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ABSTRACT

Baculoviruses are a family of mostly insect-specific viruses with relatively complex
infection pathology. The baculovirus genome encodes between 89-181 genes, that are
regulated by a complex temporal cascade of gene expression. Although baculoviruses
pathogenic to lepidopteran hosts are well characterized, relatively little is known about
non-lepidopteran baculoviruses. This thesis provides the genome sequence of a
baculovirus pathogenic to the balsam fir sawfly (order: Hymenoptera), the Neodiprion
abietis nucleopolyhedrovirus (NeabNPV). Our analyses of the NeabPNV genome
indicated that the regulation of NeabNPV early genes by immediate early transactivators
may differ from the lepidopteran baculovirus model. Also, through genome sequence
analysis, we propose a model for the evolution of sawfly baculoviruses that is mediated
by interspersed genome repeats. By selecting key genes transcribed at distinct time

points during baculovirus infection as well as quantifying viral DNA in the tissues of
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infected host larvae, we mapped the progression of NeabNPV infection in vivo. Based on
the temporal scale of viral infection, we were able to show that two putative zinc-finger
proteins, neab24 and neab52, are expressed in the immediate early and early stages of
infection. The hypothesis that the mechanism of early gene regulation in non-
lepidopteran baculovirus differs from that of lepidopteran baculoviruses prompted us to
investigate promoter elements of 30 baculovirus genomes sequenced to date, in silico.
This analysis revealed some sequence motifs may represent promoter elements in a wide
range of baculoviruses, and that there may be differences in regulation of transcription
between genes of the same temporal class in different baculovirus species.

Supervisor: Dr David Levin, (Department of Biology)



Table of Contents

371 o R B L o m————— i
ADSITACT ..ttt ettt et s e et ea e st e s e st e e et e bt st e e s aa et et e s e se e ba et e san e esa et aeaae il
) T i 11 S — \4
R0 T OSSO — viii
List of Virus Species ABDIeVIAtioNS ........c.ceeeieieiiieriieierieeieeeeeeereeresresee e ssassesaeneeaens X
LASEOT TABLES s oo ssimnssssusmmensss st s s s e ssascess i oas s soHeaiFeePhessssS5sVFassn X
List of Tables.......... e e s R A A K O e N R NS TR — X
L) il D - xi
LIST Of FIGUIES ..ttt ettt ssa e et e st e st e e e e e ennaean xi
e 810 1151 | I T———— Xiii
LI CNAE A TITEETMEN. . cccmomsnsamsinsasssivtssiss e R A RN B AR B S xiil
IDEAICATIONL... .- - eooensmesnsmsonssnnesnnsosessaseransrnnsinnsnsmsansonsibssanpnssnomnosshsbosisanssbtorsaransofebnssbesnanssnns Xiv
Chapter 1. General Inlrodurlion ... csmssmamanivsssisasisssssssossisssisisississisions 1
1.1, BaCUIOVITUS ..ttt R 1
1.2, Baculovitus TaxOmOMEY s e e s s s e 1
1.3. Baculovirus Infection CyCle ........oooiiiiiiiiiiieceieeeeee e 5
L N 1= T LT — 5
1.3.2. Early Gene EXPreSsion......cccooiiiieieriirieiiecieeieseceeeeseese s sae e ae e eae e 6

L R A I T R Tl B a0 ot v | I ——— 6

1.3.4. VITION STTUCTUTE ..eiieiieeeeeeeee e e e e e s e e s enenen 7



1.4. Baculovirus for Control of the Balsam Fir Sawfly .........cccooiriiiiiiiniiiceeeeeee, 9
1.4.1. Baculoviruses:as Insect Control AENS .o.sesimnmmsmsmasisimssmssnisimmsismsie 9
1.4.2. The Balsam Fir SAWTLY .......ccovuiiiiiiiiiiieeeeeee e 11

1:5: THESIS UG oo s oo e s e w ores S RS sirmeshas 13

2.1 ADSITACT ...ttt ettt ettt et sa e et a et e et e enneennes 14
22 I QIUCHON ouuonusimssusnaurssmsumss s eSS A S ST ST AR e 15
2.3. Materials and MethOods.........cocueiiuiiiiiiieece e s 18
2.4 Resultsiand DISCASSION crvanvnmnmasmnsmsmimmssss s i e s o s s e 22

Chapter 3. Invivo replication kinetics and transcription patterns of the balsam fir sawfly,

Neodiprion abietis, nucleopolyhedrOVITUS. ........cceveerieeeeeeeeeee e 45
31 ABSIIACE ... i TS SSRGS 45
3.2, INIrOAUCTION ...ttt et e e e e sseesaeeaeeeneann 47
3.3 Muterials and Mothods. ... asssisoussessssssssssisisysesivsssssssmmssvsiassisisssessss s 52
34 RESULIES .ttt et a et a e nes 57
B DISCUSSION cocxveuvssrsposmsmessmssssssss s s s s RS s e S RS s A TR 66

Chapter 4. Sequence and transcriptional analysis of two potential zinc finger proteins of

the Neodiprion abiefis tacicopolyhedrovings. .- 72
2RI DU P—— 72
O (01 11 1 | o SO NE 73
e Y o T T L T —— 76
B4 RESUIES ..ttt ettt e e e e e s et e nn e sae s e nee 78



Chapter 5. Analysis of putative promoter regulatory elements of the Baculoviridae ...... 97
Y s i o Ty 97
5. 2. INtrodUCHOR....csusissmssssivssssaisimsimssmssmeisiessssisss w5 s iass s assossa s 99
5.3. Methods and Materials..........coueeioiririiiii e 102
1 | 107
5.5. Discussion...:...;; ......... tiereesssesusessessassseensanes ............................................... _ 127

Chapter 6. Summzary and General Diseussion .. cxmsnesmrmanmmmmaraismammses 131
6.1. Revisiting Baculovirus Taxonomy and Evolution...........cccccooiiiiiiniiiiinncecninenn. 131
6.2. Sawfly baculovirus infection CyCle........oceevieriieniiieeieeeeeee e 133
6.3. Impact of NeabNPV Genomics on biocontrol of the Balsam Fir Sawfly............ 136

BIDHOGIAPRIY ..ttt ettt ae e e b e e s e ea e e e b e aae s ena s 139



List of Abbreviations

BV Budded Virus

DNA Deoxyribonucleic Acid
FPL Forest Protection Limited
GV Granulovirus

HMM Hidden Markov Model

hpi Hours Post Infection
NCBI National Center for Biotechnology Information

NPV Nucleopolyhedrovirus

NSERC Natural Sciences and Engineering Research Council
OB Occlusion Bodies

ODYV Occlusion Derived Virion.

ORF Open Reading Frame

PCR Polymerase Chain Reaction

PIB Polyhedral Inclusion Body

PMRA Pest Management Regulatory Agency
PWM Position-Weighted Matrix

QPCR Quantitative PCR

RNA Ribonucleic Acid

RT-PCR Reverse Transcription PCR

SDS Sodium Dodecyl Sulfate
TBE Tris Borate EDTA buffer

TF Transcription Factor
TSS Translation Start Site

UV Ultraviolet
WSSV White Spot Shrimp Virus

viil



List of Virus Species Abbreviations

AcMNPV Autographa californica NPV
AdhoNPV Adoxophyes honmai NPV
AdorGYV Adoxophyes orana GV

AgseNPV Agrotis segetum GV

BmNPYV Bombyx mori NPV

CIfMNPYV Choristoneura fumiferana NPV
CIfMNPV-def Choristoneura fumiferana defective NPV
ChchNPV Chrysodeixis chalcites NPV
CpGYV Cydia pomonella GV

CrleGYV Cryptophlebia leucotreta GV
CuniNPV Culex nigripalpus NPV
EppoNPV Epiphyas postvittana NPV
HabrGYV Harrisina brillians GV

HearNPV Helicoverpa armigera NPV
HearNPV-G4 Helicoverpa armigera NPV-G4
HzNPV Helicoverpa zea NPV

LAMNPV Lymantria dispar NPV
MacoNPV-A Mamestra configurata NPV-A
MacoNPV-B Mamestra configurata NPV-B
NeabNPV Neodiprion abietis NPV
NeleNPV Neodiprion lecontei NPV
NeseNPV Neodiprion sertifer NPV
OpMNPYV Orgyia pseudotsugata NPV
PhopNPV Phthorimaea operculella GV
PxGYV Plutella xylostella GV

RaouNPV Rachiplusia ou NPV

SpexNPV Spodoptera exigua NPV
SpliNPV Spodoptera littoralis NPV
SpItNPV Spodoptera litura NPV

TnSNPV Trichoplusia ni NPV

XcGYV Xestia c-nigrum GV

X



List of Tables

Table 2.1. NeabNPV ORFS.....cooiiiiieeeeeeeeece et 24
Table 2.2. Predicted putative promoter elements for NeabNPV. .......cccccvviinininnnnnn. 42
Table 3.1. Class, function, and earliest observed time of expression in vitro for
lepidapteran DACHIOVITUS BRIICE. ...ccorroneasnmssrnonmeniosmassnssennsssissssississssssssssisssiosssossesassssmssipeass 50
Table 3.2. Primers used in reverse transcription and real time PCR of RNA extracted
from N. abietis larval midguts infected with NeabNPV. ... 55
Table 4.1. Amino acid motifs and earliest observed expression of immediate early
DACUIOVITUS ZEINES.....eectieieeiiieieetieete et eae et e b e et e et e e e st e sateeseeessesaeeseeeseersesesessaeneeneeennan 75
Table 5.1. Motifs identified that share local sequence similarity with the

7 25 L 123
Table 5.2. Motifs that share local sequence similarity with the dnapol Region I.......... 125
Table 5.3. Motifs identified that share local sequence similarity with the dnapol

REZION TV .ottt ettt et e e s e e e e nneas 126



xi

List of Figures

Figure 1.1. Phylogenetic analysis illustrating the distinct clades of the
N T NN LI i AR R AN S NN AW 3

Figure 2.1. Linear sequence map and HindIII physical map of the circular NeabNPV

BICTIOIIIC 5555 svssunsegsosionsossysisssssnsssossassssos vssssisassssisssaaass s ssoETesseESoRsEoTEss AT SaTs SSRGS b b AR SRS s s 23
Figure 2.2. Loci of the NeabNPV genome with repeat elements.. .........cccccerereneenennens 33
Figure 2.3. Genome parity PIolS. . ossssmmonmanmissmimssss i 34

Figure 2.4. Alignment of conserved motif repeated in multiple predicted open

reading frames (ORFs) of NeabNPV and NeleNPV genomes ..........ccccccevueeereneneccnnnnens 35
Figure 3.1. RT-PCR analysis of putative early genes compared with a host gene...................... 58
Figure 3.2. RT-PCR analysis of putative RNA polymerase subunit genes compared

Wth A BOSEEENE.....mmmsismmsssmcissivsisisssisssssssiisssssesisssiass s oo sssoes s s a s sRSTo 8 61
Figure 3.3. RT-PCR analysis of putative late and very late genes compared with a

RUOSE BOIC covuusuissssmnosonsqumsnvssss o ssass s oo a s eSS0 o oS sV T AT S ST s s TAs 62
Figure 3.4. RT-PCR analysis of putative pif gene compared with a host gene................ 63
Figure 3.5. Calibration curves for quantitative PCR of N. abietis insect genomic DNA
and NeabNPV DINA ...ttt et saaeea e e e se e sa e e naenans 64
Figure 3.6. Quantitative PCR of NeabNPV-infected midgut tissue indicating the number
GENGABNEY Vital DINA. COPIES PEIFCRIL.....couussisumssmmmssmssssimmmmssmmmsnsssssssmisssimsrasmmass 65
Figure 3.7. Summary of temporal gene expression patterns of NeabNPV in vivo

T O I OT et e e e e e e e e e e e e e e e e eeeeeeeeeeeaeeeaeeaaaaeeaaaee e e e e e e e e e s e e e e e s e e e aeneeanneennennnnnnnnnnnn 67



Xii

Figure 4.1. Location of the neab24 gene on a linear map of the circular NeabNPV
111 11 - 79
Figure 4.2. Amino acid sequence alignment of NeabNPV, NeseNPV, and NeleNPV
RING finger proteins and phylogenetic analysis........coeeuerereerecreerecneceeeeeeeeaceee e 81
Figure 4.3. Location of the neab52 gene on a linear map of the circular NeabNPV
o35 1107 1 1 LU TOPPUUORRTRRORPRO e 83
Figure 4.4. Sequence alignment of the predicted protein homologues of neab52,

nele49 from Neodiprion lecontei nucleopolyhedrovirus and nese52 from Neodiprion
sertifer NUCIEOPOIYNEATOVITUS ........eiiieiieiieieeee ettt eenn e 84

Figure 4.5. Multiple sequence alignment of putative homologues of NeabNPV

NEADSZ. .ttt ettt et s et a e a e e e s e e b e e e e e se e neenan e seeane e 86
Figure 4.6. Promoter sequence and RT-PCR analysis of the neab24 gene ..................... 89
Figure 4.7. Promoter sequence and RT-PCR analysis of the neab52 gene...................... 91
Figure 5.1. Sequence similarity of aligned baculovirus upstream sequences................. 110

Figure 5.2. Conserved sequence motifs 500 bp upstream of the baculovirus dnapol

BOIIE, e T R S S R B R 113
Figure 5.3. Conserved sequence motifs 500 bp upstream of the baculovirus /ef-4

I oo I o ST e B B o ponesBon s Bnnncnssendinnonnonpmsdin BT o Boensopmontalonisall Bt onssssunssmessas Bnges 118
Figure 5.4. Conserved sequence motifs 500 bp upstream of the baculovirus vif-/

Lo 1 LT OSUR R TRORRPPPRRIRY 122



Xiii

Acknowledgments

I would like to thank my Supervisor, Dr. David Levin, for providing me an opportunity
to pursue this research and for his constant optimism and support. As well, I thank the
Levin lab members who have been such an important part of my life in the past five
years. [ particular, I would like to thank Aaron Young and Roberto Alberto for tﬁeir
mentorship. Thanks to Benoit Morin and Jen Beltgens for their assistance in screening
genome libraries, and to Elisa Becker and Supipi Kaluarachchi for helping to optimize
protocols for RT-PCR and QPCR. Also, I thank Beatrixe Whittome for providing tissue
extracts of infected balsam fir sawfly larvae. I would also like to thank David Harrison
and Tina Thorne for their support and advice over the past few years.

In addition, I would like to extend my gratitude to Dr. Ben Koop and the Koop lab.
The Koop lab showed a tireless commitment to the genome sequencing effort. Without
their help, understanding, and patience this project would have never succeeded.

I would like to thank Chris Lucarotti and the Canadian Forest Service (CFS) for partial
funding and for coordinating the project. Similarly, I would like to thank NSERC and the

Biocontrol Network of Canada for funding.



Xiv
Dedication

I would like to dedicate this thesis to the memory of John Fraser. We became close

friends during my graduate program and his passion and commitment to teaching and

research was a true inspiration.



Chapter 1.  General Introduction

1.1. Baculovirus
The Baculoviridae is a family of viruses that are pathogenic to arthropods. The

baculovirus can be traced from the literature as early as the sixteenth century. It was
described as a “wilting disease” infecting silk-producing larvae. A baculovirus was first
commercialized as a viral insecticide in the 1960s when the Helicoverpa zea SNPV
(HzSNPV) was registered under the name Virion H to control the cotton bollworm H. zea
(Shieh, 1989). More recently, baculoviruses have been extensively used as vectors for
expressing heterologous proteins cultured in insect cells (Jarvis, 1997; Shieh, 1989).
Modified NPV vectors have also been used for efficient transient and stable transduction
of mammalian cells (Condreay ef al., 1999).
1.2. Baculovirus Taxonomy

Most families of arthropod viruses also have members that infect vertebrates (F ederici,
1997). The Reoviridae and Rhabdoviridae have the greatest pathogenic range with
members that infect arthropods, vertebrates, and plants. The Poxviridae, Iridoviridae,
Parvoviridae, Reoviridae, and Picornaviridae all have members that are pathogenic to
arthropods and vertebrates. The Baculoviridae differ from the others by being the only
family of viruses restricted to arthropods. The baculoviruses, poxviruses, and
iridoviruses are the most closely related in that they all have large double-stranded DNA
genomes. However, while the poxviruses and iridoviruses have linear DNA genomes,

the baculoviruses have circular DNA genomes.
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More than 600 baculoviruses have been reported in a multitude of arthropod hosts but

the vast majority have been identified as pathogens for the members of the class /nsecta,
primarily in the orders Hymenoptera, Diptera and Lepidoptera (Blissard and Rohrmann,
1990). The taxonomy of baculoviruses has been resolved best for those that infect
lepidopteran hosts. Traditionally, baculovirus names are derived from the species of the
host insect followé&i Hy the viral genera. These lepidopteran baculoviruses have two
genera, nucleopolyhedroviridae (NPV) and granuloviridae (GV). The type species for
the NPVs is the Autographa californica multiple NPV (AcMNPV) while the type species
for the GVs is the Cydia pomonella GV (CpGV). Baculovirus taxonomy generally
corresponds to phylogenetic topology, as illustrated in Figure 1.1.

Lepidopteran NPVs and GVs are characterized based on the morphological properties
and subcellular localization of the occluded virion. The lepidopteran NPVs are occluded
in large (0.5pm —5pum diameter) protein crystals (Federici, 1997), called polyhedral
inclusion bodies (PIBs), or simply occlusion bodies (OBs), that are synthesized in the
nucleus of the host cell. Within the lepidopteran NPVs there are two distinct cladistic
groups based on phylogenetic topology, the Group-I and Group-II NPVs (Zanotto ef al.,
1993). Another characteristic used to distinguish lepidopteran NPVs involves whether
the rod-shaped viral nucleocapsids are enveloped singly (SNPV) or multiply as a group
(MNPV) within a membranous envelope, subsequently occluded within PIBs.

Lepidopteran GVs are similar in structure to NPVs except that they are singly
enveloped and occluded within smaller structures, of 0.3pm x 0.5um, referred to as
granules (Federici, 1997). Whereas the NPV polyhedra are nuclear-localized, GV

granules are typically observed in the cellular cytoplasm following nuclear disintegration.
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Figure 1.1. Phylogenetic analysis illustrating the distinct clades of the Baculoviridae. This

analysis represents a modification of the phylogenetic analysis of DNA polymerase by Garcia-

Maruniak et al. (2004). The data set was increased to include NeabNPV. Sequences were

aligned using ClustalX 1.84 and a maximum parsimony tree was constucted (1000 bootstrap

replicates) using PAUP 4.0 b10.
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GV cladistics are defined by the different tissue trophisms that the viruses exhibit. Type

1 GVs invade the midgut epithelium in a similar manner as lepidopteran NPVs, but
subsequently only infect fat body tissue, whereas the pathology of type 2 GV parallels
that of the lepidopteran NPV (Federici, 1997). The third GV clade has only one member,
Harrisina brillians GV (HabrGV). HabrGV gross pathology is restricted only to midgut
epithelium, where it rapidly spreads from cell to cell (Federici and Stern, 1990): beath
from HabrGV infection occurs at the same rate as typical lepidopteran NPVs, although
host mortality is predominantly due to their inability to retain water within their body
tissues.

To date, NPVs have only been isolated from insects in the orders Hymenoptera and
Diptera (Federici, 1997). Recent genomic and morphological analyses indicate that the
NPVs of the hymenopteran, dipteran and lepidopteran insects represent distinct taxa
(Afonso et al., 2001; Garcia-Maruniak ef al., 2004; Herniou et al., 2004; Lauzon et al.,
2004; Moser et al., 2001). As with the GVs, all non-lepidopteran NPVs identified to date
have been singly enveloped (Federici, 1997). In contrast to lepidopteran baculoviruses,
most non-lepidopteran NPV appear to be restricted to midgut epithelium (Federici,
1997).

The NPV of the dipteran mosquito, Culex nigripalpus, has morphological and
developmental characteristics that make it distinct from the hymenopteran and
lepidopteran baculoviruses. The C. nigripalpus NPV (CuniNPV) is classified as a NPV
despite the fact that, unlike other NPVs, CuniNPV OBs are typically smaller than the GV
OBs, at 0.5um in diameter (Moser et al., 2001). As with the lepidopteran NPVs,

however, the OBs are exclusively found in the nucleus (Moser ef al., 2001). On the other



hand, dipteran NPVs form two clades based on tissue trophism, which is similar to
lepidopteran GVs. Type 1 dipteran NPVs are restricted to midgut epithelium while type
2 dipteran NPVs, comprised only of the Tripula palusida NPV, infect midgut epithelium
and hemocytes (Federici, 1997).

Hymenopteran NPV OBs are smaller than those of lepidopteran NPVs (unpublished),
at 0.5-1um in diameter, and accumulate in the nucleus of the host cell. Neither the
process of infection nor the pathology induced by hymenopteran NPVs has been well
characterized. Recent genome sequence anlayses however, have begun to elucidate the
structure and organization of hymenopteran NPVs as well as phylogenetic relationships

between them (Garcia-Maruniak et al., 2004; Herniou et al., 2004; Lauzon et al., 2004).

1.3. Baculovirus Infection Cycle

1.3.1. Infection
Baculovirus OBs can persist in contaminated soil and foliage for over ten years

(Olofsson, 1988; Thompson and Scott, 1979). Transmission of a baculovirus occurs via
ingestion of contaminated material and infection is initiated when the OB is dissolved
under the highly alkaline conditions of the insect host midgut. The dissolution is aided
by alkaline proteases that reside in the midgut lumen. The released virions pass through
the peritrophic membrane and undergo receptor-mediated fusion with midgut epithelial
cell plasma membrane. Within the cytoplasm of the target cell, nucleocapsids are
released from the virion and migrate to the nucleus via actin cables of the cytoskeleton
(Charlton and Volkman, 1993). Within the nucleus, the viral DNA is released from the

nucleocapsid to initiate viral transcription and DNA replication (Blissard, 1996).



1.3.2. Early Gene Expression
Gene expression in lepidopteran baculoviruses has been well characterized and is

divided into distinct stages including immediate-early, delayed-early, late, and very-late.
Immediate-early genes are transcribed in a manner independent of other viral gene
products (Guarino and Summers, 1986; Guarino and Summers, 1987). Transient early
and late transcription and DNA replication assays suggest that four virus-encoded
proteins, IE-0, IE-1, IE-2, and PE38, frans-regulate early gene transcription (Miller ef al.,
1983:; Ribeiro et al., 1994; Wu et al., 1993a; Wu et al., 1993b). Early-expressed genes
are transcribed by the host RNA polymerase II and contain typical eukaryotic consensus
transcription motifs such as a TATA and CAGT motif. The primary result of early gene
expression in baculoviruses is the replication of viral DNA. In contrast, hymenopteran
and dipteran baculoviruses have been poorly characterized, and early gene expression
appears to differ significantly from the lepidopteran baculoviruses, in that their genomes
do not encode orthologues for any of the immediate early genes: ie-0, ie-1, ie-2, and pe38
(Afonso et al., 2001; Garcia-Maruniak et al., 2004; Lauzon ef al., 2004).
1.3.3. Late Gene Expression

Lepidopteran baculovirus late genes are transcribed by an a-amanitin resistant viral-
encoded RNA polymerase that initiates from the consensus A/GTAAG motif. This RNA
polymerase is thought to be encoded by the genes lef-6, lef-8, and lef-9 (Lu and Miller,
1994; Passarelli and Miller, 1994; Passarelli ef al., 1994). In addition to the genes
involved in DNA replication, five additional genes (lef-4, lef-3, lef-7, lef-11, p47, and
39K) are required for optimal expression from the late promoters (Todd et al., 1995).

The two genes, ie-1 and ie-2, act as transactivators of both early and late baculovirus



gene expression. The major roles of baculovirus late and very late proteins are as
structural elements of the virion.
1.3.4. Virion Structure

The lepidopteran baculoviruses have two distinct virion phenotypes: the budded virus
(BV) and the occlusion derived virion (ODV). The nucleocapsid and BV have similar
structures. The viral protein p6.9 binds the viral DNA (Wilson and Consigli, 1985) and is
believed to be involved in DNA condensation because it is arginine-rich, like protamine
condensation proteins. Ac MNPV viral DNA is encapsulated by a nucleocapsid
composed of vp39 (ac89), p87 (ac104), p24 (ac129) and pp78/83 (ac9) (Lu and Carstens,
1992; Miller et al., 1990; Russell et al., 1991; Wolgamot et al., 1993). Of these, only
vp39 gene orthologues have been identified in all baculovirus genomes sequenced to date
(Garcia-Maruniak ef al., 2004; Lauzon et al., 2004).

The BV is primarily responsible for cell-to-cell propagation of the virus. The BV is
formed when the nucleocapsid interacts with the host cell plasma membrane where the
viral protein GP64 accumulates (Volkman ez al., 1984). A mature GP64 is heavily
glycosylated and acetylated (Rober.ts and Faulkner, 1989) and functions as a membrane
fusion protein. The BV appears in electron micrographs as rod-shaped nucleocapsids
loosely associated with a lipid-containing membrane. Peplomer structures are
concentrated at one end of the virion and contain GP64. The GP64 protein is involved in
membrane fusion, activated at low pH, which permits viral entry into the target cell
cytoplasm following endocytosis (Blissard and Wenz, 1992; Monsma and Blissard,

1995).



In OBs, the nucleocapsids are singly or multiply embedded into a structure called the
occlusion derived virion (ODV). Nucleocapsids destined for incorporation in an ODV
appear to acquire a lipid envelope in the nucleoplasm from nuclear microvesicles
(Braunage] et al., 1996a). The structural region between the nucleocapids and the ODV
envelope is called the tegument, which contains a protein called gp41 that is conserved in
all baculovirus genomes sequenced to date (Garcia-Maruniak et al., 2004; Lauzon et al.,
2004). One protein, ODV-EC27 (ac144), present in both the nucleocapsids and envelope
of the ODV, is the only nucleocapsid protein present in the ODV but not the BV
(Braunagel ef al., 1996b). Four other proteins are known to be associated with the ODV
envelope: ODV-E66 (ac46), ODV-E25 (ac94), ODV-E56 (aci48), and ODV-E18/35
(acl43/aci44) (Braunagel et al., 1996a; Braunagel et al., 1996b; Hong and Summers,
1994; Russell and Rohrmann, 1993). The protein p74 (ac/38) is embedded in the
outermost surface of the ODV and is believed to be involved in receptor-mediated fusion
with midgut epithelial cell plasma membrane during infection. ODV-EC27, ODV-E56,
and p74 are conserved in all baculovirus genomes sequenced to date (Garcia-Maruniak et
al., 2004; Lauzon et al., 2004).

Multiple individual ODV capsids are embedded in OBs. In lepidopteran baculoviruses,
the OB is primarily composed of polyhedrin protein and the fibrous p10 protein.
Polyhedrin is encoded in all sequenced lepidopteran and hymenopteran baculovirus
genomes but not in the sequenced dipteran baculovirus (Afonso ez al., 2001). Polyhedrin
and p10 are products of very late gene expression and rely on stimulation by the very late

factor (VLF-1) (Todd et al., 1996).



1.4. Baculovirus for Control of the Balsam Fir Sawfly

1.4.1. Baculoviruses as Insect Control Agents
Baculoviruses are natural insect-specific pathogens that are particularly attractive as

bioinsecticides because they frequently cause epizootics in insect populations. Infection
often results in death of the host by liquefaction, but sublethal infection may result in
slower developmental rates, lower pupae and adult weights, higher long-term mortality,
and reduced fecundity (Rothman and Myers, 1996). Baculoviruses are typically
pathogenic to a narrow range of permissive insect species, but some have a broader host
range, such as the alfalfa looper, A. californica NPV, that infects 35 species in the genus
Noctuidae. Glaser and Chapman (Glaser and Chapman, 1913) first observed that the wilt
disease of the gypsy moth (Lymantria dispar) was related to previously observed
polyhedral diseases and that the agent responsible for this disease was a filterable virus.
They also observed that the mode of virus infection was by oral ingestion and that the
virus did not appear to be airborne (Glaser and Chapman, 1913). Steinhaus (1948)
discussed the potential economic importance of a baculovirus pathogenic to the alfalfa
butterfly, Colias eurytheme. He believed that the aggregate toll that the baculovirus
placed on the alfalfa butterfly was one of the most important natural checks to control the
insect population. The value of the disease as a control agent, however, was limited
beacuase its effect is not exerted until after the crop is already significantly damaged
(Steinhaus, 1948).

In the fifty years since these observations, interest in baculovirus-based biopesticides
has both risen and waned. The early product Elcar (Helicoverpa zea NPV) was unable to
compete with products based on synthetic pyrethroids in control of the cotton bollworm

(Copping and Menn, 2000). In addition to Steinhaus’ observation that baculoviruses are



10
effective only after the crop has been damaged (Steinhaus, 1948), there were additional

limitations to using baculoviruses as biopesticides. Although some baculovirus occlusion
bodies are stable in the soil for over 10 years and at 4°C for over 21 years, liberated
baculovirus particles appeared to quickly lose their infectivity if exposed to sunlight
ultraviolet (UV) between 250-280 nm (Smirnoff, 1972) and environmental conditions.
Another limitation to spraying crops with baculovirus suspensions was that crops, such as
cotton, might secrete alkaline dew (ca pH 8.2-9.1) (Andrews et al., 1973) or highly
alkaline or acidic soil (Thomas et al., 1973) might liberate and inactivate occluded
virions. Despite these early set-backs, however, improvements in the spray formulations
derived from deliberately impure virus preparations combined with UV protectants have
drastically improved the efficacy of baculovirus pesticides (David et al., 1971; Jaques,
1971; Jaques, 1972).

The age of genomics allowed researchers to address Steinhaus’ concern that
baculoviruses were too slow in killing the insect host (Steinhaus, 1948). One approach
involved modifying baculoviruses using recombinant technologies to over-express insect
hormones resulting in abnormal growth, feeding, and/or death of the insect host. An
effective approach involved modifying the NPV pathogenic to Bombyx mori (BmNPV) to
express a functionally active diuretic hormone (BmDHS5) and caused death in the host
20% faster than the wildtype virus (Maeda, 1989). The most successful approach
involved introduction of the highly potent insect-selective toxin AalT from the scorpion
Androctonus australis. This increased the speed of kill by 40% (Maeda et al., 1991;
McCutchen et al., 1991; Stewart et al., 1991) and decreased feeding damage to cotton by

60% (Cory et al., 1994; Hoover et al., 1995).
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In the United States, five NPVs and two GV have been registered as biopesticides

(source: http://www.epa.gov/pesticides/biopesticides/ingredients/index.htm). All of these
products utilize lepidopteran baculoviruses as the active ingredient. In Canada,
baculovirus pesticide products are registered for use against the lepidopteran Douglas fir
tussock moth and gypsy moth, and for control of the hymenopteran red-headed pine
sawfly Neodiprion lecontei (source: Canadian Pest Management Regulatory Agency
ELSE database; http://eddenet.pmra-arla.gc.ca/4.0/4.0.asp). There has been a significant
amount of research pioneering the use of sawfly-infecting baculoviruses to control insect
populations in Canada.

The sawfly baculovirus, pathogenic for the European spruce sawfly (Gilipinia
hercyniae) and the European pine sawfly (Neodiprion sertifer), was inadvertently
introduced to North America and early investigation suggested that baculovirus
introduction could result in significant and ongoing natural control (Balch and Bird, 1944
Bird and Elgee, 1957). Experimental ground applications of the sawfly NPV pathogenic
to the balsam fir sawfly showed that this virus could be used to control outbreaks of this
insect (Olofsson, 1973). This research supported the registration of the baculovirus
control agent Neocheck-S that employed the natural NPV pathogen for N. sertifer.

1.4.2. The Balsam Fir Sawfly

The balsam fir sawfly (Neodiprion abietis Harris) (Hymenoptera: Diprionidae) is a
major defoliator indigenous to North America. The larvae primarily feed on the foliage
of balsam fir (4bies balsamea [L.] Mill) but are also commonly found on white (Picea
glauca [Moench.] Voss) and black (Picea mariana [Mill.] B.S.P) spruce. The larvae

prefer to feed on 1-2 year old needles and this defoliation results in increased tree
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mortality and reduced tree growth. The balsam fir sawfly only directly damages the tree
during the larval stage of its life cycle.

The adult female balsam fir sawfly has a “saw-like” ovipositor with which she cuts a
small slit in the edge of a needle to lay her egg. There is typically only one egg placed in
each needle and they are usually laid in the current year’s growth. The eggs overwinter
during this stage and hatch as the tree buds open in the spring. The hatching larvae feed
in colonies of 30-100 larvae, concentrating on the previous year’s growth. The larvae
strip the outside of the needle, leaving the central filament that in time reddens in colour
and shrivels. The larvae go through 6 instars before they are mature and begin to pupate
around mid-June.

There is only one generation of balsam fir sawfly every year and, when outbreaks
occur, they typically last 3-4 years. The incidence and length of outbreaks is greater in
pre-commerically thinned balsam fir stands. Recently, a number of outbreaks have
occurred in managed stands of Atlantic Canada. Defoliation resulting from balsam fir
sawfly is not uncommon in Atlantic Canada but the current outbreak is apparently

unprecedented in severity (Piene ef al., 2001).



13

1.5. Thesis Outline
The goal of this thesis is to characterize the genome and gene expression of the

baculovirus pathogenic to the balsam fir sawfly, the Neodiprion abietis
nucleopolyhedrovirus (NeabNPV). The second chapter of the thesis reports the complete
genome sequence of the NeabNPV as well as a comparative analysis of sawfly-infecting
baculovirus genomes. Also, chapter two will examine the traditional approach towards
characterization baculovirus gene promoter sequences and propose alternate additional
analyses.

Chapter three examines the temporal patterns of DNA replication and gene expression
of NeabNPV in vivo. Quantitative PCR (QPCR) was used to examine viral DNA kinetics
and reverse transcription PCR (RT-PCR) of NeabNPV transcripts with sequence
homology to characterized lepidopteran baculovirus genes was used to infer the timing of
early, late and very late gene expression.

Chapter four reports the sequence and transcriptional analysis of two novel NeabNPV
early expressed genes, which encode zinc finger motifs, a common feature of some
baculovirus transactivators.

Chapter five presents a more refined analysis of baculovirus promoters. This analysis
is an expansion of the analysis of predicted NeabNPV promoters presented in chapter
two, but includes all 29 baculovirus genomes fully sequenced at the time of this analysis
plus NeabNPV.

Chapter six summarizes the contributions of this thesis to the study of sawfly
baculoviruses and discusses how these techniques can be applied to expand our

understanding of non-lepidopteran baculoviruses.
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Chapter 2. Genome sequence analysis of the Neodiprion abietis
nucleopolyhedrovirus.

2.1. Abstract
Of thirty baculovirus genomes that have been sequenced to date, the only non-

lepidopteran baculoviruses include the dipteran Culex nigripalpus nucleopolyhedrovirus
(CuniNPV) and two hymenopteran nucleopolyhedroviruses that infect the sawflies,
Neodiprion lecontei (NeleNPV) and Neodiprion sertifer (NeseNPV). This study provides
a complete sequence and genome analysis of the nucleopolyhedrovirus that infects the
balsam fir sawfly, Neodiprion abietis (Hymenoptera, Symphyta, Diprionidae). The M.
abietis nucleopolyhedrovirus (NeabNPV) is 84,264 bp in size, with a G+C content of
33.5%, and contains 93 predicted open reading frames (ORFs). Eleven predicted ORFs
are unique to this baculovirus, 10 ORFs have a putative orthologue in the NeleNPV
genome but not the NeseNPV genofne, and one ORF (neab53) has a putative orthologue
in the NeseNPV genome, but not the NeleNPV genome. Specific repeat sequences are
coincident with major genome rearrangements that distinguish NeabNPV and NeleNPV.
Genes within these repeat regions encode a common amino acid motif, suggesting that
they are a family of repeated contiguous gene clusters. Lepidopteran baculoviruses,
similarly, have a family of repeated genes called the bro gene family. However, there is
no significant sequence similarity between the NeabNPV and bro genes. Orthologues of
early-expressed genes such as ie-/ and /ef-3 were absent in NeabNPV, as they are in the
previously sequenced hymenopteran baculoviruses. Analyses of ORF upstream
sequences identified potential temporally distinct genes based on putative promoter

elements.
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2.2. Introduction
Balsam fir sawfly (Neodiprion abietis, Hymenoptera, Symphyta, Diprionidae) is a

native sawfly species that occurs throughout Canada and the United States. The balsam
fir sawfly is a defoliating species that feeds primarily on balsam fir, Abies balsamea (L.)
Mill. and spruce, Picea spp. (Wallace and Cunningham, 1995). An outbreak of the
balsam fir sawfly in Newfoundland has persisted since 1991. This 15-year outbreak is in
contrast to the typically observed outbreaks of 4-5 year durations that occur every 5-15
years. The current infestation, spanning over 40,000 ha of balsam fir in western
Newfoundland, threatens the significant silivicultural investment in that region, as severe
defoliation greatly reduces tree growth and may cause tree mortality (Piene ef al., 2001).
The application of a virus naturally pathogenic to the balsam fir sawfly, the Neodiprion
abietis nucleopolyhedrovirus (NeabNPV), may offer great potential in controlling sawfly
populations (Olofsson, 1973). Recently, aerial application of NeabNPV have
successfully initiated collapse of growing and peaking balsam fir sawfly populations
(Moreau et al., 2005).

NeabNPV is a member of the Baculoviridae, a well-studied family of invertebrate
viruses that have large double-stranded circular DNA genomes within rod-shaped
nucleocapsids that are enveloped and occluded. The two genera of baculoviruses,
Nucleopolyhedrovirus (NPV) and Granulovirus (GV) are typically distinguished by the
size and localization of their occlusion bodies (OBs). NPVs have larger nuclear-localized
OBs, ranging in diameter from 1-5 pm, with singly or multiply enveloped virions. GVs
have smaller OBs, with a diameter between 0.3-0.6 um, in which single, enveloped

virions are normally occluded and these OBs are distributed throughout the cell following
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nuclear disintegration. GVs have only been isolated from lepidopteran hosts, while
NPVs have been isolated from Lepidoptera, Hymenoptera and Diptera. The Neodiprion
abietis nucleopolyhedrovirus (NeabNPV) is a singly enveloped NPV that infects the
balsam fir sawfly.

To date, 30 baculovirus genomes are available in GenBank. Of these, the lepidopteran
baculoviruses are most highly represented (25 sequenced genomes). Two NPVs that- |
infect diprionid sawflies, N. sertifer (NeseNPV) (Garcia-Maruniak ez al., 2004) and N.
lecontei (NeleNPV) (Lauzon et al., 2004), and one that infects the mosquito, Culex
nigripalpus (Diptera, Culicidae) (Afonso et al., 2001) have been completely sequenced.
Baculovirus genomes range in size from 81.8 Kb to 161 Kb and have G+C content
ranging from 32% to 56%. The sawfly NPVs have both the smallest genomes and the
lowest G+C content of any baculoviruses sequenced to date (Garcia-Maruniak et al.,
2004; Lauzon et al., 2004).

Baculovirus phylogeny was first resolved using the conserved polyhedrin gene
sequence. This analysis identified two distinct taxa within the lepidopteran NPVs,
termed groups-I and -II (Zanotto et al., 1993). More recently full genome phylogenetic
analyses suggested that single gene phylogenies might not accurately resolve
evolutionary relationships among baculoviruses (Herniou et al., 2001). Instead, seven
genes are considered to share the topology of whole genome phylogenies (Herniou et al.,
2001). Complete genome phylogeny, along with gene content and gene order
phylogenies suggest that the Lepidoptera-infecting baculoviruses form three distinct
clades; GV, Group I-NPV, and Group II-NPV (Herniou ef al., 2001; Herniou et al.,

2003). The Diptera-infecting baculovirus, CuniNPV, is taxonomically distinct from the
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Lepidoptera-infecting baculoviruses (Herniou et al., 2001). Recent genome sequencing
of the Hymenoptera-infecting baculoviruses, NeseNPV and NeleNPV, has indicated that
they represent a separate clade that is distinct from both Lepidoptera-infecting and
Diptera-infecting baculoviruses (Garcia-Maruniak ef al., 2004; Herniou et al., 2004;
Lauzon et al., 2004).

In this study, we report the genome sequence for NeabNPV. Our data provide further
insight into the evolution of sawfly baculoviruses. Furthermore, a detailed analysis of the
upstream sequences of predicted NeabNPV ORFs identifies promoter motifs that
potentially discriminate temporally distinct genes. Twenty-nine genes are believed to be
conserved throughout all fully sequenced baculovirus species. This set of genes,
however, does not include a number of genes that are highly conserved among
lepidopteran baculoviruses, such as, the early-expressed genes necessary for viral DNA
replication (ie-/ and /ef-3) and gene regulation (me33, lef-6, and pp31). Due to the
essential role that these genes play in the lepidopteran baculovirus life cycle, we
investigated promoter characteristics that distinguish early- and late-expressed genes.
The subset of predicted early-expressed genes might include functional analogues for

these genes.
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2.3. Materials and Methods
Source of NeabNPV. NeabNPV occlusion bodies (OBs) were produced and purified as

described by Moreau et al. (Moreau ef al., 2005) This procedure involved thawing
frozen (-20°C) larvae in five volumes 0.3% sodium dodecyl sulfate (SDS) solution
followed by homogenization. The sample was twice treated with a process of filtration
through a 1 mm? plastic mesh, followed by resuspension of solid matter in 0.3% SDS,
and re-homogenization and re-filtration until the filtrate was clear. Filtrates were then
pooled, filtered twice through eight layers of cheesecloth, and centrifuged for 15 min at
9,000 x g. The supernatant was discarded and the NeabNPV occluded body (OB) pellet
was re-suspended in 0.3% SDS. Centrifugation and re-suspension were repeated until a
clear supernatant was obtained. The NeabNPV OB pellet was then re-suspended in water

and concentrated to 10° PIBs/mL.

Virus DNA purification. NeabNPV OB suspensions were washed with sterile ddH,O
and centrifuged (15,000 X g, 5 min at 20°C) three times and then treated with SDS
(0.4%) under agitation for one hour. The resultant suspension was washed and
centrifuged (15,000 X g, 10 min at 20°C) three more times and incubated with
dissociation buffer (0.1M Na;COs; 0.04M sodium thioglycolate; pH 10.8) for 20 min.
Debris was pelleted twice by centrifugation (2,000 X g, 5 min at 4°C) and the
supernatant was collected. The supernatant was washed, pelleted (15,000 X g, 30 min at
4°C) and resuspended in Tris-HCI. This was then incubated with 0.01 mg/mL proteinase
K (Invitrogen) and 2% sarcosyl for 16 hours at 50°C. NeabNPV DNA was extracted with

DNAzol (Invitrogen) following the manufacturer's standard protocol and resolved by
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0.8% agarose pulse-field gel electrophoresis in 0.5X TBE buffer (45 mM Tris-Borate: 1

mM EDTA; pH 8.0) at 200 V with a switch time of 60 s for 15 h followed by a switch
time of 90 s for 8 h at 14°C. NeabNPV DNA was stained with 0.5 pg/mL ethidium
bromide stain, viewed under long-wavelength UV illumination (312 nm) and excised.
Excised DNA was purified using the Fermentas DNA Extraction kit (Fermentas)

according to the manufacturer's protocol.

DNA cloning and Sequencing. NeabNPV DNA was fragmented by restriction enzyme
digestion and by hydrodynamic shearing (HydroShear, GenMachine, San Carlos, CA).
Partial restriction libraries were generated by digesting NeabNPV DNA with HindIII
(New England Biolabs) and ligation into pBluescriptll KS+ (Stratagene) and digestion
with EcoRI (New England Biolabs) followed by ligation into pT7/T3al8. Random
libraries fragmented by hydrodynamic shearing, were generated and ligated into
pSMART (Lucigen Corporation). PCR was used to generate gap-spanning fragments.
The result was an average of 15-fold sequence redundancy. DNA sequencing was
conducted using an ABI3700 automated DNA sequencer (Applied Biosystems, Inc.) and
the reactions were carried out using ABI Prism BigDye Terminator Cycle Sequencing

Ready Reaction Kit (Perkin-Elmer Applied Biosystems).

Genome Sequence Analysis. The complete NeabNPV genome was automatically
assembled using PHRED/PHRAP/CONSED with a PHRAP repeat stringency of 0.8
(Ewing and Green, 1998; Ewing et al., 1998). The contiguous sequence was manually

edited and confirmed. Open Reading Frames (ORFs) were identified using NCBI ORF
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Finder program (http://ncbi.nih.nlm.gov/gorf/gorf.html) and those encoding more than 50

amino acids with minimal overlap were considered as putative genes. Characterization of
the ORFs involved BLAST analysis using BLASTP and PSI-BLAST against the NCBI
non-redundant protein database (Altschul et al., 1990), RPS-BLAST against the cdd
database (Marchler-Bauer et al., 2005). Baculovirus putative homologues were accepted
based on a BLASTP (default parameters) E-value less than or equal to 0.001. Predicted
ORFs were then analyzed with InterProScan (Zdobnov and Apweiler, 2001) that
integrates a queries against PROSITE (Hofmann et al., 1999), PRINTS (Attwood et al.,
2000), Pfam (Bateman et al., 2000), ProDom (Corpet ef al., 1999), SMART (Schultz et
al., 2000), TIGRFAMs (Haft et al., 2001), PIR superfamily (Wu et al., 2003),
SUPERFAMILY (Gough et al., 2001), Gene3D (Buchan ez al., 2002) and PANTHER

(Mi et al., 2005) databases.

Genome Parity and Repeat Analysis. The repeat regions were identified using REPuter
(Kurtz et al., 2001). The 5’ and 3’ limits were defined as the outermost repeat with no
other repeats within 1 Kb on the external side. The minimal repeat element was queried
against the NeleNPV and NeseNPV genomes using BLASTN 2.2.6. Repeat regions were
also illustrated by generating parity plots of the NeabNPV genome sequence against itself
using PipMaker (Schwartz et al., 2000). Additidnal]y, genome parity between NeseNPV
and NeabNPV, and NeleNPV and NeabNPV was illustrated using PipMaker (Schwartz et

al., 2000).
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Promoter Sequence Analysis. Sequences, 160 bp upstream of each predicted ORF start

codon, were analyzed for potential promoter motifs. These sequences were compared to
experimentally verified promoter elements using SIGNAL SCAN v4.05 (Possee and
Howard, 1987) to query the TRANSFAC database (Wingendgr, 1988). Potential
promoter elements were identified by aligning all upstream sequences using AlignACE
v3.0 (Hughes et al., 2000). The sequences were also analyzed for common known
baculovirus promoter elements including the TATA sequence (TATA, TATAW), CAKT,
and DTAAG elements. These were also sought in the —40 bp to —20 bp region of the
upstream sequences, relative to the predicted translation start site. Only putative
predicted promoter elements with a p-value less than 0.05 were reported, exception for
TATA elements that were over-represented in the —160 bp or —40 bp to —20 bp upstream
sequences and a putative CAKT element, due to its established function as a baculovirus

promoter element (Pullen and Friesen, 1995a).

Calculation of p-value. To generate a p-value for a sequence of a given length, 1000
random loci of equal length (160 or 20 bp) were sampled. The expected frequency of
occurrence was calculated for each motif in this data set. The p-value for observing x
motif-containing putative promoter elements out of N ORFs given an expected frequency
F. and a cumulative binomial distribution was calculated as follows:

P(occ <x) = F% X (Fo)* X (1- F)N*
Nucleotide Sequence and accession number. The NeabNPV genome sequence has

been deposited in GenBank under accession no. DQ317692.
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2.4. Results and Discussion
Nucleotide sequence analysis. The NeabNPV genome was 84,264 bp in size, making it

among the smallest baculovirus genomes along with NeleNPV at 81,755 bp (Lauzon et
al., 2004), NeseNPV at 86,462 bp (Garcia-Maruniak ef al., 2004) and Adoxophyes orana
GV (AdorGV) at 99,657 bp (Wormleaton et al., 2003). The G+C content was equivalent
to NeleNPV and NeseNPV at 33.5%. By comparison, the G+C content of lepidopteran
baculovirus genomes ranges from 32.4% for Cryptophlebia leucotreta GV (CrleGV)
(Lange and Jehle, 2003) to 57.5% for Xestia c-nigrum GV (XcGV) (Hayakawa et al.,
1999).

The NeabNPV genome contained 93 potential methionine-initiated ORFs (Figure 2.1,
Table 2.1). This is greater than the number of ORFs predicted to be encoded by the
NeleNPV (89 ORFs) or NeseNPV (90 ORFs) genomes (Garcia-Maruniak et al., 2004;
Lauzon et al., 2004). Similar to the genome of NeseNPV, the NeabNPV ORFs are biased
in orientation such that 60.9% are oriented clockwise and 39.1% are oriented in the

opposite direction.
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Figure 2.1. Linear sequence map and HindIII physical map of the circular NeabNPV genome.
The transcriptional direction of each ORF is represented as an arrow labeled with the ORF
number. Boxes beneath the arrows are labelled as the corresponding HindIII fragment. Known
baculovirus predicted homologues are presented below the ORF number. Repeat regions (rep)

are shown as triangles.
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NeabNPV Gene Content. Twenty-nine genes are shared among all baculovirus
genomes sequenced to date (Garcia-Maruniak et al., 2004; Lauzon et al., 2004). Putative
orthologues of all 29 of these conserved genes are found in NeabNPV. Of the 93
predicted NeabNPV ORFs, 72 have corresponding orthologues in NeseNPV and 81 have
corresponding orthologues in NeleNPV. Eleven NeabNPV predicted ORFs are unique to
NeabNPV (neab3, neab4, neabl 1, neab22, neab28, neab31, neab41, neab46, neab70,
neab76, and neab85). Ten NeabNPV predicted ORFs (neabl5, neabl8, neabl9, neab20,
neab25, neab37, neab38, neab80, neab81, and neab84) have a putative sequence
orthologue in the NeleNPV genome but not the NeseNPV genome, while one NeabNPV
predicted ORF (neab53) has a putative sequence orthologue in the NeseNPV genome but

not the NeleNPV genome.

Potential Envelope Fusion Proteins in Sawfly Baculoviruses. In AcMNPV, GP64
protein appears to be a critical protein for cell-to-cell transmission of the baculovirus
budded virus, as gp64-deletion mutants were localized to insect midguts (Blissard ef al.,
1992). In the Lymantria dispar NPV (LdAMNPV) genome, where a gp64 homologue was
not identified (Kuzio et al., 1999), the gene encoding a potential gp64 analog, /d130, was
proposed and its Spodptera exigua NPV (SpexNPV) sequence orthologue was later
shown to mediate pH dependant membrane fusion between cells (IJkel ez al., 2000).

An orthologue for gp64 was not identified in NeabNPV, NeleNPV (Lauzon ef al.,
2004), or NeseNPV (Garcia-Maruniak ef al., 2004) by BLAST analysis. Sequence
similarity searches, however, may not be the most effective means of identifying analogs

for envelope fusion proteins, as LAMNPV Ld130 bears no significant sequence similarity
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to AcCMNPV GP64. Based on the original criteria that proposed Ld130 as a potential

envelope fusion protein (Kuzio ef al., 1999), candidate protein analogs should possess
both a N-terminal signal and transmembrane domain.

Two NeabNPV ORFs, neabl0 and neab44, possess these characteristics and may be
candidate envelope fusion genes. InterProScan analysis (see Materials and Methods
section) of the predicted gene products indicated the presence of both a N-terminal signal
and transmembrane domain. The putative sequence homologues of these two gene
products in NeleNPV (77% and 90% amino acid identity, respectively) and NeseNPV
(44% and 63% amino acid identity, respectively) also encode a potential N-terminal
signal and transmembrane domain (Garcia-Maruniak et al., 2004; Lauzon et al., 2004).
Alternatively, the sawfly baculoviruses may not encode an envelope fusion protein or
produce a budded virus since for almost all known non-lepidopteran NPVs virus

replication occurs only in midgut epithelium (Federici, 1993).

NeabNPV repeats. Two repeat regions (rep2 and rep4) each contain a cluster of
localized repeat elements that are not interspersed throughout the genome (Figure 2.2A.).
The remaining repeat clusters (repl, rep3, rep3, rep6 and rep7), however, have a
common repetitive element with the consensus sequence
5’-CAACTTGTCAAATGTGTTGGACCTCGAGCCCAACAAACGCGACATCT -3’
that is interspersed at multiple loci throughout the genome (Figure 2.2A and Figure
2.2B). This core sequence is present in NeleNPV direct repeat 5 but does not occur in the
NeseNPV genome. The loci known as homologous regions, Ars, of the Lepidoptera-

infecting NPVs have been found to function as enhancers of early gene transcription
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(Guarino and Summers, 1986) and origins of DNA replication (Kool et al., 1993; Pearson

etal., 1992). The hrs of the Lepidoptera-infecting NPVs have also been implicated as
sites of DNA recombination (Hyink ef al., 2002). In NeabNPV the locations of this
repeat element appears to correlate with major rearrangement events between the
NeleNPV and NeabNPV genomes (Figure 2.3B).

Repeated Genes. Most lepidopteran baculovirus genomes, except Spodoptera exigua
NPV (SeMNPV) (1Jkel et al., 1999), Plutella xylostella GV (PxGV) (Hashimoto et al.,
2000) and AdorGV (Wormleaton ef al., 2003), commonly encode members of a family of
repeated genes known as bro genes. These genes are typically repeated elements of the
baculovirus genomes and it has been proposed that bro gene products are involved in
DNA replication and transcription (Zemskov et al., 2000) as well as in maximizing
polyhedra formation in specific host species (Bideshi et al., 2003). Outside of the
Baculoviridae, bro and bro-like genes have been found in ascoviruses, insect
iridoviruses, entomopoxviruses (ALI gene family), the phycodnavirus ESV,
bacteriophages and prophages integrated into bacterial genomés (Afonso et al., 2001;
Bawden et al., 2000; Bideshi et al., 2003; Jakob et al., 200). Despite the widespread
occurrence of bro genes, no homologues of these genes were found in NeabNPV or the
other sawfly baculoviruses.

Five ORFs unique to NeabNPV and NeleNPV (neab3, neab4, neab80, neab81 and
neab84), however, share a common amino acid motif duplicated in two NeleNPV ORFs
(Figure 2.4), and occur within the interspersed genome repeats (rep/ and rep7). These
repeated amino acid motifs are shared in two genes in NeleNPV but were not previously

reported (Lauzon ef al., 2004). Duplicated genes flanked by repeated regions were
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reported in NeseNPV (Garcia-Maruniak et al., 2004), but they do not share the amino

acid motifs of the NeabNPV and NeleNPV repeated genes.

The G+C composition of the putative NeabNPV ORFs within the repeat regions contrasts
significantly with the genome average. While the predicted coding sequences of the
NeabNPV genome had a mean G+C content of 34% =+ 4%, eight putative ORFs had a
G+C content greater than 40%, including four ORFs within the repeated segments, neab3
(45% G+C), neab4 (47% G+C), neab80 (44% G+C) and neab81 (46% G+C). In
bacteria, the G+C content is homogenous throughout genomes and heterogeneous
between genomes (Muto and Osawa, 1987). Furthermore, genome G+C content is
related to phylogeny (Osawa ef al., 1992) and has been used to predict genes that have
been acquired by horizontal gene transfer (Garcia-Vallve et al., 2000a; Garcia-Vallve et
al., 2000b; Ochman ef al., 2005). As a result, G+C content is often used as a genome
signature, and can be used to compare baculovirus genomes. Given that the base
composition of the repeat region sequences contrast so greatly with the average of the
sawfly baculovirus genomes and that the repeat regions are found in the NeabNPV and
NeleNPV but not NeseNPV, it is possible that a common ancestor of NeabNPV and
NeleNPV acquired those elements by horizontal transfer following its divergence from

NeseNPV.
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i — rep2
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Figure 2.2. Loci of the NeabNPV genome with repeat elements. The triangles represent the
repeated core element in the direction indicated by the point. The name and genome location of
the repeat region is indicated on the right and the repeat element consensus sequences are (A)
ATAAAAAACAGTAAATATT(C/T)CAATACGATGCAAACGCACGTGATTAATGT, (B)
TCAG(A/C)ATTGTCGTTGTTGTTTT(G/C)AGTGTTTTCTGT(G/A)TTATTTC and (C)

6570-6953

26312-26526

1881-2754
17804-18261
27427-28919
71014-72091
74887-75139

AGATGTCGCGTTTGTTGGGCTCGAGGTCCAACACATTTGACAAGTTG.
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bp). The interspersed repeat sites of NeabNPV are labeled on plots A and B.

34



NeleNPV ORF2 31 -IYDSSSW THk-0sCLRLHAYD IRLASR 69
NeabNPV ORF81 27 —————— LG RGATFINK-LRF DNPT 56
NeabNPV ORF84 35 —————— FG rE THDR-LKC DNLADET 67
NeabNPV ORF80 40 SIYTSDVSI I IST-CM-CUTFEPNKRD 77
NeabNPV ORF3 11 —mmmmm IST 1 TLQOSV YICDMRN 45
NeabNPV ORF4 L I — 157 I TLQSV DILDLNL 45
NeleNPV ORF35 1 ————_———— TT YTRRLTCFVK 29

Figure 2.4. Alignment of conserved motif repeated in multiple predicted open reading frames
(ORFs) of NeabNPV and NeleNPV genomes. Gaps in the alignment are indicated by a dash (-)

and conserved amino acids are outlined.
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NeabNPV Evolution. Sawfly baculoviruses represent a distinct taxon of the virus family
Baculoviridae (Garcia-Maruniak et al., 2004; Lauzon et al., 2004). Nucleotide sequence
plots revealed greater concordance between NeabNPV and NeleNPV than NeseNPV
(Figure 2.3B and Figure 2.3C). Furthermore, NeabNPV and NeleNPV share the same
conserved loci when compared to NeseNPV (Figure 2.3C and Figure 2.3D). Although all
three host-species originally inhabited North America, N. sertifer is believed to have
migrated via the Bering Land Bridge to Eurasia. Following this migration, N. sertifer
became extinct in the New World only to be reintroduced c. 1925 (Lyons, 1964). This
geographic isolation of host species is supported by the viral DNA sequences and is
consistent with the divergence of NeseNPV from NeabNPV and NeleNPV.

The parity plots (Figure 2.3) illustrate that the region of the genome from 37-84Kb
(neab41-neab93), relative to the polyhedrin gene, holds more concordance than the
preceding region. Among the first 40 ORFs in this region of NeabNPV, only 67.5% have
predicted sequence homologues in NeseNPV. Among ORFs 41-93 however, 87% have
predicted sequence homologues. Similarly, among the first 40 ORFs only 6 (15%) ORFs
are conserved in all sequenced baculovirus genomes, whereas among ORFs 41-93,
twenty-three predicted ORFs (43.4%) are conserved in all sequenced baculovirus
genomes.

Based on genome comparison, we propose a model for the evolution of sawfly
baculoviruses whereby a repeat element appeared in the NeleNPV genome following its
divergence from NeseNPV. This element underwent expansion and became interspersed
throughout the genome. These interspersed repeats may have facilitated major genome

rearrangements and the divergence of NeabNPV from NeleNPV.
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Promoter Analysis. Gene expression of Lepidoptera-infecting baculoviruses is
temporally regulated with four distinct stages: immediate-early, early, late and very late
gene expression. Immediate-early and delayed-early genes are expressed before DNA
replication and are transcribed by insect host RNA polymerase II (Fuchs et al., 1983;
Hoopes and Rohrmann, 1991). These early genes may encode promoter elements such as
the TATA element that acts as an assembly site for host RNA polymerase II transcription
complex (Guarino and Smith, 1992; Pullen and Friesen, 1995b) and the CAKT sequence
element that enhances gene expression and serves as a transcription start site in early-
expressed baculovirus genes (Blissard ef al., 1992; Pullen and Friesen, 1995b).

Putative TATA elements were identified upstream of 69 NeabNPV ORFs and
CAKT elements were identified in the —40 to —20 bp region upstream of 12 ORFs. Based
~on the lepidopteran baculovirus model, ORFs with both elements should represent early-
expressed genes. Six ORFs with putative TATA box motifs also have putative CAKT
motifs. Among these are suspected homologues of the viral RNA polymerase subunit
gene /ef-8 (Guarino ef al., 1998), lef-11, and vif-1 and four uncharacterized ORFs.
CAKT was also identified in six predicted TATA-less promoters, including the early-
expressed dnapol (Chaeychomsri ef al., 1995; Huang and Levin, 2001; Liu and Carstens,
1995; Tomalski et al., 1988) and p47 (Carstens et al., 1993; Lapointe et al., 2000) genes
as well as the late-expressed odv-e27 (Braunagel et al., 1996b) and vp39 genes (Blissard
et al., 1989; Heldens ef al., 1998; Thiem and Miller, 1989), and two uncharacterized
ORFs. The occurrence of TATA-elements was significantly more frequent in the regions

upstream of the predicted ORFs than in the whole genome, based on statistical
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comparison with a random-locus data set, suggesting that it is a general transcription
motif. The CAKT sequence was not significantly over-represented either 160 bp
upstream, or in the —40 to —20 upstream regions, relative to the predicted translation start
sites of NeabNPV ORFs. This may be due to the fact that the early genes would
represent a small subset of viral genes and this element would not be a general
transcription element. Alternatively, the absence of lepidopteran baculovirus immediate-
early gene homologues in NeabNPV might suggest that sawfly baculoviruses utilize an
alternate mechanism for early gene regulation.

Late gene expression in lepidopteran baculoviruses is associated with a DTAAG
sequence motif (Morris and Miller, 1994). The DTAAG promoter element acts as the
initiation site for transcription mediated by the viral-encoded RNA polymerase and the
strength of expression from this site depends on the context of the sequence between it
and the translational initiation site (Mans and Knebel-Morsdorf, 1998; Ooi et al., 1989;
Possee and Howard, 1987; Pullen and Friesen, 1995b; Weyer and Possee, 1988). The
DTAAG motif was a common element in NeabNPV and was over-represented in the
regions 160 bp upstream of the predicted ORF translation initiation sites.

Among the predicted NeabNPV ORFs that have well characterized putative
sequence homologues in other baculoviruses, there is little evidence that the presence of
these three promoter elements is indicative of the temporal expression of the genes.
From a genome analysis perspective, the DTAAG sequence occurred in NeabNPV early
genes as often as in late genes. However, it is likely that this site acts as an alternate start

site for later transcripts. Whether the viral RNA polymerase of sawfly baculoviruses
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utilizes a DTAAG motif sequence as a transcription start site, remains to be
experimentally verified.

In order to explore alternate approaches to baculovirus promoter analysis we
examined two features. The first approach involved determining whether there was a
general over-representation of ho'st transcription factor binding sites upstream of
NeabNPV ORFs, and whether the occurrence of these bindiné sites were biased toward
genes within a similar temporal group. We hypothesized that early baculovirus
promoters would rely on host transcription factors to a greater degree than later genes, as
they utilize the host transcription mechanism.

The second approach involved using AlignACE (Hughes et al., 2000) to perform
multiple alignments to identify conserved motifs. This approach successfully identified
core promoter elements in Drosophila (Ohler et al., 2002), and we hypothesized that it
would identify over-represented conserved promoter motifs in the NeabNPV genome. In
particular, we were interested whether the multiple alignment method would identify core
promoter elements likely to be employed by the insect host cell transcriptional apparatus
or common baculovirus elements.

To address the first question regarding the utilization of known host transcription
factor binding sites, the upstream sequences were queried against the TRANSFAC
database. Three experimentally confirmed insect promoter elements were over-
represented in the upstream sequences of predicted NeabNPV ORFs. One was the
TATA-box, a common core promoter element common in insect and baculovirus
genomes. Another was the motif TGAGHB that corresponds to the DNA binding motif

for the zeste protein.
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Zeste is a transcription factor that facilitates transvection, the mechanism by which a
gene can trans-regulate the expression of a homologue (Duncan, 2002; Kennison and
Southworth, 2002; Wu and Morris, 1999). It has been observed that ACMNPV /Ar/ can
act as an enhancer in trans in mammalian cells (Viswanathan et al., 2003). Although the
hrl region did not permit transvection of genes encoded by host insect genomes, it is
possible that hymenopteran baculovirus genes could utilize zeste-mediated trans-
regulation. The zeste promoter motif has been identified upstream of seven genes with a
bias toward early-expressed genes, including dnapol (Chaeychomsri ez al., 1995; Liu and
Carstens, 1995; Huang and Levin, 2001; Tomalski et al., 1988), iap-3 (Carpes et al.,
2005; Tkeda et al., 2004), p40 (Lu et al., 1996), p47 (Carstens et al., 1993; Lapointe et al.,
2000) and 38K (pp31) (Smith et al., 1982). Two genes with this sequence upstream, pif
and vp91, are expressed late in lepidopteran NPVs (Gutierrez et al., 2004; Russell and
Rohrmann, 1997; Simon et al., 2005). Zeste promoter motifs were identified in the
upstream-sequences of a further 13 predicted NeabNPV ORFs.

A CREB/ATF47 binding site (known as the CRE element) mediates transcription in
response to members of the CREB/ATF protein family. This is a large family of leucine
zipper transcription factors (Hai ef al/, 1989) that, despite their diverse activities, share a
common ability to respond to environmental signals and maintain cellular homeostasis.
Some ATFs (ATF2, ATF3 and ATF6) play a role in mediating stress response (Hai et al,
1999); CREB and ATF1 regulate transcription in response to intracellular cAMP
concentrations (Hai and Hartman, 2001); and ATF4 acts as a negative regulator of CRE-
dependent transcription (De Cesare and Sassone-Corsi, 2000). ATF proteins are

important elements in regulating early transcription of the Adenoviridae. The adenovirus
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E1A protein interacts with host-encoded ATF-2 to activate transcription of several
adenovirus early genes (Liu and Green, 1990). In the NeabNPV genome, the CREB/ATF
binding sites were observed upstream of both the putative early-expressed gene dnapol
(Chaeychomsri ef al., 1995; Huang and Levin, 2001; Liu and Carstens, 1995; Tomalski et
al., 1988) and lef-1 (Passarelli and Miller, 1993) as well as the putatively late-expressed
gene pif (Gutierrez et al., 2004; Simon ef al., 2005). The remaining six ORFs with
upstream CREB/ATF binding sites did not have functionally characterized orthologues in
other baculoviruses.

Using the second approach, alignment of upstream sequences identified nine sequences
that we denoted “M1” to “M9” (Table 2.1 and Table 2.2). Contrary to our prediction,
promoter alignment did not report the core Drosophila promoter elements or the known
baculovirus promoter elements. Within these over-represented conserved motifs,
however, certain spatial and temporal patterns were observed.

M1 motif was not ove/r—represented in genes known to be temporally distinct, but rather
was clustered spatially. Of the 10 occurrences of this motif, eight (8) of them are within
a 30 Kb region (747-29,973 bp), within the more variable half of the circular NeabNPV
genome. Similarly, 5 of 6 ORFs with the upstream M2 motif were within an
approximately 5 Kb region (82,641-84,264 bp and 0-3,558 bp). The M8 motif was
upstream of the late-expressed polh (Choi ef al., 1998; Chou et al., 1996; Rohel and
Faulkner, 1984; van Strien et al., 1992) and gp4/ (Liu and Maruniak, 1995; Whitford and
Faulkner, 1992) genes as well as 5 other putative ORFs. Five of the seven ORFs with an

upstream M8 motif also possess putative TATA and DTAAG motifs.
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The motifs M2 and M8 occurred in only 6 and 7 upstream sequences, respectively,
but these are still significantly more often than in the whole genome. The motif M3
occurred upstream of 10 predicted ORFs including: p33, trypsin-like, lef-9, p74, pif-2,
and rccl. There is no available temporal characterization for all of these genes except
lef-9 and p74, which are both late-expressed (Acharya and Gopinathan, 2002; Guarino
et al., 1998; Kuzio e; al, 1989; Rashidan et al., 2005). The other motifs (M4, M5,
M6, and M7) did not appear to have characteristic clustering or temporal properties.

Our hypothesis that host transcription factor binding sites might be enriched in the
promoters of early-expressed baculovirus genes appears to hold for the zeste protein
binding site but not for the CREB/ATF47 binding site. Conversely, motifs
characterized by promoter alignment with AlignACE did not correspond with
temporally grouped genes, however the spatial clustering of genes with these motifs is
intriguing. These patterns and hypotheses require experimental confirmation and
emphasize the need for more sophisticated analyses of baculovirus promoters.
Concluding remarks. Although this study represents the third sawfly baculovirus
genome to be completely sequenced, our analysis conforms with previous
observations that the sawfly baculoviruses represent a distinct taxon (Garcia-
Maruniak et al., 2004; Lauzon et al., 2004; Herniou et al., 2004). Our study suggests
a possible mechanism for sawfly baculovirus evolution through genome
rearrangement events between interspersed genome repeats. Rearrangement between
these repeats may be similar to the genome arrangements described between the

repeated lepidopteran Ar regions. Although not as well conserved as the lepidopteran
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baculovirus bro genes, the predicted genes encoded within the NeabNPV repeats
share a common amino acid motif.

Our comparison of gene content and genome rearrangement agrees with the
hypothesis proposed by Herniou et al. (2004), that baculoviruses coevolve with their
host. We observed that the baculovirus of geographically isolated Old World V.
sertifer (NeseNPV) displayed greater divergence from the baculoviruses of New
World sawflies, N. abietis (NeabNPV) and N. lecontei (NeleNPV).

The intriguing absence of immediate early gene homologues and membrane fusion
proteins in NeabNPV is consistent with previous studies of non-lepidopteran
baculoviruses (Afonso ef al., 2001; Garcia-Maruniak et al., 2004; Lauzon et al.,
2004), and raises interesting questions regarding how early gene expression is
mediated and how the sawfly baculovirus infection process differs from that of the
lepidopteran baculoviruses. These questions, along with the renewed interest in
sawfly baculoviruses in pest management, provide us with an opportunity to examine
the unique and exciting characteristics of the baculoviruses outside the order

Lepidoptera.
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Chapter 3. In vivo replication kinetics and transcription
patterns of the balsam fir sawfly, Neodiprion abietis,
nucleopolyhedrovirus.

3.1. Abstract
Baculoviruses utilize a temporal cascade of gene expression to coordinate efficient

viral propagation. Viral DNA replication and transcription of lepidopteran
baculoviruses has been well characterized due to the availability of in vitro viral
propagation systems. In contrast, almost nothing is known about viral replication and
gene expression of non-lepidopteran NPVs. In vitro propagation systems are not
available for dipteran or sawfly baculoviruses. To address this, in vivo DNA
replication kinetics and transcription of the baculovirus pathogenic for the
hymenopteran Neodiprion abietis (NeabNPV) were investigated. Transcription of
selected NeabNPV genes appeared to follow a cascade of early, late and very late
expression, similar to lepidopteran baculoviruses. Transcription of NeabNPV /Jef-1,
lef-2 and dna polymerase genes was observed as early as 2 hours post infections (hpi).
Late gene expression was marked by the transient transcription of putative viral RNA
polymerase subunits, /ef-8 and /ef-9, at 6 hpi. All late genes were transcribed from 6
hpi. The vif-1 gene, which encodes the transactivator responsible for very late gene
expression, was observed from 24 hpi, but the very late polh transcript was not
observed within 72 hpi. This suggests that v/f-/ gene expression alone is not
sufficient for polh transcription in NeabNPV. In contrast to the lepidopteran
baculoviruses, transcription of the pif gene was observed from 2 hpi, suggesting that it

is expressed early in NeabNPV. Viral DNA replication kinetics support this time-line



for NeabNPV infection with an increase in viral DNA copies over the 72 hpi to a
predicted maximum at 79 hpi. This study provides the first insight into the DNA

replication and gene expression of a non-lepidopteran baculovirus.
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3.2. Introduction
The Baculoviruses are a family of invertebrate viruses best characterized in insects

of the order Lepidoptera, Diptera, and Hymenoptera. Baculoviruses have relatively
large DNA genomes encoding between 80 and 180 genes. Molecular characterization
has shown a strong bias toward the lepidopteran baculoviruses, which coordinate gene
transcription via a temporally regulated cascade of transcription events: immediate
early, early, late and very late.

The majority of studies characterizing baculovirus viral DNA replication and gene
transcription have been conducted in vitro, in cultured insect cells. Currently, there
are no in vitro propagation systems for non-lepidopteran baculoviruses, so their
infection processes remain largely unknown. Recent genome sequence analyses
(Afonso et al., 2001; Garcia-Maruniak et al., 2004; Lauzon et al., 2004; This thesis,
Chapter 2) have revealed intriguing differences in the early-expressed genes of
lepidopteran versus non-lepidopteran baculoviruses. In lepidopteran baculoviruses,
the first genes transcribed are the immediate early genes, whose gene products
transactivate other virus-encoded genes. The immediate early genes, ubiquitous and
conserved within the lepidopteran baculoviruses, are curiously absent in the non-
lepidopteran baculoviruses, based on amino acid sequence homologies of encoded
gene products.

The immediate early and early genes of lepidopteran baculoviruses utilize the host
cell RNA polymerase II and transcription factors for their expression. The
immmediate early gene products typically act as strong transactivators to specifically

upregulate transcription of the early and late baculovirus genes. The early genes
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encode gene products involved in DNA replication and/or transcription of virus-
encoded genes. A viral a-amanitin resistant RNA polymerase is employed to
transcribe late genes (Fuchs ef al., 1983; Grula et al., 1981; Guarino ef al., 1998; Huh
and Weaver, 1990), many of which are involved in the formation of the budded virion
and occluded virion structures. The late-expressed vif-1 (very late expression factor-
1) gene encodes a transactivator that upregulates transcription of the very late genes,
such as those encoding the polyhedrin and p10 proteins (McLachlin and Miller, 1994;
Yang and Miller, 1999). Very late gene products are primarily involved in virus
occlusion and cell lysis.

Table 3.1 summarizes the temporal class, function, and earliest observed time of
expression in vitro of a variety of lepidopteron baculovirus genes. The observed
temporal expression pattern among baculoviruses is fairly consistent. Among
lepidopteran baculoviruses, immediate early gene expression appears to occur within
3 hours post infection (hpi), followed by early genes involved in viral DNA
replication and transcription ranging between 2-12 hpi. The subunits of viral RNA
polymerase are synthesized from 6-12 hpi, permitting the expression of late genes
from 6-24 hpi. The vif-1 gene product transactivates the polh (polyhedrin) and p10
genes by 72 hpi. This transactivation is considered the defining tr.ansition between
late and very late gene expression.

Little is known about the coordination of gene transcription in non-lepidopteran
baculoviruses, because in vitro viral propagation systems are not currently available.
The present study addresses this by investigating viral DNA replication and gene

expression of the balsam fir sawfly, Neodiprion abietis (Hymenoptera)



49

nucleopolyhedrovirus (NeabNPV). We use reverse transcriptase PCR (RT-PCR) to
map virus temporal gene expression, and quantitative PCR (QPCR) to examine viral

DNA replication kinetics, in NeabNPV infected N. abietis larvae.
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Table 3.1. Class, function, and earliest observed time of expression in vitro for

lepidopteran baculovirus genes.

Class and Function Gene Name Earliest References
Transcribed
(hpi)*
Immediate Early —
Transactivation
ie-0 0.25 (Kovacs et al., 1991)
ie-1 0.25-3 (Carstens et al., 2002; Kovacs et al., 1991,
van Strien et al., 2000)
ie-2 0.5-3 (Carson et al., 1988; Carstens et al., 2002;
Theilmann and Stewart, 1992)
pe38 1-3 (Carstens et al., 2002; Krappa and Knebel-
Morsdorf, 1991; Wu et al., 1993)
me-53 3 (Wang et al., 2004)
Early — DNA Replication
dbp 6 (Mainz et al., 2002)
lef-1 3 (Passarelli and Miller 1993)
lef-2 2,12-18 (Ahrens and Rohrmann, 1995; Mainprize
et al., 1986; Sriram and Gopinathan,
1998)
lef-3 3-6 (Ahrens and Rohrmann, 1995; Chen et al.,
2004; Li et al., 1993)
dnapol 2-6 (Chaeychomsri ef al., 1995; Passarelli and
Miller, 1993; Liu and Carstens, 1995;
Huang and Levin, 2001; Tomalski et al.,
1988)
helicase 4-5 (Bideshi et al., 1998; 1Jkel et al., 1999)
Early - Transcription
pp31 4 (Smith et al., 1982)
lef-5 12 (Heldens et al., 1998)
lef-6 4 (Lin and Blissard, 2002)
lef~-11 4 (Lin et al., 2001)
lef-12 6 (Lapointe et al., 2000)

ahpi = hours post infection.
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Class and Function Gene Name Earliest References
Transcribed
(hpi) *
RNA Polymerase
Subunits
lef-4 3-8 (Durantel et al., 1998; Heldens et
al., 1998)
lef-8 12 (Acharya and Gopinathan, 2002)
lef-9 6-12 (Acharya and Gopinathan, 2002;
Guarino et al., 1998)
p47 6 (Carstens et al., 1993; Lapointe et
al., 2000)
Late - Structural
vpl054 6 (Olszewski and Miller 1997)
gp4l 12 (Liu and Maruniak, 1995; Whitford
and Faulkner, 1992)
vp39 8-24 (Blissard et al., 1989 Heldens et al.,
1998;; Thiem and Miller, 1989)
p6.9 16 (Wang et al., 2001)
p74 24 (Kuzio et al., 1989; Rashidan et al.,
2005)
odv-e56 16-24 (Braunagel ef al., 1996a; Rashidan
et al., 2005)
Very Late -
Transcription
vif-1 12 (McLachlin and Miller, 1994)
Very Late - Structural
polh 12-96 (Choi et al., 1998; Chou et al., 1996;
McLachlin and Miller, 1994; Rohel
and Faulkner, 1984; van Strien et
al., 1992)
plo 72 (Faktor et al., 1997; Razuck er al.,

2002)

ahpi = hours post infection.
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3.3. Materials and Methods
Virus Source. NeabNPV was isolated in 1997 from N. abietis larvae collected

between Stephenville (latitude 48°32° N, longitude 58°33” W) and Corner Brook,
Newfoundland, Canada. The virus was purified as described by Moreau et al. (2005)

and as described in the “Methods and Materials’ section of chapter 2.

Larval infection. Balsam Fir sawfly larvae (V. abietis) were collected from balsam
fir (Abies balsamea) branches at the Old Man's Pond region (Corner Brook) of
Western Newfoundland, Canada, in July of 2003. The larvae were maintained at 4°C
on balsam fir branches until they were harvested. The larvae were starved for 12-15
hours at room temperature prior to being inoculated. Head capsules of the larvae were
measured, according to the procedure described by Carroll (1962) and only second
and third instar larvae were selected for experimentation. NeabNPV polyhedral
inclusion bodies (PIBs) were mixed with a 10% pasteurized liquid honey solution and
N. abietis test larvae were each inoculated by feeding on a 5 ul drop of honey
containing an estimated 10,000 PIBs. Control larvae were inoculated by feeding on 5
pl of a 10% pasteurized liquid honey solution with no PIBs. Larvae were maintained
on balsam fir foliage, which had been decontaminated with 5% bleach for 30 minutes
and rinsed with water.

Larvae used in this experiment were sacrificed at 0.5, 1, 2, 6, 12, 24, and 72 hours
following inoculation. Each sacrificed larva was washed for 60 seconds in 5% bleach

and rinsed for 60 seconds in DEPC-treated water. The head and tail were removed,
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and the larval gut was separated from the fat body and cuticle in sterile phosphate
buffered saline (pH 7.4) solution. The food bolis was removed by removing the
peritrophic membrane and the dissected gut was stored in 1 ml of RNALater (Ambion

Inc) at -20 °C.

Viral RNA and DNA isolation. Each excised larval midgut was homogenized in 50
ul TRIzol reagent (Invitrogen) containing sand (ignited and baked 4 hrs). The ground
midgut suspension was collected and TRIzol reagent (Invitrogen) was added to 1 mL.
Debris was collected by centrifugation at 12,000 x g for 10 minutes at 4°C. Each
homogenized sample was incubated for 10 minutes at 25°C. Each sample was
extracted with a 1/5 volume of chloroform. Tubes were mixed for 15 seconds and
incubated 2 minutes at 25°C. The TRIzol and phenol-chloroform phases were
separated by centrifugation at 12,000 x g for 15 minutes at 4°C and the aqueous phase
was collected. RNA was precipitated from the solution by addition of %2 volume of
isopropyl alcohol, incubated for 10 minutes at 25°C, and centrifuged at 12,000 x g for
10 minutes at 4°C. The supernatant was removed and the pellet was washed once
with 1 mL 75% ethanol. The sample was mixed by vortex and centrifuged at 7,500 x
g for 5 minutes at 4°C. The pellet was dried and resuspended in RNAse-free water
(Invitrogen) by incubation at 60°C for 10 minutes. RNA samples were stored at -
80°C.

DNA was precipitated from the interphase and organic phase with 1/3 volume
100% ethanol and incubated for 3 minutes at 25°C. Precipitate was collected by

centrifugation at 2,000 x g for 5 minutes at 4°C and removal of supernatant. The
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pellet was dried and resuspended in RNAse-free water (Invitrogen) by incubation at

60°C for 10 minutes. DNA samples were stored at -80°C.

RNA Reverse Transcription PCR. The RNA samples were treated with 3 U of
DNAse (Invitrogen) in a buffered solution (20 mM Tris-Cl, pH 8.4; 50 mM KCI; 2
mM MgCl,) for 15 minutes at 25°C. The reaction was terminated by addition of
EDTA to 2.5 mM and incubation at 65°C for 10 minutes. First strand cDNA
synthesis was performed by incubating 50 ng DNAse-treated total RNA with 200 U
Superscript II Reverse Transcriptase in 20 pl PCR buffer (50 mM KCI; 25 mM Tris-
HCI, pH 8.3; 500 uM dNTP; 10 uM DTT; 10 U RNAse Inhibitor) at 25°C for 10
minutes. The reaction was then incubated at 42°C for 50 minutes and inactivated by
incubation at 70°C for 15 minutes. The synthesized cDNA was stored at -20°C.
The primers used to amplify the temporal standards are listed in Table 3.2. The
amplicons were designed to yield products of 200-300 bp in length. A positive
control (NeabNPV genomic DNA), a negative control (¢cDNA from uninfected larva),
and a host insect control (28S rRNA gene-specific primers) were included in each
PCR set. The DNA templates were amplified using gene specific primers and
Platinum 7ag polymerase (Invitrogen), using the manufacturer’s protocol, with
temperature cycling between 95°C (9 mins.), followed by 45 cycles of 95°C (30
secs.), 55°C (60 secs.), and 72°C (90 secs). All products were resolved by gel

electrophoresis in 2% agarose and stained with SYBR Green.
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Table 3.2. Primers used in reverse transcription and real time PCR of RNA extracted from .

abietis larval midguts infected with NeabNPV.

Primer Expected Forward Primer Sequence Reverse Primer Sequence
Target Size (bp) (5°to3") (5°to 3")

actin 900 AGGAGACGAGGGCACAGAGCAAAAG  TTGGAAGGTAGAGAGGGAGGCGAG
28SDNA 153 AAAGATCGAATGGGGAGATTCATC CGTCCTACTAGGGGAGAAGTGCAC
dna pol 218 CAGCGCACAGTGGACGTGGTT GCCGTTTGGGAAATTGTTGCA
lefl 223 GCGATGCAACCGACGACGATA TTGTATTGCGCTTCGTCAATTTTG
lef2 259 ATGGATAAATGCAAATACGTCAAAA  CGGCGGTCCTTGTTGTTGATC
lef-8 254 GCCGGCATTTGTATGTTGGGA CCGGTAAAATGATCGAATTTGCA
lef-9 195 ACCGAACATCGGCGAACTGAT CGGCGATCGAAAATTGTGCAA
apdl 206 TCCATTCCGTTGAGCGCAAAA TCGCGCTCTTGTTCGATTATCC
p74 320 GAATTCGCACCACCGAAGCCACCGT ~ CTGCAGGGCGGTTGCCCATTCA
vifl 16 GGGGTGTACGAATTCGCCATC CAAAATTTCTTTCCGTCAAAACGTT
polh 176 GCAGGTTATCAAACCTCGGCC GGACCCGTTCGTGGGTCCAAC
pif 188 CGGACATTTTGAAGCTACCGTCG CGGCGGAATTACAAGAGTCGTCG
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Quantitiative PCR. Viral DNA was quantified by real time PCR amplification
(QPCR) with primers specific to the po/h gene (Table 3.2). The viral copy number
was then normalized against host cell genome copy number by QPCR with primers
specific to the 28S and actin genes (Table 3.2). The polh gene was amplified by PCR
and cloned into pGem-T (Promega). Plasmid DNA concentration was quantified
using a ND-1000 spectrophotometer (NanoDrop) and dilution standards were
generated ranging from 2.5 x 10° to 4 x 10 copies. For each standard dilution, QPCR
was performed using polh-specific primers and a standard curve was generated. For
each larval DNA extract, QPCR was performed using polh- and actin-specific
primers. The viral DNA was quantified and po/h amplicon was normalized against
host 28S and actin to derive the number of viral copies per cell. The reported number
of viral copies represented the mean of two larvae at each time point. The DNA
templates were amplified with an Mx4000 thermocycler (Stratagene) using gene
specific primers (0.67uM) and 20 uM dNTP in MX4000 QPCR Buffer (Stratagene),
with Platinum 7aq polymerase (Invitrogen). Temperature cycling between 95°C (9
mins.) followed by 40 cycles of 95°C (15 secs.), 55°C (30 secs.), and 72°C (45 secs)
was used. All products were confirmed by resolving by gel electrophoresis in 2%

agarose and stained with SYBR Green.
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3.4. Results
Transcription of predicted early baculovirus genes. The earliest-expressed

baculovirus genes with sequence homologues in the NeabNPV genome include the
DNA polymerase, encoded by dnapol, and the DNA primase, encoded by /ef-1
(Chaeychomsri et al., 1995; Passarelli and Miller, 1993; Liu and Carstens, 1995;
Huang and Levin, 2001; Tomalski ef al., 1988). The /ef-2 gene has also been
observed as an early expressed gene (Mainprize et al., 1986) and its product has been
shown to interact with the early expressed /ef-1 gene product, DNA primase (Evans et
al., 1997). However, lef-2 is known also as a late-expressed gene that stimulates
transcription from late promoters (Passarelli and Miller, 1993; Sriram and
Gopinathan, 1998). The NeabNPV lef-1, lef-2, and dnapol transcripts were all first
observed as early as 2 hpi (Figure 3.1). The /ef-2 transcript was not observed at 6 hpi
but was detected again from 12 to 72 hpi, suggesting that its transcription might be

suppressed between early and late transcription.
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Figure 3.1. RT-PCR analysis of putative early genes compared with a host gene. (A) lef-1,
(B) lef-2, (C) dnapol, and (D) host cell 285 rRNA gene. RT-PCR was performed from RNA
extracted from uninfected and NeabNPV-infected larvae. The expected size of each RT-PCR
product is indicated to the right of each panel. Lane D) amplification from NeabNPV DNA
template (positive control); Lane N) amplification from uninfected larva (negative control).
The remaining lanes are amplicons from RNA extracted from larvae 0.5 to 72 hpi, as

indicated.
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Transcription of genes encoding RNA polymerase baculovirus subunits. The
transcripts for /ef~-8 and /ef-9, together with /ef~4 and p47, comprise the four subunits
of the virus-encoded RNA polymerase (Guarino et al., 1998). Previous studies of
Autographa californica NPV (AcMNPV) (Guarino et al., 1998) and Bombyx mori
NPV (BmMNPV) (Acharya and Gopinathap, 2002) lef-8 and lef-9 gene expression
identified transcripts as early as 6 and 12 hpi. In NeabNPV, the transcripts for lef-8
and /ef-9 were only identified at 6 hpi (Figure 3.2), indicating that this transcript may
be expressed transiently. Our data is consistent with /ef-8 and /ef-9 expression at 6-12
hpi in AcMNPV and BmMNPYV, except that we did not detect NeabNPV /ef-8 and /ef-

9 transcription at 12 hpi or later time points.

Transcription of predicted late and very late baculovirus genes. Transcription
two putative late-expressed genes, gp4/ and p74 (associated with viral ODV) and two
putative very late expressed genes, vIf-1 and polyhedrin (polh), transcripts were
examined (Figure 3.3). While the gp4/ and p74 transcripts were observed after 6 hpi
the very late factor gene, vif-1, transcript was observed at 24 and 72 hpi (Figure 3.3C).
Transcripts for the polh gene were not observed within 72 hpi (Figure 3.3D).
Transcriptional analysis in AcCMNPYV observed that po/h and vif-1 transcription were
co-ordinately transcribed from 12-48 hpi (McLachlin et al., 1994). NeabNPV vif-1
transcription was not observed until 24 hpi and po/h transcripts were not identified at
all in the 72 hpi. This suggests that the very late gene expression of NeabNPV may
be delayed relative to lepidopteran baculoviruses. The pif gene transcript was first

observed at 2 hpi and until 72 hpi (Figure 3.4). This contrasts with observations in
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lepidopteran baculoviruses which demonstrate that the pif gene is only expressed late

in infection (Gutierrez et al., 2004; Simon et al., 2005).

NeabNPYV replication kinetics. Previous studies (Knudson and Tinsley, 1978) have
indicated that 88% of lepidopteran baculovirus DNA synthesis occurs 8-12 hpi in
Spodoptera frugiperda cell lines (SF-21). Using quantitative PCR (QPCR), a similar
trend was observed in the SF-9 cell line (Rosinski ez al., 2002) with an exponential
increase in viral DNA synthesis up to 20 hpi. Standard curves were generated for
QPCR quantification of N. abietis DNA using actin-specific primers and NeabNPV
DNA using polh-specific primers (Figure 3.5). A linear correlation was achieved for
both standard curves. Quantification of NeabNPV DNA following in vive infection
showed a different trend (Figure 3.6) with a consistent polynomial increase in viral

DNA copy number to approximately a predicted 2.1x10° vDNA copies per cell at 79

hpi (tmax) .
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Figure 3.2. RT-PCR analysis of putative RNA polymerase subunit genes compared with a
host gene. (A) lef-8, (B) lef-9, and (C) host cell 28S rRNA gene. RT-PCR was performed
using RNA extracted from uninfected and NeabNPV-infected larvae. The expected size of
each RT-PCR product is indicated to the right of each panel. Lane D) represents
amplification from NeabNPV DNA template (positive control); Lane N) uninfected larva
(negative control). The remaining lanes are amplicons from RNA extracted from larvae 0.5 to

72 hpi, as indicated.



62

A. gp4l B.p74

M¥ D N U 05 1 2

MW D N U 051 2 6 12 24 72 6 12 ¥ N2

1000 1000
500
500 300 40t
200
3
i - 06tp
C.vif-1 D. polh
MW D N U 05 1 2 6 12 24 72 M¥ DN U 0512 6 122472

1000

216tp 300

E. 285

MWD N U 05 1 2 6 12 M4 72

-153tp

Figure 3.3. RT-PCR analysis of putative late and very late genes compared with a host gene.
(A) gp41, (B) p74, (C) vif-1, (D) polh, and (E) host cell 285 rRNA gene. RT-PCR was
performed from RNA extracted from uninfected and NeabNPV-infected larvae. The expected
size of each RT-PCR product is indicated to the right of each panel. Lane D) amplification
from NeabNPV DNA template (positive control); Lane N) amplification from uninfected

larva (negative control). The remaining lanes are amplicons from RNA extracted from larvae

0.5 to 72 hpi, as indicated.
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Figure 3.4. RT-PCR analysis of putative pif gene compared with a host gene. (A) pif-1 and
(B) host cell 28S rRNA gene. RT-PCR was performed from RNA extracted from uninfected
and NeabNPV-infected larvae. The expected size of each RT-PCR product is indicated to the
right of each panel. Lane D) amplification from NeabNPV DNA template (positive control);
Lane N) amplification from uninfected larva (negative control). The remaining lanes are

amplicons from RNA extracted from larvae 0.5 to 72 hpi, as indicated.
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Figure 3.5. Calibration curves for quantitative PCR of N. abietis insect genomic DNA and
NeabNPV DNA. (A) N. abietis-specific actin and (B) NeabNPV-specific polh genes were
cloned and serial dilutions of the clones were amplified using gene specific primers with a
Strategene MX4000 thermocycler. The associated correlation coefficents for the curves are

(A) 0.938 and (B) 0.935.
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Figure 3.6. Quantitative PCR of NeabNPV-infected midgut tissue indicating the number of
NeabNPV viral DNA copies per cell. PCR amplification of the NeabNPV polh gene was
quantified and normalized against the actin gene, representing the number of copies of host
cell genome DNA. The line fitted to the data represents a logarithmic curve with a correlation

coefficient of 0.922.
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3.5. Discussion
As with the lepidopteran baculoviruses, NeabNPV appears to utilize a

temporal cascade of gene expression to coordinate efficient viral propagation. Our
previous genome analysis (This thesis, Chapter 2) failed to identify homologues for
the immediate early baculovirus genes. Putative homologues to some early-
transcribed genes however, were identified in NeabNPV and transcriptional analyses
indicated that early gene expression in larval midgut cells are detected within two
hours of imbibing viral particles, a standard by which we may identify potential
immediate early genes. The temporal gene expression pattern observed in NeabNPV
1s summarized in Figure 3.7.

Gene expression in lepidopteran baculoviruses is regulated at the level of
transcription. For early genes this regulation is typically dependant on a small
number of gene transactivators (Carson ef al., 1988; Guarino and Summers, 1986;
Knebel-Morsdorf et al., 1993; Kovacs et al., 1991), whereas late genes are dependant
upon the synthesis of a viral RNA polymerase (Fuchs ef al., 1983; Grula ez al., 1981;
Guarino et al., 1998; Huh and Weaver, 1990). Coordination of early gene expression
in NeabNPV cannot be inferred, as no baculovirus transregulators have yet been
identified in NeabNPV. Our observations suggest that late gene expression is
temporally regulated in a manner similar to lepidopteran baculoviruses, as the RNA
polymerase subunits, /ef-8 and /ef-9, were transiently transcribed at 6 hpi and the late

genes were co-ordinately transcribed after this point.
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Figure 3.7. Summary of temporal gene expression patterns of NeabNPV in vivo infection.
Illustrates the earliest times, in hours post infection (hpi), at which transcripts were observed
for NeabNPV early genes (dnapol, lef-1, lef-2), viral-encoded RNA polymerase subunit genes

(lef-8 and lef-9), late genes (gp41, p74), and the gene coding for the transactivator of very late

genes (VIf-1).
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Regulation of very late expression in lepidopteran baculoviruses is initiated by the
VLEF-1 transactivator (McLachlin and Miller, 1994). It was expected that the very late
polh gene transcript would be observed following that of v/f~1. We can infer that very
late gene expression is initiated later than 24 hpi, based on vi/f-/ transcription.
However, vif-1 transcription is later in NeabNPV than was observed in AcCMNPV
(McLachlin and Miller, 1994). This fact, coupled with our inability to detect
transcription for the po/h gene within 72 hpi, suggests that very late gene expression
in NeabNPV may be dramatically offset compared to some lepidopteran
baculoviruses. Although the AcMNPV polh gene transcript has been observed as
early as 12 hpi (McLachlin and Miller, 1994) and is generally believed to be
transcribed between 18 and 72 hpi, it may not be transcribed until as late as 96 hpi in
Perina nuda nucleopolyhedrovirus (PenuNPV) (Chou ez al., 1996). As a result, there
is a premise of the potential late expression of polh in NeabNPV.

Some baculovirus early genes, in particular the gene encoding viral DNA
polymerase, have been reported as having a narrow window of expression (Tomalski
et al., 1988). Our study showed a similar narrow expression for the RNA polymerase
subunit genes, /ef-8 and /ef-9, but the gene transcripts, including those for the dnapol
gene were observed until 72 hpi. One possible explanation for this observation is that,
whereas in vitro infection may be synchronized, in vivo primary infection may give
rise to subsequent infections within the host. The observation of late transcribed early
genes in this study may not be comparable to in vitro studies.

We also examined the replication kinetics of NeabNPV DNA. Our initial

hypothesis was that we would observe a lag period following treatment of the larvae
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with NeabNPV. Lepidopteran baculovirus DNA synthesis typically lags initially
followed by an acceleration by a factor of 10° at 8-10 hpi in vitro (Braunagel et al.,
1998; Knudson and Tinsley, 1978; Liu and Bilimoria, 1990; Rosinski ez al., 2002).
Our DNA replication kinetics indicated that DNA synthesis increased over the first 24
hpi followed to a predicted maximum at 79 hpi.

A number of factors confound comparison of NeabNPV in vivo DNA replication
and transcription analyses with the lepidopteran baculovirus in vitro studies. Firstly,
different viruses and host cell species might lead to inconsistencies in the timing of
gene expression and DNA replication. However, as Table 3.1 indicates, temporal
gene expression of different lepidopteran baculoviruses remains relatively constant.

Additionally, non-lepidopteran baculovirus pathology differs dramatically from
many lepidopteran baculoviruses. Whereas most lepidopteran baculoviruses, except
the type 3 GVs, typically have a tropic range that radiates from the midgut to the
hemocytes and systemic tissues, non-lepidopteran baculoviruses are midgut localized.
The lepidopteran baculovirus, Harrisina brillians granulovirus (HabrGV) is unique,
as it is midgut localized but kills its host in a similar time frame as other lepidopteran
baculoviruses. Sawfly baculoviruses, such as NeabNPV, are also midgut localized
(Federici, 1997), and kill their host within an average of 5-7 days (Bird and Whalen,
1953; Li, 2005; Steinhaus, 1948), a time frame that is also comparable to lepidopteran
NPVs like AcMNPV. Despite the differences in pathology induced by different
viruses, this study suggests that temporal gene expression and DNA replication of

NeabNPV are similar to those of lepidopteran baculoviruses.
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In vivo studies of viral replication and transcription patterns are more difficult than
similar studies conducted in vitro. The lack of an in vitro virus propagation system
for NeabNPV necessitates the use of quantitative PCR over nucleic acid
hybridization, and low RNA yields (50-500 ng per larva) required the use of RT-PCR
over Northern blots. Although physical and physiological barriers to infection may
act as impediments to viral infection in vivo (reviewed in Wang and Granados, 2001),
studies of recombinant AcMNPV infection in lavae have shown that the timing of
viral DNA replication and transcription in vivo are similar to those observed in vitro
(Flipsen et al., 1995; Washburn et al., 1995). Despite this, discrepancies in viral
transcription between tissues, in lepidopteran hosts, suggests that care must be taken
when comparing in vitro and in vivo systems (Pham and Sivasubramanian, 1992).

Temporal expression of the NeabNPV pif gene appears to be considerably different
from pif gene expression in lepidopteran baculoviruses. The pif gene has been
previously observed only late in infection of S. frugiperda and S. littura NPVs in vitro
(Gutierrez et al., 2004; Simon et al., 2005). However, the genome sequence of
NeabNPV (This thesis, Chapter 2) indicated that the pif gene promoter has binding
site motifs for both the host zeste and CREB/ATF47 transcription factors. We
observed that these motifs were coincident and almost exclusively found upstream of
predicted early-expressed genes. One exception to this was the predicted late-
expressed pif gene, which had both upstream motifs. This study indicates that the
NeabNPV pif gene is clearly expressed early in NeabNPV-infected N. abietis larvae
and provides further support to the hypothesized role of the host zeste and

CREB/ATF47 transcription factors in early NeabNPV transcription.
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This study provides the first reported analysis of transcription and viral DNA
replication of a non-lepidopteran baculovirus in vivo. As with the lepidopteran
baculoviruses, the NeabNPV utilizes a cascade of gene expression where the synthesis
of a viral RNA polymerase appears to coordinate the expression of the NeabNPV late
genes. We characterized a 72-hour period post-infection, where early gene expression
was first observed at 2 hpi, and late gene expression at 6 hpi. Late gene expression
continued until the end of DNA replication at 79 hours and very late gene expression
initiated from 24 hpi. Although immediate early gene expression remains a mystery,
this study provides a temporal framework by which similar in vivo studies can

elaborate on temporal expression of NeabNPV.
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Chapter 4. Sequence and transcriptional analysis of two
potential zinc finger proteins of the Neodiprion abietis
nucleopolyhedrovirus.

4.1. Abstract
The mechanism of early gene transcription in baculoviruses isolated from sawflies

(order Hymenoptera) is poorly characterized, as no known homologues of
lepidopteran baculovirus immediate early genes have been identified. We present
DNA sequence and transcriptional analyses of two novel genes, neab24 and neab52,
of the Balsam fir sawfly, Neodiprion abietis, nucleopolyhedrovirus (NeabNPV).
Transcription of neab24 was observed within 0.5 hours post infection (hpi),
suggesting that it is possibly expressed as an immediate-early gene, and neab52 was
expressed early by 2 hpi. Both predicted gene products contain zinc finger motifs.

The potential of these motifs as regulatory elements is discussed.
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4.2. Introduction
Baculoviruses are a family of mostly insect-specific enveloped viruses with large

double-stranded genomes and complex gene expression. The best-characterized
baculoviruses are those that infect lepidopteran hosts. To expand our understanding
of the non-lepidopteran baculoviruses we have previously reported the genome
sequence of the hymenopteran baculovirus Neodiprion abietis nucleopolyhedrovirus
(NeabNPV) (This thesis, Chapter 2). We also conducted a study to map the temporal
transcription cascade of NeabNPV gene expression (This thesis, Chapter 3).

In lepidopteran baculoviruses, gene expression is temporally coordinated into
distinct stages: immediate early, early, late and very late. Gene expression is
primarily regulated at the level of transcription, with immediate early genes acting as
transactivators for delayed early genes (Glocker et al., 1992). The delayed early
genes include a virally encoded RNA polymerase, composed of the products of /ef-4,
lef-8, lef-9 and p47, that promotes late gene expression (Guarino ef al., 1998). Among
the late genes very late factor (v/f-1), encodes a transactivator that subsequently
promotes very late gene expression (McLachlin and Miller, 1994; Mistretta and
Guarino, 2005; Todd et al., 1996; Yang and Miller, 1999).

Four non-lepidopteran baculovirus genomes have been fully sequenced, including
the nucleopolyhedrovirus (NPV) of the mosquito (order: Diptera) Culex nigripalpus
(CuniNPV) and the sawfly (order: Hymenopteran) NPVs of Neodiprion sertifer
(NeseNPV), Neodiprion lecontei (NeleNPV) and N. abietis (Afonso et al., 2001;
Garcia-Maruniak et al., 2004; Lauzon et al., 2004, This thesis, Chapter 2). Although

the non-lepidopteran NPVs share conserved homologues of early, late and very late
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genes with the lepidopteran NPVs, no homologues of lepidopteran conserved
immediate early genes have yet been identified.

Our genome sequence analysis of NeabNPV identified a number of putative ORFs
with characteristics that may be indicative of immediate early and early genes (This
thesis, Chapter 2). As indicated in Table 4.1, immediate early gene products of
lepidopteran baculoviruses typically have characteristic amino acid motifs that confer
the ability to bind DNA and transactivate downstream genes. Two uncharacterized
NeabNPV genes, neab24 and neab52, encode proteins with putative zinc-finger
motifs. Zinc-finger motifs have been reported to facilitate DNA binding and were
identified in AcCMNPYV transactivator PE-38 (Krappa and Knebel-Morsdorf, 1991).
Furthermore, our genome analysis revealed that a Zeste binding site was enriched in
the sequences within 160 bp upstream of early baculovirus genes (This thesis, Chapter
2). The neab52 gene in NeabNPV also has a predicted upstream Zeste-binding site.

To examine the potential roles each of these genes, neab24 and neab52, in
NeabNPV infection, we analyzed the coding and upstream sequences of these genes.
We have previously established that early-expressed NeabNPV genes are observed
from 2 hours post infection (This thesis, Chapter 3). We further examined the
temporal expression of neab24 and neab52. Our analysis suggests that both genes
appear to be early expressed. Furthermore, neab24 appears to be a candidate

immediate early gene in NeabNPV.



Table 4.1. Amino acid motifs and earliest observed expression of immediate early
baculovirus genes.
Baculovirus Earliest expressed * Amino acid motifs References
Gene
IE-1/0 1 hpi (AcMNPV, N-terminal acidic (Chisholm and Henner,
SpexNPV) domain 1988; Kovacs ef al.,
’ 1992; Kovacs et al.,
. X 1991; Theilmann and
0 hpi (OpMNPV) C-terminal DNA-  stewart, 1991; van

binding domain. Strien et al., 2000)

1E-2 0.5 hpi (OpMNPV) N-terminal highly ~ (Prikhod'ko and Miller,
basic domain 1998; Theilmann and
(OpMNPV). Stewart, 1992;)
RING finger
(OpMNPV).
Ser-Thr rich region  (Carson et al., 1988)
Pro-rich region
Poly-Glu tract

PE38 1 hpi Zinc finger (Krappa and Knebel-

Morsdorf, 1991)

Leucine zipper

MES3 1 hpi N-terminal zinc (Knebel-Morsdorf et

finger.

al., 1993)

*hpi = hours post infection
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4.3. Methods and Materials
Virus Source. NeabNPV was isolated in 1997 from N. abietis larvae collected

between Stephenville (latitude 48°32” N, longitude 58°33° W) and Corner Brook. The
virus was purified as described by Moreau et al. (2005) and as described in the

‘Methods and Materials’ section of chapter 2.

Larval infection. Balsam Fir sawfly larvae (V. abietis) were collected and infected

with NeabNPV as described in the “Methods and Materials” section of chapter 3.

Viral RNA isolation. Total RNA was extracted from NeabNPV-infected Balsam Fir
sawfly larvae (V. abietis) as described in the “Methods and Materials’ section of

chapter 3.

RNA Reverse Transcription PCR. The RNA samples were treated with DNAse and
RT-PCR was performed as described in the “Methods and Materials’ section of
chapter 3.

Two primer sets were used in this experiment: the predicted neab24 gene was
amplified with the primers 5’-GCCCACGGCGTAGTGTGTTGT-3" and 5°-
GGGCCATGATATGTCGGCAA-3’, and the predicted neab52 gene was amplified
with the primers 5’-CGCGTTTTGAACGTCATCGTCA-3" and 5°-
ACGGTTTTTCTTTCGTATGCGTTCT-3". As a control, the host 285 rRNA gene
was amplified with the primers 5°’- AAAGATCGAATGGGGAGATTCATC-3" and

5’- CGTCCTACTAGGGGAGAAGTGCAC-3". A positive control (NeabNPV



77

genomic DNA), a negative control (¢cDNA from uninfected larva), and a host control
(28S rRNA gene-specific primers) were included in each PCR set. The DNA
templates were amplified with gene specific primers and Platinum 7ag polymerase
(Invitrogen), using manufacturer’s protocol. Temperature cycling was 95°C (9 mins.)
followed by 45 cycles of 95°C (30 secs.), 55°C (60 secs.), and 72°C (90 secs). All
products were resolved by gel electrophoresis in 2% agarose and stained with SYBR

Green.

Sequence Analysis. The gene sequences for neab24 and neab52 were translated and
their molecular weights and pl were predicted using the Expasy server
(http://us.expasy.org/tools/pi_tool.html). The translated sequence was compared with
those on GenBank using BLAST (Altschul ez al., 1990) to identify potential sequence
orthologues. For the predicted neab24 gene product, a phylogenetic tree was
generated by aligning predicted protein sequences of related genes using
CLUSTALW (Thompson ef al., 1994), constructing a tree using maximum parsimony
with PAUP 4.0 b10 (Swofford,D.L.), and bootstrapping the resultant tree (1000

replicates). Multiple alignments were illustrated using BioEdit 5.0.9 (Hall, 1999).
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4.4. Results
Sequence analysis of the neab24 gene and its predicted product. The neab24 gene

is located 22,750 bp downstream from the predicted translation start site of the polh
gene. The neab24 ORF is 1,464 bp and potentially encodes an acidic protein of 56.9
kDa (pI=4.98). This predicted gene product encoées a putative C4HCy zinc finger
with a consensus sequence C-X2-C-X(9-39)-C-X(1-3)-H-X(2-3)-C/H-X2-C-X(4-48)-
C-X2-C (Figure 4.1), which resembles the specialized RING finger family of zinc
finger proteins (Borden and Freemont, 1996). Although neab24 shares 50% amino
acid sequence identity with the NeleNPV predicted nele8 protein (AAQ99052.1), this
conservation does not extend to NeseNPV, where the most similar predicted protein
nesell (YP_025118.1), exhibits only 16% global amino acid identity. In addition to
nesell, the NeseNPV genome encodes three additional predicted RING-finger
proteins, including nese9 (YP_025116.1), nesel8 (YP_025125.1), and nese19
(YP_025126.1). Although the RING-finger proteins of NeseNPV appear to have
amino acid sequence distinct from the neab24 and nele8 (Figure 4.2B), all of these
predicted proteins have a conserved RING finger domain (Figure 4.2A), and thus they
are likely to represent a protein family in the sawfly NPVs. BLAST analyses
indicated that this proposed protein family does not have homologues in other
baculoviruses. Outside of the sawfly baculoviruses, the greatest amino acid sequence
similarity with a characterized protein is shared between neab24 and the 2557-2762
amino acid region of the Plasmodium falciparum normocyte-binding protein

(AAL38218.2; 24% identity, 48% similarity).
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Figure 4.1. Location of the neab24 gene on a linear map of the circular NeabNPV genome.
(A) EcoRlI restriction map of the NeabNPV genome relative to the polh locus (B)
Magnification of the NeabNPV genome locus between 19.6 and 24.9 Kb. The distance from
the polh translation start site is indicated above the line and the orientation of neab23, neab24
and neab25 ORFs are indicated as arrows. The line below neab24 indicates the position of
the predicted RING finger domain. (C) The amino acid sequence of the predicted RING

finger domain. The cysteine and histidine are bold and underlined.
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Figure 4.2. Amino acid sequence alignment of NeabNPV, NeseNPV, and NeleNPV RING
finger proteins and phylogenetic analysis. (A) Multiple amino acid alignment of the RING
finger motif for the predicted proteins NeabNPV neab24, NeleNPV nele8, and NeseNPV
neseY, nesel 1, nesel8, and nesel9. White text on black background indicates sequence
identity whereas black text on grey indicates sequence similarity between aligned amino
acids. The RING finger domain is outlined. (B) Maximum parsimony phylogeny of the
aligned complete amino acid sequences of each protein. The numbers beside the branches

indicate the percent of bootstrap replicates (out of 1000) that support the clade.
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Sequence analysis of the neab52 gene and its predicted product. The neab52 gene
is located 47, 917 bp downstream from the predicted translation start site of the polh
gene. The neab52 ORF is 669 bp and potentially encodes a basic protein of 26.8 kDa
in size (pI=9.38). This predicted gene product encodes four putative CCHH zinc
finger domains with the motif sequence C-X;.,-C-X3.1>-H-X34-H (Figure 4.3). Based
on BLAST analysis of the predicted neab52 amino acid sequence, this protein shares
amino acid sequence similarity with predicted proteins of N. lecontei (nele49;
AAQ99097.1) and N. sertifer (nese52; YP _025159.1). Sequence alignment suggests
that neab52 has two domains (Figure 4.4). The first domain, between amino acids 1-
88, encodes the four zinc finger motifs. Sequence alignment with the top BLAST hits
indicated that the first domain was conserved in zebrafish (Danio rerio) predicted
pl135 (XP_694059.1), cow (Bos taurus) predicted p95 (XP_591561.2), sea urchin
(Stronglyocentrotus purpuratus) predicted p569 (XP_790426.1), and human (Homo
sapiens; CAD39111.1) (Figure 4.5). The second domain, between amino acids 118-

182, does not appear to have sequence identity with any other baculovirus proteins.
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Figure 4.3. Location of the neab52 gene on a linear map of the circular NeabNPV genome.
(A) EcoRlI restriction map of the NeabNPV genome relative to the polh locus (B)
Magnification of the NeabNPV genome locus between 47.9 and 49.9 Kb. The distance from
the polh translation start site is indicated above the line and the orientation of neab51, neab52
and neab53 ORFs are indicated as arrows. Dotted line below neab52 indicates the positions
of the four predicted zinc-finger motifs. (C) The amino acid sequence of the N-terminus of
the neab52 predicted gene product indicating the four predicted zinc-finger motifs outlined

with boxes. The cysteine and histidine are bold and underlined.
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Figure 4.4. Sequence alignment of the predicted protein homologues of neab52, nele49 from
Neodiprion lecontei nucleopolyhedrovirus and nese52 from Neodiprion sertifer
nucleopolyhedrovirus. White text on grey background highlights identical amino acids
whereas black text on grey background indicates similar amino acids. Two predicted

conserved regions have been outlined and labelled.
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Figure 4.5. Multiple sequence alignment of putative homologues of NeabNPV neab52.
Identical amino acid sequences are illustrated as white text on black background and similar
amino acid sequences are illustrated as black text on gray background. neab52, accession no.
ABC74926:; nele49, accession no. YP_025246.1; nese52, accession no. AAQ96429.1; D.
rerio p135, accession no. XP_694059.1; B. taurus p91, accession no. XP_591561.2; S.

purpuratus p569, accession no.XP_790426.1; H. sapiens, accession no. CAD39111.1.
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Promoter sequence and transcriptional analysis of neab24 and neab52. The
sequences 500 bp upstream of the predicted ORFs were queried using SIGSCAN against
the TRANSFAC database with a query limited to insects. For both genes, this analysis
only revealed TATA-related and Zeste binding sites on the coding strand. For the
neab24 ORF a proximal putative TATA box was identified 23 bp upstream of the
predicted translation start site. Distal TATA box sites were detected at —360 and —462
bp. A distal putative Zeste binding motif was identified at —345 bp (Figure 4.6). The
neab52 ORF had a proximal putative TATA box at —75 bp and Zeste-binding site at —
134, relative to the predicted translation start site. Distal putative TATA box sites were
identified at —169, -283, -351 and —473 bp (Figure 4.7).

RT-PCR analysis of the neab24 and neab52 gene transcription revealed that these
genes are transcribed from 0.5 or 2 hpi, respectively. The only exception to this was an
amplicon was not observed for neab52 at 12 hpi. Based on our previous work, mapping
the temporal expression of NeabNPV (This Thesis, Chapter 3), both of these genes are
early-expressed as they are both observed by 2 hpi. Given that neab24 is observed as

early as 0.5 hpi, it may also be considered as a candidate immediate early gene.
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Figure 4.6. Promoter sequence and RT-PCR analysis of the neab24 gene. (A) Promoter

sequence analysis of the sequence 500 bp upstream of the predicted translation start site for the
neab24 gene. Putative TATA and Zeste transcription factor binding motifs are underlined and
labelled and the predicted translation start site is in bold. (B) RT-PCR was performed from RNA
extracted from uninfected and NeabNPV-infected larve. The expected size of the RT-PCR
product is indicated to the right of the panel. Lane D) represents amplification from NeabNPV
DNA (positive control) and; Lane N) amplification from no template; and Lane U) amplification
from uninfected larvae (negative control). The remaining lanes are amplicons from RNA
extracted from larvae 0.5 to 72 hpi, as indicated. The lower panel represents the same reactions

performed with primers specific to host 28S rRNA gene.
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Figure 4.7. Promoter sequence and RT-PCR analysis of the neab52 gene. (A) Promoter

sequence analysis of the sequence 500 bp upstream of the predicted translation start site for the
neab52 gene. Putative TATA and Zeste transcription factor binding motifs are underlined and
labelled and the predicted translation start site is in bold. (B) RT-PCR was performed from RNA
extracted from uninfected and NeabNPV-infected larve. The expected size of the RT-PCR
product is indicated to the right of the panel. Lane D) amplification from NeabNPV DNA
(positive control) and; Lane N) amplification from no template; and Lane U) amplification from
uninfected larvae (negative control). The remaining lanes are amplicons from RNA extracted
from larvae 0.5 to 72 hpi, as indicated. The lower panel represents the same reactions performed

with primers specific to host 28S rRNA gene.
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4.5. Discussion
We have characterized two genes from the NeabNPV genome that were proposed as

candidate early-expressed genes based on the identification of putative zinc finger motifs.
The first gene, neab24, is predicted to code for a protein with a C-terminal zinc RING
finger while the second gene, neab52, is predicted to code for a protein with four tandem
N-terminal zinc finger motifs. The upstream sequences of both genes were scanned for
insect host promoter elements and only TATA and Zeste elements were identified. The
TATA element is common in early-expressed baculovirus genes (Guarino and Smith,
1992; Pullen and Friesen, 1995) and the Zeste motif has been proposed as an element
enriched in NeabNPV early gene promoters (This thesis, Chapter 2). Transcript analysis
by RT-PCR confirmed the predictions that these genes were early-expressed, with
neab24 observed within 0.5 hpi and neab52 within 2 hpi.

Sequence analysis of the neab24 gene product revealed a predicted RING finger
domain. Although the classical zinc finger of TFIIIA (C2H2) is best characterized for its
specific interaction with DNA (Engelke ef al., 1980; Frankel et al., 1987; Hanas et al.,
1983), the roles of zinc fingers have since been expanded to include mediating
interactions between the zinc finger and DNA, RNA and other proteins. The RING
finger motif is best characterized for its function in E3 ubiquitin ligation (Lorick et al.,
1999). Ubiquitination has a well-established role in targeting misfolded proteins for
degradation (Weissman, 2001). There is growing evidence, however, for the role of
ubiquitination in the regulation of other cellular processes, including cell-cycle

progression, signal transduction, transcriptional regulation, receptor down-regulation, and
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endocytosis, by proteolytic degradation of regulatory proteins (reviewed in Hershko and
Ciechanover, 1998).

Recent analysis of proteins in Bombyx mori NPV (BmMNPV) has demonstrated that
IAP2, IE2 and PE38 RING finger proteins possess ubiquitin ligase E3 activity (Imai et
al., 2003). E3 activity was not detected for the RING finger proteins IAP1, P35, and
CG30. It remains possible, however, that these proteins may have the potential for E3
activity. This is particularly true for the apoptosis inhibitors, given that their sequences
are highly conserved with the mammalian X-linked IAP and c-IAP2 proteins. for which
E3 activity via the RING finger has been reported (Miller, 1999; Salvesen and Duckett,
2002). These studies suggest a possible role of the neab24 RING finger proteins in
ubiquitin-mediated viral pathogenesis.

There are species-specific differences between the RING finger proteins of the sawfly
baculoviruses. NeabNPV and NeleNPV each have only one predicted RING finger
protein, neab24 and nele8, respectively. The amino acid sequences of the neab24 and
nele8 RING finger domains are conserved. NeseNPV has four RING finger proteins:
nese9, nesell, nesel8, and nesel9. Although the nesel8 and nesel9 represent conserved
paralogues, nese9 and nesel1 do not share sequence similarity with one another, or with
NeabNPV and NeleNPV RING finger proteins. This expansion of RING finger proteins
in NeseNPV may represent an adaptation that facilitates host-specific pathology in V.
sertifer.

Conversely, the neab52 gene product encodes four C2H2 zinc finger domains. The
neab52 protein shows sequence similarity to zinc fingers of the Kruppel family.

Additionally, this protein possesses a HTKEKP amino acid sequence that potentially
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serves as the H-C (HTGEKP) link at position 75, which is characteristic of the Kruppel

family (Schuh et al., 1986). Although the role of C2H2 zinc fingers in binding DNA is
well established, these zinc fingers can also bind RNA or proteins (Mackay and Crossley,
1998; Shastry, 1996). Despite this, the major focus of C2H2 zinc finger research has
involved protein-DNA interactions (Wolfe ef al., 2000). Based on these studies, it is
clear that C2H2 motifs play an important role in transcription factors. In baculoviruses,
where viral gene expression is primarily regulated at the level of transcription, virally
encoded transcription factors play an important role in viral infection.

The IE1 protein typifies transcription regulatory proteins of the lepidopteran
baculoviruses. The IE1 is a highly conserved protein and is encoded in all lepidopteran
baculovirus genomes sequenced to date. An additional suspected immediate early
transactivator, MES3, is also found in all lepidopteran baculoviruses. The other known
immediate early transcription factors, including PE38 and IE2, are conserved only among
Group II NPVs. It is unlikely that either neab24 or neab52 predicted proteins are
analogous to the hallmark IE1 transactivator in lepidopteran baculoviruses. The neab24
protein, although observed within 0.5 hpi, is not conserved in NeabNPV and NeseNPV.
Conversely, although neab52 is conserved among the three sawfly baculoviruses, its
transcription is not observed until 2 hpi. However, both proteins may each play a
significant role in regulating NeabNPV infection.

Promoter sequence elements TATA, CAKT, and DTAAG have traditionally been used
in an attempt to discriminate between early and late baculovirus genes. In NeabNPV, we
have previously raised questions regarding the use of CAKT as a predictor of early-

expressed genes and have instead proposed that the host Zeste protein putative binding
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sequence motif is enriched in early-expressed genes (This thesis, Chapter 2). Our
analysis of sequences 160 bp upstream of predicted NeabNPV genes showed that the
neab52 but not the neab24 gene was preceded by an upstream Zeste-binding sequence.
This study extended this analysis to 500 bp upstream and only detected TATA and Zeste-
binding insect promoter sequences. A Zeste-binding motif was observed upstream of the
neab24 gene at —345 bp. Although the minimum baculovirus promoter is typically within
120 bp of the translation start site (Dickson and Friesen, 1991; Kogan and Blissard,
1994), regulatory elements may extend upstream over hundreds of base pairs (Blissard
and Rohrmann, 1991). The role of Zeste in regulating early baculovirus gene expression
has not been experimentally examined, but it might help elucidate the role of host cell
transcription factors in early baculovirus gene expression.

Among non-lepidopteran baculoviruses, 29 genes share significant sequence similarity
to putative lepidopteran baculovirus homologues (Afonso ef al., 2001; Garcia-Maruniak
et al., 2004; Lauzon ef al., 2004). None of these conserved genes include the immediate
early genes that are essential transcription factors are conserved elements in lepidopteran
baculoviruses. Based on the well-established regulatory role of zinc finger proteins, as
well as the predicted link of upstream Zeste-binding motifs to early NeabNPV genes, we
predicted that the neab24 and neab52 genes represent novel early genes. Transcriptional
analysis confirmed that these genes were transcribed early, with neab24 transcribed
within 0.5 hpi. Sequence analysis showed that, although the sequences of the gene
products were not conserved with any currently sequenced baculovirus proteins, they did

show zinc finger motifs with conserved characteristics that implicate them in regulation
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of transcription and cellular processes. It is therefore likely that these two genes encode

important NeabNPV viral regulatory proteins.
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Chapter 5. Analysis of putative promoter regulatory elements of

the Baculoviridae

5.1. Abstract
Baculovirus transcription regulation is thought to be very complex and tightly

regulated. The detailed analyses of baculovirus transcriptional regulation have tended to
involve only a limited subset of genes. This study addressed the need for a more global
investigation of baculovirus transcription by identifying potential promoter elements by
sequence alignment. The upstream sequences of baculovirus genes were remarkably
conserved throughout baculovirus species. This was particularly true of early and late
genes, when compared to immediate early and very late genes. Although the proximity
of viral open reading frames can account for some of this sequence conservation, we
identified some motifs that remain conserved even when the upstream gene does not.
This suggests the possibility that baculoviral coding sequence, in addition to coding for
functional proteins, may have a dual role as gene regulation elements. Support for the
efficacy of upstream sequence alignment in identifying gene regulatory elements came
from the identification of sequence motifs that coincide with previously reported
transcription start sites. By generating Hidden Markov Models from conserved upstream
motifs we showed how some sequence motifs are conserved over a wide range of
different baculovirus genes and species. Some motifs also appear to by temporally
biased, suggesting a possible link with temporal regulation of baculovirus genes.
Although the identification of novel gene regulatory elements is a challenging task, the

survey of upstream sequence motifs can allow us to take advantage of the significant



amont of available baculovirus nucleotide sequence data to identify potential novel

promoter elements.
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5.2. Introduction

Baculoviruses are a diverse family of viruses that have been reported to be
pathogenic to over 600 species of invertebrates, mostly of the orders Lepidoptera,
Hymenoptera and Diptera. They have relatively large genomes that encode between 89
and 181 genes (Hayakawa et al., 1999; Lauzon et al., 2004) and viral infection is
mediated by a cascade of temporally regulated gene expression. Gene expression of the
baculoviruses has been well characterized and it is clear that gene regulation is primarily
regulated at the level of transcription. Although a number of key virus-encoded
transcription factors (TFs) have been implicated in coordinating baculovirus
transcription, there have been no global analyses comparing the significance of shared
sequence elements in baculovirus promoters.

The first evidence that promoter elements significantly influenced baculovirus
gene expression came from the investigation of the AcMNPV 38K gene promoter. It was
observed that cotransfection with the baculovirus gene ie/ resulted in increased
transcription from the 38K gene promoter (Guarino and Summers, 1986). The
baculovirus IE1 transactivator is expressed at a steady state throughout expression
(Guarino and Summers, 1987) and is involved in regulating both early- and late-
expressed baculovirus genes (Carson et al., 1991; Kool et al., 1994; Leisy ef al., 1995; Lu
and Carstens, 1993; Lu and Miller, 1995; Nissen and Friesen, 1989; Passarelli and Miller,
1993; Rapp et al., 1998). Other virus-encoded transactivators have been identified for the
baculoviruses, including 1E-2, IE-0, PE38, and MES3 (Carson et al., 1991; Knebel-

Morsdorf et al., 1993; Kovacs et al., 1991; Prikhod'’ko and Miller, 1999). In contrast to
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IE-1, these transregulators appear to transiently regulate gene expression during narrow
temporal periods.

Another means by which baculovirus genes are regulated is by the differential
specificity of host and virus-encoded RNA polymerases. Soon after the influence of the
IE1 transregulator was reported, a promoter element with the consensus TAAG was
identified in the highly expressed polyhedrin gene promoter. Deletion of this sequence
resulted in 90% reduction of viral transcription from this promoter (Possee and Howard,
1987). Transcription of late and very late genes, such as polyhedrin (polh), initiates from
the TAAG sequence motif that is specifically recognized by the a-amanitin resistant
RNA polymerase encoded by four baculovirus genes, p47, lef4, lef8, and lef9 (Guarino et
al., 1998). This temporally regulates late gene expression, as the RNA polymerase must
be synthesized before late genes may be transcribed. Mutational analysis of the polh
promoter also suggests that the seven nucleotides upstream of the TAAG sequence motif
may mediate the strength of transcription from these promoters (Mans and Knebel-
Morsdorf, 1998).

Transcription of the gp64 gene has been observed both early and late in infection
(Blissard and Rohrmann, 1989). Early and late transcription appear to be regulated by
different promoter elements, with early expression regulated by an element at —43 bp,
relative to the RNA start site, and late expression regulated by elements at -152, -167, -
174, and —175 bp (Blissard and Rohrmann, 1989). Gene expression is further divided
into two regions: -319 to —166 bp appears to negatively regulate transcription of gp64,
while —166 to —77 appears to positively regulate transcription (Blissard and Rohrmann,

1991). Two TATA elements have been identified at —77 and —62 bp, but it has been
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shown that the CAGT element at —43 bp, not the TATA elements, determines the site of

transcription initiation (Blissard and Rohrmann, 1991; Blissard et al., 1992).

In addition to virus-encoded transcription regulation, there is evidence that host
cell TFs may influence baculovirus gene expression. GATA sequences in the gp64 and
pe38 gene promoter regions are bound by insect cell host factors (Kogan and Blissard,
1994; Krappa and Knebel-Morsdorf, 1991). Additionally, an increase in the insect host
transcription activator TBP has been observed following baculovirus infection, along
with a nuclear redistribution of TBP during infection (Quadt et al., 2002).

Although these studies have focused on fine characterization of relatively few
baculovirus promoters, we have undertaken a global survey of 21 baculovirus promoters

from immediate early, early, late and very late baculovirus genes.
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5.3. Methods and Materials

Sequence Data. Twenty-one baculovirus genes, for which patterns of temporal
transcription have been reported, were selected for this analysis. The viral orthologous
clusters (VOCs) database (Hiscock and Upton, 2000) was used to identify the genomes
and nucleotide location of each gene and this list was manually confirmed and edited to
ensure accuracy. For each gene, upstream sequences at —1000, -500, -100, and —50 bp
relative to the predicted translation start site (TSS) were obtained from GenBank as
described below. Sequence alignment and sequence motif models were generated based
on the genome nucleotide positions outlined in Table 5.. Histograms describing local
sequence conservation in the alignment were derived by graphing the percent frequency

of the most frequent nucleotide at each site in the alignment.

Baculovirus abbreviations and source sequences. The nucleopolyhedrovirus (NPV)
and granulovirus (GV) upstream sequences were derived from the GenBank database:
Autographa californica NPV (AcMNPV, NC_001623); Rachiplusia ou NPV (RaouNPV,
NC _004323); Bombyx mori NPV (BmNPV, NC 001962); Orgyia pseudotsugata NPV
(OpMNPV, NC _001875); Choristoneura fumiferana defective NPV (CfMNPV-def,

NC _005137); Choristoneura fumiferana NPV (CEIMNPV, NC_004778); Epiphyas
postvittana NPV (EppoNPV, NC _003083); Adoxophyes honmai NPV (AdhoNPV,

NC _004690); Spodoptera litura NPV (SpltNPV, NC_003102); Spodoptera exigua NPV
(SpexNPV, NC _002169); Trichoplusia ni NPV (TnSNPV, NC_007383); Chrysodeixis
chalcites NPV (ChchNPV, NC_007151); Helicoverpa zea NPV (HzNPV, NC_003349);

Mamestra configurata NPV-A (MacoNPV-A, NC_003529); Mamestra configurata
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NPV-B (MacoNPV-B; NC 004117), Helicoverpa armigera NPV (HearNPV,

NC 003094 ); Helicoverpa armigera NPV-G4 (HearNPV-G4, NC_002654); Lymantria
dispar NPV (LAMNPV, NC 001973); Cryptophlebia leucotreta GV (CrleGV,
NC_005068); Adoxophyes orana GV (AdorGV, NC_005038); Phthorimaea operculella
GV (PhopNPV, NC _004062); Cydia pomonella GV (CpGV,NC _002816); Plutella
xylostella GV (PxGV, NC _002593); Xestia c-nigrum GV (XcGV, NC _002331); Agrotis
segetum GV (AgseNPV, NC_005839); Neodiprion abietis NPV (NeabNPV,
DQ317692); Neodiprion sertifer (NeseNPV, NC_005905); Neodiprion lecontei

(NeleNPV, NC_005906); Culex nigripalpus NPV (CuniNPV, NC 003084).

ClustalW analysis of upstream sequences. As a control, 120 random sequences were
generated each representing 30 sequences of lengths 50, 100, 500, and 1000 bp,
respectively. An equal frequency of nucleotides was assumed. All sequences for the 21
genes were aligned using Clustal W (Thompson et al., 1994), with default parameters,
against their equal-length orthologues. The alignment was reported as the overall
Clustal W normalized against the sequence length. The alignments were illustrated using
Bioedit (Hall, 1999). The sequences were compared with 30 sequences generated
randomly with the assumption of equal nucleotide frequency, with each of the lengths 50,

100, 500, and 1000 bp.

Characterization of upstream motifs. To identify potential transcription factor binding
sites within a motif, the consensus sequence was queried against the TRANSFAC 6.0
public database using Patch v1.0 (Matys ef al., 2003). Comparison of baculovirus motifs

with baculovirus upstream sequences was performed by generating a position-weighted
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matrix (PWM) using HMMER v2.1.1 (Eddy, 1998). Using HMMER, a Hidden Markov

Model (HMM) was generated (hmmbuild —f -nucleic) and calibrated against 5000
random sequences, assuming equal nucleotide frequency. Potential motifs were

identified in each upstream sequence by comparing to the HMM (hmmsearch).
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5.4. Results
Alignment of upstream sequences. Typically, sequence alignment is used to

characterize the coding sequences of genes, as they are subject to selective pressure that
supports conservation of their sequences. Non-coding sequences are usually not subject
to a similar degree of selective pressure and the regulatory elements of eukaryotic
promoters are typically small, in the range of 10-30 bp. This can impair attempts to
identify these motifs by sequence comparison.

Despite the overall sequence divergence of non-coding sequences, we
hypothesized that we could discriminate between baculovirus promoters with the goal of
identifying those that were more conserved overall. We limited our analysis to the
identification of cis acting regulatory elements within 1 Kb of the TSS, assuming that the
primary regulatory elements would occur upstream of the coding sequence.

We examined whether there was an overall distance at which baculovirus
promoters tended to be most conserved. In general, there was no appreciable difference
in overall sequence conservation based on the length of upstream sequence investigated.
It did appear, however, that the 500 bp upstream sequence provided a marginally better
alignment score than did shorter sequences (Figure 5.1A).

We compared the conservation between aligned sequences of distinct temporal
stages. This indicated a significant increase in conservation in early- and late-expressed
genes over the immediate early and very late genes (Figure 5.1B). We found that a
subset of genes, dnapol, lef4, helicase, vif] and gp41, that had remarkably conserved
upstream sequence alignments (Figure 5.1C). Of these, helicase and gp41 had an average

sequence identity of 50% and 51%, respectively. These two gene upstream sequences



108

were not included in further analysis as the high sequence identity impaired identification

of discrete conserved motifs.

Upstream sequence of the baculovirus DNA polymerase (dnapol) gene. The
regulation of the dnapol has been reported from a number of lepidopteran
nucleopolyhedroviruses (NPVs) (Ahrens and Rohrmann, 1996; Bjornson et al., 1992;
Chaeychomsri ef al., 1995; Huang and Levin, 2001; Liu and Carstens, 1995; Tomalski et
al., 1988). The evidence from these studies suggests that the baculovirus dnapol gene
utilizes a complex promoter with numerous upstream regulatory elements that coordinate
its expression, and has multiple differentially regulated transcription start sites (Ahrens
and Rohrmann, 1996; Bjornson et al., 1992; Chaeychomsri et al., 1995; Liu and Carstens,
1995; Tomalski ef al., 1988). Although it has been suggested that host TFs may bind
upstream of the dnapol coding region (Huang and Levin, 2001), there is currently no
experimental evidence to support this theory. These studies are also limited in that
dnapol gene regulation has not been characterized in granuloviruses (GVs) or non-
lepiopteran NPVs.

Figure 5.2A represents a histogram of the frequency of each consensus nucleotide for
the aligned 500 bp upstream sequences of 29 baculovirus species. As this figure
illustrates, the upstream sequence of the dnapol gene within 300 bp of the coding
sequence is significantly more conserved that the more distal sequence. Four conserved
sequence motifs were predicted by sequence alignment in the dnapol upstream sequences

(labelled Regions I-1V).
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Figure 5.1. Sequence similarity of aligned baculovirus upstream sequences. (A) Mean
alignment score of DNA sequences upstream from all baculovirus genes in the data set at all
distances 50, 100, 500, and 1000 bp from the translation start site (TSS). (B) Mean alignment
score of DNA sequences upstream from all baculovirus genes in the data set, divided into
temporal classes, at all distances of 50, 100, 500, and 1000 bp, from the TSS. (C) Mean
alignment score, at 50, 100, 500, and 1000 bp from the TSS, for each baculovirus gene in the data
set. These scores were compared with alignment of a set of random sequences (rs). The temporal

class of each gene is indicated below the chart. The error bars represent the standard deviation.
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Region I had a consensus sequence of TTGTAATCGT, which was conserved only

within the lepidopteran NPVs and Region II had a consensus sequence of
TGTA(G/A)TT(G/A)A/THA/T)A/G)TTGTG(C/T)GT. Region II is in close proximity
to Region I, suggesting that the two may represent a single interrupted regulatory region.
The two differ significantly, however, in that Region I is conserved in the GV, whereas
Region I is not. Neither Region I nor Region II matched potential binding sites from the
TRANSFAC database.

The AcMNPV dnapol, and other Group I NPVs, have been described as
unconventional because they lack the TATA box common in early-expressed baculovirus
genes. Analysis of sequences upstream of Group Il dnapol genes, however, revealed
potential TATA Box motifs (Bjornson et al., 1992; Huang and Levin, 2001). Figure 5.2B
shows a conserved motif, Region III, that is a putative TATA box sequence. The
conserved TATA Box motif was observation in Group II NPVs, GVs, and non-
lepidopteran NPVs. The location of this TATA motif overlaps with one base of putative
CAGT motifs for TnSNPV, SpexNPV, and CIMNPV. Region IV (Figure 5.2B) is a
longer conserved region of the dnapol upstream sequences. In contrast to Regions I and
II, Region IV is well conserved in both lepidopteran and non-lepidopteran baculoviruses.
The Region IV sequence motif has a number of CAAT and inverted CAAT sequences at

8, 13, and 20 bp within the motif sequence.
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CEACTGETAT NeabNEV 4 TFGGCACGRAC
CCCCACETAT NeseNPV 3 TATGTCIAAT
ACRTAGETAC CuniNPV 1 CBAGCCGTAA A
GECICGETAC RgseGV 0 ARTAGECATG AR
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Figure 5.2. Conserved sequence motifs 500 bp upstream of the baculovirus dnapol gene. (A)

Histogram of the percent frequency of the most frequent nucleotide, in the aligned sequences of

the baculovirus dnapol gene, at each position relative to the transcription start site. (B) Sequence

alignments of conserved nucleotide motifs in the sequence upstream of the dnapol gene. The

position of the motif in the unaligned sequence for each baculovirus species in indicated to the

left of the alignment. The motifs are labelled in roman numerals, as indicated above the

alignment. The conserved sequences are highlighted in grey. The abbreviations for the

baculovirus species are defined in the methods and materials. A thick horizontal bar directly

above the sequence indicates a motif discussed in the text.
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Upstream sequence of the baculovirus /ef~-4 gene. In contrast to the dnapol gene, the
upstream sequence of baculovirus /ef~4 genes has not been well studied. Investigations of
the /ef-4 gene product have primarily focused on its role as a subunit of the equimolar,
heterotetramer, baculovirus RNA polymerase (Guarino ef al., 1998). A significant effort
has been involved in elucidating the role of LEF-4 as a capping enzyme with distinct
RNA 5'-Triphosphatase and ATPase activities (Gross and Shuman, 1998; Guarino et al.,
1998; Jin and Guarino, 2000; Jin et al., 1998; Martins and Shuman, 2001; Martins and
Shuman, 2003). The interaction of this subunit complexed with a phosphate has even
been resolved by crystal structure (Changela et al., 2005). Despite this functional
characterization, only one study has addressed transcription regulation of this gene,
indicating a potential transcription start site at —56 bp (Durantel et al., 1998).

As Figure 5.3 illustrates, sequence conservation in the region upstream of the /ef~4 gene
is more evenly distributed than the dnapol upstream sequence. Within the 500 bp
sequence upstream of /ef-4, we have predicted seven conserved regions. Also in contrast
to the dnapol upstream region, the conserved Regions I-IV of /ef-4 share a striking degree
of sequence conservation, not only between the lepidopteran NPVs, but also among
lepidopteran NPVs and GVs, hymenopteran NPVs, and the dipteran NPV. Conversely,
Regions V and VI showed significant sequence similarity only among the lepidopteran
NPVs and GV and Region VI was a short sequence conserved only among lepidopteran
NPVs. Although the functional significance of the conserved Regions I-IV upstream of
the /ef-4 gene is unknown, the transcription start site observed at —56 bp in AcMNPV

corresponds to Region VI (Durantel et al., 1998).
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Sequence comparison of the conserved regions upstream of /ef~4 with TRANSFAC
database indicated numerous potential binding sites similar to those of known TFs.
Region I had an abdB-like Hox site (TTTACGAC) in an opposing direction to the /ef~4
ORF. The abdB-like Hox site is known to stabilize the binding of the Meisl
homeodomain protein to the motif TGACAG (Shen et al., 1997). This second sequence
was not, however, identified in the vicinity of the putative Hox site. Region II has
sequences similar to the binding site for two zinc finger proteins, including a GATA site
in the sense direction (Mackay ef al., 1998). The poly-A and poly-T stretches of Region
I1T may also be targets for zinc fingers, including PF1 (TTTTT) and MIG1 (TTTA/TA)
(Lundin ef al., 1994; Yochum and Ayer, 2001). Region IV encodes a putative GATA site
at bp 2 and the consensus sequence GGNTGGT(A/T), in the antisense direction from bp
16, resembles the sequence GGGTGGTC recognized by the Zic/GLI zinc finger
transcription factors (Mackay et al., 1998; Mizugishi et al., 2001). The conserved
CGTCG sequence at bp 3 within Region V resembles the Drosophila Adh distal factor
motif (England ef al., 1990). Region VI sequence resembles the CAATTATTG motif of
homeodomain leucine zipper TFs (Meijer ef al., 2000). Region VII GGCCA sequence is

similar to the target of AP-2 and NF-1 (Imagawa et al., 1987).
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Region IV Region V
HearNPV -150 HearNPV -114
HearNPV-G4 -150 HearNPV-G4 -114
HzNPV -90 HzNPV -114
SpltNEV -159 ChchNPV -58
MacoNPV-A -147 TnSNPV -114
MacoNPV-B -147 SpexNPV -114
AdhoNPV -150 LAMNPV -114
ChchNBV -150 AcCMNPV -136
TnSNEV -150 BmMNPV -136
SpexNPV -150 RaouNPV -137
LdMNPV -30 CfMNPV-def -127
AcMNPV -90 OpMNPV -127
BmMNEPV =173 EppoNPV -126
RaouNPV -173 CpGV -184
CEMNPV -178 2dorGv -184
OpMNEPV -390 CEMNEV =142
EppoNPV -162 SpltNPV =123
CEMNPV-def  -90 MacoNFPV-B -111
CrleGV -204 MacoNPV-A  -111
PhopGV -206 AdhoNPV -114
CpGV -226 CrleGV -173
AdorGv -226 PhopGV -164
XcGV -209 PxGV -145
PxGV -181 XcGV -170 T
NeleNBV -183 NeseNPV -120
NeabNPV -186 NeleNPV -141 TGTA
NeseNPV -162 NeabNEV -144 TGTA
CuniNPV -175 CuniNPV -133 TTTETATTCE
BgseGV -156 AgseGV -218 ATACGTCATT GAETTAT
Region VII
AdorGvV HearNPV -8
PhopGV HearNPV-G4 -8
XcGV HzNPV -8
SpltNPV LAMNPV -8
MacoNPV-A CIMNPV -36
ChchNPV CEMNPV-def -21 §
TnSNEV SpltNPV -11
LdMNEV ChchNPV -8 €
ACMNEV TnSNPV -8 {
BmMNEV AcCMNPV -28 ETA
RaouNPV RaouNPV -28 ETi
OpMNPV OpMNEV -21 §
CEMNPV-def EppoNPV -20 €
EppoNPV AdhoNBV -8
MacoNFV-B BmMNPV -28
HearNPV-G4 MacoNPV-A -8
HzNPV MacoNPV-B -8
HearNPV SpexNEV -8
PxGV XcGV -65
AdhoNPV CrleGV -52
CrleGvV CpGV -74
CpGV AdorGv -65
CEMNPV PhopGV =57
SpexNPV PxGV -32
CuniNPV NeleNPV -28
NeleNPV NeabNPV =31
NeabNPV NeseNFV -7
NeseNPV CuniNPV =18

AgseGV AgseGV -1
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Figure 5.3. Conserved sequence motifs 500 bp upstream of the baculovirus /ef-4 gene. (A)
Histogram of the percent frequency of the most frequent nucleotide, in the aligned sequences of
the baculovirus /ef-4 gene, at each position relative to the transcription start site. (B) Sequence
alignments of conserved nucleotide motifs in the sequence upstream of the /ef-4 gene. The
position of the motif in the unaligned sequence for each baculovirus species in indicated to the
left of the alignment. The motifs are labelled in roman numerals, as indicated above the
alignment. The conserved sequences are highlighted in grey. The abbreviations for the
baculovirus species are defined in the methods and materials. A thick horizontal bar directly

above the sequence indicates a motif discussed in the text.
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Upstream sequence of the baculovirus vilf-1 gene. The baculovirus v/~ gene is a
transactivator of very late gene expression. Although transcription regulation of genes
stimulated by v/f-1 has been well characterized, little is known about the factors that
stimulated vif-1 itself (McLachlin and Miller, 1994; Yang and Miller, 1998a; Yang and
Miller, 1998b). The vif-1 gene transcription in ACMNPYV is first observed at 12 hpi, with
maximal expression from 12 to 24 hpi (McLachlin and Miller, 1994; Yang and Miller,
1998b). Transcription has been shown to initiate from a TAAG sequence at —71 bp
upstream of the ORF (Yang and Miller, 1998b). Alignment of v/f-/ upstream sequences
has identified three different conserved regions (Figure 5.4).

Region I has a core TAAG sequence that is common to the start sites of late
baculovirus transcripts. As at least six transcripts have been observed for the vif-1 gene,
this motif may represent an alternate start site (Yang and Miller, 1998b). Analysis of vif-
I Region I with respect to TFs on TRANSFAC revealed a number of potential TF
binding sites within the motif. The upstream TGTATG, at bp 1 within the motif,
resembles the Actin 5C distal promoter element of Drosophila melanogaster (Chung and
Keller, 1990). In addition, a CAGTTA sequence located at bp 6 within the motifis a
binding site for the c-Myb pro-proliferation TF and a potential TATA box motif is
located at bp 16 within the motif. The AATTG sequence at bp 20 within vif-1.

Region II is a potential inverted CAATT site, a common binding site for
transcription factors (Dorn et al., 1987). Region III encodes the TAAG implicated as the
site of transcription initiation in AcMNPV (Yang and Miller, 1998b), that is preceded by

an AT-rich stretch that may act as a TATA motif.
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Region III corresponds to the site of transcription initiation. Although the TAAG
motif is conserved in the upstream sequence of lepidopteran NPV vif-1 genes, this
sequence conservation does not extend to the GVs or non-lepidopteran NPVs. Among
the upstream motif models analyzed, vif-1 Region III was identified in the widest range of
gene upstream sequences (Table 5.1). Although the exact relationship between the motif
and each upstream sequence varies, a TTTTG element is common among the upstream
sequences of dnapol, gp41. PxGV lef-9, p74, AdhoNPV polh, and XcGV vp39. With the
exception of NeabNPV gp47 and PxGV lef-9 upstream sequences, the remaining ten
occurrences of TTTG associated with this motif were within 200 bp of the TSS. Contrary
to the implicated role of this motif in transcription initiation, the TAAG motif was not

observed in the motifs identified using the hidden Markov model.
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ACMNPV -103
BmMNPV -103
RaouNPV -103
OpMNPV -99
EppoNPV -99
MacoNPV-A -78
MacoNPV-B =75
SpexNPV =75
LdMNPV -87
HearNPV -86
HzNPV -86
HearNPV-G4 -86
TnSNEV -76
AdhoNPV -98
CfMNPV-def -109
CEMNPV -83
ChchNPV -76
SpltNPV =117
AdorGv =72
PhopGV -36
CpGV -36
CrieGV -33
NeleNPV -62
NeseNPV —48
XcGV -36
PxGV -48
NeabNPV -38
AgseGV -50
CuniNPV -34

Figure 5.4. Conserved sequence motifs 500 bp upstream of the baculovirus vif-/ gene. (A)
Histogram of the percent frequency of the most frequent nucleotide, in the aligned sequences of
the baculovirus vif-1 gene, at each position relative to the transcription start site. (B) Sequence
alignments of conserved nucleotide motifs in the sequence upstream of the vif~/ gene. The
position of the motif in the unaligned sequence for each baculovirus species in indicated to the
left of the alignment. The motifs are labelled in roman numerals, as indicated above the
alignment. The conserved sequences are highlighted in grey. The abbreviations for the

baculovirus species are defined in the methods and materials.
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Table 5.1. Motifs identified that share local sequence similarity with the v/f-7 Region III.

Target
Gene Species Stat End E-value
dnapol NeabNPV -387 -360 0.067 TGRARGTTATCCATTATTTCGGTATATT
NeleNPV -387  -367 4.7 TGAARGTTATTCATTHTTTCH
SpexNPV -41 -14 10 CGTCCGTGTTTTTATATTTTGEAARCATT
MacoNPV-A -76 -62 8  TGTTTGCAATAGATT
MacoNPV-B -76 -62 8  TGTTTGCAATAGATT
ap41 AcCMNPV -31 -8 0.36 T TTTGIARTCATARGAGTACAAAT
BmNPV -31 -8 0.36 [T TTTGIARTCATARGAGTACARAT
MacoNPV-A -47 -26 8.6 TGTTCCTCAARTTGTATTTTGT
MacoNPV-B -47 -26 8.6 TGTTCCTCARATTGTATTTTGT
NeseNPV 456 417 0.034 T TTTGrAGTGTATTATGTTTTTATCTTCATATATGTACA
RaouNPV -31 -8 0.36 TTTTGTAATCATARGAGTACARAT
PxGV 233 -221 6.4 TAAGAGARAGAGC
helicase BmNPV -393  -367 9.2 TTATTTTTTAATGTTACRAAATGTTCA
ChchNPV -438 414 21 TTTATGATATCAATAATTGTGTAAT
SpltNPV -435 415 6.1 ATTATGCTATAATTTATTTCG
ie0 CMNPV -200 -184 3  TGTACGCATTATCTTAT
HearNPV -181 -164 1.1 TATATGCCATATTTTATT
HearNPV-G4 -175 -158 1.1 TATATGCCATATTTTATT
HzNPV -171 -154 1.1 TATATGCCATATTTTATT
lef2 NeabNPV -184 71 8.8 TTAAGAGAAGRAAC
AdorGV -409  -392 5.5 TGTATGGAATTATTTATT
ief8 AcMNPV -398 -368 1.3 TGTATTTTTTTTCAATTTTAACACATCGTCA
BmNPV -398  -368 1.8 TGTATTTTTTTTTARATTTARCACATCGTCA
RaouNPV -398 -368 2.3 TGTATTTTTTTTCAATTTTAACARCATCATCA
AdorGV -84 -69 5.7 TGTATACAATGTAATA
CMNPV -390 -365 9  TTTTTGTAARAATATGATGCTGTCATA
NeleNPV 52 -32 24 TTTTCGCCATTTGTTAATTTG
lefg AqseGV -456  -437 4  AGTATGCACTTTATTATCTT
PxGV -392  -353 7.1 GGTTTGTTATGTGTGCAATTTTTGCATTAAGGGATGGAGC
odve56 AdhoNPV -399  -388 5 AAGAGARGRACT
MacoNPV-B  -379 -364 6.5 TATTRRGAGAAGCARA
NeseNPV -434 416 25 TTTACACRATATATTTTTT
PhopGV -123 107 24 TTTATACATTTTATTAT
TnSNPV -107  -93 3.8 TTTATGTTATATATT
p47 MacoNPV-A 206 -186 2.2 CGTTTTCAATTCATTRCTTTG
TnSNPV =317 -293 3.2 GATACACAATTTTTTRTTTTTETAT
XcGV -182  -158 9.2 TGGATGTTACGTTTTRATTCGFTTT
p74 HearNPV -70 -31 8.5 TGTTTGTCARAAACTJTTTTGITCAAATAATACATGATGT
HearNPV-G4  -70 -31 8.5 TGTTTGTCAAAAACTJTTTTGPTCAAATAATACATGATGT
HzNPV -70 -31 8.5 TGTTTGTCARARAACTFTTTTGITCARATAATACATGATGT
MacoNPV-A  -356  -331 8.2 TTTATGTAATCTTTTFATTTTRAATA
SplitNPV -350 -331 5.1 TATATGCAATTTTGTEILITT
polh AdhoNPV -125  -102 4.7 TTTTAGTAATAGTTAATTTTGTAA
AcNPV -345  -313 3 TTTATGTTTTTTTTATTTCATGTGATTARGARR
SpexNPV -48 -29 3.7 TGTAARGTAATTTTTTCCTTT
vp39 AdhoNPV -147 120 2.9 TTATTCTCATCTATTATATCATAATATT
AdorGV -40 -23 79 TGTTTGTTATTTATTGTT
XcGV -146 124 04 TCTAGGTATTGTTTTATTTTGTA
lef-4 029 TGTATGCAAT.TATTATTTTGTRATATTARGAGRACGACG

(Avg)
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DNA polymerase Region I and lef-4 Region IV are enriched in the upstream

sequences of early-expressed genes. The dnapol Region I had a conserved motif
sequence identified in the early and immediate early genes, lef-4, lef-8, lef-1, p47, ie-1,
and me53, of multiple baculovirus species (Table 5.2). Although the motif was also
identified upstream of the late genes, odv-e56, p74, and polh, this observation was
isolated to individual baculovirus species and did not appear to be an interspecific trend.
This analysis also identified the dnapol motifs from which the position-weighted matrix
(PWM) was generated. The average E-value obtained for these positive signals was 5.1,
which is similar to the non-dnapol motif E-values, which ranged from 4.4-9.7. The lef-4
Region IV motif (Table 5.3) was also observed in a number of early genes, including /ef-
1, lef-2, lef-8, and me53, however, it also occurred in the late genes gp4/ and vp39.
Although enriched in the early gene upstream sequences, /ef~4 Region IV is a poor
indicator of early gene promoters in comparison to dnapol Region I. The identified
motifs also have a much higher E-value (ranging from 0.82-6.6) than the average positive

signal from the lef-4 upstream sequences (5.05E-05).
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Table 5.2. Motifs that share local sequence similarity

with the dnapol Region 1.

Target Gene Species Stat End E-value

lef-4 NeabNPV -139  -129 44  TTGTARTCGTG
AdhoNPV -210  -200 51  TTGTTATCGGC
HearNPV-G4  -369 -359 71 TTGTTGTCGTA
HearNPV -369  -359 71 TTGTTGTCGTA
HzNPV -369  -359 7.1  TTGTTGTCGTA

lef-8 CrleGV -484 474 44  TTGTAARTCGTG
AdorGV -266 -256 4.4 TTGTAATCGTT
NeseNPV 55 -45 47  TCGTAATCGTC

lef-1 NeleNPV -438  -428 47  TCGTARATCGTC
SpexNPV 429 419 77 TGTTGTCGGT

p47 MacoNPV-B -169  -159 47 TCGTAATCGTC
SpexNPV -263 253 74  TCGTAGTCGGT

MacoNPV-A  -187 177 9.7  TGGTAGTCGTC

ie-1 AcNPV -109 -99 48  TTGTTATCGTG
RaouNPV -0  -99 48 TTGTTATCGTG
AdorGV -390 -380 49  TTGTTATCGTT
PxGV -120  -110 54  TCGTTATCGGC
me53 MacoNPV-B 465 455 55  TCGTTATCGGA
SpexNPV -145 135 74  TTGTTGTCGTT
odv-e56 BmNPV -445  -435 5.1 TCGTTATCGTT
lef-2 TnSNPV -446 436 7 TTGTTGTCGTC
helicase ChchNPV -142 132 7.2 TTGTTGTCGTG
p74 AdorGV -205 -195 7.6  TTGTTGTCGGG
polh AgseGV -443  -439 49 TTGTTATCGTT
dnapol 51 TTGTRATCGTA

(Avg)



126

Table 5.3. Motifs identified that share local sequence similarity with the dnapol Region IV.

Motif Motif Target
Source num Gene Species Start End E-value
lef-4 IV gp41  MacoNPV-A 29 -3 8.20E-01 TTGICCTICACAARCARRCACRCAGTCA
PxGV -93  -80 7.60 TGARRAATCCGTCC
lef1 NeabNPV -85 -59 500 TTACCGTTGCAAATAARAGTAATATCA
NeleNPV -89 -3 3.90E-02 TGGTCGTTGCAAATAARAGTARTATCA
SpitNPV -348 -334 2.20 TGATTTTTACAAATA
lef2 AcNPV -370 -355  5.60 AACARACTAGCCATCT
BmNPV -370 -355  5.60 AACARACTARCCATCT
PhopGV -105 -89 5.40E-01 TGATATTT---ACAARAGAA
lef8 CuniNPV 177 -162 540 TGAGAGTGGCAARATGA
XcGV -249 -234  3.00 ARTARRCGATGCGTCC
me53 CfMNPV-def -201 -189 8.50 TGCTAATTGCARA
XcGV -341 -328 520 TGATGTTTGCAART
PhopGV -99 -83 3.90 TCATCGTTGCAAATARR
SpexNPV -237 211 1.00 CGACAATTGTATATARRAGAACGATCT
vp39 AgseGV -348 -324 6.6 ATAATTTGATTTGAACARAGCCATCT
vp39 CrleGV -458 -435 33 TGGTTGCCGTTARAGGATCCATCG
lef-4 5.05E-05 TGATA.TCGCARRTARACCA.CCGTCC

(Avg)
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5.5. Discussion
The prediction of binding sites TFs in a genome sequence is a challenging task. This

challenge stems from a number of characteristics: (i) TF binding sites have small and
potentially variable sequences and the degree of tolerated variability is not well
understood; (ii) TF binding sites may be functional in one or both orientations and may
be distal from the coding sequence; (iii) multiple TFs may coordinately or agonistically
regulate the coding sequence. Some baculovirus genes, including 38K, gp64, and polh,
have received a significant degree of interest and have provided insight into the
regulation and transcription of baculovirus genes (Blissard and Rohrmann, 1991; Blissard
et al., 1992; Kogan and Blissard, 1994; Mans and Knebel-Morsdorf, 1998; Possee and
Howard, 1987; Pullen and Friesen, 1995; Rodems and Friesen, 1993). To expand our
understanding of baculovirus gene regulation we compared alignments of baculovirus
gene upstream sequences from 29 baculovirus genomes. We identified the five most
conserved putative promoter sequences and selected three of them, dnapol, lef-4, and vif-
1, for more detailed analysis.

Of the three genes, dnapol has the best-characterized transcriptional regulation. It has
been long held that the dnapol gene utilizes a “TATA-less’ promoter for gene
transcription, based on transcriptional analysis of AcMNPV dnapol (Ohresser et al.,
1994). Our sequence alignment, however, has suggested that this may be the exception
rather than the rule. Although the Group I NPVs did not appear to have a TATA
element, all other baculoviruses sequenced to date have a conserved TATA motif. The
TATA motif of CEIMNPYV overlaps with the CAGT sequence and coincides with the site

of transcription initiation at —108 bp (Liu and Carstens, 1995). It is unlikely that both
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sequences may serve as transcription initiation sites, however it cannot be assumed that
the CAGT, and not the TATA motif, is the functional element. This contradicts
transcription analysis of Spodoptera littoralis NPV (SpliNPV) that reports a CGT motif
as the site of transcription initiation (Huang and Levin, 2001). However, baculovirus
genes have long been shown to have multiple transcripts and it was speculated that
SpliNPV dnapol may utilize multiple transcription start sites, by sequence prediction.
While our observation of a TATA motif sequences may simply be coincidental, the
relative significance of specific dnapol TATA and CAGT sequences in baculoviruses
other than Ac MNPV remains unclear and merits further investigation.

Our analysis indicated that early- and late- expressed gene upstream sequences were
more conserved than immediate early and very late gene upstream regions. We
highlighted the potential roles of conserved sequence motifs upstream of the early dnapol
and /ef-4 genes as well as the late vif~1 gene. By comparing PWMSs of dnapol, lef-4, and
vif-1 conserved motifs to the upstream sequences of all genes in this analysis, we
observed that the dnapol Region I was a common conserved motif in baculovirus
upstream sequences. The dnapol Region I motif was also enriched in early and
immediate early genes. No known TF binding sites were identified by sequence
comparison of dnapol Region I with TRANSFAC or by literature search.

To a lesser degree, the /ef~4 Region IV motif was also enriched in early genes. The
baculoviruses are a highly diverged family of viruses (Herniou et al., 2004) and it would
be expected that similar species would share upstream motifs, so it may be significant
when motif sequences span diverged species. The /lef-4 gene Regions I, III, and IV

possess motif that were unique in that they showed the highest degree of conservation
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throughout the lepidopteran and non-lepidopteran baculovirus species. However, this
observation is confounded somewhat by overlap between the /ef~-4 upstream sequence
and the upstream ORF. Overlap between upstream sequences and upstream ORFs may
result in the prediction of conserved motifs that represent coding sequence motifs rather
than regulatory element motifs. The coding regions of lepidopteran NPV and GV vp39
gene begins approximately 50 bp upstream of the /ef~4 gene TSS. This association,
however, is not shared with the /ef~4 ORFs of the non-lepidopteran NPVs, CuniNPV,
NeleNPV, NeseNPV, and NeabNPV (Afonso et al., 2001; Garcia-Maruniak et al., 2004;
Lauzon et al., 2004; This thesis, Chapter 2). While conservation in these motifs of the
non-lepidopteran NPVs supports their role as promoter regulatory elements, the potential
dual role of coding sequences in some baculoviruses has not been clarified.

The vIf-1 upstream sequence of lepidopteran baculoviruses also overlap with a
common predicted ORF, ac-orf78 (Ayres et al., 1994). Unlike /lef-4, this association is
observed neither in GVs nor non-lepidopteran NPVs, and this motif is only conserved
throughout the lepidopteran NPVs. However, sequence comparison of this motif with the
sequences 500 bp upstream of all of the 21 genes in this study revealed that this sequence
motif, particularly a TTTTG sequence, is a common element in baculovirus gene
upstream sequences.

This study provides an alternative approach for identifying potential gene
regulatory elements in the upstream sequences of baculovirus genes. It is difficult to
identify promoter elements a priori, based on sequence data alone, and this is particularly
true for the baculovirus genomes because ORFs typically overlap with the promoters of

downstream genes. However, we used sequence alignment to identify conserved motifs



in the sequences upstream of characterized baculovirus genes. Some of the predicted
motifs correspond with transcription initiation of these genes and a number of the motifs
may potentially bind both host and viral encoded transcription factors. Transcription
analysis of baculovirus genes has typically been derived from the fine analysis of a
limited subset of the genes. By coupling sequence alignment techniques with traditional
transcription analyses, we can better identify the factors that mediate the complex

transcription regulation of the baculoviruses.
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Chapter 6. Summary and General Discussion

6.1. Revisiting Baculovirus Taxonomy and Evolution
A number of key studies have addressed the evolution and proposed taxonomy of

the lepidopteran baculoviruses. These definitions have divided the baculoviridae into
two genera, the NPVs and GVs, and these genera are further subdivided into groups
based on phylogenetic evidence or viral tissue tropism, respectively. While non-
lepidopteran NPVs are categorized taxanomically within the NPV genus, extensive
phylogenetic analyses (Herniou et al., 2004) have indicated that the NPV genus is
polyphyletic and that non-lepidopteran NPV's repfesent distinct genera. The need for
clear taxonomic classification of the baculoviridae family has been further spurred by the
recent genome sequencing of the non-lepidopteran baculoviruses that infect the sawflies
(order: Hymenoptera), Neodiprion lecontei (NeleNPV) and Neodiprion sertifer
(NeseNPV), as well as the mosquitoes (order: Diptera), Culex nigripalpus (CuniNPV)
(Afonso et ql., 2001; Garcia-Maruniak et al., 2004; Lauzon et al., 2004).

The characterization of non-lepidopteran baculoviruses is likely to expand as NPVs
have been reported from the diverse orders of Coleoptera, Diptera, Hymenoptera,
Neuroptera, Trichoptera, and possibly the Crustacea (Martignoni and Iwai, 1981).
Molecular characterization has yet to confirm the identity of a baculovirus outside of the
orders Lepidoptera, Hymenoptera, and Diptera. The White Spot Shrimp Virus (WSSV),
isolated from the Penaeus japonicus shrimp (Crustacea), was initially classified as a

baculovirus based on its morphological characteristic, but the genome sequence of this
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virus is clearly unrelated to any current members of the baculovirus family (Yang ez al.,
2001).

Chapter two of this thesis reported genome sequence for NeabNPV, the third
hymenopteran baculovirus genome sequenced to date. The genome of NeabNPV was
closely related to the NeleNPV and NeseNPV in genome composition, gene content, and
gene order. As such, it does not directly address the taxonomy of the baculovirus family
as a whole, but rather resolves the phylogeny of the sawfly baculoviruses of these related
Neodiprion species.

Chapter two expanded on the observations from the genome sequences of NeleNPV
and NeseNPV, that the hymenopteran baculoviruses represent a distinct clade from the
other fully sequenced baculovirus genomes. Within the hymenopteran baculoviruses, the
old world NPV (NeseNPV) was divergent from the new world NPVs (NeleNPV and
NeseNPV). The divergence between baculoviruses of geographically isolated insect
hosts supports the hypothesis that baculoviruses coevolve with their hosts (Herniou ef al.,
2004). The comparison of hymenopteran baculoviruses, however, also reveals a possible
common mechanism between the evolution of hymenopteran and lepidopteran
baculoviruses.

A common feature of lepidopteran baculoviruses is the presence of interspersed repeats
in the genome. These repeats are known as “homologous repeat regions’ (4rs). The hrs,
and in particular 4735, have been implicated in facilitating recombination (Crouch and
Passarelli, 2002). Comparison of major insertions and deletions in the A loci of C1 and
G4 strains of HearNPV further suggested that there was a possible association between

hrs and the mechanisms of recombination (Zhang et al., 2005). Comparison of the
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NeabNPV and NeleNPV genomes of the hymenopteran baculoviruses provides the most
convincing link between highly repetitive loci and genome recombination. Major
rearrangements that occur between interspersed repeats in these genomes are likely to
have contributed to genomic instability and facilitate the evolution of the baculoviruses.
Conversely, the repeated element associated with NeabNPV and NeleNPV
rearrangements was not identified in NeseNPV, suggesting that the appearance of these
repeats is a relatively recent event that may have contributed to the speciation of

NeabNPV and NeleNPV.

6.2. Sawfly baculovirus infection cycle
The non-lepidopteran and lepidopteran baculoviruses differ significantly in terms

of pathogenesis and tissue tropism. Whereas the lepidopteran baculoviruses generally
cause systemic infections, the non-lepidopteran baculoviruses are localized to the larval
midgut (Federici, 1997; Moser ef al., 2001). While infection pathology of the sawfly
NPVs is generally poorly understood, the genome sequences have aided us in comparing
and contrasting lepidopteran and non-lepidopteran baculovirus pathology.

All baculoviruses sequenced to date, including NeabNPV, have a core set of 29
conserved genes (Garcia-Maruniak et al., 2004; Lauzon et al., 2004). These genes are
involved in essential baculovirus processes, including DNA replication, transcription, and
viral occlusion. Lepidopteran and sawfly baculoviruses alike have virally encoded DNA
and RNA polymerase genes (Guarino ef al., 1998; Tomalski ef al., 1988). In addition to
these, the baculoviruses have a host of early-expressed genes that support these

mechanisms. The greatest differences in genome content, however, are observed in the
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genes that are transcribed in the immediate early and in the late temporal stages of viral
infection.

Immediate early baculovirus genes are best represented by the well-characterized
ie-1 gene. The ie-1 gene is conserved in all lepidopteran baculoviruses and encodes a
transactivator believed to initiate a cascade of temporally regulated gene expression that
is essential for lepidopteran baculovirus DNA replication and viral propagation (Kool et
al., 1994). Other immediate early genes have been identified, including ie-2, pe38 and
me53, and are often essential for DNA replication, but none are as conserved throughout
the baculoviridae as the ie-/. Although no NeabNPV immediate early genes were
identified by sequence comparison with lepidopteran baculoviruses, we analyzed two
NeabNPV genes, neab24 and neab52, that we predicted were early-expressed. We based
this prediction on two features of these genes: both genes encoded products with
predicted zinc fingers, a common motif found in transcription factors and cellular
regulation proteins, and both genes had an upstream Zeste protein binding motif, a
feature that we found to be enriched for the early-expressed genes of the NeabNPV
genome. Our analysis highlighted the potential regulatory roles of the predicted gene
products, as well as confirming that they were both transcribed early in infection, with
neab24 transcribed as a potential immediate early gene at 0.5 hours post infection.
Neither of these genes is likely to be analogous to the lepidopteran baculovirus ie-/ gene
as neither one is both immediate early expressed and shared among all three sawfly
baculoviruses. These genes, however, are likely to each play an important role in viral

infection pathogenesis.
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Late viral infection in baculoviruses typically includes two distinct phenotypes:
the budded virus (BV) and the occluded virus. While the occluded virus forms the
occlusion bodies (OBs), or polyhedral inclusion bodies (PIBs), that are characteristic of
the baculoviruses, the BV is a non-occluded virion that is responsible for cell-cell
transmission of the virus (Federici, 1997) and is believed to be essential for the
intertrophic invasion of the lepidopteran baculovirus. The BV is structurally similar to
the nucleocapsid found in OBs but, rather than becoming occluded, it associates with and
is enveloped by the host cell membrane (Volkman ef al., 1984). Baculovirus proteins
such as GP64, or its functional analogue Ld130, are involved in cell membrane fusion
and permit the cell-cell transmission of the BV (Blissard and Wenz, 1992; Monsma and
Blissard, 1995). The GP64 protein is conserved among the Group I lepidopteran NPVs
but was not initially identified in the basal taxon of the Group II lepidopteran NPVs,
Lymantria dispar NPV (LAMNPV) (Kuzio et al., 1999). The role of Ld130 in membrane
fusion was predicted in LAMNPYV based on the presence of both a N-terminal signal and
transmembrane domain. An Ld130 orthologue of Spodoptera exigua NPV (SpexNPV),
Se8, was later shown to behave as a functional analog of GP64 (IJkel ez al., 2000).
Similarly, neither GP64 nor Ld130 were identified in non-lepidopteran baculoviruses by
sequence comparison. The divergent sequences of these analogues suggest that sequence
comparisons may not be the optimal means to identify potential functional homologues.
As a result, we reported two predicted proteins in NeabNPV, neab10 and neab44, which
putatively possess both a N-terminal signal and transmembrane domain.

Two lines of reasoning have been used to argue that the non-lepidopteran baculovirus

may not have a BV phenotype, relying only on OB-transmission of the virus. The
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primary support for this hypothesis is derived from the observed midgut localization of

the non-lepidopteran baculovirus. It has been postulated that systemic infection, typified
by the lepidopteran baculoviruses, depends on the fusion proteins that mediate BV
transmission. Another line of reasoning was that the inability to develop in vitro
propagation systems for non-lepidopteran baculoviruses stemmed from a lack of efficient
cell-cell transmission via the BV phenotype. Electron microscopy has tentatively
suggested, however, that the dipteran CuniNPV midgut viral transmission is mediated by
a BV phenotype (Moser ef al., 2001). It is possible therefore, that the hymenopteran

NPVs may utilize BV-mediated midgut virus transmission, similar to lepidopteran NPVs.

6.3. Impact of NeabNPV Genomics on biocontrol of the Balsam Fir Sawfly
The growing interest in sawfly baculoviruses has been spurred by the recent limited

license, extended by the Canadian Pest Management Regulatory Agency (PMRA) on
May 25 2005, for NeabNPV in control of the balsam fir sawfly under the trade name
Abietivi™. The success of this registration package was due, in part, to our genetic
characterization of NeabNPV. There has been recent extensive studies on the history of
the balsam fir sawfly and the efficacy of NeabNPV aerial application (Moreau et al.,
2005; Moreau, 2006). Molecular analyses, however, still offer the potential to gain novel
insight into the biology of NeabNPV.

The three species of N. abietis, N. lectonei, and N. sertifer share a common
geographical origin, North America. The disappearance of the Bering land bridge
isolated M. sertifer in Eurasia and this species became extinct in North America. Since

the reintroduction of V. sertifer to North America, these three species once again share a
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common geography. Therefore, these three insect species share a close evolutionary
relationship, which is mirrored by the viruses that are pathogenic to them.

Hymenopteran baculoviruses have been reported to exhibit species-specific infection,
however this has not been confirmed for NeabNPV (Federici, 1997). Differences
between the sequenced genomes of the NeabNPV, NeleNPV and NeseNPV will permit
the development of biomarkers that may allow detection of interspecific viral infection.
Evidence of such specificity of viral pathogenicity would strongly support the registration
of sawfly baculoviruses as biocontrol agents.

This study also alludes to genome elements that may be related to viral insect host or
tissue trophic specificity. If the zinc finger genes are, as we have theorized, major
regulators of gene transcription and/or cellular processes, they may play an important role
in viral species or trophic specificity. The expansion of C2H2 ring finger proteins in
NeseNPV may be a significant requirement for efficient viral propagation in N. sertifer
midgut epithelia. The identification of individual genes that act as host range factors in
baculoviruses has been previously demonstrated (Chen ef al., 1998) and we have
observed that NeabNPV DNA replication appears to be a limiting step in attempts to
propagate the virus in vitro (unpublished). Perhaps the lack of conservation in early
genes like the zinc finger proteins may be related to host cell-specific selection pressures
imposed on these genes.

NeabNPV-specific PCR primers have already been used to assay for the presence of
NeabNPV in field samples (unpublished). PCR is a sensitive tool that can be used to
identify NeabNPV larvae and track the epidemiology of NeabNPV in forest populations.

Based on our temporal stratification of NeabNPV, RT-PCR, along with specific primer
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combinations, may also be used to identify the prevalence and impact of incomplete or
sublethal viral infection, which have been postulated to have a significant effect on the
efficacy of bioinsecticides (Fuxa, 1987).

In general, this study provides a model for sawfly baculovirus infection that contrasts
in subtle, but likely significant, ways to the model for lepidopteran baculovirus infection.
It provides some possible insight into the species specificity and limited tissue trophism
of the sawfly baculoviruses as well as a molecular basis to understand the divergent
evolution of the sawfly and lepidopteran baculoviruses. Moreover, our molecular
analyses provide powerful and senitive tools that allow us to study the sawfly

baculoviruses in vivo.
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