insertions and deletions betwkeee to more than 200 bp (Table
5.4, Table 5.5). No indication for the 0.7 kb iris®r present in CpGV-I112 was found in
CpGV-S.

Comparing the CpGV-S and -112 sequences, there s@reral ORFs which differed
from CpGV-ML1 or -M. But for the most part, the miivas found differed also between
CpGV-112 and -S.

Only one difference was shared by the two isolates distinguished them from CpGV-
M and CpGV-M1: the nucleotide stretch of 24 bp IRE24 pe3§ was present in
CpGV-M1 and -M, but not in the CpGV-112 and -S. §hucleotide stretch consisted of
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the motif TGTGTCATCCAC, coding for [Asp-Thr-Val-Asfisp-Thr-Val-Asp]. This
motif was three times present in CpGV-M, but ontgdime in CpGV-112 and -S.

As this was the only common difference to CpGV-Ng pe38region of further isolates
was amplified by PCR using the oligonucleotidesigie=d for analysis of the 18-20 kb
region (Table 2.5) . It was found that all CpGV-Mé isolates, such as CpGV-GO03 and -
AZI, carried 24 nt more ipe38than other isolates (Fig. 5.4) which were previpus
found to differ from CpGV-M in terms of RFLPs antiBs (see Chapter 3, Chapter 4).

Fig. 5.5. Alignment of the partial pe38 sequences of eight different CpGV isolates.
Twenty-four nt found in CpGV-M, -AZ1 and -GO3 were  not present in further genome

types.

CpGv¥-H AAMRCCGAAGA TGATATCACA AAGTCGGTAG CARATGACAC AGTGGATGAC ACAGTGGATG ACACAGTGGA TGACACAATT ATGCGTGATG ATTC
CpGV-AZl LAAACCGAAGA TGATATCACA AAGTCGGTAG CAAATGACAC AGTGGATGAC ACAGTGGATG ACACAGTGGA TGACACAATT ATGCGTGATG ATTC
CpG¥-G03  AAACCGAAGAL TGATATCACA AAGTCGGTAG CAAATGACAC AGTGGATGAC ACAGTGGATG ACACAGTGGA TGACACAATT ATGCGTGATG ATTC

CpG¥-I01 AAACCGAAGAE TGATATCACA AAGTCGGTAG CAAATGACAC AGTGGATGAC ACA------- -—-—---—-- ——————- ATT ATGCGTGATG ATTC
CpGV¥-E2  AAACCGAAGA TGATATCACA AAGTCGGTAG CAAATGACAC AGTGGATGAC ACA------- -—-—---—-- ——————- ATT ATGCGTGATG ATTC
CpGV-I07 AAACCGAAGA TGATATCACA AAGTCGGTAG CAAATGACAC AGTGGATGAC ACA------- -—-—---—-- ——————- ATT ATGCGTGATG ATTC
CpG¥-I1Z AAACCGAAGL TGATATCACA AAGTCGGTAG CAAATGACAC AGTGGATGAC ACh------- ——-—---—-- ———o—e ATT ATGCGTGATG ATTC
CpG¥-3 AMLCCGAAGA TGATATCACA AAGTCGGTAG CAMATGACAC AGTGGATGAC ACA------- -—-—------ ——--—-o ATT ATGCGTGATG ATTC

To summarize, thpe38sequence differed between A type genomes andhal so far
described genome types. Genomes grouped to typ€hapter 4) were not able to
overcome resistance in CM (Chapter 3). In contrestlates differing from type A
genomes showed an improved efficacy against resi€€M strains and were able to
overcome resistance when tested in bioassay (Qhapt®espite the RFLP differences
among them, they did not differ in thgpe38sequence referring to the 24 nt strech found
in CpGV-M. This insertion was found only in A tygenomes, which were not able to
overcome resistance, suggesting that the differenegrulence of the isolates is based

on this difference of thpe38sequence.
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5.4 Discussion

With CpGV-112 and -S, two genomes of resistanceravaing isolates have been
sequenced. CpGV-M was re-sequenced as internakeneie This was necessary, as
putative frameshifts and SNP mutations between GjitzVand the published sequence
of CpGV-M1 were identified to be errors in the atatmn of CpGV-M1 and not due to
real nucleotide changes. This was corroboratedhéyinding that the same differences

were also found in the genomes of CpGV-I12 and -S.

Twenty-six ORFs of CpGV-M differed in their predict protein product from CpGV-
M1 (Fig. 5.2). With 123,529 bp, the CpGV-M sequenas 29 bp longer than predicted
previously (Luque et al., 2001). In total, 142 ORWsere predicted for CpGV-M.
CpGV-M1 cp38 was not found. Also cp52a should mnetcbnsidered as ORF: it was
lying completely in a larger ORF cp52b and did stwdbw homology to further baculovi-
rus ORFs, as it was the case for the cp52b (TaB)e 5

With 124,269 bp, CpGV-I12 had the largest genomhefthree virus isolates. Most of
these additional bp derived from the 0.7 kb insertiwhich was described previously
(Fig. 4.4) (Eberle et al., 2009Iso CpGV-112 did not reveal an ORF correspondimg t
CpGV-M1 cp38. Therefore, in total 142 ORFs weredmted. Only seven ORFs dif-
fered from CpGV-M in their predicted aa sequendiesiting the number of putative

genes responsible for overcoming CpGV resistance.

CpGV-S was the smallest of the three genomes wi$)1B3 bp in size. Compared to
CpGV-I12, it reveald more differences on nt leveimpared to CpGV-M, but nucleo-

tide identity was still more than 98% (blast2sdg)l ORFs were found in total, beside
CpGV-M1 cp38, the ORFs cp25 and cp26 were not predias their start codons were
lying in a deletion area. This indicates that th@$&-s are possibly not transcribed, as
they have no known homologues in other granuloesuand are lying in the repeat
region between 20 and 21 kb (Luque et al., 2004yefl insertions and deletions were
found throughout the CpGV-S genome (Table SVigst of them occurred in regions

located near the previously described 13 repeaqdesices (Luque et al., 2001; Hilton
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and Winstanley, 2007) and were due to the duptioatir deletion of a repeated se-
guence motif. Beyond this mechanisms, the integmatif transposons also plays a role
in the plasticity of baculovirus genomes (Jehlalet1998). Apparently, this seems to
be a factor in the variety of CpGV-S to the othveo isolates. A stretch of additional 16

bp was found in the CpGV-S genome (Table 5.4, %i8) which was identical to a 16

bp sequence described close to the integration dditthe transposon-like element
TCI4.7 into the genome of the CpGV mutant MCp5 [@et al., 1995).

The aim of sequencing the genomes of CpGV-I112 &was to identify putative genes
responsible for overcoming resistance to CpGV. dssumption that overcoming resis-
tance is due to an effect on protein level is duthé fact that numerous CpGV isolates
are able to overcome the 100,000 fold resistansergbd in CM populations (Asser-
Kaiser et al., 2007; Eberle et al., 2008). Beydmat,tresistance to CpGV is not an un-
specific mechanism such as immune response, asapparently specific to A type
genomes but not to other genome types. A mechabhased on transcriptional level
only is very unlikely, as it would be hardly podsilto reach this high level of signal
amplification. The fact that CpGV-I112 and -M werery similar made it easier to limit
the number of possible genes involved in overcon@pgV resistance. Only one dif-
ference was found to be shared by the two resistanercoming isolates CpGV-112
and -S: a 24 nt insertion, which was present in @& and -M, but not in CpGV-112
and -S. This stretch consists of a motif of 12thpt was three times present in CpGV-
M1 and -M, but only one time in CpGV-I12 and -Sqg8encing of thge38region in
further isolates of different genome types revedlet only type A CpGV genomes
encode a PE38 protein with an insertion of 8 &&, GpGV-M, -AZ01 or -G03. Type B
genomes (CpGV-E2), type C (CpGV-I07), type D (Cp@Y¥; -101) or type E (CpGV-
S) genomes did not carry this insertion (Fig. 5i§, 5.6).

Regarding the site of this indel mutation, it iskéhg that the genome region between
18-22 kb revealed a multiplicity of insertions, el@ns and duplication events when
comparing the differences of the three genomes GM;M12 and -S (Fig. 5.7). The
predominant part of the CpGV-S indel mutationsosated in the area between 18-35
kb. Three out of five indel mutations of CpGV-I12 also located in this area. A major
repeat region is described for the CpGV-M1 regiér2@21 kb (Luque et al., 2001),
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consisting of AT-rich sequences. An imperfect pddome of 74-76 bp shows 13 copies
dispersed over the CpGV genome (Luque et al., 28lliion and Winstanley, 2007;
Van Oers and Vlak, 2007) with possibly similar ftion as thehr regions found in
further baculoviruses (Van Oers and Vlak, 2007td#iland Winstanley, 2007)irs are
known as target sites for intragenomic recombimatdod rearrangements (Van Oers
and Vlak, 2007; Hilton and Winstanley, 2007).

The 4.7 kb transposon TCI4.7 originating fr@ryptophlebia leucotretavas also found
to be integrated between the palindromes 3 ane@llgEt al., 1995). When comparing
the sites of CpGV-S indel mutations, it was fouhalttthey are located for the most part
with the previously described 13 CpGV repeat segeeriLuque et al., 2001). Another
region harbouring several indel mutations is theadnetween 50,000 and 60,000 kb
(Fig. 5.7). This is the genomic area, where thernsn of four ORFs cp63-cp66 was
found for several CpGV genotypes (Eberle et alQ®20Cp63 showed homology to
baculovirusbro genes. In CpGV-S, an insertion of 211 bp betweemQRFs 63 and 64
showed homology to baculovirliso genes. Thédro genes are known to be target sites
for recombination events and genome heterogenkipez-Ferber et al., 2003; Van
Oers and Vlak, 2007). Comparing the CpGV-S indetations to CpGV-M, the region
around ORF63 (51,774-51,941) is also subject ters¢wnsertions and deletions (Fig.
5.7).

The fact that the differences between CpGV-S andrdifor the most part deletions or
duplications of repeated motifs lying in or clogerepeated regions indicates that a
molecular mechanism like recombination could beoiwed rather than random muta-
tions. When comparing two genotypes M configurata nucleopolyhedrovirus-A
(MacoNPV-A), which differed in REN profiles and their virulence against the host,
one genotype was found to carrprm gene that could not be found in the other isolate
(Li et al., 2005). It was suggested that bne genes could be involved in the virulence
difference. Also the comparison of two isolatesHofarmigeranucleocapsid nucleo-
polyhedrovirus (HearNPV) showing differences inulence suggested thhats or bro
genes could be a factor for strain virulence, asramgement in these regions might be
responsible for strain difference in replicatiorhfig et al., 2005). As no start or stop

codon was found for thiero like inserted sequence in CpGV-S and as this seguEs
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not present in CpGV-I12, it seems not to play tregamrole in the virulence differences
of CpGV-S, -112 and -M against resistant codlingtimpopulations. This insertion
might be the trace of a formdéaro gene deleted in phylogeneticaly younger CpGV
isolates. Nevertheless, theo genes seem to be an important factor in generateg-
lovirus diversity, not only when comparing diffetenrus genomes, but also between
isolates of one virus. Taking into account the phghetic tree based on the partial
polh/gran andlef-8 sequences (Chapter 4), it can be seen that tht @¥ertion only
appears in the phylogenetic youngest type A isslalais finding suggests that the 24
nt are not a deletion in some isolates, but a teosertion into type A genomes. Thus,
all genome types phylogenetically older than typgehomes do not carry this stretch,

and also all resistance overcoming isolalesot carry it (Fig. 5.6).
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Fig. 5.6. Minimum evolution tree based on the polh/gran and lef-8 sequences. Genome
types A to E of the CpGV isolates are given on the right. The insertion of 24 ntinto  pe38
was only found in the phylogenetically youngest A t ype genomes.
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In AcCMNPV, PE38 was found to be an important facgtoDNA synthesis and budded
virus production. The knock out pe38resulted in a reduced infection of insects when
applying the virus orally (Milks et al., 2002). Thact thatpe38is not essential for
infection could explain why CpGV-M still is infeg to most codling moth populations.
Tracing of virus replication by qPCR in midgut,daty cells and heamocytes of virus
infected CM larvae revealed that CpGV was not ogpilng in any of these cell types
(Asser-Kaiser, 2010). This finding showed that stsice to CpGV is located during an
early event in the replication process, which cgpoads to the putative role of PE38 in
transactivation of early gene expression (Kovacsalet 1991; Krappa and Knebel-
Morsdorf, 1991). Assuming that this mutation is teason why different genome types
are able to overcome resistance, it can be contltide the observed resistance is not a
resistance to CpGV in general, but a resistandep@V-M or to specifiy it, to CpGVs

with A type genomes.
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Fig. 5.7. Linear maps of the CpGV-112 and -S genome s. Green, ORFs corresponding in
their predicted protein product to CpGV-M. Yellow, ORF differences between CpGV-I12 or
-S to -M in terms of aa sequence. Orange: common OR F difference of CpGV-112 and -S
compared to -M. Numbers in bold give the nt positio n in the particular genome. ¥ inser-
tions and A= deletions found in the CpGV-112 and  -S genomes relative to CpGV-M (see
Table 5.1, 5.3 and 5.5). Black boxes indicate the p ositions of the 13 CpGV hr regions.
Filled boxes: hr region identical to CpGV-M, striped boxes: hr difference to CpGV-M in
CpGV-S, dotted box: hr difference to CpGV-M in CpGV-112. White box: major repeat
region between 20-22 kb (Luque et al., 2001). Dashe d box: putative hr repeat within the
0.7 kb insertion site in CpGV-112 (compare Fig. 4.5 ).
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BACMIDS

6 Investigations on the role of pe38 in overcoming codling

moth resistance using CpGV bacmids

6.1 Introduction

Until 2008, more than 35 codling moth populatioesistant to CpGV-M have been reported
in Europe (Jehle, 2008). The fact that all regesle€pGV products in Europe are based on
the same isolate CpGV-M deriving from Mexico (Taaati964) motivated a search for other
CpGYV isolates. Field isolates originating from lr&eorgia and England have been charac-
terised by RFLPs and phylogenetic analysis (Ebetlal., 2009). Several isolates, such as
CpGV-I12, -E2, -S and others were shown to overcQpéV resistance in laboratory bioas-

says (Eberle et al., 2008, Chapter 3). Beyond thatisolate CpGV-112 has been successfully
tested in the field (Zingg, 2008; Berling et alQ0®). Beside the search for resistance over-
coming isolates, it is inevitable to determine thetor for this improved virulence in order to

evaluate future strategies of CpGV application@srol agent.

Resistance to virus infection may occur at difféersteps during the infection process. In
contrast to vertebrates, invertebrates lack aniesdjor adaptive immune system (Narayan,
2004). Insects posses innate immunity charactebyegon-specific reactions. Insect immu-
nity is based on cellular and humoral processeguding structural barriers like cuticule,
chemical properties in the gut and the peritrophembrane as well as cellular reactions or
the activation of immune proteins (Narayan, 206#y. baculoviruses, the peritrophic mem-
brane is a barrier to infection of the midgut célésore starting the primary infection (Volk-
man, 1997). Beyond that, some resistance mechamiggnsased on the midgut, for example
by sloughing of infected midgut cells as observadfburth instar larvae ofrichoplusia ni
infected withAutographa californicamultiple nucleopolyhedrovirus (AcMNPV) (Engelhard
et al., 1994). The physiological mechanism of tasise ofHeliothis zeato ACMNPYV infec-
tion was shown to be based on encapsulation owriected cells (Washburn et al., 1996).
For codling moth resistance, a mechanism basecdh@mmidgut or on the immune system

could be excluded (Asser-Kaiser, 2010).
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BACMIDS

The genome comparison of three CpGV isolates, whitflered in their virulence against
resistant CM larvae, revealed that isolates ovengnCpGV resistance shared one ORF
alteration when compared to the CpGV-M sequence Gepter 5). In contrast to CpGV-M,
which was not able to infect resistant CM, CpGMases overcoming resistance missed eight
predicted aa in their ORF cp24, which codes for @H3ique et al., 2001). The amino acid
motif TVDD was only one time present in PE38 ofise&sce overcoming isolates, but three
times in type A genomes like CpGV-M. Phylogenenelgsis indicated that the phylogeneti-
cally youngest type A genomes of CpGV, which areatie to infect resistant CM popula-
tions, contain an 24 bp insertion in thpg38gene (Chapter 5). As this is the only ORF dif-
ference shared by resistance overcoming isolates supposed that this mutationpe38is
the factor for different virulence against resist@M larvae. Codling moth larvae resistant to
CpGV developed a resistance mechanism to CpGVstwith A genomes, such as CpGV-M
(see Chapter 5). It could be located to an eadgesf infection by blocking of virus DNA
replication in the insect (Asser-Kaiser and Jehlepublished). This finding supports the

assumptation thate38could be involved in overcoming resistance in CM.

Homologous genes for the immediate-early gee@8are not described for all baculoviruses.
Genome analyses indicated tpaB8is predominantly present in group | NPVs (Milksaét
2002).By genome sequencing, a gene homologuge8B8could be identified in CpGV (Lu-
que et al., 2001; Herniou et al., 200R&38was described to encode a 38-kDa nuclear protein
PE38 (Krappa and Knebel-Mérsdorf, 1991). PE38 shtwes potential DNA and protein
binding motifs: one N-terminal RING (really intetieg) new gene) finger motif and one C-
terminal leucine zipper (Krappa and Knebel-Moérsd@&90) (Fig. 6.1 A, B). The basic leu-
cine zipper is a motif involved in the dimerisatiohDNA binding proteins. Every seventh
amino acid position in the proteirhelix consists of leucine. Due to this configuvati all
hydrophobic leucine residues of the protein donam on the same side of the helix. The
residues of twa-helices can then interact like a zipper due tardgdobic bindings. A RING
finger motif is a specialised type of zinc fingdhe zinc finger is another frequent DNA
binding motif: Zrt* is coordinated by four cysteine or histidine resisl ZA" fixes theo-helix
against g3-sheet structure; recognition of a DNA sequencthén mediated by the-helix
(Krauss, 1997).
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Fig. 6.1. (A) For description see next page.
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Fig. 6.1. (A) Alignment of CpGV-M and -112 pe38 and their corresponding translated aa se-
quences (underlined). Cysteine and histidine residu es of the predicted RING finger motif are
highlighted in green, leucine residues probably inv olved in the leucine zipper are highlighted in
blue. The eight additional amino acids in CpGV-M ar e marked by a red box. Yellow boxes indi-
cate early promotor elements: TATA = TATA box, INR = initiator region. Oligonucleotides for
pe38 amplification and their position in CpGV-112 are g  iven by arrows. (B) Alignment of CpGV-
M1 and -112 PE38 and its homologues found by BlastP search (http://www.ncbi.nlm.nih.gov):

Crypthophlebia leucotreta GV (gi|33622331), Pieris rapae GV (gi|288804662), Choristoneura
fumiferana DEF MNPV (gi|37651373), Rachiplusia ou MNPV (gi|23577864), Choristoneura fumi-
ferana MNPV (gi|30387376), Autographa californica NPV (gi|9627896), Plutella xylostella MNPV

(0i|114680204) and Bombyx mori NPV (gi|9630952). Color code: BioEdit 7.0.5.3, ide ntity and
similarity shading. The leucine zipper and RING fin  ger motifs are conserved in the different
baculoviruses.
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Along with the products of other immediate earlynee (€0, iel, ie2), PE38 transactivates
early gene expression (Kovacs et al., 1991; KrapumbhKnebel-Mérsdorf, 1991). Concerning
the phase of virus infection, PE38 was found asi@dear 38-kDa protein during the early
phase with a peak between six and 12 hours pasttioh (Milks et al., 2002), but as a cyto-
plasmatic 20-kDa protein in the late phase of itiéec(Krappa et al., 1995).

So far, the function of PE38 is not completely alated. Deletion ofpe38in AcCMNPV

resulted in a significantly reduced budded viru¥YBroduction and DNA replication com-
pared to the wild-type (Milks et al., 2002). Hereblye beginning of BV production was
delayed in SF-9 cells and the production reduceanbye than 90%, whereas initiation of
DNA synthesis was not affected. Size and morpholaigycclusion bodies (OBs) showed no

difference between wild-type ampeé38knock out mutant (Milks et al., 2002).

During oral infection in bioassay, deletion p&€38resulted in a seven fold reduction of
AcCMNPYV virulence againdtieliothis virescensWhen bypassing the midgut by injecting BV
directly into hemocoel, there was no differenceefficacy of wild-type ange38knock out
mutant (Milks et al., 2002). It was found tha#38was not an essential viral gene, but that
knock out resulted in a dramatic reduction of \vende during the natural, oral way of infec-
tion. In contrast, CpGV BV injection into the hemoet of susceptible and resistant CM larvae
revealed that resistant CM larvae were not infectben bypassing the midgut. pie38is
involved in overcoming resistance, its functiomawde of action might therefore be different
as described for ACMNPYV iHl. virescensCM resistance to CpGV was found to be 100,000
fold compared to susceptible larvae. Due to thgh level of resistance, it is likely that resis-
tance is based on protein interactions of viral host proteins (maybe involved in a signal

transduction cascade), and not on DNA transcrigewal.

The aim of this study was the investigation of figéential role ofpe38in overcoming CM
resistance. Susceptible codling moth larvae CpSnéeeted by CpGV-M and -112, resistant
CM larvae are resistant to CpGV-M, but suscepttbl€pGV-112 (Eberle et al., 2008). By
knocking outpe38of a CpGV-M based bacmid, the effectpef38during the infection proc-
ess of CM can be evaluated. Amplification p#38from the resistance overcoming isolate
CpGV-112 and swapping into the knock out bacmid wase to receive a CpGV-M based
bacmid which differs only in itpe38sequence from the CpGV-M bacmid. Infection experi-
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ments were attempted to evaluate the rolpe#8in infecting susceptible and resistant cod-

ling moth larvae.

6.2 Methods

6.2.1 Transformation of E.coli cells

Electro-competenE.coli cells (DH%, Epi300™) were stored in aliqouts of 50 pl at @5°
The cells were thawed on ice for electroporatione @ three pl maximum of DNA were
applied fortransformation. Electroporation was performed ioled cuvettes (2 mm) at 2.5
kV for 4.5 ms. Directly after electroporation, omé SOC medium was added. Incubation was
done at 37°C and 250 rpm for one to three hourpemnt#ing on the number of antibiotic
resistance genes in the construct. The SOC mediasncentrifuged for 30 sec at 14,000 rpm
and the cell pellet resolved in 100 ul SOC mediBrom this solution, 10, 20 and 70 pl were
pipetted on selective agar plates and incubate@4dr at 37°C.

6.2.2 BAC DNA Isolation of E.coli cells

The CpGV bacmid (CpBac) used for the constructibra pe38 knock out and swapping
bacmid was kindly provided by Dr. Wael EImenofyrtenofy, 2008). CpBac was provided
in Epi300™ cells already containing the expresgi@smid pRed/ET necessary for homolo-
gous recombination. For isolation of bacmid DNAnfr&. coli clones, colonies were trans-
ferred from a selective agar plate into 100 ml&ete LB medium and incubated over night
at 37°C and 250 rpm. To harvest the cells, therogbt culture was centrifuged at 4500 x g
and 4°C. Bacmid DNA isolation was performed usihg Qiagen Plasmid Midi Kit. The
DNA pellet was resolved in maximum 100 pl TE buf(pH 8.0). DNA concentration was

estimated by agarose gel electrophoresis and cisopao a DNA marker.

6.2.3 Deletion of pe38 using Red/ET- Recombination

By homologous recombination using the Red/ET teldgyo(Quick and Easy BAC Modifi-
cation Kit, GeneBridges), it is possible to modifgcmidsin vivo.
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Red/ET recombination is based on the expresiommuthpRed/ET, which is brought inté.

coli cells containing the bacmid of interest. pRed/B@as for the recombination system of
the phagé\.. This system contains the protein Rgaotecting linear constructs in the cell
from degradation, the 5°-3° exonuclease diRadd the DNA binding protein Rpdhecessary
for recombination with the target molecule. Theresgion of these genes is under control of
the promoter pBAD, which is induced by L-Arabino&mspecific recombination events are
minimised by increasing the incubation temperatiioen 30°C to 37°C after adding the
inductor. The expression plasmid containing thepemraturesensitiveori pSC101 is not

further replicated, the recombination activityimited to a short time period.

The 50 bp homology arms necessary for recombinatteradded by PCR on a linear DNA
fragment. To construct pe38 knock out mutant of CpBac, the oligonucleotidesft‘larm
pe38 k.0.” and “right arm pe38 k.o0.” (Tal2e8) were designed. The nucleotides one to 50 of
the left arm primer corresponded to the CpGV-Mldle et al., 2001) genome position
18,624-18,673 (left homology arm). The primer “tigirm pe38 k.0.” corresponded in its
nucleotides one to 50 to the genome position 19187618 (right homology arm). These two
homologous arms served as target sequences forlbgmus recombination of CpBac and
knock out cassette. The adjacent 25 and 24 ntecéisply, were specific for the amplification
of the Tn5 neomycin knock out cassette, codingrésistance to kanamycin and used as

selection marker for a successful knock out (Fig).6

Amplification was done by PCR from the template & provided by the supplier. The
size of the Tn5-neo cassette was 1082 bp. By hayoak recombination, 946 bp pe38
were replaced, including the 24 bp from nt 18,747which differ in CpGV-M from further

isolates.

TransforMaxEpi300™ cells containing CpBac and thk@ression plasmid pRedET were
plated on LB plates (12.5 pg/ml chloramphenicoy@ml tetracycline) and incubated over
night at 30°C. For providing electro-competent etiolonies were picked and incubated in
selective LB medium (12.5 pg/ml chloramphenicolyg@ml tetracycline) overnight at 30°C

and 270 rpm.

To 30 pl of the overnight culture 1.4 ml fresh sélee LB media (12.5 pg/ml chlorampheni-
col, 3 pg/ml tetracycline) was added the next day iacubated for 2 h at 500 rpm and 30°C
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until ODggo reached 0.3. To induce the expression of Red/Eitejpr, 50 ul of a 10% L-
Arabinose solution were added. Tubes without tlidtor were used as negative control.
Control reactions as positive control were doneoating to the kit's manual using the cells
(BAC-control-neo) and reagents provided with the ki

The E. colicells were shaked for 1 h at 37°C to assure exipresd the recombination pro-
teins. The cells were harvested by centrifugatiohlaD00 rpm for 30 seand 2°Cand resus-
pended in 1 ml cold ddiD. This washing step was repeated three times. el&etro-
competent cells were transformed directly (2.5 &\, ms) using 1 pl (0.1-0.2 pg) linear PCR
fragment Tn5-neo. The transformed cells were remudpd in 1 ml LB medium and shaked at
37°C for 70 min. 100 pul cells were plated on LBtp$acontaining 12.5 pg/ml chlorampheni-
col (marker gene for CpBac) and 15 pg/ml kanamywiarker gene for the knock out cas-
sette). Incubation was done over night at 37°C.oflies were picked and recombination
verified by PCR using the oligonucleotides "k.oeck upper” and “-lower” (Table 2.8). The
lower primer was located in the CpGV genome on aditpn 18,124-18,143, the upper
primer in the Tn5-neo cassette. Beyond this, recoation to CpBadpe38 was verified by

DNA restriction analysis witBglll.
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+24 bp
nt 18,624-673 nt 18,747 nt 19,671-618
A A
CpBac + H
TAA nt 18,574 ATG nt 19,722
X X
A B KanR B A
111 ]
homologous
recombination
A B KanR B A
comactoese 1 il | 1 2
TAA nt 18,574 ATG nt 19,722

Fig. 6.2. Deletion of pe38 (nt 18,574-19,722) of CpBac by homologous recombin  ation using the
Red/ET system. Homology arms were added to the Tn5- neo cassette (red) using PCR. The
oligonucleotides used for amplification contained t wo regions (A and A", striped) which were
homologous to two regions inside the pe38 gene. The regions B and B’(yellow) served as
primer for amplification of Tn5-neo from its templa te. 946 bp of pe38 were replaced by the Tn5-
neo cassette.
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6.2.4 Insertion of CpGV-112 pe38 into CpBacApe38 using Red/ET-
Recombination

Amplification of pe38of CpGV-112 was done by PCR using the oligonuctest “au_upper”
and “au_lower-2” (Table 2.9). The oligonucleotidesre designed to amplify a 1317 bp
product containing thpe380ORF and the region of 100 bp upstream the stalditoto include
its early promoter region. A restriction site 6coR| andBanHI, respectively, were included
into the 5 ends of the primers to allow directeshahg of the PCR product into a vector. Two
PCR samples of 50 pl each were purified (GFX PCRADMMd Gel Band Purification Kit,
Amersham, Freiburg) and eluted in two steps of RBlytion buffer. Restriction withecoRI
and BanHI was done as double digestion (buffer. Tango) tfoee hours at 37°C. Subse-
guently another column purification (GFX PCR DNAda@el Band Purification Kit, Amer-
sham, Freiburg) was performed, the sample was celutegwo rounds using 10 pl elution
buffer.

PUC19 was chosen as cloning vector as it containgnapicillin resistance gene which was
amplified together with the clonepe38 as resistance marker gene. Five ug puC19 were
digested using one [HcaRIl andBanHI (3 h, 37°C, buffer Tango), purified over a colum
(GFX PCR DNA and Gel Band Purification Kit, AmersimaFreiburg) and eluted in two

rounds using 10 ul elution buffer.

Concentration of vector and PCR product was estéichhy agarose gel electrophoresis. Liga-
tion of vector and product was done using 200 ngoreand 100 ng PCR product (one pl T4
DNA ligase, one h, 22°C). Electrocompetent DH®lls were transformed with one pl ligation
reaction and plated on selective LB plates (100nkgmpicillin, 100 ug/ml X-Gal, 40 pg/ml
IPTG). White colonies containing thme38insert in thelacZo of their multiple cloning site
(MCS) were picked and amplified in three ml ovehtigulture. pUC19e38 DNA was
isolated oft. colicells with illustra Plasmid MiniPrep Kit (GE Heladtare).

Amplification of pe38together with the ampicillin resistance gene of g9Q@vas done using
the primer pair “BacAmpCpl15-rep_F” and “BacAmpCpEp- R” (Table 2.9) designed by Dr.
Wael ElImenofy (EImenofy, 2008). The homology arrdded to the primer pair were designed
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to allow recombination of the amplifigoe38Amp~ productwith the inactive GFP gene of
CpBa\pe38. “BacAmpCpl5-rep_F” contained on its 3° endn4pecific for puUC19 (nt
1587- 1602 in the empty pUC19). The following 5@leatides corresponded to the sequence
upstream thér5 region of the GFP cassette. “BacAmpCpl5-rep_R” ind®2 nt at its 3" end
specific for pUC19 (nt 502-523 in the empty pUCIR)e following 50 nt corresponded to the
region downstream of the GFP ORF of CpBac. PridP@R amplification, pUC19e38was
digested withAfllll to avoid a background due to plasmid. pUC19taors only one restriction
site for Afllll in position 897. This restriction site was clasbecause it did not interfere with
the amplified region but was between the bindirtgssof the primers. To assure a correct
amplification of the 3040 bp fragment, PCR was @@nied using iProof™ High-Fidelity DNA
polymerase:

reagent volume | program temperature [°C] | time
5 X iProof HF buffer | 10 ul 1. denaturation 98°C U
10 mM dNTP Mix 1l 2. denaturation 98°C 10 sec
10 mM primer for 1l 3. annealing 71°C 30 sec
_ _ 1 min, 30
10 mM primer rev 1pl 4. extension 72°C
sec
50 mM MgCL 2 ul 5. repetition of step 2-4,29
6. final _
DNA pUC19-pe38 1l ) 72°C 5 min
extension
iIProof polymerase 0.5 pul
ddHO 33.5 ul
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Purification of the PCR product Afjpe38was done with GFX PCR DNA and Gel Band
Purification Kit (Amersham, Freiburg). DNA was eddtin 10 pl elution buffer, concentration
was estimated by agarose gel electrophoresis. Jestputative traces of plasmid not visible
on the gel, DNA was digested wibpnl and purified againDpnl only cuts methylated DNA

strands and was therefore used for removing traicB&NA template.

To allow homologous recombination of CpRe38 with the PCR product Afype38 the
E.coli cells containing the knock-out bacmid had to lamtformed with the expression plas-
mid pRed/ET. To transform pRed/ET into Epi300™ sabntaining CpBaktpe38, the cells
were grown overnight in one ml LB medium (15 pgahloramphenicol, 3 pg/ml kanamycin).
To 30 pl of this culture 1.4 ml fresh LB medium ({¥§/ml chloramphenicol, 3 pg/ml kanamy-
cin) were added the following day and shaked fav tev three h at 37°C and 270 rpm. To
prepare electrocompetent cells, the cells wereetgellat 11,000 rpm, 2°C and resuspended in
one ml cooled ddpD. This washing step was repeated two times. OnpRet/ET was added
to the cell pellet, the cells were transformed legteoporation. One ml LB without antibiotics
was added and the cells were shaked for 70 mi0“&,3as the plasmid pRed/ET is not stable
at 37°C. 100 ul were plated on selective LB pléiéspug/ml kanamycin, 3 pg/ml tetracyclin)

and incubated over night at 30°C.

Homologous recombination was performed as describefl.2.3. Screening for succesful
recombination was performed using the primer pswdp_upper’” and “swap_lower” (Table
2.11). Primer “swap_upper” was located in the dmgphenicol resistance gene of the bacmid
cassette. Primer “swap_lower” was located on thgiatiin resistance gene amplified together
with pe38of pUC19. Clones with succesful recombination GRPproduct and bacmid showed
a PCR product of 1734 bp.
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6.2.5 Biological activity of the different constructs

The biological activity of the different bacmid adructs was tested by DNA injection into
susceptible (CpS) and resistant (CpRR1) codlinghrteotvae. L1 larvae were reared on virus
free diet until larval stage L4 (10 days). Freshmglted L4 larvae were anaesthetised for two
min with ether vapor. Using a sterile tip, larvaere sterilised with 0.4% hyamin solution.
Bacmid DNA was mixed with lipofection; one to twad @f the bacmid-lipofection complex
was injected through a proleg into the hemoco&miarvae per treatment. When injecting
budded virus (BV), two pl BV suspension were apgphs well. Larvae were then transferred
on fresh virus free diet and incubated at 26°Cl wletath or pupation.

6.2.6 Transfection of Cp14 cells

The day before transfection, Cpl14 cells were thawa 6-well plates for sedimentation
overnight. For every bacmid construct, one 6-wkdtgpwas prepared. For every transfection,
one to two pg of bacmid DNA (5 to 10 pl) were déditusing serum free cell culture media
(1ZDO4). Six pl lipofection reagent (Invitrogen) weediluted using 100 pl serum free media
(1ZDO4). Both solutions were incubated for 45 minr@om temperature. After mixing the
solution was incubated for 10 min at room tempeeatizDO4 media was removed from
Cpl4 cells and the cells were washed with two mlireefree media. 0.8 ml of serum free
media was added to the DNA-lipofection mixture, etband pipetted onto the cells. The cells
with transfection mix were incubated for 5 h at@6The transfection mix was then replaced
by two ml IZDO4 containing 10% SDS. Time points eéaken on day three, six and 10 for

estimation of the DNA concentration.

6.2.7 Estimation of DNA concentration by gPCR

DNA concentration in BV suspension from the suptmiaof infected Cpl4 cells was esti-
mated using real time PCR (qPCR). DNA isolation @ase using 500 pl supernatant (Ron's
Tissue Kit, Bioron) from infected cells. DNA ampdiation was performed using the oligonu-
cleotides nested PRCP1U (5-GGCCCGGCAAGAATGTAAGAARB) and nested
PRCP1L (5-GTAGGGCCACAGCACATCGTCAAA-3") (Steinek004). The expected
product size was 422 bp. PCR products were detdstéldorescence (SYBRGreen) in every

PCR cycle. SYBRGreen binds to double stranded DN#h & maximum of absorbance at
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~497 nm and a maximum of emission of ~520 nm. Amease of SYBRGreen fluorescence
is directly proportional to the increase of amplifiPCR products. Identification and testing

for the homogeneity of the PCR products was doneélying curve analysis.

For every sample, 35 pul master mix were mixed \iite pl DNA. The master mix was pre-

pared as follows:

reagent volume
SYBRGreen 20 pul
nested PRCP1U 2 ul
nested PRCP1L 2 ul
ddH,O 11 pl

As a reference for estimation of concentration,ilatidn series of CpGV DNA of known
concentrations was used. CpGV DNA isolated of aiolubodies (OBs) were used as positive

control, ddHO as negative control.
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6.3 Results

6.3.1 Knocking out pe38 from CpBac

The Tn5-neo knock out cassette for the deletiopad8of CpBac was amplified using the
oligonucleotides “left arm pe38 k.0.“ and “rightnape38 k.0.” from its template. The PCR
product obtained corresponded to the expectedsiabout 1 kb (Fig. 6.3).

1kb ladder Tn5-neo PCR product

Fig. 6.3. Amplification of Tn5-neo knock out casset te. The expected product size was 1082 bp.
One yl DNA were loaded onto a 0.8% (w/v) agarose ge | and run at 90 V for 45 min.

After transformation of Epi300™ cells containing Bz with two pl of Tn5-neo DNA,

selection for recombinant bacmids was done by sargdor kanamycin (knock-out cassette)
and chloramphenicol (bacmid) resistance. Thirtgfiolonies of the sample were picked.
PCR screening for successful homologous recombimatas done using the oligonucleotides
“k.o.check_upper” and “-lower”. Five clones wer&eda together in one PCR reaction. Two
of these samples showed the expected PCR produeciogi750 bp. For each of the clones
single PCR reactions were performed. The clonesad #27 showed the expected PCR
product (data not shown) and were therefore pi¢&ederification of recombination by REN

analysis.
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Verification of the insertion of the Tn5-neo cagsento clone #27 (CpBape38) was done
by restriction analysis witBglll. The CpGV-M1 fragment A (Crook et al., 1997)&f.7 kb
was cut in CpBac due to three additional REN siteke GFP gene into four fragments Al to
A4. By insertion of the knock-out cassette, anotBgitl site was brought into fragment A:
fragment Al (54.5 kb) was cut revealing a truncdtagment A1* of about 42.5 kb and an
additional fragment A5 of about 12 kb (Fig. 6.45)6.Fragment A5 could be identified as
expected in the REN profile of the clones. As dlles bands corresponded to the CpBac
profile, a putative second, incorrect recombinatdra different genome position could be
excluded (Fig. 6.5).

A E D C GF B A
CpGV'Ml L1 | [T | 123.5 kb Bg“l
30.7 355 433 533 57.1 88.6
54,5
+10.1 kb
GFP-cassette
Al  E D C GF B Lo A3 A4 AL Bglll
| ——] 133.6 kb
CpBac 30.7 35.5 433 533 57.1 88.6
5

+10.1kb
GFP-Kassette
A5 E D C GF B A2 A3 A4 Al*
(N

CpBacApe38 AY [ L1 1 e—— s Blll
18.7 30.7 35.5 43.3 533 57.1 88.6 ' o
54,5

Kan®r

Fig. 6.4. Restriction mapping of CpGV-M1 (Crook et  al., 1997), CpBac and CpBac Ape38 using
Bglll. Insertion of the GFP cassette (green) into CpGV  -M revealed three additional Bglll sites
into the genome of CpBac, revealing the fragments A 1 to A4. Due to insertion of the Tn5-neo
cassette (yellow), another Bglll site was brought into the genome. After successf ul homolo-
gous recombination, an additional fragment A5 (red) of about 12 kb is to be expected.
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CpBacApe38 CpBac 1kb ladder

Fig. 6.5. Bglll restriction analysis of CpBac and CpBac  Ape38 (clone #27). Above fragment C (10
kb), CpBac Ape38 revealed the expected additional fragment A5 ( red) deriving from the inser-
tion of the knock out cassette. CpBac fragment A1 (  54.5 kb) is about 12 kb larger than
CpBac Ape38 (Al*), due to the additional Bglll REN site in Al*. Electrophoresis was done in

0.8 % agarose, 1 x TAE at 80 V for 1h.
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6.3.2 Swapping of 112-pe38 into CpBacApe38

Amplification of pe38 of CpGV-112 was performed using the oligonucleesid
“aullen_upper” and “auf3en_lower2” (Table 2.9). Thamed PCR product corresponded to
the expected product size of 1.3 kb (Fig. 6.6).

1kb ladder 112 pe-38

Fig. 6.6. PCR amplification of pe38 and its promotor region of CpGV-112. One pl PCR sa mple
was electrophoresed in a 0.8% (w/v) agarose gel (1  x TAE, 90 V, 30 min).

The PCR fragment was cloned into pUC19 after i@gin with EcaRl andBanHI. Amplifica-

tion of pe38together with the Anfpgene of pUC19 was done using the primer pair “Ba-
cAmpCpl5-rep_F” and “BacAmpCpl5-rep_R2” (Elmend@08). The expected product size
was 3040 bp (Fig. 6.7 A).

Homologous recombination took part in two regioh$® bp each (C and C' in Fig. 6.7 B).
The non-functional GFP genler5 region ande-1 promotor of CpBatpe38 were replaced. In
total, 1848 bp of the GFP cassette were replace2dti$ bp of the Amppe38cassette. The
total size of the bacmid cassette was after recoatioin therefore 11,249 instead of 10,182 bp.
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. 1317 bp -
pe38 P
CpGV-I12 _/ / TAA ATG //_
BarrH| EcoRlI
—
auBBen_upper auBen_lower

1. PCR product: restriction witBcoR|, BarmHI

2. vector: restriction with
EcoRI, BanmH|

3. ligation of pUC19 and 1238PCR product

LacZ Lacz
EcoRI 397
BamHI 418 AmpR
AmpR pUC-19_pe38
2907
2686 bp 3967 bp 112_pe38
1700
ori ori Lacz
B
Lacz 3040 bp
AmMpR !

pl PCR LacZ pe380ORF Lacz

pUC-19_pe38 _<:| L+
2907 3967 b C C
p 112_pe38
X
BacAmpCpl5-rep_F 1700
o _— Lacz Red/ET
i recombination
P 4

BacAmpCpl5-rep_R

Lacz ChR hr5 ie-1 prm  GFP ORF PolyA

Cpeac?pess — &= {Emm W) S mmm) [
l

Lacz ChR LacZ pe38ORF LacZ  PolyA

CpBac? pe38/112p38 _//_%% _<:| D‘—W/_
o

Fig. 6.7. For description see next page.
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1kb ladder 112pe38 Amp

Fig. 6.7. Cloning and recombination of the Amp F{-pe38 cassette. (A) Schematic drawing of the
PCR amplification of pe38 of CpGV-112. Directed cloning into the pUC19 MCS w  as performed
by including an EcoRI- and BamHI REN site into the PCR primer. P = early promotor  region of
pe38. (B) Amplification of the Amp "-pe38 cassette of pUC19- pe38. To the oligonucleotides
“BacAmpCP15-rep_F” and” _R”, the 50 bp homology arm s C and C" were added (green). They
corresponded to two regions between Chl " and PolyA signal of the GFP cassette. (C) PCR
product Amp "-pe38 of pUC19- pe38. Product size corresponded to the expected product size of
3040 bp (1 pl DNA, 0.8 % Agarose (w/v), 1 x TAE).

147
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Screening for successful homologous recombinatias performed using the oligonucleotides
“swap_screen_upper” and “swap_screen_lower” (Tablel). Clones with insertion of the
recombination cassette into the GFP locus showB&€R product of 1.7 kb, clones without
recombination did not show any PCR reaction. Prife@ap_screen_lower” was located in the
AmpR gene of thepe38cassette. A putative bacmid background would attchave produced
a PCR signal, as the primer “swap_screen_upper’logased in the CRlgene of the bacmids

GFP cassette. Only for successful recombinatioG@R product could be generated.

Following DNA isolation of positive clones, a veactétion of the insertion was done by PCR
and REN analysis. Using the oligonucleotides “Racsipper’ and “Pacsite_lower” (Table
2.11) located in the CpGV-M genome around the tiwesite of the GFP cassette, the whole
cassette was amplified. The bacmid cassettes oA€pBd CpBatpe38 had a size of 10.1 kb,
the cassette of CpBApe38/112pe38 a size of 11.2 kb. PCR products otlibrees revealed the
expected product sizes (Fig. 6.8).

MHindIll 1kb ladder CpBacApe38

CpBacApe38/112pe38 1kb ladder CpBac / CpBacApe38/112pe38

kb
23.1

9.4

6.5

4.3

Fig. 6.8. PCR screening (0.8% agarose, 1 x TAE, 80V , 1h) for successful homologous recombi-
nation and creation of the construct CpBac  Ape38/112pe38. (A) Recombinant clones showed a
PCR product of 1.7 kb. (B) PCR for the GFP cassette s of different constructs. For CpBac and
CpBac Ape38, a band size of about 10.1 kb was expected, fo r CpBac Ape38/112pe38 a size of
11.2 kb.
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Verification of recombination by REN analysis wasrfprmed usingBanHl. BanH| was
chosen as only one difference between the const@gBadpe38 and CpBaxpe38/112pe38
was expected, making it easier to identify the towess. Beyond, the expected fragments were
not running together with other fragments, whichuldamake an allocation more difficult.

There was ndBanHlI restriction site in the area of tlpe38gene, meaning that the constructs
CpBac and CpBaxpe38 did not differ in theiBanH| profiles (Fig. 6.9). The GFP cassette of
CpBac and CpBawme38 contained three additionBanHI sites compared to CpGV-M1
(Crook et al., 1997; Luque et al., 2001). CpGV-NM4dgiment A was cut in these constructs in
four fragments Al to A4. After recombination withet Amp-pe38 cassette, two of these
BanHI sites were replaced (Fig. 6.11). As38was cloned using@anHl into pUC19, one
additionalBanH]| site was located in the recombinant GFP cassEtiie difference was visible
in fragment A3: a fragment of 2 kb present in CpBad CpBaape38 (nt region 102.3-104.3
kb) disappeared. In contrast, a fragment A3 ofid.gnt region 102.3-107.1 kb) appeared (Fig.
6.10).

| F J C N H D B E L G A M K
CpGV-M1 L1 T I L1 1 12350 BamHI
0.2 59 129 181 33.334.3 40.3 49.9 74.4 84.087.1 935 118.9122.0
+10.1 kb
GFP cassette
I F J C N H D B E L G A2 A3 A4 Al M K
CpBac 1 1 11 11 1 1 1 1 1 1 T 11 133.6 kb BamHl
0.2 57 125 177 32.933.9 39.7 49.1 73.6 83.086.2 92.5 126.8129.9
102.3 104.3104.8
+10.1 kb
pe38 K.0. GFP cassette
| F J C N H D B E L G A2 A3 A4 Al M K
KanR
CpBacApe38 I I Lt 11 1 T 11 13360 BamHI
0.2 57 125 17.7 32.933.9 39.7 49.1 73.6 83.086.2 92.5 126.8 129.9
102.3 104.3104.8
+11.2 kb
112 pe-38
R
pe38 k.o. Amp
KanR A3
CpBacApe38/112pe38 P e NHD 8 L B o n 6% A M K a7 BamHI
—
0.2 5.7 125 17.7 32.933.9 39.7 49.1 73.6 83.086.2 92.5 127.9131.0

102.3 107.1

Fig. 6.9. BamHI restriction profile differences between CpBac, C pBacApe38 and
CpBac Ape38/112pe38. (A) Restriction maps of CpGV-M1 (Croo k et al., 1997) and the three bac-

mid variants. CpBac and CpBac Ape38 do not differ from each other in their BamHI restriction

sites, but from CpGV-M1 due to three additional REN sites. In CpBac Ape38/112pe38, fragment
A4 was missing. Fragment A3 was with 4.8 kb larger compared to CpBac-A3 and CpBac Ape38-
A3 (2 kb).
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MHindlll CpBac  CpBacApe38/112pe38 1kb ladder

Fig. 6.10. BamHI restriction profile of CpBac and CpBac  Ape38/112pe38. As expected, the frag-
ment of 2 kb is not present in CpBac Ape38/112pe38 like in CpBac (red arrow), in exchange a
band of about 4.8 kb (green arrow) appeared.
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6.3.3 Biological activity of the different constructs

6.3.3.1 Hemocoelar injection of DNA into CpS and CpRR1

As a first attempt for testing a succesful knock @ipe38of CpBac, 15 pul DNA of the con-
structs CpBac and CpBape38 (~1 pg) were mixed with 7.5 pl lipofection ané pl cell
culture media SF900 and 1 pl injected into eacBSo$usceptible (CpS) larvae (30 ng/larva).
As negative control, lipofection was mixed with ws@r free cell culture media and with the
QF elution buffer used for DNA preparation providedh the Qiagen Plasmid Midi Kit.
Larvae were scored daily for infection. Larvae whited the first day after injection because
of handling (black larvae showing symptoms of baatenfection) were excluded from the
evaluation.

Table 6.1. Testing the biological activity of CpBac and CpBac Ape38 by DNA injection into L4
larvae of CPS. V i, = volume injected per larva. n°CpS= number of tre  ated CpS larvae.

treatment n° CpS DNA lipofectin Viy infected after
(L4)  [ng/ul]  [ul] 14d

CpBac DNA 25 ~30 7.5 1ul 0

CpBad\pe38 DNA 25 ~30 7.5 1l 0

SF900 + lipofectin + 25 ~30 7.5 1ul 0

QF buffer

(negative control)

After 10 days of incubation, evaluation becameidalift because of strong growth of fungi.
No viral infection or mortality of the virus treatéarvae was observed during the experiment.
This was expected for the negative control ancktioek-out bacmid CpBagpe38. However,
for the CpBac injection, a virus infection of Cp®sld have been induced (ElImenofy, 2008).
A mistake in handling the syringe could be exclydasl the experiment was repeated and
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carried out by two persons with the same resufiogsible reason could be that the amount of

DNA used for injection was to low to initiate intean of L4 larvae.

After the succesful construction of the swappedrbddCpBaape38/112pe38 (see 6.4), the
three constructs CpBac, CpBge38 and CpBaxpe38/112pe38 were tested for their infec-
tivity by DNA injection into CpRR1 larvae. In thesejection experiments, higher DNA
concentrations as in the previous experiment shbaldised to increase the feasibility of a
virus infection. As expected for CpRR1, no virusrtatity was found in the negative control,
in the CpBac DNA treatment and for the injectionG@Bac\pe38 DNA (Table 6.2). How-
ever, no mortality was observed for CpBae38/112pe38 DNA which would be expected if
pe38was active and the factor for overcoming resistanc

For evaluating and improving the conditions of atieg CM larvae by DNA injection, the
importance of DNA and lipofectin concentration wamcurrently tested, to find a possible
effect why DNA injection had so far not led to \8rinfection. DNA of CpGV-I12 was cho-
sen as a positive control for injection, as it dddnfect both susceptible and resistant CM
larvae. CpGV-I112 DNA was mixed in different conaatibns and relations (Table 6.2) with
lipofectin and SF900 media. CpGV-112 DNA was coricatied using a speed vac centrifuge
(Maxi dry lyo, Thermo Scientific) and three variardf forming the DNA-lipofection com-
plex were tested. The treated larvae were scoriy wdil day 14. As no virus infection was
found in any of the treatments, though CpGV-I12utichave infected the larvae, it was
intended to increase the DNA concentration agap® (@rvae were treated, as they should be
infected by every construct except the knock owniid. The DNA injection experiments

using different amounts of DNA and lipofectin atersnarised in Table 6.2.
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Table 6.2. Testing the biological activity of the t  hree bacmid constructs CpBac, CpBac Ape38
and CpBac Ape38/112pe38 by DNA injection into susceptible (CpS ) and resistant (CpRR1) larvae
using different DNA dilutions and volumes. Differen t concentrations of DNA and lipofectin were
applied to improve the conditions of DNA injection. CpGV-I12 DNA was included as positive
control. V i,;= volume injected into CM L4 larvae.

treatment n° CpRR1 n°CpS DNA SF900 lipofectin  Vi;  DNA/larva infected
(L4) (L4)  [ng/ul] (1] (1] (1] [ng] after 14 d

CpBac DNA 25 - ~130 7.5 7.5 1 67 0

CpBaa\pe38 25 - ~130 7.5 7.5 1 67 0

DNA

CpBaa\pe38/ 25 - ~130 7.5 7.5 1 67 0

112pe38 DNA

SF900 + lipofectin 25 - - 7.5 7.5 1 67 0

+ QF buffer

(negative control)

CpGV-112 DNA 10 - 274 200 2 1 18.9 0
10 - 274 200 2 2 18.9 0
CpGV-112 DNA 10 - 274 200 10 1 18.2 0
10 - 274 200 10 2 18.2 0
CpGV-112 DNA 10 - 274 5 5 2 137 0
CpBac DNA - 10 ~500 - 6.5 2 > 750 2
CpBaa\pe38 - 10 ~300 - 6.5 2 > 450 2
DNA
CpBaa\pe38/ - 10 ~500 - 6.5 2 > 750 1
112pe38 DNA

CpGV-112 DNA - 10 274 - 6.5 > 400 0
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When injecting high DNA concentrations of CpBacBapApe38 and CpBakpe38/112pe38

into CpS, in total five virus dead larvae were atsed, which had turned black (Table 6.2).

The virus dead larvae were collected in Eppendsattion tubes and ten ul of the OB sus-
pension obtained from each treatment were dirgatgn from the larvae. The OB suspen-
sions were then diluted 1:10 with dglBito increase the volume. By feeding the OB suspen-
sion to 40 CpS larvae each, the OBs were propadatettain enough material for DNA
isolation and REN analysis. The fifth day aftereiction, all treated larvae had turned black.
Larvae were collected and DNA prepared from theSDBpension to estimate the constructs

present in the larvae.

The different DNA isolations were tested by PCRidentify if the CpBac, CpBaxpe38
DNA and CpBaape38/I12pe38 DNA had replicated in the larvae (€abl.3). The
CpBad\pe38 DNA and CpBakpe38/112pe38 DNA should be detected by the oligtauic
tides designed for checking the knock outpeB38 k.o. check upper and k.o. _check_lower
(product size 748 bp), because they do not comrtaifid-typepe38anymore. To distinguish
between CpBatpe38 DNA and CpBaxpe38/112pe38 DNA, the oligonucleotides specific to
swapped constructs were used (swap_screen_uppswaipd screen_lower, expected product
size 1734 bp). As positive control for the PCR, DhfAhe different constructs isolated from
transfectedE. coli was used. For the detection of CpBac DNA, a PORp&B8was per-
formed using the oligonucleotids pe38-au_upper @e@B-mi_lower (product size 621 bp).
Only CpBac DNA or CpGV DNA were supposed to gereaPCR band, because {e88
gene was knocked out in the other two construabler6.3).
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Table 6.3. Testing of the DNA isolated from virus d  ead CM larvae for the replication of the three
bacmid constructs by PCR. Oligonucleotides specific for the different features were used,
bacmid DNA propagated in  E. coli was included as control. + = expected PCR fragment , - = no
PCR fragment observed.

construct primer target expectedbserved

fragment

CpBa\pe38/112pe38| Kk.o._check upper knock-out cassette 748 bp -

k.0._check_lower

CpBa\pe38/112pe38| k.0._check _upper | knock-out cassette 748 bp +
(E.coli)

(positive control) k.0._check_lower

CpGV-I12 k.0._check_upper | knock-out cassette - -

(negative control)
k.o._check_lower

CpBa\pe38 swap_screen-uppetl2-pe38in - -

CpBa\pe38/112pe38
swap_screen-lower

CpBad\pe38/112pe38| swap_screen-uppdd2-pe38in 1734 bp -
CpBa\pe38/112pe38

swap_screen-lower

CpBad\pe38/112pe38| swap_screen-upper12pe38in 1734 bp +

(E.coli) CpBa\pe38/112pe38

(positive control) swap_screen-lowef

CpGV-112 swap_screen-upperil2-pe38in - -

(negative control) CpBa\pe38/112pe38
swap_screen-lower

CpBac pe38-au_upper pe38 621 bp -
pe38-Mi_lower

CpBa\pe38/112pe38| pe38-au_upper pe38 - -

(negative control) pe38-Mi_lower

CpGV-I12 pe38-au_upper pe38 621 bp +
(positive control)

pe38-Mi_lower
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In every PCR reaction, only the positive contr@NA isolated ofE. coli or CpGV, respec-
tively) revealed PCR products (Table 6.3). With BNA deriving from infected CM larvae,
no fragments were obtained with any of the spedhgonucleotides. Therefore, it was not
possible to decide, if the correct bacmids weragmein the DNA isolations (and therewith in
the treated larvae), of if the larvae were contated, e.g. with CpGV DNA.

The DNA of CpBac and CpBape38/112pe38 isolated from larvae was thereforgestex

to BanHlI restriction analysis, to identify if the obsedveirus infection was due to CpGV
contamination of the larvae used or really to afedtion with a bacmid construct. DNA
concentration of CpBagpe38 was too low for REN analysis. Parallely, DNAsnisolated
from the CpBac occlusion bodies which were charestd and tested in bioassay previously
(Elmenofy, 2008). The CpBac DNA was digested uddagrHl and Pad to check if the
previous bioassay results were really due to agctidn with CpBac and not due to a CpGV

contamination of the larvae.

Restriction analysis revealed that the constru@#Zp(DNA isolated from OBs) showed the
expected restriction profiles in tHganmH| and Pad digests, verifying that the previously
performed injection and bioassay experiments weceessfully performed with the construct
CpBac (Fig. 6.11). The construct CpBac used asslasithe knock out and swapping con-
structs and used in the injection experiments h&e showed the correct restriction profile:
the additionaBanHI-fragment was present in the profile. DNA isothfeom larvae infected
with CpBad\pe38 DNA and CpBac-112pe38 DNA did not show restic profiles corre-
sponding to the bacmid constructs, but correspanttinCpGV-M. Therefore, injection of
DNA into CM larvae only led to an amplification GpBac DNA when using very high DNA
concentrations. DNA isolated of larvae infectednw@pBac-112pe38 showed a REN profile

similar to CpGV, but not to bacmid constructs.
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BamHI Pacl BamHI
1kb MHIII 1 2 4 1 kb MHIII

Fig. 6.11. Agarose gel (0.8 % (w/v), 25 V, 16 h) to identify the different constructs isolated from
infected larvae. 1 = CpGV-M, 2 = CpBac from OBs, 3 = CpGV-M, 4 = CpBac from OBs, 5 = CpGV-
M, 6 = CpBac from infected larvae, 7 = CpBac Ape38/I112pe38 from infected larvae. One addi-
tional band in the CpBac BamHI profile is due to the bacmid cassette. Restricti  on with Pacl
reveals the bacmid cassette as a band of 10.1 kb.

157
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6.3.3.2 Hemocoelar injection of BV into CpS and CpRR1

Concurrently, Cpl4 cells were transfected using ttanstructs CpBac DNA and
CpBa\pe38/112pe38 DNA to prepare BV for intrahemocoahgection, in order to test an
alternative to DNA injection. As a positive controklls were also transfected with CpGV-
112 DNA to obtain BV, as CpGV-112 should infect hatusceptible and resistant CM larvae.
For every construct, a six well-plate was trangéctcontaining one virus-free, untreated
control which was prepared the same way as thefeeted wells. DNA was isolated from
the supernatant (which should contain BV) and threcentration was estimated for the differ-
ent time points taken (see 6.2.7). The time poiith ithe highest DNA concentration was

chosen for BV preparation for injection.

For the first time point (0-3 d) there was onlylditdifference in viral DNA concentration
between the treatments and their controls (FigR)6.After six days, DNA concentration in
the supernatant of Cpl4 cells infected with CpB&¢ADwvas about 10 times higher as for
CpGV-112 and 2.6 times higher than for CpBpe38/112pe38 DNA. The determined CpGV-
112 DNA concentration was lower as in its negatfjvieus free) control. After 10 days, the
DNA concentration in the CpGV-112 transfected suopéant increased 100 fold. Concur-
rently, the value for the CpGV-112 uninfected cohtrlso increased. CpBac DNA concentra-
tion was 4-5 times higher compared to the other t@atments. Its negative control signal
increased slightly. The DNA concentration estimdtedCpBaa\pe38/112pe38 was similar to
the value obtained for CpGV-112. Also for this ctost, the signal of the untreated control
still increased. After 14 days, DNA concentratidrCpBac in its negative control decreased.
For the CpGV-I112 and CpBape38/112pe38 treatment as well as their contrals/alue was
determined, because the number of estimated DNAesopas under the detection limit of
gPCR (Fig. 6.12).



INVESTIGATIONS ON THE ROLE OF PE38 IN OVERCOMING CODLING MOTH RESISTANCE USING CPGV 159

BACMIDS
106
—e—CpGV-I12
—O— negative control

% —e— CpBac
+— 105
g -+ | —e— negative control
o —m— CpBacApe38/112pe38
Q
a —— negative control n.d.
= n.d.
= 104
Q
o
(@]
o
< n.d.
Z
[a) 103

102 &> n.d.

3d 6d 10d 14d

Fig. 6.12. DNA copies estimated for four time point s past transfection of Cp14 cells with CpGV-
112 DNA, CpBac DNA and CpBac Ape38/112pe38 DNA. n.a.= not available, value was be low the
detection limit of gPCR (125 copies).

Time point #3 (7-10 d) was chosen for BV preparatibhe supernatant of transfected cells
containing BV was sterile filtered and kept at 8Qintil injection, as BV are not stable when
frozen at -20°C (Doreen Winstanley, personal compation). To infect CpS and CpRR1
larvae with an approxmimately similar BV concentmatof each construct, the CpBac super-
natant was diluted 1:10 and only one ul was usecCfiBac\pe38/112pe38. Twenty larvae

per treatment were injected with BV suspension ([d&b4).
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Table 6.4. Testing the biological activity of CpGV-

susceptible (CpS) and resistant (CpRR1) larvae by b
was injected as negative control. No virus infected
ments 11 days past infection (dpi).

112, CpBac and CpBac Ape38/I12pe38 against
udded virus injection. Cell culture media
larvae were observed in any of the treat-

treatment n° CpS/- Vi n° DNA virus infected 11 dpi
RR1 (L4) copies

CpGV-112 BV 25 2ul 3.07x 10 0

CpBac BV 25 2 pl 2.93 x 10 0

CpBac\pe38/I12pe38 BV 25 1ul 3.22x710 0

cell culture media 25 2 ul 0 0

In none of the treatments, either with CpRR1 or Gpf&is infection could be observed after
supernatant injection. From day 10 on, larvae estiaiv pupate and the growth of fungi com-

plicated the evaluation.

6.3.3.3 Oral infection of CM larvae

As injection of DNA or BV did not result in virusifiection, oral infection of the larvae using
OBs produced in cell culture was attempted. Cp1i eeere transfected with CpBac DNA,
CpBax\pe38 DNA and CpBaxpe38/112pe38 DNA in order to feed the pellet ohsfected
cells to CpS larvae. Cells were transfected asribest previously, the transfected cells were
incubated for 10 days, harvested and centrifugedwo min at 13,000 rpm. The pellet was
taken up in 100 ul HD and five ul inoculated onto small plugs of didilton et al., 2008).
Twenty larvae were infected per construct. Larvagenkept single in Petri dishes instead of

50 well plates, in order to minimise the risk ohgi growth.

After four days, CpS larvae infected orally with B3z transfected cell pellet started to show
symptoms of virus infection; five days past infeati nine larvae infected with CpBac died
because of virus infection. After 14 days, all Eavnfected with CpBac were dead due to virus
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infection, indicating that infectious CpBac virusasvproduced in the transfected Cp cells.
None of the larvae infected with CpBgme38 and CpBaxpe38/112pe38 transfected cells
showed symptoms of virus infection and the tredtestae pupated, suggesting that both
CpBad\pe38 and CpBatpe38/112pe38 did not render viable OBs after trectgfn of Cpl4

cells.

Summarising, the injection experiments using DNAI 8V failed. Infection of larvae was
only obtained using transfected Cpl14R cells andemgibent oral administration of cell pellets
to larvae. However, only feeding of CpBac transddctell pellets leaded to viral infection.
CpBad\pe38 and CpBatpe38/I112pe38 seemed not to be active in Cpl4R, catlld most
likely not active in larvae, too.



INVESTIGATIONS ON THE ROLE OF PE38 IN OVERCOMING CODLING MOTH RESISTANCE USING CPGV 162

BACMIDS

6.4 Discussion

Based on genome comparison of CpGV-M, -112 andCi@pter 5), the early expresgeei38
geneis suggested to be the putative factor which ipamsible for the resistance overcoming
effect of CpGV isolates different from CpGV-M. Tmeode of action of th@e38 protein
product is so far not determined. As described iptesly, PE38 contains two putative DNA
and protein binding and dimerisation domains: a&@atnal leucine-zipper and a N-terminal
zinc finger motif (Krappa and Knebel-Mérsdorf, 1992 GATA motiv located 50 nt up-
stream of the PE38 transcriptional start site hesnbshown to be recognised by an insect
GATA-binding protein detectable in uninfected aratlgphase infecte®. frugiperdacells
(Krappa et al., 1992). If PE38 interacts directiffmanother viral protein or is part of a signal
transduction cascade is not yet determined. Thegdation of PE38 with an insect protein is
another possibility, which is currently investighatéAsser-Kaiser and Jehle, unpublished).
Knock out ofpe38and swapping of pe38from the resistance overcoming isolate CpGV-112
into a CpGV-M bacmid were used to investigate thle of pe38for infection of susceptible

and resistant CM larvae.

Pe38was knocked out of the bacmid CpBac, which is thase CpGV-M (Elmenofy, 2008).
This bacmid was previously propagated in CpS laafdéer hemocoelic DNA injection and
tested in bioassay (Elmenofy, 2008). The correackrout bacmid CpBagpe38 could be
identified by its restriction profile and by PCRadysis. Amplification ofpe38of CpGV-I112
and its swapping together with a resistance marierthe GFP locus of CpBApe38 could
be verified at every step by restriction and PCRIygis. The restriction profiles corresponded
to the profiles expected when simulating the pesfih silico. Thus, it could be concluded
that cloning and construction of the different batsiwas successful.

Infection of L4 larvae with different bacmids waddanded by hemocoelic DNA or BV injec-
tion. As the resistance mechanism in the insectoisbased on the midgut or peritrophic
membrane but on an early block of replication (Ad&aiser, 2010), it should be possible to
distinguish between resistance and resistance avéng effects by hemocoelic DNA or BV

injection. Infection of L4 larvae by injection ofBwas successfully performed previously,
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using BV deriving from haemolymph extracted fromG3pinfected larvae. In these experi-
ments, the CpGV DNA concentration in the haemolym@s used for correlation with BV
concentration (Asser-Kaiser, 2010). With BV obtaineom cell culture, no infection of
susceptible CM larvae was visible in the experiragrarformed. The detection of viral DNA
by gPCR as a measure for BV concentration in tipesiatant also revealed relatively high
DNA concentrations for the untreated controls. ¢titen of CP cells using a GFP expressing
bacmid led to narrow bordered sources of infectindicating that infection is spread some-
how directly from cell to cell (Pit Radtke, persbnammunication). For a spread of infection
due to BV, a spread of infection over the whole olayer would be expected. The 10 day
time point for harvesting the supernatant withtheassured BVs might have been to late and
the DNA concentration estimated not due to BV, &dlwtady due to the formation of OB or
lysed cells releasing virus DNA. During the occtusphase, the production of infectious BV
of ACMNPV in SF cells is greatly reduced or terntgth(Lee and Miller, 1979). Infection of
Cp cells with CpGV is difficult to identify by ey bacmid construct containing an active

GFP gene would be a better attempt to facilitagediservation of the infection process.

For unknown reason, no virus infection could beucet by DNA injection, neither in CpS
nor in CpRR1. Infection of L4 larvae by injectiohlmacmid DNA was succeeded previously
using high DNA concentrations of 500 ng/ul in thensfection mix (Elmenofy, 2008). Only
when using very high DNA concentrations (>400 ngrb@ DNA/larva) in the injection
experiments, virus dead larvae could be observéigr Aropagation of the virus suspension
collected from these larvae, it was not possiblprtwve the DNA identity by PCR analysis.
For the samples (DNA isolated from larvae) no PC&lpct could be observed with any of
the oligonucleotides specific for the constructgti@isation of the PCR protocol might be
necessary, but the positive controls (the corredimgnbacmid DNA isolated fronk. coli)
revealed the expected bands. DNA restriction arsahgvealed that only dead larvae from the
CpBac treatment were infected with the originalrbacconstruct CpBac, whereas the larvae
from the CpBaape38 and CpBaxpe38/112pe38 treatments were infected most likelh w
CpGV, as the REN profile did not correspond to blaemids, but to the CpGV-M profile.
Thus, virus dead larvae in the CpBae38 and CpBatpe38/112pe38 treatments were most
likely due to a CpGV-M contamination.
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Hilton et al. (2008) propagated a CpGV bacmid coimg the bacterial cassette deriving
from the AcCMNPV Bac-to-Bac system® in larvae bydiwy them the pellet of transfected
cells, because infection by DNA injection did nobrw very efficiently (Hilton, personal
communication). As heamocoelic injection did notdeto success in the experiments de-
scribed here, this method was applied to infectaheae by the normal, the oral way of infec-
tion. Feeding of the pellet of transfected celleeaded a clear and complete virus infection of
CM larvae when using CpBac. For CpBae38, no infection was visible, as expected fa thi
construct ifpe38is an essential factor for infection. Feeding pedlet of cells transfected
with CpBa®\pe38/112pe38 also did not lead to infection. Thisistrong evidence that the
rescue of CpGV-11pe38into CpBac functioned on DNA level, but modifiednsehow the
biological activity. With an activee38in CpBad\pe38/112pe38, infection of susceptible CM
larvae would have been expected in the same wapserved with CpBac. Technically, the
rescue ope3d8was succesful; that the biological activity of pBac\pe38 construct could
not be restored by swappine38of CpGV-I112 in its GFP locus could be due to saler
reasonsPe38is described as immediate early gene (Kovacs.e1291; Krappa and Knebel-
Mdrsdorf, 1990). Early genes exploit host RNA pogmase |l and associated factors. There-
fore, early promotors contain core transcriptiorengnts like TATA box and a
ATCA(G/T)T(C/T) motif cooperating with auxiliargis-acting elements. Changing the posi-
tion of pe38into the GFP-locus of the bacmid cassette migkthaterrupted interactions
with cis-acting factors necessary for gene transcripti&@B88transcription is described to be
stimulated by IE-1 (Pullen and Friesen, 1995). Alse homologous repeat sequences func-
tion as transcriptional enhancers (Lu and Mill&97). In AcCMNPV,pe38is located close to
the homologous region 1 (Krappa and Knebel-Morsdt®B0). In CpGV pe38is also lo-
cated close to the major repeat region betweema®a kb (Luque et al., 2001). The prox-
imity of pe38to a repeat region is also described for CIMNPWréens et al., 2002), sug-
gesting that these repeats function as origingasfsient DNA replication or transcription

enhancers.

In summary, the knock-out ge38was succesful, revealing a bacmid unable to indirces
infection in susceptible CM larvae. L4 larvae cob&linfected by CpBac orally and by DNA
injection using high DNA concentrations, but not GpBad\pe38. Intending further DNA

injection experiments, it is necessary to use A concentrations. A disadvantage is that
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solutions with high DNA concentrations are jellydamore difficult to handle for injection, as
the DNA should not break. A better method is thal evay of infection, using cells trans-
fected with bacmid DNA.

The rescue gpe38into the inactive GFP locus of CpBgme38 could not reveal its function.
This might be due to the lack of some unknown fiachofluencing transcription or activation
of pe38 A method to test if a position effect plays aerol the activity ofpe38would be the
direct mutation of the 24 nt stretch in the knocit-bacmid, without changing the original
genomic position of thpe38gene. Another possibility to retain the originakfion ofpe38
is to swap CpGV-11pe38into the knock-out cassette of CpBae38, in combination with a

marker gene to allow screening for recombinants.
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7 Final Discussion

The granulovirus of codling motlCydia pomonellal.), CpGV, is a highly selective and

efficient biological control agent in apple prodoat During the last decades, it gained high
importance in ecological and integrated pest mamagé The recent occurrence of field
resistance to CpGV led to an intense research aoingeinheritance and mechanism of cod-
ling moth (CM) resistance to CpGV as well as overtw this resistance in CM. The mode
of inheritance was published in 2007 (Asser-Kaiseal.), and its elucidation revealed that

alternatives to the conventionally applied virusdase CpGV-M are inevitable.

Alternatives to CpGV-M were provided in this thesisChapter 3, five out of 16 tested novel
CpGYV isolates were able to overcome CpGV resistam&@M. These isolates derived from
distinct parts of the world and showed differencetheir genetic content when investigated
by restriction fragment length polymorphism (RFlaplysis and partial sequencing (Chapter
3, Chapter 4). For future CpGV application, theleiation of this baculovirus diversity is
crucial for resistance management, in order togea further selection for resistance. How-
ever, one question will immediately arise when pipg the application of novel CpGV

isolates: is CM able to develop again resistaneénafithese novel isolates?

To give a statement about the possibility of resisé development, it is important to under-
stand the mechanism of resistance in detail. Tipdicgtion of CpGV-M worked efficiently

for more than 20 years, and the occurrence of teegie was always regarded as rather
unlikely. Apparently, this is not the case, and dewelopment of resistance to novel CpGV
isolates cannot be excluded as well. With the agpees and approaches so far made by
investigating CM resistance to CpGV and its overomby novel isolates, it is possible to
avoid repeating the same problem in the future. filning that resistance to CpGV is a
resistance to type A CpGV genomes, as elucidatedisnthesis, implies that numerous fur-
ther isolates exist worldwide which are able torowene this resistance. The application of
mixtures of isolates will prevent the selection fesistance to one isolate, as it was the case

with application based on CpGV-M only.

This approach is actually a return to the natutahtion in the field. Continued application of
a single CpGV isolate against a CM population igdificial host-pathogen system; naturally

occurring CpGV isolates are often mixtures of defe genotypes. As shown in Chapter 3,
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the isolate CpGV-E2 showed the highest virulencaresg resistant CM populations among
the tested isolates. The REN profile of -E2 revedeat this isolate was a mixture of a type A
and a type B genome. In contrast to the othertesgi®vercoming isolates, which were found
to be rather clear isolates, CpGV-E2 worked alreeffigiently after seven days, whereas
CpGV-I12, -101, -I08 and -S showed a slight delaytheir efficacy. Interactions between
virus genotypes have been described for co-infestaf defective and complete virus geno-
types, whereas the complete genotype acts as arHelpfaciliating the transmission of the
deletion genotype (Lopez-Ferber et al., 2003). auies smaller size, the deletion mutant has
a replicative advantage. In presence of a comgetetype, the deletion mutant can can
benefit from its gene products to replicate it¢BHrrett and Dimmock 1986). Genetic hetero-
genity of natural occuring CpGV isolates (not ordgarding defective, but also co-existing
complete genomes) might be a possibility to adaptkly to the host’s ecology. Natural
mixtures of genotypes contribute to the genetieedity of baculovirus genomes, as intra-
and intergenomic recombinations play an importatg m maintaining their genomic plastic-
ity. The genomic plasticity of CpGV isolates wasaamirrored by the isolates investigated in
this thesis: the uptake of ORFs (type C genomesgral duplication events (type E genome)
or the integration of large insertions (type D &@denomes) were observed when comparing
several isolates (Chapter 4, Chapter 5). As therm high diversity between CpGV isolates
(but concurrently also a high conservation of salveiral genes and thbr regions), the
question arises about the evolutionary “directiohCpGV isolates.

Based on the phylogenetic analysis provided in @pé there is for example no trend to
smaller or larger genomes: the phylogeneticallggidC type isolates lack four open reading
frames (ORF), which are inserted into all youngaldtes. Type B and D isolates reveal an
additional 0.7 kb non-coding insertion. The phylogically youngest type A isolates lack
this insertion, but are still larger in size th&e phylogenetically elder isolate CpGV-S (type
E genome). Intuitively, one would say that CpGV @ees evolve to more virulent genomes,
but different genotypes operate better under diffeecological conditions. This differential
selection maintains, among other factors (inter§pecompetition, multiple infections), the
baculovirus variability (reviewed in Cory and Mye2003). The uptake of the four ORFs
cp63-cp66 and their establishment in the phylogealgt younger CpGV genomes indicate
that these ORFs are somehow benefitial to the gadjma or efficacy of the virus. The role

of these four ORFs is so far not yet determinedn@arison of the genomes of CpGV-I12
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and -S (Chapter 5) revealed that the area of cp6B-tarbours several insertions and dele-
tions in coding and non-conding regions. In conttasother regions, this area is prone to
genomic rearrangements. Also the benefit of thekB.ihsertion present in CpGV-101, -112, -
108 and -E2 is unclear. Only few nucleotides d#fin this inserted sequence when compar-
ing CpGV-I01, -E2 and -112. As supposed for tireregions, the similarly structured 0.7 kb
insertion could haveis-acting influence on gene transcription or act agio of DNA repli-
cation. However, this insertion is not presentyppet A genomes.

Regarding the virus-insect interaction, selectioespure on viral genotypes is complex and
even conflictive. Selection should not only favtlue genome type which induces the shortest
time to death of the host, but also optimise theetito death to maximise the delivery of
newly synthesised occlusion bodies (OB). To evaluhe benefit of genomic differences
between CpGV genome types, it might be necessagomgider a system of mixtures of
genome types instead of an isolated, pure genopee ty

Until the occurrence of resistant CM populationpG¥-M worked efficiently against CM
for more than twenty years. Whole genome sequerafiigpGV-M and two resistance over-
coming isolates (Chapter 5) revealed that CpGV-iedkd on ORF level only in a 24 bp
insertion in the ORF cp24, which codes for the irdiage early gen@e38 This raises the
question about the function @38 What is its role, regarding that the insertiontloése
additional nucleotides was for a long time appdyemot a critical disadvantage for CpGV-
M? CpGV-M still shows high virulence against susi#p CM populations. Generally, a
mutation neutral under specific conditions mightdalvantageous or deleterious when condi-
tions change. This was the case with the appeam@CM populations resistant to CpGV,
assumed thgbe38is responsible for the resistance overcoming ateraf the isolates de-
scribed in this thesis. PE38 of teutographa californicamultiple nucleopolyhedrovirus
(AcMNPV) was found to play an important role inalireplication, budded virus production
and virulence (Milks et al., 2003). Investigatioms the resistance mechanism revealed that
CpGV-M replication is affected at an early stagandéction in resistant CM larvae (Asser-
Kaiser, 2010). PE38 comprises two putative DNA pratein binding domains: a C-terminal
leucin zipper and a N-terminal zinc finger motifr@opa and Knebel-Morsdorf, 1991). Both
motifs are typical for transcription factors. Itlikely that the insertion of the 24 additional nt

(eight additional amino acids) has an effect onpifmeeins 3-D structure. Assuming that PE38
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is an activator of transcripton, a possible mecdrargould be that CpGV-M PE38 can bind to
its DNA or protein target sequence, but that iteriactions with further proteins or ligands are
not ideal. Nevertheless, there is still enough anbment of transcriptional activity of its
target gene to maintain virulence in susceptible. TMs would be consistent with the results
in Chapter 6, where a complete knock oupe88resulted in a loss of virulence against sus-
ceptible CM larvae. This mechanism would presumeéntaraction of PE38 with a viral tar-
get, but PE38 could also directly interact with BADor protein target of the host. Prelimi-
nary studies on protein-protein interactions of ®k8th host proteins using the Yeast Two-
Hybrid System revealed several host proteins interg with either one of the binding do-
mains or with the full-lenght PE38 and provide artshg point for the search of the PE38
interaction partner (Asser-Kaiser, 2010).

To summarise, to prevent a further selection oftasce to CpGV-M, a broad genetic base
of the applied CpGV products is important. Beyohdttthe application of CpGV-M should
also be continued. Cases of field resistance to\Cafpeared in several European countries,
but compared to the total number of orchards wikigr@V is successfully applied, resistance
is still the exceptional case. However, CM popuolagi with homozygous or heterozygous
resistant individuals are able to establish quigkhigh resistance level under CpGV selection
pressure. Application of novel isolates, ideally rastures of different genotypes, could
prevent a further selection of resistance. Sevetrahe novel isolates were already tested
successfully in the field (Kienzle et al., 2007ngj 2008). As already observed in bioassay,
the full efficacy of the tested resistance overcamsolates was visible with a delay of 1-2
days. Therefore, CM control should not only be dasa CpGV application, but include
further approaches for minimising the populatidihg removal of infested apples, the clean-
ing and desinfection of apple boxes to avoid sprepdf CM individuals between orchards
and the application of mating disruption are apphea to keep population densitiy at a lower
level. For the future, the development of resistammonitoring based on molecular markers
will help to screen for resistant alleles in theplations and to develop the best CpGV appli-
cation strategies for the particular orchard basedifferent CpGV isolates. Screening of the
susceptibility of CM populations to novel CpGV iatds will also be essential in future resis-
tance management. To develop adequate CpGV apphicgttategies for different orchards, it

is crucial to registrate and apply the novel depetbproducts as soon as possible. The meth-
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ods and results described in this thesis for teatification and characterisation of resistance

overcoming isolates contribute to this aim.
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