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CHAPTER 1 

INTRODUCTION 

General 
Baculoviruses are pathogens that often cause fatal diseases in insects, mainly in members of 
the families Lepidoptera, Hymenoptera, Diptera, and Coleoptera, but also in Neuroptera, 
Trichoptera, Thysanura, Siphonoptera as well as in crustaceans (Decapoda). More than 600 
baculovirus isolates (Family Baculoviridae) have been described and classified into two 
genera: Nucleopolyhedrovirus (NPV) and Granulovirus (GV) (Murphy et ai, 1995). The viruses 
are designated SNPV or MNPV depending on the single (S) or multiple (M) packaging of the 
nucleocapsids in the virion. So far, nineteen relatively well characterized baculoviruses have 
received species status including Autographs californica (Ac) MNPV, Spodoptera exigua 
MNPV, Lymantria dispar MNPV, Heliothis zea SNPV and Trichoplusia ni GV. The other listed 
viruses are tentative species and their nomenclature has been derived from the first two letters 
of the Linnaean insect genus and species; e.g. BusuNPV for Buzura suppressaria NPV 
(Murphy et al., 1995). The host families from which NPVs have been isolated are listed in 
Table 1.1 (adapted from Adams and McClintock, 1991). 

Baculoviruses are host specific for insects and can cause epizootic in nature which appear to 
play a role in controlling insect populations. These viruses are, therefore, attractive biological 
control agents and offer an alternative to wide-spectrum chemical insecticides (FAO/WHO 
Report, 1973). Baculoviruses have been successfully used in most continents in the control of 
a variety of pest insects, including the cotton bollworm, velvetbean caterpillar, tea moth, 
codling moth, pine beauty moth, Douglas fir tussock moth, beet army worm and fall army 
worm. To date, a number of them have been registered as biological control agents in various 
countries. A few have been commercialized, such as the MNPV of the beet army worm S. 
exigua (SpodexR, BioSys, USA) on cotton in the USA, on shallot, garden pea, grape and 
Chinese kale in Thailand, and on flowers and ornamentals in the Netherlands (Smits and Vlak, 
1994; Kolodny-Hirsh and Dimmock, 1996). Others are produced through government 
sponsored agencies, such as GypcheckR against L. dispar in the USA. In Brasil, 1,000,000 
hectares of soybean are treated annually against the velvetbean caterpillar, Anticarsia 
gemmatalis (Moscardi and Sosa-Gómez, 1992). In China about 100,000 hectares of cotton 
and hot pepper are treated annually with the SNPV from H. armigera (Zhang, 1989; Zhang, 
1994) and about 20 other baculoviruses have been developed as insecticides for pest control 
(Table 1.2). Baculoviruses are also well suited for use in Integrated Pest Management 
strategies because of their compatibility with other control agents, chemical or biological. They 
have a proven safety track record with minimal effects on non-target insects, such as honey 
bees. They do not appear to present safety or health hazards to humans and other vertebrates 
as encountered with chemical insecticides and, lastly, they do not invoke resistance in insects 
(Persley, 1996). 



Table 1.1. Nucleopolyhedroviruses isolated from Insect Species ' 

order family number 
Coleoptera 

Cerambycidae 
Cumlionidae 
Dermestidae 

Diptera 27 
Calliphoridea 
Chironomidae 
Culicidae 
Sciaridae 
Tachinidae 
Tipulidae 

1 
1 

20 
3 
1 
1 

Hymenoptera 
Argidae 
Diprionidae 
Pamphylidae 
Tenthridinidae 

1 
19 
3 

Lepidoptera 455 
Anthelidae 
Arctiidae 
Argyresthiidae 
Bombyciidae 
Brassolidae 
Carposinidae 
Coleophoridae 
Cossidae 
Cryptophasidae 
Dioptidae 
Gelechiidae 
Geometridae 
Hepialidae 
Hesperidae 
Lasiocampidae 
Limacodidae 
Lymantriidae 
Lyonetiidae 
Noctuidae 
Notodontidae 
Nymphalidae 
Papillionidae 
Pieridae 
Plutellidae 
Psychidae 
Pyralidae 
Satumiidae 
Sphingidae 
Thaumetopoeidae 
Thyatiridae 
Tineidae 
Tortricidae 
Yponomeutidae 
Zygaenidae 

2 
22 
1 
4 
1 
1 
1 
1 
1 
1 
3 
63 
3 
5 
34 
11 
49 
1 

107 
12 
15 
6 
9 
1 
5 
23 
22 
14 
3 
1 
2 
26 
4 
1 

Neuroptera 

Siphonoptera 

Thysanura 

Trichoptera 

2 

1 

1 

1 

Chrysopidae 1 
hemerobiidae 1 

Pulicidae 1 

Phaemachilidae 1 

Limnephilidae 1 

•From Adams and McClintock, 1991 



Table 1.2. The baculoviruses that had been used as insecticides in China* 

baculoviruses 
Apochemia cinerarius NPV 
Buzura suppressaria NPV 
Buzura thibetaria NPV 
Dendrolimus punctatus NPV 
Ectropis obliqua NPV 
Euproctis pseudoconspersa NPV 
Euproctis similis NPV 
Gynaephora ruoergensis NPV 
Heliothis armigera NPV 
Hyphantria cunea NPV 
Lymantria dispar MNPV 
Lymantria xylina NPV 
Malacosoma neustria tesacea NPV 
Mamestra brassicae NPV 
P/us/a agnata NPV 
Prodenia litura NPV 

Adoxophyes orana GV 
Agrotis segetum GV 
Andraca bipunctata GV 
Clostera anachoreta GV 
P/'eris rapae GV 

control pests of 
forest 

tea, forest 
tea 

forest 
tea 
tea 

garden 
grass 

cotton, tabacco 
garden 
forest 
forest 
forest 

vegetable 
vegetable 
vegetable 

tea 
vegetable 

tea 
forest 

vegetable 

'Adapted from D. Liang, 1991; Tan, Y. and Tao, T. (1991) 

A major limitation to wider use of baculoviruses in insect control, is their relative slow speed of 
action, particularly in crops with low damage thresholds such as flowers and fruits. Normally, it 
takes a few days for the virus to induce feeding inhibition in larvae (Fig. 1.1) when a more 
immediate insecticidal effect is often desired. An other drawback is their relatively low 
virulence for the older instars (Table 1.3) which cause the majority of damage in crops. Finally, 
baculoviruses are often too specific (Table 1.4) to meet the commercial demands for broad 
spectrum activity. 
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Figure 1.1. Relation between larval mortality (thin 
line) and cessation of feeding (thick line) in 
percentage versus time (days) after wild type 
baculovirus infection. The anticipated effect of 
baculoviruses with enhanced insecticidal activity is 
indicated by the dished line. 



Table 1.3. Biological activity of Mamestra brassicae MNPV against Mamestra brassicae larval instars3 

Instar 
L1 
L2 
L3 
L4 
L5 
L5 (mid) 

LD50
b 

7 
947 
5420 
59225 
238370 
>5x107 

"from Evans (1981) 

upper 
5 
796 
4334 
47629 
184408 
-

95% fiducial limits 
lower 
11 
1127 
4777 
73645 
308123 
-

b polyhedra per insect of Mamestra brassicae 

Table 1.4. Host range of selected baculoviruses in insects 

Virus species 
Autographa californica MNPV 
Mamestra brassicae MNPV 
Helicoverpa zea SNPV 
Gilpinia hercyniae NPV 
Cydia pomonella GV 
Buzura suppressaria SNPV 
Spodoptera litura MNPV 
Spodoptera exigua MNPV 
Euproctis chrysorrhoea NPV 

Insect family 
13 
4 
1 
1 
1 
1 
1 
1 
1 

Insect species 
73 
36 
7 
7 
4 
1 
1 
1 
1 

Detailed knowledge on baculovirus gene structure, function and regulation has allowed the 
manipulation of the viral genome and the development of the baculovirus expression vector 
system (Smith et al., 1983; O'Reilly et al., 1992b; King and Possee, 1992). This technology 
has been exploited and tailored for the construction of baculoviruses with improved insecticidal 
properties (see Black et al., 1997; Hu and Vlak, 1997; Miller, 1995 for review), such as 
increased speed of action (Wood and Granados, 1991; Vlak, 1993a, b; Miller, 1995; Bonning 
and Hammock, 1996, for review), enhanced virulence (Zuidema et al., 1989; Ignoffo et al., 
1995) and extended host range (Thiem, 1997). 

Baculovirus structure and infection cycle 
The baculovirus phenotypes appear to have evolved to suit the unique features needed to 
cause horizontal and vertical infections of larvae. The replicate cycle is biphasic where two 
progeny phenotypes are produced, the occlusion-derived virus (ODV) and the budded virus 
(BV). ODV is encapsulated in a protein matrix composed predominantly of a single protein 
called polyhedrin (or granulin in GV). The budded form of virus (BV) is not occluded. ODV is 
responsible for the initiation of an infection in the insect. Infection is initiated when the alkali-
sensitive occlusion body is ingested by a susceptible host and dissolves at the high pH of the 
insect midgut, thereby releasing virions. The midgut epithelial cells produce BVs which are 
transported via the hemolymph (Granados and Lawler, 1981) or the tracheal system 
4 



(Engeland ef al., 1994) to other tissues to cause a secondary infection. In the early stage of 
secondary infection, infected cells produce BVs which efficiently spread the infection from cell 
to cell within insect tissues. At later stage of secondary infection, virions are occluded into 
occlusion bodies in the infected cells. At the end of the infection, the cells and tissues of the 
dead insects are disintegrated and occlusion bodies are released into the environment. The 
next infection cycle starts again when the occlusion bodies are ingested by other susceptible 
insects (Fig. 1.2). The function of the occlusion body is two fold. One is offer a certain amount 
of protection to the virions against damaging environmental agents such as heat and decay. 
This may allow the virus to remain viable out side of the hosts for many years. The second 
function is to deliver the virus to the alkaline midgut where virus gets access to susceptible 
larval tissues. Although their nucleocapsids are similar in structure, ODVs and BVs are 
structurally distinct and have specific polypeptides (Fig. 1.3; see Funk et al, 1997, for review). 

PLASMA MEMBRANE 
NUCLEAR MEMBRANE 
NUCLEAR PORE 

Figure 1.2. Schematic representation of the baculovirus infection cycle (from van der Beek, 1980; van 
Strien, 1997). Ingested polyhedra are solubilized in the midgut and virions are released (A). The envelopes of 
the virions fuse with the plasma membrane of the insect cell (B). After traversing the cytoplasm virions enter 
the nucleus, uncoat and release the viral DNA (C). Progeny viral nucleocapsids are synthesized in the 
virogenic stroma (D). Following envelopment in the nucleus (E), progeny nucleocapsids are initially released 
by budding (H, I, J). Budded virions infect adjacent cells by endocytosis (K). Nucleocapsids produced in later 
stages of an infection become occluded in polyhedral protein (F). Finally, the occlusion bodies are released 
by lysis of the infected cell. 



BV specific 
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gp64 Envelope' 
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(gp64 EFP) 
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(BV) 

Common Virion 
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Basic DNA Binding 
Protein (p6.9) 
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Figure 1.3. Structural comparison of the two baculovirus phenotypes, the budded virion, BV, and the 
occlusion derived virion (ODV) (from Blissard, 1996; Funk ef a/., 1997). The ODV structure represents the 
MNPV subgroup. Proteins common to both virion types are indicated in the middle of the figure. Proteins 
specific to either BV or ODV are indicated on the left and right , respectively. The polar nature of the 
baculovirus capsid is indicated in the diagram with the claw-like structure at the bottom and the ring-like 
nipple at the top of the capsid. References for structural proteins are p6.9 (Wilson ef a/., 1987); vp39 
(Blissard et al., 1989; Pearson ef a/., 1988; Russell ef a/., 1991; Thiem and Miller, 1989); p80 (Lu and 
Carstens, 1992); Müller ef al., 1990); pp78/83 (Russell ef a/., 1997; Vialard and Richardson, 1993); polyhedrin 
(Hooft van Iddekinge ef a/., 1983); PEP (PP34)(Gombart ef a/., 1989; Russell and Rohrmann, 1990); ODV-
E25 (Russell and Rohrmann, 1993); ODVE66 (Hong ef a/., 1994); ODVE56 (Braungel ef a/., 1996a; 
Theilmann ef a/., 1996); ODVE18, E35, and EC27 (Braungel ef a/., 1996b); gp41 (Whitford and Faulkner, 
1992a, b); p74 (Kuzio ef a/., 1989) and gp64 (Blissard and Rohramann, 1989; Whitford ef a/., 1989). Lipid 
compositions of the BV and ODV envelopes derived from AcMNPV infected Sf9 cells (Braunagel and 
Summers, 1994) are indicated (LPC, lysophosphatidylcholine; SPH, sphingomyelin; PC, phosphatidylcholine; 
PI, phsophatidylinositol; PS, phosphatidylserine; PE, phosphatidylethonalamine). 

Genome organization and gene expression of baculoviruses 
Baculoviruses have a circular, double stranded DNA genome varying in size from 90 to 160 
kilobasepairs (kb) depending on the species. So far three genomes, that of AcMNPV, Bombyx 
mon (BmNPV) and Orgyia psudotsugata (OpMNPV), have been completely sequenced (Ayres 
ef a/., 1994; S. Maeda, GenBank accession number L33180; Ahrens et al., 1997). The 
genome of AcMNPV is composed of 133,894 base pairs (bp) potentially encoding 154 
proteins, that of BmNPV is 128,413 bp in size and contains 136 putative genes, and the 
OpMNPV genome is 131,990 bp in size containing 152 putative genes. Sequence analyses of 
the three genomes have revealed a total of 184 different baculoviral ORFs. Among these 
ORFs, 119 are shared by the three genomes, 21 are present in two of the three genomes and 
44 are unique to individual genomes (14 ORFs for AcMNPV, 4 ORFs for BmNPV and 26 
ORFs for OpMNPV). Genomic comparisons indicated that, even though there are small 
inversions and insertions (or deletions), basically these three baculovirus genomes have a 
similar gene content and arrangement. 
6 



Baculovirus gene expression is organized in a sequential, cascade-like fashion. Each 
successive phase is dependent on the previous one (Blissard and Rohrmann, 1990). 
Regulation of baculovirus gene expression occurs at the transcriptional level. Three phases, 
early, late and very late, are distinguished during a baculovirus infection. Genes expressed 
during the early phase of the infection are transcribed by a host-cell encoded RNA 
polymerase. The products of early viral genes function to prepare the host cell for virus 
multiplication and to accelerate replicative events (Friesen, 1997). One of the important early 
genes is the immediate-early gene 1 (ie-1). Its product is involved in the transactivation of 
many genes that are expressed during the later phases of a baculovirus infection. The late 
stage of baculovirus infection is defined as those events that occur following the initiation of 
viral DNA replication and is usually subdivided into a late and a very late phase. These 
phases coincide with the production of BV and ODV, respectively (Lu and Miller, 1997). During 
the late phase, genes encoding structural proteins of the viral nucleocapsid, such as vp39 and 
p6.9, the major capsid protein and basic core protein, respectively, are abundantly transcribed. 
Genes encoding occlusion-related polypeptides, such as polyhedrin or granulin, are 
transcribed primarily during the very late phase. Another abundantly expressed very late gene 
is p10, which encodes a small polypeptide that affects nuclear disintegration in the final 
phases of cell death. 

Buzura suppressaria and BusuNPV 
Buzura suppressaria Guenée (Lepidoptera: Geometridae) is a polyphagous pest insect which 
causes damage to about 60 plant species including tea, tung-oil tree, metasequoia and 
Mandarin oranges. The insect has been reported from China, India, Burma and Japan. In 
China, it is widely distributed in thirteen provinces in the South-Central part including Hubei, 
Hunan, Jiangxi, Anhui, Jiangsu, Zhejiang, Shichuan, Guizhou, Guangxi, Guangdong, Fujian, 
Yunnan and Shanghai. In most regions the insect has two generations a year, but in the very 
south of China, such as the Guangdong, Guangxi and Fujian provinces, there are 3-4 
generations per year (Institute of Tea, 1974). The B. suppressaria larvae can cause severe 
damage to the plants and chemical insecticides used to be the only means of control during its 
outbreaks. 

In 1978, a single-nucleocapsid NPV of B. suppressaria (BusuNPV, also known as BsSNPV) 
was isolated from dead larvae (Xie et al, 1979; Gan, 1981; Chu et al. 1979). The virus was 
later developed as an insecticide to treat infested tea, tung-oil tree and metasequoia plants 
(Xie and Peng, 1980; Peng etal., 1991; see report WIV etal., 1985, for review). The virus has 
been used in Hubei, Jiangxi, Fujian, Hunan, Guangdong, Anhui, Guangxi, Guizhou province 
and Shanghai in a total area of about 300 hectares (4000 mu). The largest virus application 
was in 1989 in Chongming island off the coast of Shanghai where 100 hectares (1450 mu) of 
infested metasequoia forest was treated. The control was very successful in that the insect 
population was significantly reduced (Peng et al., 1991) and more importantly, infestation by 
this pest insect has since not recurred in that area (H.Y. Peng, personal communication). 



The aim and outline of the thesis 
Naturally existing baculoviruses is a potentially bountiful source of environmentally benign 
biocontrol agents. A detailed knowledge of genome organization, gene structure, function and 
regulation is an essential prerequisite to genomic manipulation and the generation of 
enhanced biocontrol agents. The major aim of this thesis was a detailed study of the genome 
organization of BusuNPV, and to provide knowledge for the future improvement of the viral 
insecticidal properties. In comparison to MNPVs, knowledge of the molecular biology and 
genetics of SNPVs is very limited. The study of the BusuNPV genome will allow the 
comparison of an SNPV with MNPVs both at the gene and the genome level. 

Table 1.5. The NPVs isolated from Geomitridae insects* 

Abraxas grossulariata NPV 
Acidalia carticcaria NPV 
Alsophila pometaria NPV 
Amphidasis cognataria NPV 
Anaitis plagiata NPV 
Anthelia hyperborea NPV 
Apocheima cinerarius NPV 
Apocheima pilosaria NPV 
Biston betularia NPV 
Bistort hirtaria NPV 
Biston hispidaria NPV 
Biston marginata NPV 
Biston robustum NPV 
Biston strataria NPV 
Boarmia bistortata NPV 
Bupalus piniarius NPV 
Buzura suppressaria NPV 
Buzura thibtaria NPV 
Caripeta divisata NPV 
Clingilia catenaria NPV 
Culcula panterinaria NPV 
Deileptenia ribeata NPV 
Ectropis crepuscularia NPV 
Ectropis excellens NPV1 

Ectropis grisecens NPV2 

Ectropis obliqua NPV 
Ennomos quercaria NPV 
Ennomos quercinaria NPV 
Ennomos subsignarius NPV 
Enypia venata NPV 
Erannis ankeraria NPV 
Erannis defoliaria NPV 
Erannis tiliaria NPV 
Erannis vancouvernsis NPV 

Eupithecia annulata NPV 
Eupithecia longipalpata NPV 
Hesperumia sulphuraria NPV 
Hydriomena irata NPV 
Hydriomena nubilofasciata NPV 
Hyperetis amicaha NPV 
Jankowskia athleta NPV 
Lambdina fiscellaria NPV 
Lambdina fiscellaria lugubrosa NPV 
Lambdina fiscellaria somniaria NPV 
Melanolophia imitata NPV 
Myrteta tinagmaria NPV 
Nepytia freemani NPV 
Nepytia phantasmaha NPV 
Nyctobia limitaha nigroangulata NPV 
Operophtera bruceata NPV 
Operophtera brumata NPV 
Opisthograptis luteolata NPV 
Oporinia autumnata NPV 
Ouraptrgx ebuleata NPV3 

Paleacrita vernata NPV 
Peribatodes simpliciaria NPV 
Pero behrensarius NPV 
Pero mizon NPV 
Phigalia titea NPV 
Phthonosema tendinosaria NPV 
Protoboarmia borcelaria indicataria NPV 
Ptychopoda seriata NPV 
Scopula subpunctaria NPV 
Selidosema suavis NPV 
Sucra jujaba NPV4 

Synaxis jubararia NPV 
Synaxis pallulata NPV 

'Adapted from Martignoni, M.E. and Iwai, P.J. (1986) except references 1-4 (Chen era/., 
1989; Peng ef a/., 1994; Zhang and Xing, 1986). 



BusuNPV was chosen because it controls a major insect pest in China. By serendipity, it is 
also a SNPV and a representative of baculoviruses infecting members of the insect family 
Geometridae (Order Lepidoptera). This family hosts the second largest member of 
baculoviruses after those infecting Noctuidae (Table 1.1). So far, 67 baculoviruses have been 
described from geometrids (Table 1.5), including several important pest insects, such as the 
Eastern hemlock looper, Lambdina fiscellaria, in North America (Carrol, 1956; Raske et al., 
1995). When the study described in this thesis was initiated in 1993, none of the geometrid 
baculoviruses had been investigated at the molecular level to any detail. Recently, however, 
the polyhedrin sequences of Lambdina fiscellaria fiscellaria NPV, Lambdina fiscellaria 
lugubrosa NPV and Ecotropis obliqua NPV have been reported (Levin et al, 1997; Zhang et al, 
GenBank U95041). The research presented in this thesis is a significant step to the 
understanding of the genomic organization, gene structure and phylogenetic status of 
BusuNPV as a prelude to genetic modification of this virus. 

Polyhedra (occlusion bodies) are the most prominent feature of baculoviruses infections. 
Polyhedrin, the major component of occlusion bodies, has been the subject of detailed 
investigations because it is important for the survival of the virus in the environment and also 
because it is the most conserved viral protein. The gene encoding polyhedrin is temporally 
regulated under the control of a powerful late promoter that led to the development of the 
successful baculovirus expression systems. More sequences for polyhedrins than for any 
other baculovirus protein have become available. Hence, on the basis of polyhedrin 
sequences, a phylogenetic tree of baculoviruses has been constructed (Zanotto et al., 1993), 
which subdivides baculoviruses into several groups. Since the polyhedrins from SNPVs were 
under represented (only 2 included), it was necessary to identify and sequence this gene from 
BusuNPV (Chapter 2) and to verify the grouping of SNPVs in the phylogenetic tree (see 
Chapter 8). 

The ecdysteroid UDP-glucosyltransferase (EGT) is a key enzyme in abrogating the insect host 
regulation of metamorphosis (O'Reilly and Miller, 1989). It conjugates ecdysteroids with sugars 
and hence blocks molting of the insect. Deletion of egt allows the insect to molt normally, and 
consume less foliage than wild type virus infected larvae. Also, larvae are killed quicker by an 
egt null virus (O'Reilly and Miller, 1991). So far, egt has only been identified in MNPVs and its 
presence in SNPVs has not been ascertained. The identification, sequence analysis and 
phylogeny of BusuNPV egf is described in Chapter 3. This gene locus may well be a future 
target to improve the insecticidal properties of BusuNPV. Knowledge of the sequences of 
polyhedrin and egt genes also allows the positioning BusuNPV into the phylogentic trees of 
baculoviruses. 

The location of the egt relative to polyhedrin gene in the genome of the BusuNPV provided the 
first evidence for differences between the gene organization in this virus and that of AcMNPV, 
the baculovirus type species (Murphy ef a/., 1995). Sequencing of a 3.2 kb /-//rid 11 i fragment of 
the BusuNPV genome (Chapter 4) indicated that the genome organization of BusuNPV is 
unique and clearly distinct from those of other baculoviruses characterized so far. 
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The gene content and organization the BusuNPV genome was further delineated by 
sequencing a plasmid library either completely in both directions or only at the ends of the 
inserts ('sniff sequencing'). The sequence data (43.5 kb) facilitated a refinement of the physical 
map and allowed the generation of a partial gene map of the genome of BusuNPV (Chapter 
5). The result confirmed that BusuNPV genome has a distinct gene arrangement. A novel 
method, called GeneParityPlot, was developed for comparing genomes in general and for 
identifying gene clusters that are conserved within baculoviruses genomes. 

A second protein, P10, is also expressed abundantly late in infection but, unlike polyhedrin, the 
amino acid sequence of P10 is usually not conserved among baculoviruses. However, the 
structure of P10, in terms of the presence of important features such as the heptad repeats, 
coiled-coil formation is highly conserved (van Oers and Vlak, 1997). In Chapter 6 the 
BusuSNPV p10 gene was identified from sequence data. The coding region of the BusuNPV 
p10 gene was swapped into an AcMNPV p10 deletion mutant to test the functionality of the 
SNPV gene in an AcMNPV context (Chapter 6). 

BusuNPV occludes single-nucleocapsid virions and AcMNPV occludes multiple-nucleocapsid 
virions. 'Gene swapping' was used to replace the AcMNPV polyhedrin gene with that from 
BusuNPV (Chapter 7). These experiments were undertaken to answer an intriguing question 
on the specificity of the virion occlusion process. Since the morphogenesis of the occlusion 
body is controlled by a number of factors, a polyhedrin swap could show whether a foreign 
polyhedrin can successfully function in concert with other factors resulting in virion occlusion 
and mature polyhedra. 

In Chapter 8, the molecular genetics of BusuNPV derived from the studies carried out in this 
thesis as well as their impact on future engineering of the virus is discussed. In addition, the 
phylogenetic status of baculoviruses is discussed in detail. By comparison the 'single-gene' 
trees derived from polyhedrin, EGT and LEF-2 proteins, a phylogeny tree of the baculovirus is 
constructed. An attempt was made to figure out the evolutionary timescale of baculovirus by 
using the phylogeny tree derived from superoxide dismutase (SOD) proteins. Finally, the 
impact of baculovirus molecular genetics on taxonomy and phylogeny is discussed. 
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CHAPTER 2 

NUCLEOTIDE SEQUENCE OF THE BUZURA SUPPRESSARIA SINGLE NUCLEOCAPSID 
NUCLEOPOLYHEDROVIRUS POLYHEDRIN GENE 

SUMMARY 

A portion of the genome of the Buzura suppressaria (Lepidoptera) single nucleocapsid 
nucleopolyhedrovirus (BusuNPV) containing the polyhedrin gene was sequenced. An open 
reading frame of 738 nucleotides was identified which encoded a protein of 246 amino acids and 
represented the polyhedrin gene. A conserved TAAG motif, associated with transcriptional start 
sites in other polyhedrin genes, was identified 51 nucleotides upstream of the BusuNPV 
polyhedrin gene. A putative polyadenylation signal, AATAAA, was found immediately 
downstream from the polypeptide termination codon. Comparison of the amino acid sequence of 
BusuNPV polyhedrin with other NPV polyhedrins and granulovirus granulins showed that the 
BusuNPV polyhedrin was most closely related to the polyhedrin of Orgyia pseudotsugata 
(Lepidoptera) SNPV and most distantly related to the polyhedrin of Neodiprion sertifer 
(Hymenoptera) SNPV. 

The contents of this chapter have been published as : Hu, Z.H., M.F. Liu, F. Jin, Z.X. Wang, X.Y. Liu, M.J. Li, 
B.F. Liang and T.E. Xie. 1993. Nucleotide sequence of the Buzura suppressaria single nucleocapsid nuclear 
polyhedrosis virus polyhedrin gene. Journal of General Virology 74, 1617-1620. The nucleotide sequence data 
reported in this chapter have been deposited in GenBank under the accession number X70844 . 
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INTRODUCTION 

Buzura suppressaria (Lepidoptera:Geometridae), is the major pest insect of tea in China. This 
polyphagous insect also causes severe damage to tung oil, citrus and metasequoia plants. The 
single-nucleocapsid nucleopolyhedrovirus of B. suppressaria (BusuNPV) (Xie et ai, 1979. Gan, 
1981; Chu et ai, 1979) has been successfully used for control of this insect (Xie & Peng, 1980; 
Peng et al, 1991). The double stranded viral DNA has been analyzed with restriction enzymes 
and a preliminary physical map of the viral DNA has been determined. The BusuNPV genome 
was found to be 129 kilobase pairs (kb) in size (Liu et ai, 1993). 

The polyhedrin gene is the most extensively studied baculovirus gene. Polyhedrin is a major 
constituent of polyhedra, the large proteinaceous occlusion bodies (OBs) produced at the end of 
an infection. These OBs contain the rod-shaped virions with single (S) or multiple (M) 
nucleocapsids per virion. However, most of the information on polyhedrins has been derived 
from studies on MNPVs (Rohrmann, 1986). Only two SNPV polyhedrins have been sequenced, 
those from Orgyia pseudotsugata of the Lepidoptera (OpSNPV, Leisy et ai, 1986a) and 
Neodiprion sertifer of the Hymenoptera (NeseNPV, see Rohrmann, 1992). Since OpSNPV 
polyhedrin and NeseNPV polyhedrin have a low degree of amino acid sequence identity, 
sequencing of a third SNPV polyhedrin gene will likely be useful in understanding the relatedness 
among SNPV polyhedrins in particular and among polyhedrins and granulins (OB protein of 
granulovirus = GV) in general. In this paper we compared the BusuNPV polyhedrin gene and its 
flanking regions with those of other baculoviruses. 

MATERIALS AND METHODS 

Virus and DNA 
BusuNPV was propagated in B. suppressaria larvae and the occlusion bodies (OB) were 
purified by differential and rate zonal centrifugation (Xie et ai, 1979). The DNA was isolated 
directly from purified OBs by using a dissolution buffer (0.1 M Na2C03, 0.01 M EDTA and 0.17M 
NaCI), followed by proteinase K and SDS treatment, phenol/chloroform extraction and dialysis. 
The purity of the DNA was determined spectrophotometrically. 

Cloning and sequencing of DNA fragments 
The Autographa californica (Ac) MNPV EcoRI-l fragment, which contains the polyhedrin gene 
(Vlak et ai, 1981), hybridized with a 2.0 kb Kpn\-\ fragment of BusuNPV DNA (Liu et ai, 1992). 
The Kpnl-I fragment of BusuNPV DNA was cloned into a bacterial vector M13mp18 according to 
Maniatis ef ai (1982). 'Erase-a-Base' (Promega) was used to generating subclones for 
sequencing. The vectors containing the 2.0 kb Kpnl-I fragment were digested with Pst\ and 
SamHI to produce 3' and 5' overhangs, respectively. The DNA was then treated with 
exonuclease III and nuclease S1 to produce overlapping fragments. These fragments were self-
ligated and transformed to E. coli to obtain subclones from which DNA was isolated for 
sequencing (Maniatis et ai, 1982). DNA sequencing was carried out by using the 
dideoynucleotide chain-terminating method of Sanger et ai (1977), employing the T7 DNA 
polymerase Sequencing System (Promega). Since the polyhedrin gene sequence did not reside 
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totally within the Kpnl-I fragment, the adjacent Kpn\-Hind\\\ fragment was cloned and the portion 
containing the 3' end of the polyhedrin gene sequenced. 

Computer analyses 
Sequences were analyzed with the aid of the UWGCG computer program; DNA and deduced 
amino acids sequences were compared with the updated GenBank/EMBL. 

RESULTS AND DISCUSSION 

The 2.0 kb Kpnl-I fragment of BusuNPV DNA which hybridized with the AcMNPV EcoRI-l 
fragment was cloned into a M13mp18 vector and two kinds of clones were obtained which 
contain the Kpnl-I fragment in different orientations. By using 'Erase-a-Base' (Promega) a series 
of subclones containing overlapping sequences were obtained and from which the sequence of 
the both strands of the Kpnl-I fragment was generated. Sequence analysis showed that the 3' 
end of the polyhedrin gene did not reside within the Kpnl-I fragment, therefore, the adjacent 
Kpn\-Hind\\\ fragment was cloned and sequenced to obtain the entire sequence of the polyhedrin 
gene. 

A total of 2340 nucleotides of BusuNPV DNA was sequenced, which included the polyhedrin 
gene and its flanking regions (Fig. 2.1). The polyhedrin gene is 738 nucleotides long with the 
potential to encode a polypeptide of 246 amino acids. In the 5' non-coding region, a putative 
transcriptional start site is present with the canonical core sequence TAAG (Vlak and Rohrmann, 
1985) at nucleotide position -51. In the 3' non-coding region, a poly (A) signal sequence AATAAA 
(Birnstiel et al., 1985) was found 5 nucleotides downstream from the translational stop codon 
TAA. Our nucleotide sequence is slightly different from the partial 5' end sequence as reported 
previously for the BusuNPV polyhedrin gene (Zhang et al., 1991), but this could be due to the 
existence of two different virus isolates. 

The promoter region of the BusuNPV polyhedrin gene was found to be similar to those of other 
baculovirus polyhedrin genes (Fig. 2.2). These similarities include the A at position -3 (Kozak, 
1983) and the TAAG motif involved in transcription initiation at position -51 (Rohrmann, 1986). 
The promoter region of the BusuNPV polyhedrin gene is most closely related to OpSNPV (Leisy 
et al., 1986 a) with an identical length (51 nucleotides) and only 5 nucleotides difference in 
sequence. We found no homology between the sequences upstream of the BusuNPV polyhedrin 
gene promoter or downstream from the gene with those of AcMNPV (Possee et al., 1992). No 
major open reading frames were observed in the upstream region. 

The amino acid sequence of the BusuNPV polyhedrin was compared to twelve known other NPV 
polyhedrins (Fig. 2.3). The BusuNPV polyhedrin (246 amino acids) is similar in size to most other 
NPV polyhedrins including NeseNPV (246 amino acids) but not to GV granulins (size variation at 
N-terminus; data not shown). At amino acid residues 33-36 a KRKK sequence is present, which 
in AcMNPV polyhedrin served as a nuclear localization signal (Jarvis etal., 1991). 
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GGTACCAATTCGAAACCAACGCAACAAGAATACGATACCAATATTGGCAATTGTAACAATAAAAATTTTGAAAATGTTAAACGTAATGAG 90 

AATCCCGTAATAAAAAAATATTCGTATTTGTTTGAAGAAAAAACGTTGÄCGTTTGATAATCAGTTTTGTTTTGTGCTTCGGTATTTGATT 180 

AAAAACGAAGAAATTTGGATGATTGGCTACGATCTCGGCCGCGGGAATCGGATTTGACAATCCCAACTTGGCCGTGAACCGATATGTTCA 27 0 

ATTTACAGAATGGAAAAGTGTCAATCAATTGTTGTTTGATAAATTTACTGCTGACGACGGAATCAAATGTATCAATCGGAACGGCGCTCT 3 60 

GCAACTGCTCAATAATATAGATTTTAAAAACAAGGCAGAATTTATTGCTTGTTTGTTGGAAACGTTTAACGAGATTGGAACACTTTCATA 4 50 

AACCGTCTTCGACGTCT ATAGTCAACGACGATGAC AAATTCGATAAACTATTAGAAGCTATTGAGGCGATCAAGGTGTAAC AACAC ACTT 54 0 

TTGTTGGAAAATAACACTACATTTAAAACGCAAATTATTGACAAATTAGGCGCGTTTGAACTGC AATTTTCGCACCAAATTCAAGAGTTA 630 

CAC AATAAAATTATTCAAT ATGAAAATGTGGAACAATTATATACGCGTTTAAAAAAATACCATAAAACGTTAGAGGGTTCCGCGTTGGAC 720 

GATTGCTGTTCCATTTTTAACGAACATCAAAATCGCTATGAAACCGTTAGATTTCCGCGCAATCCGTCCAAGTTTCCGAGGCTGGCAGTG 810 

TACGTGAAACCCGACAATCAAGGCACTCAGCTGGCGATAATAGCTGGCCAACAGAAAAATATGCAAGCACGCAAACGCAAATACAAGGAT 900 

ATGGAATTGGTGTATGACAGTGTTCATCCCAATCCTTTGTTGGCCGTCCATTGCATCAATGAAGAGTTGGATAATAAAAACTACAACTAT 990 

AGTAAACGAGGCAAGCGTGTTT ATCATATTCAATCTGATGTAAATACGGTTAAATCCTTTATAAATGAAAATGTTTAATAAAATATCTTC 1080 

GATATAAATTGTTTTATTTTTTTACATTTATTGGATTACATCATTTATGAATAAAACATATTTAAT ATAATGCAAAAGCAAT AAATACTG 1170 

ATGCÄAT AATATTAGGAGTTTACAACAACÄGAATATTAGTCACGCCGAGCGCTGTTGCATAACATCTTTTAATGCTGCCTGTTGCAC ATC 12 60 

GATCTGTTGTACATGTTGAAACGGATGAGATCTCAATATTTTGAACACCTGACGGCTTTACAGCATGTAATTCGATATACGATGTTTTAT 1350 

M Y 

AAATTATCAAAATTTGTTCATTTACAATCTTCAATAAGTATTTTTTTCCTATTGTAAAACATTGTGAAAAATCAAATACAACATAATGTA 14 4 0 

T R Y S Y K P S L G R T Y V Y D N K Y Y K N L G A V I K N A 

CACTCGTTACAGTTATAAGCCCTCTTTGGGGCGAACCTATGTCTACGACAACAAATACTACAAAAATTTAGGTGCAGTGATCAAGAACGC 1530 

K R K K H E I E H E V E E R T L D P L D K Y L V A E D P F L 

TAAACGCAAGAAGCACGAAATCGAGCATGAAGTGGAGGAGCGCACACTTGATCCGCTAGATAAGTATTTGGTCGCCGAAGACCCTTTTCT 1620 

G P G K N Q K L T L F K E I R N V K P D T M K L V V N W S G 

TGGACCCGGTAAAAACCAAAAACTTACTTTGTTTAAAGAAATTCGTAATGTTAAACCAGACACCATGAAATTGGTCGTTAACTGGAGCGG 1710 

K E F L R E T W T R F M E D S F P I V N D Q E I M D V F L V 

TAAAGAATTTCTGAGGGAAACTTGGACCCGCTTTATGGAGGATAGTTTTCCTATTGTGAACGACCAAGAAATCATGGATGTCTTTTTGGT 1800 

I N M R P T R P N R C Y R F L A Q H A L R C D P D Y V P H E 

AATTAACATGCGCCCAACCAGACCTAATCGTTGTTACAGATTTTTAGCTCAACACGCGCTCCGTTGCGACCCCGACTACGTGCCACACGA 1890 

V I R I V E P S Y V G S N N E Y R I S L A K R G G G C P V M 

GGTGATCCGAATTGTCGAGCCCAGCTACGTAGGTAGCAACAACGAGTATCGCATTAGTTTAGCCAAAAGAGGCGGTGGTTGCCCGGTAAT 1980 

N L H S E Y T N S F E E F I N R V I W E N F Y K P I V Y V G 

GAATCTGCATTCTGAATACACCAACTCGTTCGAGGAATTCATCAACAGAGTAATTTGGGAAAACTTTTACAAACCTATTGTGTACGTAGG 2070 

T D S A E E E E I L L E ' V S L V F K V K E F A P D A P L Y T 

TACCGATTCGGCAGAGGAAGAAGAAATTCTTCTTGAAGTTTCTTTGGTATTTAAAGTTAAAGAATTTGCGCCTGATGCCCCTCTATACAC 2160 

G P A Y * 

AGGTCCTGCATATTAAATTCAAATAAATATATATATATATAAACCAACAATATTATAATATACTAAGCAAATTGAAGTATTGTGATTGAT 22 50 

GATGTTGCGCAAATTTTTTAGATAGGATTGAAATAGATCGTTCATTGTCGCATGCTGAGAGTAAATTTCCAATTCGTCATAAGCCAGCTG 234 0 

Figure 2.1. The nucleotide sequence of the BusuNPV polyhedrin gene and flanking regions. The predicted 
amino acids are indicated with one-letter code designations (start code ATG and stop code TAA are bolded). 
The TAAG consensus sequence for late baculovirus transcription initiation and a potential polyadenylation signal 
are underlined. The sites for the restriction enzyme Kpn\ are shown in bold letters. 

-51 -3 

BusuNPV TTCA ATAAG TATTTTTTTCC TATTGTAAAA CATTGTGAAA AATCAAAT ACAAC ATA 

OpSNPV CTCA ATAAG TATTTTTGTCC TTTCGTAAAA CATTGTGAAA TTTCAAAT ACACC ATA 

LdMNPV TCCA ATAAG TATTTTATTCT TTTCGTAAAG ATTTTGGAAA AATCAAAT ACACCGTAAA 

SfMNPV AAAT GTAAG TAATTTTTTCC TTTCGTAAAA CATTGTGAAA AATAAAAT ATA 

SeMNPV AAAT GTAAG TAATTTTTTCC TTTCGTAAAA GATTGTGAAA AATAAAAT ATA 

MbMNPV AAAT GTAAG TAATTTTCTCC TTTCGTAGAA GATTGTGAAA AATAAAAT ATA 

PaflNPV AAAT GTAAG TAATTTTCTCC TTTCGTAGAA GATTGTGAAA AATAAAAT ATA 

AcMNPV ATAA ATAAG TATTTTACTGT TTTCGTAACA GTTTTGTAAT AAAAAAAC CTATAA ATA 

BmNPV ATAT ATAAG TATTTTACTGT TTTCGTAACA GTTTTGTAAT AAAAAAAC CTATAA AT 

OpMNPV ATTA ATAAG TAATTTCCTGT TATTGTAACA ATTTTGTAAT AAAATTTC CTATAA CC 

AgMNPV GATA ATAAG TATTTTGCTGT TATTGTAGCA ACTTTGTAGT AAAATTTG CTATAA CT 

Figure 2.2. Promoter sequences of baculovirus polyhedrin genes: BusuNPV, OpSNPV (Leisy ef a/., 1986a), 
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Lymantria dispar MNPV (LdMNPV; Chang ef al., 1989), Spodoptera frugiperda MNPV (SfMNPV; Gonzales ef 
al., 1989), S. exigua MNPV (SeMNPV; Van Strien ef al., 1992), Mamestra brassicae MNPV (MbMNPV, 
Cameron and Possee, 1989), Panolis flammae MNPV (PafINPV; Oakey ef al., 1989), AcMNPV (Hooft van 
Iddekinge ef al., 1983), Bombyx mon NPV (BmNPV; latrou ef al., 1985), O. pseudotsugata MNPV (OpMNPV; 
Leisy ef al., 1986b), Antlcarsia gemmatalis MNPV (AgMNPV; Zanotto ef al., 1992). The transcription initiation 
motif TAAG is underlined. All NPV polyhedrin sequences start at +1. Only the numbering for BusuNPV is shown. 
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Figure 2.3. Comparison of the amino acid sequences of twelve NPV polyhedrins. The one-letter code 
designation is used. Dots indicate identity with BusuNPV polyhedrin. The sources of the sequences are 
described in the legend to Fig. 2.2 except for those of Choristoneura fumiferana MNPV (CfMNPV) (B.M. Arif, 
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personal communication) and Neodiprion sertifer SNPV (NeseNPV, see Rohrmann, 1992). 

Whereas MNPVs appear to be confined to Lepidopteran insects, SNPVs have been isolated 
from many other insect orders (Vlak & Rohrmann, 1985). Analysis of BusuNPV polyhedrin 
indicated that the encoded polypeptide is most closely related to that of OpSNPV with 80.7% 
nucleotide homology and 95.5% amino acid identity. Comparison to other MNPV polyhedrins 
indicated a nucleotide sequence homology and amino acid identity ranging from 70.6-80.6% and 
82.9-94.3%, respectively. It is worth mentioning that a closer relatedness of BusuNPV polyhedrin 
was found to granulins (Pieris brassicae GV; Chakerian et al., 1985 and Trichoplusia ni GV; 
Akiyoshi et al., 1985) with nucleotide homology of 57.2-58.4% and amino acid identity of 56.2-
57.1%, than to NeseNPV polyhedrin (see Rohrmann, 1992). These data give further credence to 
the hypothesis that NeseNPV evolved from the common ancestor of the Lepidopteran GVs and 
NPVs before GVs envolved from the Lepidopteran NPVs (Rohrmann, 1992). Although the 
BusuNPV polyhedrin was most related to that of OpSNPV, distinct lineages of MNPVs and 
SNPVs within the Lepidoptera are not evident. 

Future research will focus on transcriptional mapping the 3' and 5' termini of the BusuNPV 
polyhedrin gene, and further sequencing its flanking regions. The generated data will give 
additional information on the organization of SNPV genomes in comparison to those of MNPVs. 
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CHAPTER 3 

CHARACTERIZATION OF THE ECDYSTEROID UDP-GLUCOSYLTRANSFERASE GENE OF 
A SINGLE NUCLEOCAPSID NUCLEOPOLYHEDROVIRUS OF BUZURA SUPPRESSARIA 

SUMMARY 

A putative ecdysteroid UDP-glucosyltransferase (egt) gene was identified in the single 
nucleocapsid nucleopolyhedrovirus of Buzura suppressaria (BusuNPV). This is the first egt gene 
to be characterized in a SNPV, suggesting that egt genes are prevalent in 
nucleopolyhedroviruses and possibly in all baculoviruses. The open reading frame of the gene is 
1539 nucleotides long, encoding a putative protein (EGT) of 513 amino acids with a Mr of 58922. 
The 5' noncoding region contains three possible TATA boxes. A polyadenylation signal, 
AATAAA, was found downstream of the translation stop codon. A putative signal peptide of 16 
residues was present at the N-terminus of the EGT. The BusuNPV egt gene has a high degree 
of nucleotide and amino acid sequence homology to multiple nucleocapsid (M) NPV egt genes, 
the highest being to the Spodoptera exigua MNPV egt. A phylogenetic tree of eleven known 
EGTs was constructed using maximum parsimony analysis. 

The contents of this chapter have been published as: Hu, Z.H., R. Broer, J. Westerlaken, J.W.M. Martens, F. 
Jin, J.A. Jehle, L.M. Wang and J.M. Vlak. 1997. Characterization of the ecdysteroid UDP-glucosyltransferase 
gene of a single nucleocapsid nucleopolyhedrovirus of Buzura suppressaria. Virus Research 47, 91-97. The 
nucleotide sequence data reported in this chapter have been deposited in GenBank under the accession 
number U61154. 

17 


