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De genvolgorde van baculovirussen is een bruikbaar kenmerk voor fylogenetische
reconstructies.

dit proeischrift
Het bezit van een gen voor ubiquitine is karakteristiek voor baculovirussen.
dit proefschrift

De bewering dat herpesvirussen en baculovirussen een gemeenschappelijke
voorouder hebben is niet bewijsbaar.

M. Kool. 1994. Proefschrift, Landbouwuniversiteit Wageningen.
A.J. Davison. 1992. Channel catfish virus: a new type of herpesvirus. Virology 186, 9-14.

De baculovirale genen ie2 en /g3 zijn ontstaan door duplicatie.

R. Krappa & D. Knebel-Mérsdorf. 1991. Identification of the very early transcribed
baculovirus gene PE-38. Journal of Virology 65, 805-812.

D.A. Theilmann & S. Stewart. 1992. Molecular analysis of the trans-activating IE-2 gene
of Orgyia pseudotsugata multicapsid nuclear polyhedrosis virus. Virplogy 187, 84-96.
X. Wu et al. 1993. Alternative transcriptional initiation as a novel mechanism for regulating
expressicn of a baculovirus trans activator. Journal of Virology 67, 5833-5842.

Baculovirussen zijn niet geschikt voor humane gen-therapie.

D. Murges et al. 1897. Baculovirus transactivator IE1 is functional in mammalian cells.
Journal of General Virology 78, 1507-1510.

F.M. Boyce & N.L.R. Buchner. 1996. Baculovirus-mediated gene transfer into mammalian
cells. Proceedings of the National Academy of Sciences USA 93, 2348-2352,

C. Hotmann et al. 1995, Efficient gene transfer into human hepatocytes by baculovirus
vactors. Proceedings of the National Academy of Sciences USA 92, 10099-10103.

Choi en Guarino concluderen ten onrechte dat IE1 geen structureel onderdeel van
AcMNPYV virions vormt.

J. Choi & L.A. Guarino. 1995. Expression of the |IE1 transactivator of Autographa
californica nuclear polyhedrosis virus during viral infection. Virology 209, 99-107.

Goudsmit is te positief over het gebruik van een niet-pathogene HIV-stam voor de
vaccinatie ter voorkoming van AIDS.

J. Goudsmit. 1997. Vrijend virus, over aard en corsprong van het aidsvirus. Uitg. Centact,
Amsterdam.

Transgene planten met het Bacillus thuringiensis 8-endotoxine kunnen wel eens
tegen meer plaaginsecten bestand zijn dan aanvankelijk werd becogd.

F.S. walters & L.H. English. 1995. Toxicity of Bacillus thuringiensis 5-endotoxine toward
the potato aphid in an artificial diet bioassay. Entomologia Experimentalis et Applicata 77,
211-216.
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De conclusie dat een recombinant baculovirus met een antisense humaan myc
construct werkzaam is dankzij een antisense mechanisme wordt niet ohdersteund
door de gepresenteerde resultaten.

S.Y. Lee et al. 1997. Insecticidal acitivity of a recombinant baculovirus containing an
antisense c-myc fragment. Journal of General Virology 78, 273-281.

De fabrikanten van laboratorium-apparatuur beschouwen de aan- en uitknop
kennelijk niet als ncodzakelijk, gezien de doorgaans enbereikbare plaats van deze
knop.

Het ontbreken van de Ascovirussen in de laatste officiéle taxonomische indeling van
virussen is symptomatisch voor het gebrek aan interesse in de virologie van
invertebraten.

F.A. Murphy et al. (editors). 1995. Virus taxonomy. Sixth Report of the International
Committee on Taxonomy of Viruses, pp. 586.

Het verdient aanbeveling om het effect van paracetamol-inname kort na besmetting
met HIV, op verloop van infectie en cp ontstaan van mutaties in het virale genoom,
nader te onderzoeken.

Het ontbreken van BTW-heffing op vliegreizen suggereert dat de overheid vliegen
nog boven de eerste levensbehoeften stelt.

Milieu-organisaties zouden zich moeten realiseren dat transgene gewassen voorzien
van resistenties tegen ziekten en plagen een realistisch perspectief bieder op het
terugdringen van het pesticidengebruik.

Het non-vaccinatiebeleid voor klassieke varkenspest is niet Normaal en een duidelijke
misrekening.

De observatie dat in veel stedelijke gebieden de scortenrijkdom groter is dan in vele
delen van het landelijk gebied zou voor natuurliefhebbers aanleiding moeten zijn
verstedelijking van het Groene Hart te propageren.

Natuurverkenning '97. Uitg. Samsom H.D. Tjeenk Willink BV, Alphen aan de Rijn.

Een proefschrift is niet eetbaar.

Stellingen behorend bij het proefschrift:

Characterization of the Spodoptera exigua nuclecpolyhedrovirus genome:
structural and functional analyis of a 20 kb fragment.

Wageningen, 5 september 1997 E.A. van Strien
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CHAPTER 1
GENERAL INTRODUCTICN AND SCCPE OF THE INVESTIGATION

Baculoviruses provoke a devastating disease in insects. A few days after infection the afflicted
larvae become moribund and subsequently die and liquefy. The spectacular symptoms which
are induced by these viruses were already noticed two millennia ago in China in the silkworm
culture (Benz, 1986). Only much later the notion arose that baculoviruses could be exploited
constructively as bio-insecticides to control insect pests in agriculture (Steinhaus, 1956). The
ever more eminent drawbacks of chemical pest control {Carson, 1962) further fuelled the
interest for and subsequent research of baculoviruses.,

Nowadays, baculoviruses are used worldwide as micrebial insecticides (Cunningham,
1995} and, due to some characteristic features of their biology, as expression vectors for the
production of recombinant proteins of pharmaceutical interest. The latter application is a
successful result of genetic engineering of the baculovirus genome. With this technology the
properties of baculoviruses as biocontrol agents may be improved. Both types of application,
i.e. engineering for improved insecticidal activity and foreign gene expression, require detailed
knowledge of the genetic organization and expression of the baculovirus genome. Whereas a
wealth of information was available for Autographa californica multinucleocapsid polyhedrosis
virus {ACMNPV), the baculovirus type species, genetic information of other baculoviruses, such
as Spodoptera exigua MNPV (SeMNPYV), the subject of this thesis, was virtually absent at the
start of this research.

The research described in this thesis was aimed at the determination of the molecular
genetic properties of SeMNPV. Prior to the presentation of the experimental research, this
introducing chapter will provide some background information concerning the biology and
molecular genetics of baculoviruses in general and SeMNPYV in particular.

BACULCVIRUS TAXONOMY, VIRUS MORPHOLOGY AND DNA STRUCTURE

Baculoviruses (family Baculoviridae) constitute a group of viruses of which the host is found
exclusively among arthropods, distributed over seven different insect orders and one ctustacean
order. Most of the baculoviruses described are found in the order Lepidoptera (Murphy et al.,
1995). The most apparent characteristic of this group of viruses is the preduction of large (0.1-
10 pm) proteinaceous capsules, called occlusion bodies {OBs). These OBs contain rod-shaped
virions, hence the name baculoviruses {baculum = rod), and they protect the virions from
proteolytic attack during synthesis in the insect and from environmental decay.

The family Baculoviridae is divided into two genera, the genus Nucleopolyhedrovirus
{NPV) and the genus Granulovirus (GV) (Murphy et al., 1995), based on the type of acclusion
body. In GVs a single virion is found in the occlusion body (granulum), which mainly consists
of a protein named granulin. In NPVs several virions are found in one occlusion body
{polyhedron), which mainly consists of the polyhedrin protein (Fig. 1.1, 1.2). Polyhedrin and
granulin are structurally and functionally related proteins. Within the NPVs two morphotypes are
recognized: single (SNPV) and multiple enveloped nucleocapsid (or in short: multicapsid) NPVs
{MNPV)}, In the latter morphotype up to nine nucleocapsids are assembled in a single
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Figure 1.1. Structural composition of the two baculovirus phenotypes, the budded virion, BV, and the
occlusion derived virion, ODV {from Blissard, 1996). The ODV structure represents the MNVP 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 battom and the ring-like nipple at the top of the capsid. The
possible location of p74 is indicated by a dashed tine. Lipid compostions of the BV and ODV envelopes
derived from ACMNPV infected Sf3 cells (Braunagel & Summers, 1994) are indicated (LPC,
lysophosphatidylcholine; SPH, sphingomyelin; PC, phosphatidylcholine; P!, phsophatidylinositol; PS,
phosphatidylsering; PE, phosphatidylethonalamine).

viricn envelop, before several of these packages are occluded into a polyhedron. The taxonomic
significance of the NPV morphotypes is disputed and the latest taxonomic revision of the
Baculoviridae does not treat the SNPVs and MNPVs as distinct groups any longer (Murphy et
al., 1995). The maturation of the occlusion bodies of NPVs takes places in the nucleus and that
of the granuloviruses in the nuclear-cytoplasmic continuous mass of the infected cell.

The latest taxonomic overview lists 633 baculovirus species: 15 assigned and 483
putative NPV species and 4 assigned and 131 putative GV species (Murphy et al., 1995).
Although the cumulative host range of baculoviruses is very broad, each baculovirus can only
infect the arthropod animals from a single or a few related species. SeMNPV only infects the
larvae of a single insect species, whereas AcCMNPV has a relatively broad host range, involving
73 species from 13 Lepidopteran families {Possee ef al., 1986, Hu & Vlak, 1997). An overview
of baculoviruses and their hosts is available at the world wide web site of the lllinois Natural
History Survey in the Ecological Database of the World’s Insect Pathogens (EDWIP).

Both GVs and NPVs are often named after the host from which they were first isolated.
The host range of a baculovirus often constitutes an important determinant for the ultimate
designation of the taxenomic species status. The use of molecular data have been exploited
only sparsely in baculovirus taxcnomy, although the general awareness Is increasing that at
least restriction enzyme profile analysis is required to establish identity (Viak, 1982,
Cunningham, 1995).

The basic biotogy of NPVs is much better investigated than that of GVs. The replication
of AcMNPV, the NPV type species and the best studied baculovirus, is introduced below in more
detail.

The baculovirus genome consists of a circular, double stranded DNA molecule, ranging
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in size between 80 and 160 kilobase pairs (kbp). On the AcMNPV genome, with a size of
133,894 base pairs, more than 150 potential open reading frames (ORFs) were identified (Ayres
et al., 1994). These ORFs are tightly packed and sometimes even overlap (Fig. 1.3). The
baculovirus genome is further characterized by the presence of homologous repeat {/i7} regions,
which are involved in the enhancement of early gene expression and in DNA replication (see
below). A growing number of baculovirus genes and genetic elements has been investigated (for
recent reviews see Kool & Viak, 1993, Blissard, 1996, Williams & Faulkner, 1996). Recently, the
complete sequence of Bombyx mori {BmNPV) NPV (S. Maeda, accession number L33180) and
Orgyia pseudolsugata {Op) MNPV {Ahrens et al,, 1997) have become available. However, the
information on baculoviruses less closely related to AcCMNPYV is rather limited.

INFECTION CYCLE

Multiplication in vivo

A successful baculovirus infection {Fig. 1.2) starts when an insect larva of a susceptible species
ingests a baculovirus in the form of OBs, usually concomitant with food intake. The midgut
lumen of a lepidopteran larva constitutes a very alkaline environment {up to pH 12) in which the
OBs dissolve and the so-callied occlusion-derived virions (ODVs) are released. These virions
fuse with the membrane of microvilli of the midgut epithelial cells whereafter they are transported
to the nucleus, initiating the first of many infection cycles in the cells of the insect body.

Baculoviruses have a biphasic replication cycle, in which two genetically indentical but
phenotypically distinct types of virions are formed (Fig. 1.1, 1.2). Newly formed virions are
initially released by budding through the ptasma membrane of the infected cell. They are
designated by a variety of names: budded virions (BVs}, extracellular virions (ECVs) or non-
occluded virions (NOVs). The insect tracheal system and haemolymph have a major transport
function of the BVs to other tissues of the insect body (Engelhard et al., 1994, Flipsen ef al.,
1995a).

BVs differ in several aspects from the ODVs which are formed later in infection (Fig. 1.1,
1.2). BVs are responsible for the systemic infection, throughout the body of the insect; ODVs,
embedded within OBs, facilitate viral spread from one individual insect to an other, through the
population and over time. The differences between BVs and ODVs encompass the timing of
synthesis and the formation process itself, the protein and envelope composition up to the
infection mechanism of the virions {Blissard & Rohrmann, 1990, Braunagel & Summers, 1994,
Blissard, 1996, Rohrmann, 1992). BVs enter the cell by endocytosis, followed by membrane
fusion of the viral envelope and the endosome membrane. The fusion process is mediated by
a virus-encoded essential glycoprotein, gp64, which is exclusively found in BVs (Blissard, 1996,
Monsma et al., 1996).

The ODVs, the virions formed later in infection in the infected cell, are not released by
budding but they acquire an envelope in the nucleus, followed by occlusion in polyhedra. Finally,
the infected cell ruptures and the lysis of both the cellular and nuclear membrane allows the
release of the newly formed, mature polyhedra. The polyhedra are surrounded by a
carbohydrated pclyhedral envelope (Zuidema et al., 1989, Gombart et al, 1988). The
kaculovirus p10 protein has been implicated in the formation of this envelope and in the rupture
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Figure 1.2. Schematic representation of the baculovirus infection cycle (from van der Beek, 1980). 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 cyloplasm virions enter the nucleus at a
nuclear pore, uncoat and the viral DNA enters the nucleus (C). Progeny viral nuclaocapsids are synthasized
in the virogenic stroma (D). Following envelopment in the nucleus (E), progeny nucleocapsids are initially
released by budding (H, |, J). Budded virions infect adjacent insect cells by endocytosis (K}. Nucieocapsids
produced in later stages of in infection become occluded in pelyhedral protein (F). Finally, the occlusion
bodies are reieased by lysis of the infected cell.

of the infected cell (van Oers, 1994a}.

A baculovirus infection may be restricted to certain tissues of the insect, depending on
the baculovirus and its host. In lepidopteran larvae the fat body is usually the major infected
tissue and is therefore an important source of new polyhedra.

It is not until the final stages of infection that infected larvae become sluggish and cease
feeding. Death occurs a week after infection under optimal conditions (temperature). The
cancomitant liquefaction of the insect body remnants by the viral proteins cathepsin (Ohkawa
et al, 1994) and chitinase {(Hawtin ef al., 1995) facilitates the spread of the OBs in the
environment.

Muitiplication in cell culture {in vitro)

The processes that take place at the cellular level during baculovirus infection have been
investigated in detail using cultured insect cells {Granadoes & Lawler, 1981, Granados & Federici,
1986, Blissard, 1996, Williams & Faulkner, 1996). Insect cells are relatively easy to cultivate and
many are susceptible to baculovirus infection. Notably, studies of ACMNPV in Spodoptera
frugiperda and other insect cells have provided fundamental knowledge of baculovirus DNA
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replication, gene functicn, gene expression and the regulation thereof. Furthermore, the cell-
virus system offers the possibility to investigate the molecular basis of host specificity (Friesen
& Miller, 1986, Blissard & Rohrmann, 1990, Blissard, 1996, Williams & Faulkner, 1996}. From
a practical point of view the baculovirus-insect cell system has proven usaful in generating,
producing and maintaining engineered baculoviruses for the expression of foreign genes or for
biological control purposes.

Gene expression and DNA replication

After the BV has entered the insect cell by absormptive endocytosis, the nucleocapsid is
transported to the nucleus where the viral DNA is uncoated and gene expression and viral DNA
replication take place. Baculovirus gene expression occurs in a cascade like fashion and is
divided into several phases (Fig. 1.4}). Whereas late genes are not expressed bsfore the onset
of viral DNA replication, the expression of early genes starts before this event (Friesen & Miller,
1986, Blissard & Rohrmann, 1990, Blissard, 1996). Of these, the immediate early {ie) genes do
not require the presence of viral gene products for their transcription, but utilize the host RNA
polymerase Il complex. They are often involved in the transactivation of delayed early and late
gene expression and some are essential, for viral DNA replication and for late gene expression
(Kool et al., 1995, 1994a, Friesen & Miller, 1986, Blissard & Rohrmann, 1990, Lu & Carstens,
1993, Blissard 1996). By definition, late gene expression starts after the onset of DNA
replication. in AcMNPV-infected insect cells maintained at 27° C this event starts at about 6 h
p.i., but this may be later in other baculovirus - cell systems. Host protein synthesis shut off is
initiated around the same time. The expression of the polyhedrin and p10, designated very late
genes, continues during the process of OB formation and ultimately ends at cefl lysis.

Baculavirus gene expression is transcriptionally regulated. Early genes are transcribed
by host RNA polymerase |l (Fuchs, 1983, Glockner et al,, 1992, Huh & Weaver, 1990). The
promoter sequences of some early baculovirus genes resemble insect RNA polymerase ||
promoters, notably the baculovirus gene promoterfinitiator sequence CAGT preceded by the
canonical TATA box (Blissard & Rohrmann, 1990, Blissard, 1996). In addition to these motifs
other eukaryotic sequence motifs, GATA and CACGTG, were found in baculovirus genes to bind
host factors and serve as components of a core promoter {(Krappa et al., 1992, Kogan &
Blissard, 1994, Kogan et al., 1995). Recently identified Drosophila transcription factors Myc and
Mac recognized the same CACGTG sequence as their vertebrate homologs {Gallant ef al,
1996). It is thus likely that insect cell homologs perform the same function in transcription
regulation of viral promoters with these sequences. As yet, the factors determining the
transcription initiation of early baculovirus genes are still unclear. For instance, transcription
initiated from different locations in the AcMNPV and BmNPV DNA polymerase genes, which
was remarkable considering the high similarity of the promoter regions of these two viruses
(Chaeychomsri et al., 1995).

Transactivation by hr-sequences, which function as enhancers of transcription, plays a
major role in transcription regulation (see below). Only for one baculovirus gene, ACMNPV iegQ,
the primary transcript is known to be spliced (Chishelm & Henner, 1988, Kovacs et al,, 1991),
Generally, baculovirus genes do not cantain introns.
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Figure 1.3. Representation of the circular AcMNPV genome with EcoR| fragments (A to X) . Units in map units
(percentage of genome). Genes with assigned functions and hr elements are indicated (Blissard, 1996).

Late and very late genes utilize the canonical baculovirus late promoter annex initiator
sequence (A/G/T)TAAG (Blissard & Rohrmann, 1990). Only limited sequence information
beyond a few nucleotides surrounding the TAAG sequence is required for late promoter activity
{Morris & Miller, 1994, Ooi et al., 1989, Rankin et af., 1988). The baculovirus iate genes are
transcribed by an a-aminitin resistant RNA-polymerase. The origin of this polymerase, either
host-rmodified or, more likely, virus encoded, is still unclear (Grula et al., 1981, Huh & Weaver,
1990, Glockner ef al., 1993, Beniya et al., 1996, Xu et al., 1995, Yang et al., 1991), but host
proteins may be involved in baculovirus late gene transcription as well (Jain & Hasnain, 1936).

Eighteen viral genes have been identified as being required for late gene expression
(Todd et al., 1995, Lu & Miller, 1995a}. The predicted product of one of these genes, fef-8,
showed homaology to RNA polymerases (Passarelli et al., 1994). In addition, a gene involved in
very late gene expression, vif-1, was identified (McLachlin & Miller, 1994). A subset of six (je-7,
lef-1, lef-2, lef-3, helicase and DNA polymerase) of these sighteen /ef genes was essential for
DNA replication {Kool et al., 1994a). Baculovirus DNA replication and late gene expression
seem to be intimately linked, but the nature of this link remains to be elucidated.

Baculovirus DNA contains so-called hr regions. These regions contain one or more
repeated seguences and occur dispersed over the circular genome (Fig. 1.3). In AcMNPV and
OpMNPYV the hrregions function as strong enhancers of {early) gene transcription (Guarino et
al., 1986, Guarino & Summers, 1986, Choi & Guarino, 1995, Guarine & Dong, 1994, Rodems
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& Friesen, 1995, Theilmann & Stewart, 1993). The enhancement takes place in close unison
with the expression of immediate early 1 {ie7) gene {Choi & Guarino, 1995),

Hr sequences were also shown to function as origin of replication (or) in an in vitro
replication assay (Pearson at al., 1992, 1993, Leisy & Rohrmann, 1993, Kool et al,, 1993). A
second type of or, with structural homology to eukaryotic origins, was later identified in both
AcMNPY and OpMNPYV (Kool et al.,, 1994b, Ahrens et al., 1995).

SPECIFICITY AND VIRULENCE

Most baculoviruses are infectious for only a few gpecies and the majority of insects is thus not
susceptible to a given virus, Underlying mechanisms of specificity may be found at the cellular
level, as observed in the sloughing off of infected midgut epithelial cells in the midgut lumen
(Flipsen et al,, 1993, 1995a, Engelhard & Volkman, 1995} and in the encapsulation of infected
tissue by haemocytes and subsequent clearing of infected cells (Washburn et al., 1995, 1996).
Insects do not possess an immune system against micro-organisms and viruses similar to the
humoral response of vertebrates., Cellular immunity is an important defence system in
arthropods. A potential but not very well investigated factor determining specificity may be
differences in virus entry. Howevar, beyond that stage the cellular defence reaction in the form
of apoptosis seems to perform a major rote and this reaction can already be observed in the
midgut epithelial celis {Palli et al., 1996). Apoptosis is a process of active cell death, initiated by
cells as part of their programmed development or in response to infections or other triggers.

Most research on host specificity focused on the elucidation of the mechanisms at the
maolecular level. Several baculovirus genes (Clern et al, 1991, Crook et al., 1993, Birnbaum et
al., 1994, Clem & Miller, 1994) are involved in the prevention and counteraction of apoptosis.
A recently elucidated apoptosis preventing mechanism is displayed by the ACMNPV p35,
invelving specific inhibition of caspases, a type of induced cellular protease involved in the
apoptotic response (Bertin et al., 1996, Bump et al,, 1895, Xue et al., 1995}. The p35 gene is
not required in all AcMNPY hosts or cell lines (Hershberger ef af,, 1992, Clem & Miller, 1993,
Clem et al., 1991, ibid., 1994).

Other viral gene products that were shown to be involved in host specificity are AcMNPV
helicase (Croizier et al., 1924, Maeda et al., 1993) and lef-7 (Chen & Thiem, 1997). The hi-7
gene from Lymantria dispar MNPV, but not the homologous gene frem OpMNPV, extended the
host range of ACMNPV (Thiem et al., 1996). Different cell lines may impose different constraints
on the set of genes essential for viral DNA replication: the AcMNPV hcf-1 gene was required
in TN-368 cells, but not in 5f21 cells in a plasmid replication assay (Lu & Miller, 1995b),

A viral gene that has been linked with virulence is the ecdysteroid UDP-
glycosyltransferase (egf) gene {O'Reilly, 1995). This gene is required for the maintenance of
functional Malpighian tubes after virus infection (Flipsen et al., 1995b). Deletion of the egt gene
resulted in a reduction of the time to kill the insect after infection and in a reduction of feeding
damage.

Several structural proteins where shown to be essential in the baculovirus life cycls. The
AcMNPV p74 gene was required for the infectivity of the virus for insect tarvae, but not for
cultured cells (Kuzio, 1989).
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Figure 1.4. Schematic representation of the definitions and interrelationship between early, late and very late
gene transcription and DNA replication during baculovirus infection (from Rohrmann, 1985).

GENETIC ENGINEERING OF BACULOVIRUSES: DEVELOPMENT OF VIRAL GENE
VECTORS AND IMPROVEMENT AS BIC-INSECTICIDES.

The major occlusion body protein, polyhedrin or granulin, and the p10 protein are produced in
large amounts in the baculovirus infected cell. The baculovirus oeclusion body protein protects
the virions from environmental decay. The exact function of the baculovirus p10 protein remains
somewhat enigmatic (van Oers, 1394). It is a constituent of fibrillar structures found in both
nucleus and cyloplasm cf the infected cell (Russell et a/., 1991, van der Wilk et al., 1987) and
it is responsible for lysis of the nuclear membrane in the final stage of infection (van Oers,
1994). Furthermore, p10 is involved in polyhedron envelope morphogenesis {Russell et al.,
1991, Gross el al., 1994, Lee et al,, 1996). Neither polyhedrin ner p10 are essential for the
infectivity of the virus in cultured insect cells. This finding has been exploited extensively in the
construction of recombinant viruses, in which the very strong promoters of these genes drive
the expression of a wide variety of foreign genes {for reviews see King & Possee, 1992, O'Reilly
et al., 1992, Luckow, 1991). Recombinants using promaters from other temporal classes of
genes, for instance from early genes (Jarvis et al, 1996b), are also under investigation
(Blissard, 1996).

Baculovituses have positive attributes as biological control agent such as a restricted
host range, environmental safety and safety for vertebrates including humans, and compatibility
with other agricultural practices. However, disadvantages are the relatively high registration
costs, restricted market size due to their specificity, slow speed of action, low virulence for later
larval stages and limited survival of the virus, both in the field (persistence) and as formulated
praduct (shelf life). Recombinant baculoviruses, designed to alleviate some of the drawbacks
mentioned above, have met varying success (for recent reviews see Vlak, 1993, Cunningham,
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1995, Murhammer, 1996, Hu & Vlak, 1997). Successful engineered viruses with increased
speed of action were obtained by deletion of the viral egt gene (O'Reilly & Miller, 1921) and by
he introduction of a scorpion toxin gene (Stewart ef al., 1891, Maeda ef af,, 1991), a mite toxin
gene (Tomalski & Milier, 1991) or a modified JHE {juvenile hormene esterase) gene (Bonning
et al.,, 1995). Recombinant viruses expressing these genes under the control of the je? promoter
did not kill faster than the very late p10 promoter recombinants (Jarvis et al., 1996a). Failures
and successes of baculovirus genetic engineering stress the importance of basic knowledge on
baculovirus replication and gene expression as a prerequisite for rational design.

SeMNPV

The Spodoptera exigua multicapsid nuclecpolyhedrovirus (SeMNPYV), the subject of this thesis,
is a baculovirus that has been officially registered in the Netherlands for the control of the beet
army worm Spodoptera exigua on omamental crops in glasshouses (Smits & Vlak, 1994),
SeMNPV is also commarcially used on the Asian and North-American continent in a variety of
crops. During the 1970's an insecticide resistant population of the beet army worm, called
“koppensneller” (head hunter) or “floridamot” by Dutch growers, was accidently introduced in the
Netherlands. In Dutch glasshouses this subtropical, polyphagous insect rapidly developed into
a serious pest of vegetable and omamental crops jike tomato and chrysanthum. In the research
that was subsequently initiated (Smits, 1987) the SeMNPV stood out as a biclogical control
agent with high potential {Smits et al., 1988). The virus was charactetized by establishing its
identity. Genetic information of the SeMNPV genome was virtually absent at the start of the
research presented in this thesis.

SCOPE OF THE INVESTIGATION

The baculovirus SeMNPV is biclogically characterized as a monospecific, highly virulent
baculovirus of the beet army worm 5. exigua. These properties contrast with those of ACMNPV,
which has a broad host range and is at least ten times less virulent for this pest insect than
SeMNPV. The supposition that the biclogical differences between ACMNPY and SeMNPV must
have a genetic basis formed the starting point of this thesis.

The nucleotide sequence of the AcMNPY genome is completely known (Ayres et al,,
1994) and a few candidate genes affecting host range and virulence have been identified.
However, the available molecular data for SeMNPV were limited to restriction enzyme profiles
of the viral DNA {Smith & Summers, 1982, Gelernter ef al., 1986; Smits, Ph.D. thesis, 1987).
To ultimately achieve understanding of the mechanisms governing host range and virulence,
a molecular and genetic analysis of the SeMNPV genome was initiated, with special emphasis
on the genome organization and expression strategies of viral genes.

The first step was the identification and characterization of the SeMNPV polyhedtrin gene.
The location of this gene allows the determination of the zero point of the circular viral genome
{Vlak & Smith, 1982). Analysis of polyhedrin gene transcription provided basic information on
future exploitation of its promoter (Chapter 2). To set the coordinates on the circular SeMNPV
genome the other major late gene, pi10, was identified and transcriptionally characterized
(Chapter 3).
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From the observed distance between the polyhedrin and p10 genes in the genome of
ACMNPV {19 kb) and SeMNPV (11 kb} it was clear that the genetic organization of SeMNPY
in this region would be different from AcMNPV and OpMNPV. The entire SeMNPV genome
region (20 kbp) ranging from upstream of p10 to downstream of polyhedrin was therefore
seguenced and analyzed (Chapters 4, 5, 6 and 7). This investigation allowed the identification
of a gene for ubiquitin, v-ubi, upstream of p10 (Chapter 4). The highly conserved v-ubi gene
occupied a different position on the genetic map of SeMNPV, as compared to its position in
AcMNPV.

In AcMNPV the region batween the two major late genes polyhedrin and p70is occupied
by at least four immediate early genes, including je1. The latter gene has been implicated in host
specificity and encodes a multifunctional protein, involved in transactivation of viral gene
expression as welt as in DNA replication. The SeMNPV homolog of AcMNPYV jet, located in
between polyhedrin and p10, was characterized molecularly with special reference to the
potential occurrence of splicing {Chapter 5).

Chapter 6 describes the identification and characterization of a SeMNPV gene encoding
a homolog of the large subunit of ribonucleotide reductase, the 7 gene. This gene is a newly-
identified gene among the Baculoviridae and is absent in ACMNPV. The possible role of this
gene in baculeovirus virulence will be discussed (Chapter 6).

The genstic organization of the region spanning the polyhedrin-p10 genomic region was
further investigated and compared o the corresponding regions in the AcMNPV and OpMNPV
genomes (Chapter 7). This region was also analyzed for the presence of hr sequences, genetic
elements reported to function as enhancer of viral gene transcription and origin of baculovirus
DNA replication. The high degree of homology among the polyhedrin genes was a remarkable
exception to the pattern of divergence seen with other genes identified in this region. The
suitability of the polyhedrin gene as a phylogenetic marker for baculovirus relationships is
therefore evaluated. Finally, the results obtained from the molecular analysis, gene organization
and gene expression studies are summarized and reflected against the present literature. The
potential to use the gene organization in baculovirus genomes as a phylogenetic marker is
discussed (Chapter 7).
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CHAPTER 2

NUCLEOTIDE SEQUENCE AND TRANSCRIPTIONAL ANALYSIS OF THE POLYHEDRIN
GENE OF SPODOPTERA EXIGUA NUCLEAR POLYHEDROSIS VIRUS.

SUMMARY

The nucleotide sequence of a 1.1 kbp fragment of the multiple nucleocapsid nuclear
polyhedrosis virus (MNPV) of Spodoptera exigua (Se) containing the polyhedrin gene was
determined. An open reading frame (ORF) of 738 nucleotides (nt) was detected. This ORF
encoded a protein of 246 amino acids with a predicted M of 29 kDa. The nucleotide and amino
acid sequences were compared with the sequences of eight other NPV polyhedring, The
SeMNPY polyhedrin protein was mast clasely related to S. frugiperda MNPV palyhedrin with
differences in only five amino acids, and most distantly related to the Lyrriantn’a dispar MNPV
polyhedrin. The size of the mRNA was approximately 1000 nt, as determined by Northem blot
analysis. Using ptimer extension assays and S1 nuclease mapping the transcriptional start and
stop sites of the polyhedrin mRNA were located. The &' regulatory sequence appeared to be 44
nt in length with the mRNA start site predominantly at the first A of the TAAG consensus start
sequence. Two degenerated polyadenylation signals were found immediately downstream of
the translational stop signhal. The transcriptional stop was located approximately 230 nt
downstream from the translational stop signal, in an AT-rich sequence that appears to be
common to all baculovirus polyhedrin genes. The SeMNPY polyhedrin mRBNA does not appear
to be polyadenylated.

This chapter has been published as: Strien, E.A. van, Zuidema, D., Goldbach, RW., & Viak, J.M. 1982,
Nucleotide sequence and transcriptional analysis of the polyhedrin gene of Spodoptera exigua nuclear
polyhedrosis virus. Journal of General Virology 73, 2613-2821.
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INTRODUCTION

Spodoptera exigua multiple-nucleocapsid nuclear polyhedrosis virus (SeMNPV) is a member
of the subfamily Eubaculovirinae (Family Baculoviridae) (Francki ef 2/, 1991). Baculoviruses
are enveloped, dsDNA-containing viruses that cause acute disease in a wide range of insects.
The rod-shaped virions are embedded in large protein capsules, called polyhedra, that are a
characteristic phenotype of this group of viruses.

SeMNPYV is specific for beet armyworm (S. exigua) and is being applied as a biological
insecticide against this insect (Gelernter & Federici, 1986a; Smits ef al.,, 1988). 5. exigua
(Lepidoptera, Noctuidae) is a polyphagous pest insect of economically important crops in
(sub)tropical areas of the northern hemisphere as well as in protected environments, such as
glasshouses.

As for all baculoviruses, the speed of action of SeMNPV is relatively slow as it may take
several days or even weeks before virus infection renders its effect on insects, e.g. in the form
of reduced feeding (Smits et al., 1988). Recently however, successful attempts have been
reported on the improvement of the insecticidal activity of baculoviruses via the introduction by
genetic engineering of toxin-encoding genes (Stewart et al. 1991; Tomalski & Miller, 1991;
McCutchen ef al,, 1991; Viak, 1992). This advancement hecame possible from the detailed
knowledge of the structure and function of the polyhedrin gene and the development of transfer
systems fo introduce foreign genes into baculoviruses (Luckow & Summers, 1988; Miller, 1988;
Maeda, 1989). Most of these attempts have been undertaken with a baculovirus of Autographa
californica (AcMNPV}, this being the most thoroughly characterized baculovirus so far (Blissard
& Rohrmann, 1990; Rohrmann, 1992). Other baculoviruses are not used as frequently because
their molecular characterization lags far behind.

Polyhedrin is the most abundant protein of polyhedra and present in high amounts in
infected cells. For many baculoviruses it has been the subject of detailed molacular and genstic
studies. It is approximately 30 kDa in size and highly conserved among baculoviruses {Viak &
Rohrmann, 1985). Elucidation of the genome structure and expression of the SeMNPYV
polyhedrin gene is a starting point for the design and engineering of this virus to improve its
insecticidal properties. In this paper the nuclectide seguence organization and transcriptional
analysis of the polyhedrin gene of SeMNPV is reported. The nucleotide and amino acid
sequences of SeMNPV polyhedrin are compared with those of polyhedrin genes of cther
MNPVs.

MATERIALS AND METHODS

Virus, insects and cells. The S. exigua MNPV field isolate (SeMNPV/US) (Gelemter & Federici,
1986b) was obtained from Dr B.A. Federici, Department of Entomology, University of Califomia,
Riverside, Ca., U.S.A. in the form of polyhedra. The virus was propagated in fourth instar larvae
of 5. exigua {Smits et al., 1988).

Haemolymph from SeMNPV-infected insects was used as a source of extracellutar virus
{ECV) for infection of cultured S. exigua cells {Gelernter & Federici, 1986b}. This cell line (UCR-
SE-1), obtained from Dr B.A. Federici, was maintained in plastic tissue culture flasks in TNM-FH
medium (Hink, 1970) supplemented with 10% foetal calf serum. Infectivity assays of the ECV
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solutions were performed using the endpoint dilution method (Vlak, 1979) and the titres were
expressed as TCID,, units per ml.

SeMNPV DNA was obtained from alkali-liberated virions purified after alkaline treatment
of polyhedra followed by sucrose gradient centrifugation (Caballero ef al., 1992). Altematively,
viral DNA was isolated from ECVs of a plaque-purified isolate of SeMNPV according to
procedures described by Summers and Smith (1987).

Southern biot hybridization, cloning and sequencing. To locate polyhedrin gene-containing
sequences, the SeMNPY DNA was digested with several restriction enzymes, separated in
0.7% agarose gels, transferred to Hybond N filters {Amersham) and hybridized with the [*JP-
labelled Hindlll V fragment of Autographa californica MNPV DNA according to procedures
described by Sambrock ef al. (1989). This AcMNPV DNA fragment contained polyhedrin gene
sequences (Smith et al,, 1983). SeMNPV DNA fragments hybridizing with the AcMNPV Hindll
V probe were isolated from agarose gels by the freeze-squeeze method {Sambrook et al., 1989)
and {sub)cloned into the plasmids pTZ18R (Promega} and pUC. The SeMNPV DNA inserts
were sequenced using T7 DNA polymerase (Promega) and [*)S-dATP according to Sanger et
al. (1977),

RNA isolation. For Northern blot hybridization, primer extension and S1 nuclease analysis, total
RNA was isolated from infected S. exigua cells at 24 or 48 h post infection (p.i.). Cells were
lysed in 4 M guanidine isothiocyanate, 25 mM sodium acstate, pH 6.0, and 0.83% 2-
mercaptoethanol and stored frozen until centrifugation of the RNA through a CsCl cushion (5.7
M CsCl, 25 mM sodium acetate, pH 6.0) by centrifugation for 23 h at 32000 rpm {Beckmann
ultracentrifuge). The pelieted RNA was dissolved in sterilized double-distelied water and
ethanol-precipitated after addition of 0.1 volume of 1.5 M sodium acetate {pH 5.0). After washing
the BNA pellet in 70% {v/v) ethanol the pellet was redissclved in sterilized water. The RNA
concentration was determined by measuring the u.v, absorbance at 260 nm.

Northern blot hybridization. Total RNA was electrophoresed in a 1% (w/v) agarose gel in 10 mM
phosphate buffer (5 mM NaH,PO,, 5 mM Na,HPQ,, pH 6.5 to 7.0), with constant recirculation
of the running buffer, Prior to electrophoresis the RNA was denatured in 50% (w/w) DMSO, 1
M glyoxal {deionized), 10 mM sodium phosphate buffer for 1 h at 50°C and a 0.2 volume of
loading buffer (50% glycerol, 10 mM sodium phosphate, 0.4% bromophenol blue) was added.

The separated RNAs were transferred to GeneScreen Plus (Dupent) or Hybond N
{Amersham) in 10 x SSC (1.5 M NaCl, 0.15 M Na-citrate, pH 7.0). The filter was prehybridized
for 1 h at 48 °C in a volume of 0.2 m! hybridization buffer [6 x SSC, 1% SDS, 200 pg denatured
herring sperm DNA, 1% Ficoll-400, 1% polyvinylpyrrolidone, 1% BSA (fraction V)] per cn’ filter.
The 5' end-labelled oligonucteotide used in the primer extension assay (see below) was used
as a probe in the Northern biot hybridization and added to the prehybridization solution. After
hybridization for 16 h at 48° C the filter was washed for 5 min in 4 x SSC, 1% SDS and then for
5 min in two changes 2 x SSC, 0.5% SDS at room temperature. The filter was autoradiographed
for several days.

Primer extension. To identify the transcriptional start site of the SeMNPV polyhedrin gene, a 17-
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mer oligonucleotide (5' TCGTACACGTAAGTGCG 3') complementary to the polyhedrin mRNA
was synthesized and used in primer extension assays. The oligonucleotide was 5'-end labeled
with [y-*PIdATP using T4 polynucleotide kinase (Gibco-BRL} in 50 mM Tris-HCI, pH 9.5, 10 mM
MgCl,, 5 mM DTT, 5% glycerol for 30° min at 37°C followed by heat denaturation of the kinase
at 90° C for 10 min. The labeled oligonucleotide was purified on a 1 m} Sephadex G25 column
and ethanol-precipitated after addition of a 0.1 volume of 1.5 M sodium acetate (pH 5.0). Fifteen
ng labeled primer was added to 2 pg total RNA and this mixture was denatured for 10 min at
room temperature in 25 mM methylmercury. After addition of diluted 2-mercaptoethanol, the
reverse transcriptase reaction was carried out for 30 min at 37° C in a volume of 15 pl with 0.5
mM of each of the four dNTPs, 1 pl Moloney murine leukemia virus reverse transcriptase
(Gibco-BRL) in the buffer supplied by the manufacturer. The reaction was stopped by addition
of 5yl of a sclution containing 95% (v/v) formamide, 0.01% xyleen cyanol, 0.01% bromophenol
blue. Five pl of this reaction mixture was analyzed in a 6% polyacrylamide sequencing gel. After
drying the gel was subjected to auteradiography.

51 nuclease analysis. S1 nuclease protection experiments were performed to identify the 3' end
of the polyhedrin mRNA. A 3' end labeled dsDNA probe was prepared by filling in a suitable
restriction enzyme site with a 5' overhang using Kienow large fragment of DNA polymerase |
(Gibco-BRL) and [a-*P]dATP. The probe was purified on a Sephadex G50 1 ml column,
pracipitated and dissolved in sterile water.

Five pg total RNA and 1000 c.p.m. labelled DNA were suspended in 80% formamide, 40
mM PIPES pH 6 to 7, 1 mM EDTA, 0.4 M NaCl and denatured at 85°C for 15 min. After
hybridization for 4 h at 48° C, 300 pl ice-cold S1 nuclease digestion buffer [0.28 M NaCl, 50 mM
sodium acetate, 20 pg/ml denatured herring sperm DNA, 0.1 or 0.5 units/pl $1 nuclease (Gibco-
BRL)] was added and the mixture was incubated for 30 min at 37° C. The reaction was
terminated by addition of 80 pl termination buffer (2.5 M ammonium acetate, 5¢ mM EDTA) and
the nucleic acids were precipitated by addition of two volumes of ethanol. $1 nuclease-protected
fragments were electrophoresed on a 6% polyacrylamide sequence gel. After drying the gel was
subjected to autoradiography.

RESULTS

Localization, cloning and sequencing of the polyhedrin gene

The location of the polyhedrin gene on the SeMNPV genome was investigated by hybridization
of various restriction enzyme digests of SeMNPV DNA with AcCMNPY fragment Hindll-V as a
probe under non-stringent conditions (Fig. 2.1). This fragment contains approximately 500
nucleatides (nt) from the 3' end of the AcMNPV polyhedrin gene (Smith et al., 1983). An Xbal
fragment of 1.7 kb {lane 2) and a Sphl fragment of 11.4 kb (lane 3) of SeNPV DNA gave
positive signalw with the AcNPV probe and wers further analyzed. The probe also hybridized
with EcoRl fragment | of ACMNPV confirming the specificity of the Hindlll V {lane 1). SeMNPV
Xbal fragment R (1.7 kb) and Sph fragment D {11.4 kb) were further analysed for the presence
of various restriction sites. On the basis of the physical map obtained {Fig. 2.2) subclones were
prepared for DNA sequencing of the SeMNPV polyhedrin gene.

A contiguous segment of approximately 1120 nt was sequenced encompassing the
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Figure 2.1, Localization of the SeMNPV palyhedrin gene. Restriction enzyme analysis (a) of AcMNPY DNA
digested with EcoRl (lane 1) and SeMNPV DNA digested with Xbal and Sphl (lanes 2 and 3, respectively),
and Southern blot hybridization (b} under non-stringent conditions with AcCMNPV Hindll-V as a probe. The
sizes of AcMNPV fragment EcoRI- (7.4) and SeMNPV fragments Xbal-R {1.7) and Sphl-D are indicated (in
kbp).

complele coding sequence of polyhedrin and some flanking sequences {Fig. 2.3). The epen
reading frame (ORF} of the SeMNPV polyhedrin gene contained 738 nt with the potential to
encode a polypeptide of 246 amino acids. The predicted M (29 kDa} was similar to the apparent
size of SeMNPV palyhedrin as determined by SDS-PAGE analysis (Caballero et af., 1992).

In the 5' non-coding region two putative transcriptional start sites containing the canonical
core TAAG (Vlak and Rohrmann, 1985) are found, one around residue -70 and another around
residue -45 with respect to the translational start codon (Fig. 2.3). At residue -45 this core
sequence is part of a dodecanuclectide sequence TGTAAGTAATTT, which is largely conserved
among all polyhedrin genes sequenced so far and always contains the start signal for
transcription (Rohrmann, 1992). No canonical TATA boxes are found in the region upstream
from the two putative transcriptional start sites. Two short, imperfect tandem repeats with the
sequence TATC(T)ATCGA were found at residues -85 and -112. Downstream from the putative
transcription start site two other conserved mctifs (Zanotto et al., 1982) were located around
residues -28 (TTCGTA) and -17 (TTGTGA), respectively.

In the 3' non-coding region of the polyhedrin gene the canonical polyadenylation signal
sequence (AATAAA) was not found {Fig 2.3). However two signal-like sequences were
observed, one {ATTAAA) as part of the translational stop signal and a second (AATTAAA)
approximately 10 nt downstream from the first putative signal. Downstream from the polyhedrin-
coding sequence the 3' end of another ORF was found on the opposite strand. At residue 782
a perfect putative polyadenylation signal for this gene was found.
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Figure 2.2. Physical map of an 11.4 kbp segment (a) of SeMNPV DNA and its 2.2 kbp subfragment (b) for
rastriction enzymes Sphl, Sspl, Xbal, EcoR| and Sal. The polyhedrin gene is indicated by the solid bar. The
start (ATG) and stop (TAA) codons of the polyhedrin gene are indicated. The arrows indicate the direction in
which the {sub)clones were sequenced, except 1 and 2 where specific primers were used.

Transcriptional analysis of the polyhedrin gene

To characterize the polyhedrin gene transcripts an attempt was made to isolate mRNA from S.
exigua cells infected with SeMNPV. However, we were unable to isolate polyadenylated
polyhedrin-specific mRNA by oligo(dT) column chromatography. In the same experiment large
amounts of p10 mRNA were cbtained (data not shown), suggesting that the polyhedrin mRNA
is not polyadenylated or that its poly(A) tail is very short.

Narthern blot analysis of total RNA from infected cells isolated at 24 and 48 h p.i. showed
(Fig. 2.4a) an abundamt mRNA of approximately 100G nt when a polyhedrin-specific
oligonuclectide (5-TCGTACACGTAAGTGCG-3) was used as probe (lanes 2 and 3). Longer
transcripts were not detected. The specificity of the probe was confirmed by the absence of a
signal when RNA from uninfected cells was used {lane 1).

Primer extension was employed to determine the transcriptional start site of the polyhedrin
mRNA. A 17-mer oligonucleotide, corresponding to the complement of the coding sequence
from residue 36 to 53 (Fig. 2.3) was used in the primer extension assay of polyhedrin mRNA
{Fig. 2.4b, lane 1). RNA from uninfected cells was used as a negative control {lane 2). An
internal Nrul subclone of fragment Sphi-D served as a positive control for the assay and the
sequence (other lanes). The reverse transcription extended as far as the A at residue -44 of the
mRNA from the translational start site, whereas a minor signal suggested alternative starts at
the T and A at positions -45 and -43, respectively (lane 1). The A at residue -44 is in the central
region of the canonical transcriptional initiation motif (Rohrmann, 19886).

The 3' end of the SeMNPV polyhedrin mRNA was determined using S1 nuclease analysis
using an EcoRl-Sal probe of 320 nt (Fig. 2.4¢, lanes 1-3) and an EcoRI-Nael probe of 561 nt
(Fig. 2.4c, lanes 4-8) overlapping the putative transcription termination sequence. Depending
on the concentration of S1 nuclease (lanes 2-3 and 5-6) a fragment of 263 or 270 nt was
protected. This positioned the 3' end of the polyhedrin gene transcript approximately 230 nt
downstream of the translational stop signal in a highly AT-rich sequence. The same 3' end as
well as the variation were found when the EcoRl-Nael DNA probe of 561 nt was used {lanes 5-
6).
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AAGTGTGTCGCCTCGTCCGCCATAATTTGTGTTTTC TCGAATATCGACGAAATGGCCGCCGTCAGCGTGG

I s b P L EM P L Q E I KX Q L N R F Q T K L
TAATGGAATCGGGCAACTCCATCGGGAGCTGTTCAATTTTTTTTTGCAAATTCCTAAACTGAGTTTTCAR
950 . - . .

A T VvV E T T &8
CGCCGTCACCTCTGTCGTCGALC
Sall

Figure 2.3. Nuclectide sequence of the SeMNPV polyhedrin gene and its flanking regions. The predicted
amino acids are indicated with one-letter code designations. Putative transcription initiation and termination
signais are underlined.
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Figure 2.4. Transcriptional analysis of the SeMNPV polyhedrin gense. (a) Northern blot analysis of polyhedrin
transcripts. Total RNA was extracted from uninfected S. exigua cells {lane 1) and SeMNPV-infected S. exigua
cells 48 h p.i. (lane 2) and 24 h p.i. {lane 3) and analyzed in a 1% agarose gel (5 pg RNA per lane). The
polyhedrin transcripts were detected with 2 *P-labeled SeMNPV polyhedrin gene-specific oligonucleotide
probe (17-mer} complementary to the mRNA strand. The size of the mRNA is indicatad in kb (right); a RNA
ladder was used as molecular weight markers (left). (b) Size analysis of cDNA preparad by primer extension
of an oligonucleotide complamentary to the SeMNPV polyhedrin mRNA. The oligonucieofide was 5' end-
labeled with [**P]JdATP, annealed to total RNA from SeMNPV-infected S. exigua cells 48 h p.i. {lane 1) and
uninfected cells {lane 2) and alongated with reverse transcriptase. The sequence of the polyhedrin promoter
(mRNA strand) is indicated by the letiering at the right. The sizes of the extension products were determined
against a sequence ladder (AGCT) obtained from a SeMNPV plasmid clone using the same 17-mer extension
cligonucleotide as in {a). (c) Nuclease S1 analysis of the 3' end of the SeMNPV polyhedrin mRNA. End-
labeled probes were hybridized to total RNA (S ug per lane) isolated from uninfected (lanes 1 and 4) or
SeMNPV-infected 5. exigua cells 48 h p.i. treated with 0.1 units (lanes 3 and &) or 0.5 units (lanes 2 and 5)
$1 nuclease, analyzed on denaturing sequencing gels. The sizes of the protected fragments were determined
by comparison with a sequencing ladder of M13 ssDNA (M13).

Compatison of the SeMNPV polyhedrin gene with other baculoviruses

The amino acid sequence of the SeMNPV polyhedrin was compared to gight other MNPV
polyhedrins (Fig. 2.5) and found to be most similar to SIMNPV polyhedrin with 98% amino acid
identity and most distantly related to LAMNPY with only 81% identity {Table 2.1). The nuclectide
sequences of the promoter region of SeMNPV and SIMNPV up to residue -58 were identical
(Fig. 2.6). The sequences upstream from this region showed nho similarity.
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LAMNPV IR....A..T ...H.L.S.. .D........ .T.A..
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..... A.. .DN.L.....
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YNGPAY
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Figure 2.5. Comparison of the aming acid sequence of nine MNPV polyhedrins. The one-letter code
designation is used. The hyphens denote identical amino acids. The abbreviation for the viruses are given

in the text.

DISCUSSION

In this report the nucleotide sequence and transcriptional analysis of the SeMNPV polyhedtin
gene are presented. Polyhedrin genes are highly conserved among baculoviruses (Vlak and
Rohrmann, 1985) and the SeMNPV polyhedrin is no exception. The SeMNPV polyhedrin gene
was most closely related to the polyhedrin gene of SIMNPV (Gonzales et al., 1989), differing by
only five amino acids (Fig. 2.5}. DNA sequence comparison of SeMNPV and SfMNPV
polyhedrin showed a difference in identity in 102 nt, of which only @ were not in the wobble
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Tabie 2.1. Amino acid and nucleotide sequence homology (identity) (%} of ten NPV polyhedrins®*.

STMNPV MEMNPV  PfMNPV AcMNPV OpMNPV AgMNFV BmMNPV LdMNPV

SeMNPV 98 92 89 85 54 84 82 §1
86 a2 a1 75 77 75 74 73

SEMNEY 92 89 85 83 83 81 80
82 81 79 77 74 75 76

MbMNPY 96 88 86 85 84 82
90 80 77 74 75 74

PEMNPYV 87 84 84 83 81
81 77 76 75 75

ACMNPV 89 88 86 81
79 76 75 75

OpMNPY 95 91 79
83 i 75

AgMNPY 91 80
80 75

BmMNPV a0
73

* Bold and italic lettering denote amino acid and nucleotide sequence identity, respectively.

position {data not shown). SeMNPV was most distantly related to LAMNPYV {Smith et al., 1988,
Chang et al., 1989) which were different with respect to 46 amino acids (Fig. 2.5).

The simitarity between SeMNPV and SfMNPV polyhedrins is higher than with those of any
of the other MNPVs (Table 2.1). The differences are located at sites known to be particularly
variable among polyhedrins (Rohmmann, 1986) and are functionally conservative. This suggests
that the palyhedrin genes of SeMNPV and SIMNPVY have evolved from a common ancestor
distinct from other MNPVs. Polyhedrins of SeMNPV and SIMNPV on the one hand are more
related to Mamestra brassicae MNPV (MbMNPV, Cameron & Possee, 1989}, Panolis flammea
MNPV (PIMNPV, Oakey ef &, 1989) and Orgyia pseudotsugata SNPV (OpSNPV, Leisy et al.,
1986a), than to Orgyia pseudotsugata MNPV (OpMNPV, Leisy et al, 1986b), Anticarsia
gemmatalis MNPV (AgMNPV, Zanotto ef al., 1992), AcMNPV (Hooft van iddekinge et al., 1383),
Bombyx mori NPV (BmMNPYV, latrou et al.,, 1985} or LAMNPV {Smith et al,, 1988; Chang et al.,
1989) (Table 2.1}). Avaitability of polyhedrin protein sequences of other baculoviruses may aid
in their classification and may help define baculovirus species.

By primer extension analysis the transcription initiation site for the polyhedrin gene mRNA
of SeMNPV was mapped in the promoter within the TAAG motif at approximately residue -44
(Fig. 2.4¢). This motif is conserved in all baculovirus late genes {Rohrmann, 1986; Blissard &
Rohrmann, 1990). The major start site was at the A at -45, but the T at -46 and the A at -44
serve as minor start sites. This heterogeneity at the 5' end of the polyhedrin mRNA also exists
in polyhedrin transcripts from other MNPVs as determined for AcMNPV (Hooft van |ddekinge
et al.. 1983} and OpMNPYV {Leisy et al,, 1986¢) by S1 analysis and for AcCMNPYV (Howard et al.,
1986) and PIMNPYV (Oakey et af., 1989} by primer extension analysis. It is therefore unlikely that
the upstream ATAAG motif at residue -72 is used for SeMNPV polyhedsin gene transcription.
Whather this start site is used much earlier in infection, as has been demonstrated for other late
genes, such as the gpé4 gene of OpMNPV (Blissard & Rohrmann, 1988) requires further
investigation.

The proemoter regions of the SeMNPV and SfMNPV polyhedrin gene were identical as far
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ACMNPV TGGAAATGTCTATCAATATATA---GTTGCTGATATCATGGAGATAATTARAATGATAACCATCTCGCAA

% * kx Kk kK * k * * kdkkw & kk * Ak * *

SeMNPV CATATCTATCGATAARATGGTA---TGTTGTTTTATCATCGACCGACGATAAGTAATGATATGGTTGCGGG

kK * *x kwx * ok kkKkAk ok * % * * ook khok
SIMNPV CATAATCCTATGCTGCATTGTAATCTAATCTTTTGCCGCATTTTTATCTAATCTTTTGCCGCACTGCGGG
-120

ACMNPY ATAAATAAGTATTTTACTGTTTTCGTAACAGTTTTGTAATAAAAAAACCTATAAAT ATG

* kKA wk khkk * kokow ko Ak H * * dk kokk k% * ok Kk 1

SeMNPV AATTGTAAGTAATTTTTTCCTTTCGTAAAACATTGTGAAARAATAAA--TATA ATG

IRARERERE TR SR SE SRR E RS RLA Rl ll S Rnll Rl Ewkk ]

SEMNPYV AATTGTAAGTAATTTTTTCCTTTCCTAAAACATTGTGARAAAATANA- -TATA ATG
-50 . . . . 1

Figure 2.6. Computer afignmant of the DNA sequences of the 5' sequence flanking the polyhedrin genes of
SeMNPV, SIMNPV {Gonzales et ai., 1989) and AcMNPV (Smith et al., 1983; Howard ef al., 1986). The
tandem repeats and TAAG consensus sequence are underlined. Asteriks indicate nucleotide identity.

as residue -58 (with respect to the translational start). Upstream from the transcriptional start
site the sequence was highly diverged {Fig. 2.6). A similar situation exisis in the 5' flanking
region of polyhedrins of other closely related MNPVs, such as MbMNPYV (Cameron et al., 1989)
and PIMNPV (Oakey et al, 1989). Two imperfect tandem repeats with the sequence
TATC(T)ATCGA were found upstream from the transcriptional start site at residue -85 and -112.
Similar repeats have been found in AcCMNPV (Hooft van Iddekinge et al., 1983) and SIMNPV
{Gonzales et al., 1989). There is, howevaer, little evidence that these repeats contribute to the
promoter activity of baculovirus polyhedrins as suggested from {deletion) mutagenesis
experiments (Possee & Howard, 1987), although they may have an auxillary function (Qoci et af.,
1989).

Two conserved elements in polyhedrin promoters downstream from the TAAG motif have
been found to share sequence homology and residual similarity with consensus regions for
binding of transcriptional factors to 55 ribosomal RNA genes and to tRNA genes, respectively
{Zanotto et al., 1992). Such elements, TTCGTA around residue -28, and TTGTGA one helix tum
downstream around residue -17, are also observed in the SeMNPV polyhedrin gene promoter,
It has been suggested that the conserved positioning of these elements is important in
transcriptionalfiranslational regulation of polyhedrin gene expression {Zanotto ef al., 1992;
Ohlendorf & Matthews, 1983; Ooi et al., 1989).

The cancnical polyadenylation signal AATAAA (Birnstiel et al., 1885) is not present in the
3 end of the SeMNPV polyhedrin gene. However there are two simitar motits in proximity to the
translational stop signal. One overlaps with the TAA (ATTAAA) of the translational stop and the
other is located approximately 10 nt downstream. Both may serve as a signal for
polyadenylation. The 3' non-cading sequence of the mRNA contained at least an additional 230
nt before polyadenylation could occur {Fig. 2.4a). This puts a transcriptional stop signal within
an AT-rich region, which is almost invariably present in the transcription termination sequence
of other baculovirus polyhedrin genes. The variation at the 3'-end of the message (Fig. 2.4¢c)
may be due to microheterogeneity in the transcripts or to a slight ‘breathing’ of AT base pairs
in this region during the S1 nuclease treatment.

In the process of mRNA isolation we were unable to isolate SeMNPV polyhedrin mRNA by
oligo(dT)-cellulose chromatography. It is possible that the poly(A) tail, if present at all, is too

29



short to bind efficiently to the oligo{dT). This is supported by the cbservation that the mRNA size
of about 1000 nt as observed in Northem analysis is close to the value of the primary transcript
of 1020 nt as deduced from primer extension and S1 analysis {Fig. 2.4). If the SeMNPV
polyhedrin is polyadenylated, then the poly({A} tail is either very small or rapidly degraded in the
infected cell. The observation that the polyadenylation motif is not in the canonical format {Fig.
2.3) favours the hypothesis that the SeMNPV polyhedrin mRNA is not polyadenylated. This is
in contrast to ACMNPV polyhedrin mBNA, which is polyadenylated {Smith et al., 1983; Howard
et al., 1986).

There is a potential downstream ORF on the oppaosite strand terminating at residue 848 with
a putative polyadenylation signal at residue 782 {Fig, 2.3). In AcMNPV an ORF of 1629 residues
is present downstream of the polyhedrin gene which is running in the opposite orientation and
which is essential for virus replication {Possee et al., 1992). Comparison of our sequencing data
indicate that the downstream sequences have no homology with the 1629 gene of ACMNPV.
Transcripts from the polyhedrin gene and a putative downstream open reading frame have a
considerable overap in both AcMNPV and SeMNPV. Further sequencing, transcriptional
mapping and deletion mutagenesis may elucidate whether the ORF in the downstream region
is functionally similar to the AcMNPV 1629 gene.

The transcription of SeMNPV polyhedrin mBNA terminated in an AT-rich region within the
sequence AATTTTTTTTT (AAT,) at residue 970. Similar AT sequences are frequently found
at the 3' end of other polyhedrin mRNAs. This AAT, motif is observed in SIMNPY (Gonzales et
al., 1989), MbMNPV (Cameron & Possee, 1989), PIMNPYV (Oakey of al., 1989) and AgMNPV
{Zanotto et al., 1992) in roughly the same position, but not in CpMNPV {Leisy et al., 1986b) and
AcMNPV polyhedrin mRNA (Possee ef al., 1992) although the 3' end of the polyhedrin mRNA
in the latter two MNPVs is in an AT-rich region. Computer-assisted alignment of the 3' non-
translated region of SeMNPYV polyhedrin gene with other polyhedrins further showed limited
sequence homology (data not shown). Some structural features, however, have been
mairntained, such as the location of (putative) polyadenylation signals and transcription
termination sequences.

Information provided in this paper forms the basis for a future exploitation of the SeMNPV
polyhedrin promoter for expression of foreign genes and for the engineering of SeMNPV to
improve its insecticidal properties. Further sequencing and transcriptional analysis of the regions
flanking the SeMNPV polyhedrin gene will give additional information on the organization and
expression of the SeMNPV genome in comparison to ACMNPY and other baculoviruses.
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CHAPTER 3

NUCLEOTIDE SEQUENCE AND TRANSCRIPTIONAL ANALYSIS OF THE P10 GENE
OF SPODOPTERA EXIGUA NUCLEAR POLYHEDROSIS VIRUS

SUMMARY

The p10 gene of Spodoptera exigua multiple nuclear polyhedrosis virus (SeMNPV) was
tocalized on the Xbal fragment H (5.1 kb) of the physical map of the viral genome. The coding
sequence of the SeMNPV p10 gene appeared 264 nucleotides (nt) long corresponding with a
predicted protein of 88 amino acids with a M of 9607 Da. The SeMNPV p10 protein showed only
limited amino acid identity (39% and 26%, respectively) to the p10 proteins of Orgyia
pseudotsugata MNPV (OpMNPV) and Autographa californica MNPV (AcMNPV) and thus
appears less conserved than other viral proteins. The SeMNPV p10 gene was expressed by a
transcript of approximately 450 nt in length, which started in the conserved baculovirus late gene
promoter motif TAAG. The leader of the SeMNPV p10 transcript was AT rich (92%) and at 36
nt was the shortest leader of ali baculovirus major late genes reported on so far, The SeMNPV
p10 transcript terminated € nt downstream from a putative polyadenylation signal sequence
{AATAAA); the latter was 61 nt downstream of the translational stop codon TAA. Upstream and
downstream of the p10 gene, partial putative ORFs were found that showed significant amino
acid sequence identity to the baculovirus p26 and p74 proteins. It is concluded that the region
of SeMNPV DNA containing the p10 gene is collinear with the corresponding regions in the
AcMNPV and OpMNPYV genomes.

This chapter has been published as: Zuidema, D., Oers, M.M. van, Strien, E.A. van, Caballero, P.C., Klok,
E.-J., Goldbach, R.W., & Vlak, J.M. 1993. Nucleotide sequence and transcriptional analysis of the p10 gene
of Spodoptera exigua nuclear polyhedrosis virus. Journal of General Virology 74, 1017-1024.
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INTRODUCTION

Nuclear polyhedrosis viruses (NPVs), a subgroup of the Baculoviridae (Francki et al., 1991),
produce two polypeptides, polyhedrin and p10, at very high ievels in the late phase of infection.
At 48 h post infection (p.i.) these two polypeptides constitute about half of the protein mass in
insect cells {Smith et al., 1982). Polyhedrin is the major constituent of the viral occlusion bodies
which are found exclusively in the nuclei of baculovirus-infected insect cells (Vlak & Rohrmann,
1985). The p10 protein is associated with large fibrillar structures in both nuclei and cytoplasm
of baculovirus-infected insect cells (Harrap, 1970; van der Wilk et al., 1987; Williams et al.,
1989; Russell et al., 1991},

In view of its abundance in infected cells and its particular structure it is surprising that no
more specific functions have been attributed as yet to the p10 protein. Studies with p10 deletion
mutants of Autographa californica muttiple nuclear polyhedrosis virus (AcMNPYV) have shown
that the p10 protein is not essential for viral replication both in vive or in vitro, but that insect
cells infected with p10 mutants of AcMNPV fail to liberate polyhedra (Williams ef al., 1989; Van
Cers et al., 1993).

Only two baculoviral p10 genes have been studied in detail. The p10 coding sequences
of ACMNPV (Kuzio et al., 1984} and Orgyia pseudotsugata MNPV (OpMNPV; Leisy et al.,
1986a) are similar in size, 282 and 276 nucleotides (nt), respectively. In contrast to the highly
conserved polyhedrin genes with 80% nucleotide sequence and 90% amino acid sequence
identity, the p10 genes have only 54% and 41% identity at the nucleotide and amino acid
sequence levels, respectively (Leisy ef al., 1986b). Despite the high degree of similarity between
the AcMNPV and OpMNPV genomes (Rohrmann, 1932) the p10 genes have diverged
considerably. It is therefore of interest to investigate the pi0 genes of more distantly related
baculoviruses and to determine to which extent the structural homology in the p10 protein is
preserved.

Spodoptera exigua MNPV (SeMNPV} is a baculovirus specific for a single insect species,
the best armyworm Spodoptera exigua, whereas ACMNPYV for example can infect over 30 insect
species. Information on the genetic organization of SeMNPV, in particular its nuclectide
sequence and regulation of gene expression, may shed more light not only on the evolution and
speciation of baculoviruses, but alse on the molecular basis of host specificity. This repont
describes the identification, nucleotide sequence and transcriptional analysis of the SeMNPV
p10 gene.

MATERIALS AND METHODS

Cells and virus. The S. exigua cell line UCR-Se-1, cbtained from Dr B.A. Federici (Department
of Entomology, University of California, Riverside, Ca., U.S.A.), was used and maintained in
plastic tissue culture flasks (Nunc) in TNM-FH medium (Hink, 1970) supplemented with 10%
foetal calf serum. A field isolate of SeMNPYV (Gelemter & Federici, 1986a), kindly provided by
br B.A. Federici, was used to infect fourth instar larvae of 5. exigua (Smits et al,, 1988). The
haemolymph of these infected larvae was used as to obtain budded virus for infection of
cultured UCR-SE-1 cells {Gelemnter & Federici, 1986b).
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RNA isoiation and cDNA synthesis. Total RNA was isolated from SeMNPV-infected cells at 24,
48 and 74 h p.i., essendially as described by van Strien ef al. {1992). Pclyadenylated RNA {74
h p.i.) was setected by oligo(dT)-cellulose column chromatography (Sambrook ef al., 1989) and
served as template in a reverse transcription reaction. Poly{A} BNA (1.5 pg) and oligo(dT), 4
{500 ng) were incubated in a volume of 5 pl for 5 min at 70 °C, followed by an incubation for 1
h at 42 °C in a reaction volume of 50 pt after addition of 50 mM Tris-HCI, pH 8.3, 75 mM KClI,
10 mM MgCl,, 0.5 mM spermidine, 10 mM DTT, 1 mM dGTP, 1 mM dTTP, 20 puCi [¢-2P]dATP,
20 pCi [0-*PIdCTP, 80 units BNasin, 4 mM sodium pyrophosphate and 28 units of reverse
transcriptase (Life-Technologies). After alkali degradation of the RNA, cDNA was purified over
a Sephadex G50 column and directly used in Southemn blot hybridization.

Viral DNA, Southern blot hybridization and cloning. SeMNPV DNA was isolated from virions,
which were liberated from polyhedra upon alkali treatment and cleared by sucrose gradient
centrifugation {Caballero et al, 1992). SeMNPV DNA was digested with various restriction
enzymes, electrophoretically separated in 0.7% agarose gels using standard techniques
{Sambrook ef al, 1989) and transferred under alkali conditions to Hybond-N nylon membranes
(Amersham) by capillary transfer according to the manufacturers specifications. After
prehybridization at 60 °C (3 h) in 6 x SSC, 0.5% {w/) SDS, 1% Ficoll-400, 1%
polyvinylpyrrolidone, 1% BSA (fraction V) and 100 pg/ml herting sperm DNA, blots were
hybridized at 60 °C for 20 h to a *P-labeled cDNA probe {1 x 10° cpm/ml) synthesized from
poly(A*) RNA isolated from SeMNPV-infected cells 74 h p.i. After hybridization membranes were
washed twice for 5 min at room temperature in 4 x SSC, 0.1% (w/v) SDS, followed by two 10
min washes in 2 x SSC, 0.1% (w/v) SDS at 45 °C. Membranes were exposed to Kodak XAR-5
X-ray film using intensifying screens. On hybridization with the cDNA probe, Xbal fragment H
of SeMNPV DNA and accompanying subfragments were isolated from agarose gels by the
freeze-squeeze method (Tautz & Renz, 1983) and (subjcloned in plasmid pUC19 or Bluescript
SK*.

DNA segquencing and computer analysis. All sequencing reactions were performed with dsDNA
plasmid templates using T7 DNA polymerase and the chain termination methed of Sanger et
al. (1977). Sequence analyses were performed using the UWGCG computer programs
(Devereux et al., 1984). The DNA sequence and the deduced amino acid sequence of the open
reading frame (ORF) were compared with sequences in the updated Genbank/EMBL,
SWISSPROT and NBRF databases, using the FASTA and TFASTA programs.

Northern blot hybridization. Total RNA was denatured, electrophoresed and blotted, as
described by van Strien et al. (1992). To identify SeMNPV p10-specific transcripts, blots were
hybridized for 16 h at 48 °C in the prehybridization buffer to a 5-end labeled (%)
oligonucleotide (5' GCTGCAAAGCATCGAC 3, deduced from the p10 gene nucleotide
sequence. After hybridization, biots were washed for 5 min at room temperature in 4 x SSC, 1%
SDS and twice in 2 x SSC, 1% SDS. Autoradiography was performed as described above.

Primer extension and S1 nuclease assay. Primer extension analysis was performed, essentially
as described by van Strien et al. (1992), with total RNA (2 pg) isclated at 48 h p.i. from mock-
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and SeMNPV-infected UCR-SE-1 celis and the 16-base oligonucleotide (see above)
complementary to the SeMNPV p10 mRNA. 81 nuclease protection assays were carried out,
essentially as described by van Strien et al. (1992), using as a probe denatured DNA P
labelled at the 3' end, hybridized (4 h at 48 °C) to 5 Jg total RNA isclated from mock- or
SeMNPV-infected UCR-Se-1 cells.

RESULTS

Mapping, cloning and sequencing of the SeMNPV p10 gene

Southarn blot hybridization at low stringency, using the AcMNPV p10 gene as heterologous
probe [a 555 bp fragment (Xhol-Sspl} of EcoRl fragment P of AcCMNPV-DNA), did not result in
the detection of a similar sequence on the SeMNPV genome. Assuming that p10 mRNA occurs
abundantly late after infection (Smith et al,, 1983), poly(A}* RNA was isolated from mock- and
SeMNPV-infected insect cells 74 h p.i. and used as template for cONA synthesis. This
radiolabeled cDNA was then hybridized to Southern blots containing SeMNPY DNA digested
with Xbal and Sphl. A strong hybridization signal to an Xbal fragment of 5.1 kb {Xbal-H} and to
a Sphl fragment of 2.4 kb (Sphl-R) was observed (Fig. 3.1, lanes 2 and 3, respectively). Since
polyhedrin mRNA was not polyadenylated {(Van Strien et al., 1992), this hybridization signal was
most likely to be due to the p10 sequences.

The Xbal fragment H was cloned and a detailed physical map for various restriction
endonucleases was constructed (Fig. 3.2). After hybridization with radiolabeled cDNA as
described above, subclones were identified and a 914 nt fragment (Sphl-Ss#l) was sequenced
{Fig. 3.3). It contained an ORF of 264 nt with the potential to encode a protein of 88 amino acids
with a predicted M, of 9607 Da. This ORF presumably represented the p10 gene of SeMNPV
(see below).

The 5' non-coding sequence of the SeMNPYV p10 gene contained a TAAG motit which is
the consensus sequence of the transcriptional start site in baculovirus late and very late gene
expression (Blissard & Rohrmann, 1990). The TAAG consensus sequence was located at
position -37 to -34 with respect to the translational start codon of the SeMNPV p10 ORF (Fig.
3.3). A putative conserved motif ATTGTA was identified two DNA helix tums downstream of the
putative late transcription start site TAAG of the SeMNPV p10 gene, and was suggested to be
involved in ribosome binding (Zanotto et al., 1992). A sequence motif consisting of six repeats
of the triplet GAC was found upstream (position -63 to -80) and downstream (position 276 to
293) of the p10 polypeptide coding sequence. Two putative polyadenyiation signal sequences
(AATAAA) were found in the 3' non-coding region of the putative p10 gene, located
approximately 60 nt and 210 nt downstream of the translational stop codon (Fig. 3.3).

Contiguous ORFs were identified upstream and downstream from the p10 gene, and these
extended beyond the sequenced region (Fig. 3.3). The p10 gene and the upstream ORF had
the same polarity, whereas the downstream ORF had an opposite polarity. The partially
identified upstream ORF had a high amino acid sequence similarity (53% and 55%, respectively)
to the p26 genes of AcCMNPV and OpMNPY, whereas the determined sequences of the
downstream ORF had a high amino acid similarity (77% and 71%, respectively) to the p74
genes of AcMNPY and OpMNPV. These partial ORFs thus were more highly consetved than
the p10 gene. From these data it is likely that the 264 nt ORF encodes the SeMNPV p10 gene
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(a) {b)

Figure 3.1. a) Identification and mapping of the SeMNPV p10 gene. Restriction anzyme analysis of AcMNPV
DNA digested with EcoRt (lane 1) and SeMNPV DNA digested with Xbal and Sphl (lanes 2 and 3,
repectively}. (b) Southern blot hybridization of (a) with cDNA obtained after reverse iranscription of poly(A} *
RNA extracted from SeMNPV-infected insect cells 74 h p.i. The sizes of AcCMNPV fragment EcoRI-P (2.0) and
SeMNPYV fragments Xbal-H (5.1) and Sphl-R (2.4) are indicated.

and that the location of the SeMNPV p10 gene is collinear with the p10 gene and its flanking
regions of AcCMNPV and OpMNPV.

Transcriptional analysis of the SeMNPV p10 gene

SeMNPV p10-specific transcripts were identified by Northern blot hybridization (Fig. 3.4a). Total
and poly(A}" RNA isolated from mock-infected and SeMNPV-infected cells at 24 and 48 h p.i.
were hybridized with a synthetic 16-mer oligonuclectide probe (5 GCTGCAAAGCATCGAC 3,
complementary to the p1C coding sequence from residues 58 to 73 (Fig. 3.3). The
oligonucleotide probe detected a single specific mBNA of approximately 450 nt (Fig. 3.4a, lanes
1, 2 and 3). No signal was observed with RNA isolated from mock-infected cells {lane 4}.

To determine the p10 transcriptional start site, reverse transcription experiments were
performed with RNA isolated 48 h p.i. using the synthetic p10-specific 16-mer oligonucleotide
in a pimer extension assay (Fig 3.4b, lane 1). RNA isolated from mock-infected cells served as
a negative control (lane 2). The primer extension products were identified by running alongside
a dideoxy-nuclectide sequencing ladder, obtained from a p10 plasmid clone and the p10-specific
oligonucleotide, on a denaturing polyacrylamide gel (lanes A, G, C and T}. Two major
transcription initiation sites were located in the conserved canonical core sequence TAAG at
residures -36 {A) and -37 (T) with respect to the p10 transiational start site (lane 2). This implies
that the leader sequence of the SeMNPV p10 transeripts is only 36 to 37 nt in length and has
an A/T content of 92%. A minor reverse transcription product was detected starting at residue
-208 (A). No obvicus motif that would account for this minor transcription start could be found
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Figure 3.2. Location of the p10 gene on the physical map for Xbal restriction endonuclease of the SeMNPV
gencme and sequence strategy of the p10 gane region. The Sphl-Ssi region (914 bp) of Xbal fragment H
was sequenced and the location of the SeMNPV p10 gene is indicated (thick line). The arrows below the
lower map indicate the seguencing strategy of the 914-bp region. The location of the previously identified
polyhedrin gene (ph) is shown as a reference (van Strien ef al,, 1992). B, BamHI; C, Cial; S, Saf; Sp, Sphl;
Ss, Ssil; Ssp, Sspl; X, Xhot; Xb, Xbal.

in the primary sequence (Fig. 3.3}. Altematively, this product may have ariginated from non-
specific priming in the RNA pool. Computer-aided research did not reveal possible splice
acceptor sites in the upstream sequences of the p10 gene.

The 3' end of the SeMNPV p10 transcripts was determined by S1 nuclease analysis using
a Sal-BamHI fragment probe of 900 nt (Fig. 3.4¢, lanes 1 and 2}. This fragment was generated
by digestion of Xbal fragment H with restriction endonuclease BamH| and partially with Sal. A
major protected fragment of 292 nt was observed. This mapped the 3' terminus of the SeMNPV
p10 transcript (Fig. 3.3, nt 339) within 10 nt downstream of the putative polyadeny!ation signal
sequence AATAAA, which is located 61 nt downstream of the p10 ORF.

Comparison of the p10 genes of SeMNPYV, AcMNPV, and OpMNPV
The SeMNPV p10 ORF (264 nt) was similar in size to the p10 ORFs of OpMNPYV (276 nt) and
AcMNPYV {282 nt). The primary sequence of these genes has diverged considerably in these
three viruses. The overall nucleotide and amino acid sequence identity was 26 to 39 % (Table
3.1 and Fig. 3.5). Despite this sequence divergence the hydrophilicity plots showed a reasonable
similarity between the three p10 proteins (Fig. 3.6). A weakly hydrophobic region was present
at the N terminus of the protein, whereas the C terminus was highly hydrophilic and contained
several basic amino acid residues. Furthermore, the C-terminal half of all three p10 proteins
shared a high proline content. The p10 proteins did not contain cysteine, tryptophan or histidine
residues.

Dot plot comparisons between the three different p10 proteins showed two stretches of
homology common to all three proteins {Fig. 3.7). The position of the first homology box
- KV(DITHA/SHLV)IQ - was conserved in the primary structure of the p10 proteins (Fig. 3.5}, but
the position of the second conserved homelogy box - {(LV/IPD(V/L)P - was located at different
positions in the primary structure.

The 5' untranslated leaders of the three p10 genes differed considerably in size (36 nt in
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Sphl -310
GCATGCGGCC CGCGGGTTTA ATTTCTGGETC AGATGATGTT CGACGACCGC GTGATCGTCA AARAGCTAAA
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-240
GGCCGACATG GCGGTGTACG GTCGTCAACA GTTGCCGTAT AGCAGTGCCC ACATGTCCGC GAAACAATTT
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-170
GUBATGGCGGE CGACGGTAMAR CAGGCAATTG TACCGCGACC TGCCACGATA CGCGGTCGTG TTCCACAACA
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-100

ACACCGACAT TACCATCACG ATGGTCGAGG GCGAGTTTGA AATGTATCGA GTCCGATTGG ACGGACCTCT
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GATTACGAAT CAGAACAAAG ACGACGACGA CGACGACAGT ATTGGCAATA TCGSTATAGAG AATAAGTTTA
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TTATTATAAT TGTAATTATA TTATACATTA TGAGTCAAAA TATTTTACTT TTGATCCGAG CCGACATTAR
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111
AGCTGTCGAC SARARAGTCG ATGCTTTGCA GCAGGCCGTC AACGACGTGT CTGCCAATTT GCOCGATACT
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181

TCAGAGCTGT CGGCCAAATT AGACGCTCAG GCCACCACCC TAGACACCAT TGTCACCCAA GTGAACAACA
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TCARCGACGT GCTCAATCCC GATCTGCCCG ACGTGCCTGG CAATCTACAA AAGCAGCAAC AGCAAAAGAR
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ARGCAACARA AAGTAAAACT TAACGACGAC GACGACGACG ACGATTGTGT ATTTGAGCAT GTTTGTAGTA
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poly(Alsiagnal 391
TTATAAAATA AAAAATTTTG GCCAAATTTC GTTGTGTATT ATTCCGAATA GAGATTGTCG TACCATCGAT
anan s * E 5 Y L N D Y W R N

461
TCTGTAAATA GTTGGTTTIGT CGTCGTAAAT TGACGTAGTA TGATAGTGCG TCGACAAGGA GGGTGTACAG
Q9 L XY N T ©Q R L N v oY Y S L A D VvV L L T ¥ L

poly(Aleignal 531

GGCTAABATT AAAAATATAA TAAAGAGCGC COTCACGTTC GTGTCCCGGG GCATCATCGC GAGAACGAGA
A L I L F I I F L A T V N T D R P M M A L Vv L

AN AAAA
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GCTC
A

Figure 3.3. Nuclectide sequence of a 314-bp region of the SeMNPYV genome centaining the p10 gena. The
p10 coding sequence starts at position +1 and terminates at position +267. The predicted amino acid
sequence is indicated by the one-letter cade. The transcription initiation signal {TAAG) is underlined. Putative
transcription termination signals (AATAAA) are indicated by arrowheads.

SeMNPV, 52 nt in OpMNPV and 70 nt in ACMNPV), but were all A/T rich (92%, 77%, and 87%,
respectively). The 3' untranslated sequences of the p10 mRNAs (85 nt in SeMNPV, 175 ntin
OpMNPV, and 162 nt in AcMNPV} had no additional features in common, other than that all
three p10 transcripts terminated at about 15 nt downstream of the eukaryotic consensus
polyadenytation signal sequence AATAAA (Birnstiel ef al., 1985). :

DISCUSSION

This study describes the identification and characterization of the putative p10 gene of
SeMNPV. The latter was sequenced and its expression was analyzed by Northern blot, primer
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Figure 3.4. Transcriptional analysis of the SeMNPV p10 gene. (a) Northem blot analysis of total RNA
extracted from uninfected {(lane 4) and SeMNPV-infected insect cells 48 h {Jane 1) and 24 h p.i. (lane 2), and
poly A* RNA extracted from SeMNPV-infected insect cells 48 h p.i. {(lane 3). The p10 transcripts were detected
with a p10-specific cligonucleotide (16-mer) complementary 1o the p10 mBNA. An RNA ladder was used as
size marker (left). The size of the p10 transcript is indicated on the right {in kb). (b) Primer extension analysis
of the SeMNPV p10 transcripts performed with a 16-mer oligonucleoctide complementary to the p10 mRNA,
*P.labelled at the 5' end. The oligonuclectide was annealed to tolal RNA (5 pg) from uninfected (lane 2) and
SeMNPV-infected insect cells (lane 1) 48 h p.i. and elengated by reverse transcription. The sizes of the
axtension products (right, see Fig. 3.3) were determined by comparison with a sequence ladder (lanes A, G,
C and T} obtained from an SeMNPV p10 gene-containing plasmid clone and the same 16-mer oligonucleotide
as a sequencing primer. Aslerisks in the nucleotlide sequence (left) indicate the position of the primer
extension products. {c) S1 nuclease analysis of the 3' end of the SaMNPV p10 transcript. The 900 bp *P-
labelled probe was hybridized to total RNA (5 pg) from uninfected (lane 1} and SeMNPV-infected insect cells
48 h p.i. {lane 2), treated with 0.2 units nuclease S1, and analyzed on a denaturing sequencing gel. The sizes
of the protected fragments were determined by comparison with a sequencing ladder of M13 ssDNA (M13).
The size and location of the probe used to map the 3' end, and the protected fragment are represented at the
top.

extension and S1 analysis. It was mapped by Southern blot hybridization of digested SeMNPY
DNA, using a cDNA probe which was derived from RNA isolated from SeMNPV-infected insect
cells late after infection. The p10 gene was mapped to Xbal-H in the SeMNPV genome (Fig. 3.2)
and is flanked by ORFs with homology to baculovirus p26 and p74 genes. This organization is
collinear with the location of the p10 genes of ACMNPY and OpMNPYVY. The limited sequence
Tabie 3.1. Nucleotide sequence identity and amino acid sequence identity or similarity between p10 genes
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of SeMNPV, OpMNPV and AcMNPV.

Nucleotide level (%) Amino acid leve! (%)
Identity Identity Similarity
SeMNPV-OpMNPY 36 39 55
SeMNPV-AcMNPY 38 26 44
AcMNPV-OpMNPV 53 42 62

similarity between the p10 genes accounted for the failure to detect the SeMNPY p10 gene with
the AcMNPV p10 gene probe. The abundance of p10 mRBNA in cells late after infection can be
used to locate p10 genes of other baculoviruses via cDNA as probe. Alternatively, due to the
conserved nature of p74 sequences and their apparent collinearity with p10 genes, p74
sequences can be used as probes to detect p10 genes.

Two major start sites of the SeMNPV p10 transcripts were mapped within the conserved
cancnical core TAAG at position -37 and -36 (Fig. 3.3, T and A, respectively). Transcription of
most baculovirus iate genes appear to involve the conserved TAAG motif (Blissard &
Rohrmann, 19390). With a leader of 36 nt, a coding sequence of 264 nt and a 3' non-coding
sequence of 75 nt the length of the SeMNPVY p10 transcript, without a poiy(A} tail, was
calculated to be 375 nt. The Northem blot indicated a transcript size of about 450 nt (Fig. 3.4a).
This implied that the SeMNPV p10 transctipt contained a poly(A) tail of about 30 nt in length.

SeMNPY M S Q - NILLLIRADIKAVDEKVDALQOQAVNDYVSAN 33

CpMNPY KPS . TQ .LDAVR .. 58 . .7 . TC .DQLVED 34

ACMNPY KPNV TQ .LDAVTETNT D3V TQLNGLEES 34
* k * K X K

SeMNPY L PDTSELSAKLDAQATTLDTIVTQVNNINDVLNEP 87

OpMNPY S KTLEA .TDQ .GELDNEKVSD.USMLSVEEELPE 68

AcMNPY F Q L L.D G PAQ TDLNTEKISGSE S ILTGDIVEDL 68

SeMNPVY DLPDVEPGNLOQCKQQQQKEKSNEKZXK 88

OpMNPY PA . APEPFPE . PEIPDVPGLRRSREKOQ 32

ACMNPV D SLEKPKLKSQOQAFELDSDARRGEKRGS3SK 94

Figure 3.5. Alignment of the deduced amino acid sequence of the p10 proleins of SeMNPV, OpMNPV (Leisy
et al., 1988a) and AcMNPV (Kuzio et al., 1984). Homology box KV{D/T)(A/S)(L/V)Q-is indicated by asterisks
and homology box -(LA/VYPD(V/L)P has been underlined. Identical amino acids are indicated by dots. The
hyphen represents a gap introduced to maximize maiching of aming acid residues. Numbers indicale amino
acid positions.

Recently Zanotto et al. (1992) identified two putative structural elements conserved in the &'
nen-coding region of all baculovirus polyhedrin genes to date. These elements share sequence
homology and positional similarity within the §' regutatory consensus regions of 55 ribosomal
and tRNA genes, which are involved in binding of class 1l transcription factors. One of these
elements, ATTGTA, was found in the 5' non-coding region of the SeMNPV p10 genhe, 1310 18
nt downstream of the p10 transcription start site. A similar sequence, TTTGTA, existed in the
promoter region of ACMNPV p10 gene (Kuzic et al., 1984). Howsver, neither of these motifs was
present in the promoter region of OpMNPV p10 gene (Leisy et al., 1986a). The relevance of

39




(a)
[ r“‘\uf\ﬁfm\m_n Mf
v

L N T

(1) A MAV/

CaS

Hydrophilicity value
b & 2 e - pow o

4

g (¢

2

! \/\ M M

=4 va -

g i

s . . . . ; .
1) 3 20 a0 L] 50 L] Fid ] o

Amino acld

Figure 3.6. Hydrophilicity plots of the p10 proteins of SeMNPY, OpMNPV and AcMNPYV. The methicnine
residue at the N-terminus of the pt0 protein has bean omitted. The plots were constructed using the
algorithms of Kyte & Doolittle (1982), calculated with the PEPTIDESTRUCTURE programme of the GCG
sequence analysis software package, and plotted with the LOTUS and FREELANCE programs (Lotus
Development Corporation). Tha computer program plots the sums of hydrophilicity values for seven
conliguous amino acids over the position of the middle amino acid in each sector. Above the zere line the plot
indicates sectors with an overall hydrophilic character, whereas below the zerc line it indicates sectors with
an overall hydrophebic character.

these matifs for p10 gene expression therefore remains unclear.

Partial ORFs were detected upstream and downstream from the SeMNPV p10 gene,
extending beyond the sequenced region. The putative upstream ORF, which terminated 5
nucleotides upstream of the ATAAG transcription initiation motif of the p10 gene, was
transcribed in the same direction as the p10 gene (Fig. 3.3). This partial ORF shared 55% and
53% amino acid similarity with the OpMNPV and AcMNPV p26 ORFs, respectively. Both
AcMNPYV and OpMNPV p26 coding sequences were located directly upsiream and were
transcribed in the same direction as the their respective p10 genes. A perfect polyadenylation
signal sequence (AATAAA) could not be detected between this putative p26 ORF and the p10
coding sequences, as was alsc the case in ACMNPVY and OpMNPVY. The SeMNPV p26
transcripts may coterminate with the p10 transcripts, as is the case for ACMNPYV and OpMNPV
(Rankin et al., 1986; Bicknell et al., 1987). However, Northem blet analysis of RNA isolated from
SeMNPV-infected insect cells at 24 h p.i. and 48 h p.i., and probed with a p10-specific
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Figure 3.7. Dot plot comparisons of SeMNPV, OpMNPY and AcMNPV p10 proteins. The comparisons were
performed with a window size of 21 and a stringency of 14 using the COMPARE and DOTPLOT programs
of the GCG sequence analysis software package. The plots were generated with the FIGURE program of
GCG.

cligonucieotide, detected only a single specific mRNA of approximately 450 nt in length (Fig.
3.4a), which encoded the p10 polypeptide.

The putative downstream ORF, which terminated at a TAA stop codon 26 nt downstream
of the putative polyadenylation signal sequence {AATAAA) of the p10 transcripts, is transcribed
in the opposite direction to that of p10 (Fig. 3.3). This partial ORF shared 77% and 71% amino
acid similarity with the AcMNPY and OpMNPV p74 protein, respectively (Kuzio et al., 1989;
Leisy et al., 1986a). Their was no putative polyadenylation signal sequence {AATAAA) detected
between the putative p74 ORF and the p10 ORF in SeMNPV, as also observed in AcMNPV
{Kuzio et af., 1989), However, a putative polyadenylation signal sequence was detected in the
opposite direction just downstream of the transcription start site (ATAAG) within the 5'-
noncoding region of the SeMNPYV p10 transcripts, a feature also shared by AcMNPYV,

Although the p10 region seems to be conserved among different baculoviruses, the
function of the p10 protein in the viral replication cycle is still an enigma, but a role in cell lysis
has been suggested (Williams et al, 1989). Mutational analysis of the AcMNPV p10 gene
showed that the C terminus was essential for the formation of fibrillar structures, but not for
liberation of polyhedra from the nuclei (van Qers et al,, 1993). Insect cells infacted with ACMNPV
mutants with deletions up to 15 aminc acids from the carboxy terminus of the p10 protein
showed a normal release of polyhedra from the cells, but no formaticn of fibrillar structures.

Recently the nucleotide sequence of the Choristoneura fumiferana MNPY (CIMNPV) p10
gene became available through the EMBL data library (accession no. M38513). Computer-aided
research revealed that the putative CEMNPV p10 protein contained 81 amino acids, was devoid
of cysteine, histidine and tryptophan residues and had, iike other p10 proteins, a highly basic
C terminus. The SeMNPV p10 protein shared an amino acid similarity of 37% with the CIMNPV
p10 protein. The two conserved homology boxes {Fig. 3.5) were alsc preserved in the CIMNPYV
p10 coding sequences.

From the available data on the p10 genes of ACMNPY, OpMNPV, CIMNPY and SeMNPV
it can be postulated that the size of the ORF, and the structure and function of the protein it
encodes, are preserved among nuclear polyhedrosis viruses, whereas the nucleolide and amino
acid sequence of the gene product are much more divergent than those of other baculovirus
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genes encoding homologous functions (Rohnmann, 1992). This suggests that the p10 gene has
evoived from an ancestor gene more rapidly than other baculovirus genes.
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‘ CHAPTER 4

‘ SEQUENCE AND TRANSCRIPTIONAL ANALYSIS OF THE UBIQUITIN GENE
CLUSTER IN THE GENOME OF SPODOPTERA EXIGUA NUCLEOPOLYHEDROVIRUS

SUMMARY

The nucleotide sequence of a 1200 bp DNA fragment of Spodoptera exigua
nucleopolyhedrovirus (SeMNPV) was determined. This sequence contained a cluster of two
open reading frames (ORFs), one coding for a viral ubiquitin {v-ubi} and ancther with homology
to orf2 of Autographa californica (Ac) MNPV and Orgyia pseudotsugata (Op) MNPV, The v-ubi
ORF is 240 nuclectides (nt) long, potentially encoding a protein of 80 amino acids with a
predicted molecular mass of 9.4 kDa. The amino acid sequence of the v-ubi gene in SeMNPV
has 75% and 81.6% identity with the v-ubi gene of AcMNPV and OpMNPYV and approximately
84% with celiular ubiquitins. Northem blot analysis reveated three major small transcripts late
in infection, of about 690, 550 and 400 nt long. Primer extension analysis showed that
transcription started from within two consensus late promoter elements {TAAG), located at
positions -6 and -30. The start site at position -4/-5 pracedes the shortest leader reported to
date for a baculovirus gene. The other ORF, xb187, was identified in the opposite orientation
immediately upstream of the v-ubi gene. This ORF potentially encodes a 22 kDa protein with
unknown function and has about 60% amino acid similarity to the products of the orf2 genes of
AcMNPV and OpMNPV. The SeMNPV xb187 ORF is transcribed late in infection via two
transcripts, 1.2 kb and 770 nt long. The v-ubi-xb187 gene cluster is located at map unit {m.u.)
89 on the genome of SeMNPV. This is different from the position of an identical cluster in the
AcCMNPYVY and OpMNPYV genomes, located at relative m.u. 20.

This chapter has been published as: Strien, E.A. van, Jansen, B.J.H., Mans, R.M.W., Zuidema, D., & Viak,
J.M. 1996. Sequence and transcriptional analysis of the ubiquitin gene cluster in the genome of Spodoptera
exigua nucleopolyhedrovirus. Journal of General Virology 77, 2311-2319.
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INTRCDUCTION

Ubiquitins are small proteins, abundantly present in eukaryotic cells and thought to be involved
in an array of basic cellular processes, such as cell cycle control, stress response, ribosome
bicgenesis and cell differentiation (see Finley & Chau, 1991; Ciechanover & Schwartz, 1994 for
review}. Eukaryotic ubiquitins are 76 amino acids long and highly conserved (96% identity},
suggesting an essential function in the life cycle of the cell. Cellular ubiquitins occur free or
covalently linked to other proteins and are processed via the ubiquitin pathway. In this pathway
ubiquitin menomers are covalently linked by their C-terminal Gly-76 to lysines residues of target
proteins and to internal lysines of other ubiguitin molecules (Lys-48) to form multi-ubiquitin
chains. Recently, it has been shown that Lys-63 and Lys-29 of ubiquitin can also be used as
acceptor for ubiquitination (Arnason & Ellison, 1994; Johnson ef al., 1995). Ubiquitination has
been implicated strongly in protein degradation (Doherty & Mayer, 1992).

Ubiquitins alsc play a role in the life cycle of a wide range of viruses. Host ubiqutins have
been found covalently linked to some plant viruses (Dunigan ef al., 1988) and free ubiquitins
were observed in avian leukosis virus particles (Putterman ef af., 1990). Herpes simplex virus
1 encodes a protein {ICP4) that induces polyubiquitin gene expression in the host {Kemp &
Latchman, 1988). African swine fever virus contains ubiquinated virion proteins (Hingamp et ar.,
1995} and codes for a protein that shows homology to enzymes involved in the ubiguitin
pathway (Rodriguez et al., 1992). Involvement of the ubiquitin pathway in the propagation of
viruses has been suggested (Driscoll & Finley, 1992).

Ubiquitin-like genes have been found in the baculoviruses Aufographa californica
nucleopolyhedrovirus (AcMNPV) (Guarino, 1990) and Orgyia pseudotsugata (Op) MNPV
{Russe! & Rohrmann, 1993}, showing 75% {AcMNPYV) and 80% (OpMNPV) amino acid identity
with eukaryotic ubiquitins. Failed attempts to delete v-ubi from AcMNPV suggest that ubiquitin
is essential in the baculovirus life cycle (Guarino, 1990). Recently, Reilly and Guarino (1996)
showed by generating a frame-shift mutation in the AcMNPV ubiquitin gene that v-ubi is not
essential for virus replication in cell cuiture. However, production of budded virus by this mutant
is much reduced. In ACMNPV both v-ubi as well as host ubiquitin are attached to the inner
surface of budded virion membranes by a novel type of phospholipid anchor, referred to as
phosphatidyl-ubiquitin (Guarino et af., 1995). In this paper we report the presence of a ubiquitin
homologue in the Spodoptera exigua (Se) MNPV genome.

SeMNPV is a member of the family Baculoviridae {Murphy ef al., 1995). In contrast to
AcMNPV, SeMNPV is resticted to a single host, the beet army worm S. exigua (Lepidoptera:
Noctuidae). SeMNPV is being applied as a biological control agent against this pest insect
(Gelernter & Federici, 1986; Smits & Viak, 1994). SeMNPV is distantly related to AcMNPV, the
baculovirus type species, based on comparisons of polyhedrin (van Strien ef al.,, 1992) and p10
gene sequences {Zuidema et al., 1993). The availability of the complete nucleotide sequence
of the AcMNPYV genome (Ayres st al., 1994) allows comparison of gene sequences and gene
organization among baculoviruses.

In this paper, we report the nucleotide sequence and transcriptional analysis of the v-ubi
gene of SeMNPV and a flanking ORF {xb187). The amino acid sequence of v-ubi was compared
to those of AcMNPV and CpMNPV and to several eukaryotic ubiquitins. In addition, we
compared ORF xb187 with the putative homologous orf2 of AcMNPV (Guarino and Smith, 1990)
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and OpMNPV (Russell & Rohrmann, 1993). Finally, we matched the relative location of the v-ubi
and xb187 ORFs of SeMNPV with those of ACMNPV and OpMNPV.

MATERIALS & METHODS

Virus, insects and cells. The SeMNPYV field isolate (SeMNPV/US) (Gelemter & Federici, 1986)
was kindly provided as polyhedra by B.A. Federici (Department of Entomology, University of
California, Riverside, U.S.A.}. The polyhedra were propagated in fourth instar S. exigua larvae
{Smits et al., 1988). Extracellular virus (ECV), used in time course infection experiments, was
obtained from the supernatant of IZD-Se-2109 cells infectéd with hemolymph cobtained from
SeMNPV-infected fourth instar larvae. The S. exigua cell line {obtained from B. Moeckel,
Institute of Zoology, Technical University, Dammstadt, Germany) was maintained in plastic tissue
culture flasks in TNM-FH medium (Hink, 1970) supplemented with 10% fetal bovine serum. ECV
fiters were determined by the end point dilution method (Vlak, 1979} and expressed as TCID,,
units per ml. Viral DNA was extracted from occlusion derived virions (ODVs) purified on sucrose
gradients essentially as described by Caballero et al., (1992).

Localization and DNA sequencing of the ubiquitin gene region, Colony filter hybridization of an
SeMNPV EcoRl genomic library in pBluescriptKS+ {Stratagene), with an [a-P]dATP labelled
probe was performed essentially as described by Sambrook et al. (1989). Subfragments of a
selected fragment were isolated from agarose gels using the freeze-squeeze method (Sambrook
et al, 1989) and subcloned into the plasmids pTZ19R {Promega) or pBluescript KS(+)
(Stratagene). Sequencing of SeMNPYV inserts and cosmids with standard sequencing primers
and custom designed primers (Eurogentec) was performed with Tag polymerase, using the
chain termination method of Sanger et al. {1977) and an automatic sequencer (Applied
Biosystems). Sequences were analyzed with the UWGCG computer programs (Devereux et al.,
1984) and DNA and deduced aminc acid sequences were compared with the updated
GenBank/EMBL, SWISSPROT and PIR databases using the BLAST and FASTA programs.

Isolation of total RNA and Northern blot hybridization. Total RNA for Northern blot analysis and
primer extension was isolated from SeMNPV-infected IZD-Se-2109 cells at several time points
post infection (p.i.), as described by Xie & Rothblum (1991). Total RNA was denatured,
electrophoresed in agarose gels and blotted onto Hybend-N nylon membrane (Van Strien et al.
1992). To identify v-ubi and ORF xb187 transcripts, the blots were hybridized for 16 h at 65 °C
with [a-2P]JCTP-labelled riboprobes. Riboprobes were generated by in vitro transcription
(Sambrook et al. 1989) by using T7 or T3 RNA polymerase {Gibco-BRL). Templates used for
in vitro transcription were generated by cloning of DNA fragments containing either v-ubi or ORF
xb187 sequences into pBluescript KS{+) (Stratagene). After hybridization, the filters were
washed for 5 min with 2 x SSC, 0.5% SDS at room temperature, 30 min with 2 x SSC, 0.1%
SDS at 65 °C and 30 min with 0.1 x SSC, 0.1% SDS at 65 °C. The filters were exposed to Kodak
XAR film.

Primer extension. To identify the transcriptional start site(s) of SeMNPV v-ubi, 15 ng of an
oligonucleotide (5' GCGCGTATCCTCGAGC 3'), complementary to the v-ubi mRNA, was
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labelled at the 5' end with [y-2PIdATP by using T4 polynuclectide kinase (Glbco-BRL) in 50 mM
Tris-HCI, pH 9.5, 10 mM MgCl,, 5 mM DTT, 5% glycerol for 45 min at 37 T followed by heat
denaturation at 90 °C for 10 min. The labelled oligonucleotide was purified on a 1 ml Sephadex
(-25 column. Labeiled primer was added to 3 pg of total infected-cell RNA and the mixture was
denatured at 90 °C for 5 min and annealed at 54 T for 15 min. Reverse transcription was
carried out at 48 °C for 1 h in a volume of 15 pl, containing 5 mM of each of the dNTPs and 1
ul Superscript reverse transcriptase (Gibco-BRL) in a buffer supplied by the manufacturer. The
reaction was stopped by addition of 5 pl 'stop’ buffer containing 95% (v/v) formamide, 0.01%
xylene cyanol and 0.01% bromephenol blue. Six p! of the reaction mixture was analyzed in a 6%
polyacrylamide sequence gel, followed by drying and autoradiography.

RESULTS

Location and sequence of the ubiquitin region on the SeMNPV genome

Upon characterization of the region upstream of the p10 gene of SeMNPV (Zuidema et al.,
1993), a gencmic EcoRl bank was screened with a probe, an EcoRI-Xbal fragment derived from
the left-hand end of Xbal-H. This resulted in the detection of a 2.2 kb EcoRI fragment
overlapping the Xbal site between the fragments Xbal-B and Xbal-H (Fig. 4.1}. Sequences
upstream of the 2.2 kb EcoRl fragment were obtained from cosmid COS822, encompassing
fragments Xbal-B, -H, -D and -R (J.G.M. Heldens et af, unpublished). A segment of
approximately 1200 nucleotides (nt), located around map unit (m.u.) 83 on the right end of Xbal-
B, was sequenced in both directions and contained two putative ORFs (Fig. 4.2). An ORF cof 240
nt, potentially encoding a protein of BG amino acids with a predicted molecular mass of 9.4 kDa,
showed homology to ubiquitin genes when screened against databases. This gane will be
further referred to as the SeMNPV v-ubi gene. Another ORF was found upstream of the v-ubi
gene in the opposite orientation, with the potential to encode a protein of 187 amino acids and
a predicted molecular mass of 22 kDa. This gene will be further referred to as ORF xb187.

The putative translational start codons of v-ubi and xb187 are separated by an intergenic
region of 90 nuclectides. In this region, there are two late transcriptional consensus start sites
(TAAG) (Blissard & Rohrmann, 1990) at nucleotide residues -6 and -30 with respect to
translational start codon of v-ubi (Fig. 4.2). A potential late promater TAAG sequence for xb187
ORF is located at position -18 relative to the translational start site. A cananical poly(A) signal
(AATAAA) is located 258 nt downstream of the translational stop codon of the v-ubi gene of
SeMNPV. In ORF xb187 a poly{A) motif constitutes part of the last codon and all of the stop
signal (Fig. 4.2). An additional or alternative poly(A} signal is located 431 nt downstream of the
stop codon of ORF xb187 {data not shown).

In the intergenic region a repeat of seven ACG triplets, at -28 and -42 (Fig. 4.2) relative
to the translational start sites of ORF v-ubi and xb187, respectively, was observed. This repeat
was located outside the putative transcriptional start sites of both genes. A similar motif has also
been found in the 5' nen-translated region of the SeMNPV p10 gene (Zuidema et al., 1993), but
its function is unknown.

Transcriptional analysis of the ubiguitin gene region
Transcriptional activity of the SeMNPV v-ubi gene in insect cells was ascertained by Northem
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Figure 4.1, Location of the ubiquitin gene region on the genomic map of the SaMNPV genome. The Xbal
restriction map of the SeMNPYV genome is shown {top). The position of the cosmid (COS22) and the locations
and orientation of the polyhedrin, p10, ubiguitin and xb187 genes are indicated (arrows). Detail physical map
of the ubiquitin region {bottom). E, EccRl; X, Xbal; C, Clal; S, Sal.

blot analysis of RNA isolated at various times after infection by using a strand-specific probe of
the v-ubi gene. Three major transcripts, of approximately 400, 550 and 690 nt, were observed
late in infection (Fig. 4.3a). Overexposure of the hybridized blot showed that the 630 nt transeript
was first detectable at 8 h p.i., increased in intensity up to 24 h p.i. and appears to be less
abundant very late in infection. The two smaller transcripts of 400 and 550 nt were present from
12 h p.. and their concentration continued to increase up to 48 h p.i. The amount of the 550 ni
transcript was considerably lowsr. Longer transcripts were also observed, which appear to
originate further upstream of the v-ubi gene, as determined by an anti-sense riboprobe
overlapping with ORF xb187 (data not shown).

RNA primer extension analysis was performed 1o determine the transcriptional start
site(s) of the v-ubi gene (Fig. 4.3c}. An oligonucleotide, complementary to nuclectides 147 to
162 with respect to the translational start site, was used (Fig. 4.2). The reverse transcription
assay showed two major adjacent stops, at -4/-5 and at -28/-29 nt relative to the translational
start codon (Fig. 4.3c), with a slight preference for the nuclectides at -4 and -28. This places the
two transcriptional starts of SeMNPV v-ubi at the adenine residues of the consensus late
promoter elements TAAG.

Nucleotide sequence analysis revealed the presence of a canonical poly{A)signal
(AATAAA) (Birnstiel et al,, 1985) at 258 nt downstream of the translational stop codon of the
SeMNPV v-ubi gene (Fig. 4.2}. It is embedded in an A/T rich region. The predicted size of the
v-ubi mRNA is therefore approximately 520 nt, indicating that the largest stretch of this mRNA
is not translated into protein. This also suggests that the v-ubi mRNA has a tail of approximately
170 adenine residues to give a mRNA of 690 nt in size.

Northern analysis of the xb187 gene (Fig. 4.3b) shows a major transcript of
approximately 770 nt and a minor transcript of 1.2 kb late in infection. Overexposure of the
Northern blot revealed that both transcripts were first detectable at 6 h p.i., their intensity
increased up to 24 h p.i. and decreased at 48 h p.i. This indicates that this gene is transcribed
late in infection. The 770 nt transcript could start at -10 and terminate at the poly(A) signal just
downstream of the TAA stop codon, assuming a poly(A) tail of about 150 adenine residues. A
v-ubi antisense riboprobe was used to investigate if the longer transcript overlapped with the
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v-ubi gene. Since no hybridization signal was detected, this implied that both xb187 transcripts
were 5' coterminal {(data not shown).

Comparison of the SeMNPV the v-ubi and xb187 genes

The amino acid sequence encoded by the SeMNPV v-ubi ORF was compared to those of
AcMNPV {Guarino, 1990} and OpMNPYV (Russell & Rohmmann, 1993), as well as to the ubiquitin
monomer sequences of Drosophila melanogaster (Ambas et al., 1986} and S. frugiperda

ATTAGTATTGTAATTTTTTTTATTGTAAARATARATSTATCGGACATACACACACATACA 60
ATGTTTTTCTTTATATCCCARARRCTACTCTAGCARTATCARGTCARTATGAGGTCCATC 120
GTGCCGAAGGTCGATCGCTIGTAATACCAGGCOSTTGTATATGAGACGACGETGAGAATG 180
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Figure 4.2. Nucleotide sequence ot an 1175 bp region of the SeMNPV genome containing the ubiquitin and
xb197 genes. The ubiquilin coding sequence stars at nt 513 and terminates at nt 273; the xb187 gene stars
at nt 604 and terminates at nt 1164, Late franscription initiation signals (TAAG) and putative transcription
palyadenylalion signals (AATAAA) are underlined.
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Figure 4.3, Transcriptional analysis of the SeMNPV v-ubi/xb187 gene region. Northemn blot analysis of lotal
RNA extracted from uninfected {lane C) and SeMNPV-infacted 1ZD-Se2109 cells 2, 4, 6, 8, 12, 16, 24 and
48 h p.i. for v-ubi (a) and xb187 (b} transcripts. (c) Primer extension analysis of v-ubi transcripts performed
with a 16-mer oligonuclectide complementary to the v-ubi RNA, *P-labelled at the 5 end. The oligonucleotide
was annealed 1o total RNA from uninfected (lane 1) and SeMNPV-infected (lane 2) cells isolated 48 h p.i. and
alongated by reverse franscription. The sizes of the extension products were determined by comparison with
a sequetice ladder run alongside {langs C, T, A and G} obtained from an SeMNPV v-ubi containing plasmid
clone and the 16-mer cligonucleotide as a sequence primer. Asterisks indicate the pasition of the 5'-terminal
nucleotides.
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(Guarino, 1980) {Fig. 4.4a). The baculoviral ubiquitins, including SeMNPV v-ubi, differ from the
cellular ubiquitins in their C-terminal extension by one or more amino acids. Processed cellular
ubiquitins have a fixed length of 76 amino acids. Therefore, only the first 76 amino acids of
SeMNPYV v-ubi were considered in calculating the extent of homalogy. The homology (identity)
of SeMNPV ubiquitin with ACMNPV and OpMNPY ubiquitin is 75.0% and 81.6%, respectively,
whereas the homology with D. melanogaster and S. frugiperda ubiquitin is 84.2% and 82.9%,
respectively (Table 4.1). Notably, the ubiquitin protein of Bombyx mori (BmNPV) NPV is 100%
identical to its AcCMNPV homologue (complete BmNPY sequence is in Genbank/EMBL,
accession no. L33180).

The residues tha! are known to be involved in the formation of ubiquitin-protein
complexes in eukaryotes, Lys-29, Lys-48, Lys-63 and Gly-76 are all conserved (Fig. 4.4a;
Johnson et al,, 1995; Chau et al., 1989; Finley & Chau, 1991; Amason & Ellison, 1994; Spence
et al,, 1995}. The altered amino acid residues, at positions 23 and 28, relative to the eukaryotic
ubiquitins, are conserved among the baculoviral ubiquitins. The most heterogeneous parts of
the SeMNPV ubiquitin are the areas from amino acid residues 15 to 31 and 53 to 57. In
camparison to eukaryotic ubiquitins, SeMNPV ubiquitin has four additional amino acids atits C
terminus. AcMNPV and OpMNPYV ubiquitin have 1 and 18 additicnal amino acids at their C
terminus, respectively. The C-termini of the other viral v-ubiquitins do not share homology to
SeMNPV ubiquitin (Fig. 4.4a).

The xb187 gene shows homology (similarity) of 59%, 59% and 61% at the amino acid
level with the orf2 genes of AcCMNPV, BmNPV and OpMNPV (Fig. 4.4b}. The amino acid
sequence of the putative protein encoded by the xb187 gene is considerably shorter than that
of the orf2 genes of AcMNPV, BmNPV and OpMNPV (187 amino acids versus 215,215 and
219, respectively), truncated by about 30 amine acids at the N terminus. The N-terminal region
of the ORF2 and xb187 proteins is very heterogeneous among the three baculoviruses, whereas
the C-terminal region displays a higher degree of hamelogy. A search in the updated releases
of the Genbank/EMBL database with FASTA and BLAST (Alischul et al., 1990) of the GCG
Software package did not show significant homologies to other genes.

DISCUSSION

In this report the nucleotide sequence and transcriptional analysis of two adjacent ORFs, v-ubi
and xb187, on the Xbal-B fragment of the baculovirus SeMNPV is presented. The general
features of the SeMNPV ubiquitin gene seem to be similar to those of other ubiquitins {Fig. 4.4
and Table 4.1). The amine acid residues involved in ubiquitination, Lys-29, Lys-48, Lys-63 and
Gly-76, are conserved. The additional amino acids at the C termini of the baculoviral ubiquitins
may be the remnant of the C-terminal extensicn of either an ancestral cellular ubiquitin-fusion
gene or polyubiguitin gene. However, the residues known to be essential for protealytic
processing, Gly-Gly-X (Lopez-Otin ef al, 1989), are conserved and ubiguitin C-terminal
hydrolase activity is present in AcMNPV-infected S. frugiperda cells {Moguilevksy ef al., 1994).
Based on these findings it is likely that the C termini of the baculoviral ubiquitins are processed
correctly 1o yield a ubiquitin of 76 amino acids.

Comparison of the predicted amino acid sequences suggest that SeMNPYV ubiquitin is
more closely related to OpMNPV than to AcCMNPV ubiquitin. The identity with D. melanogaster
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*

*

SeMNPV ubi MQIFVKTLTC KTVTVEVEST DTVEQVXQKI TDKEGIPPDCQ QRLIYAGKQL 50
OpMNPV ubi  .......... L IL..T.PG L .G...... ALL.VV.. o 50
ACMNPV ubi B R ..I.A.T.PA E._ADL.... A....V.V. F.o.... 50
Dm ubi 0 ... T.L.,.PS ..I.N..A.. Q......... Foo... 50
sf ubi  ......... I.L...PS ..T.N..A.. Q......... Fo.o... 50

*
SeMNPV ubi EDTRTHMSDYN IQKESTIHLY LRLRGGRWWW 80
OpMNEPY ubi AQ.LA... ...... LM, «..... NGLR KGKRRCLSLL QFI 93
ACMNPY ubi SK..A. v .uin.. L.M. «..... Y 77
Dm ubi R T P P 76
Sf ubi G.C..Lieer vunn-. Livr vunins 76
(&)
SeMNPV XD187 —=---m—emm e e MSA QQFTADLQAL IDRVKRRGNP 23
CpMNPY  orf2 ------ MAAL VKPMLPLATF GCQONGCLOH .LAKLVOARA RRGYEHDIGQ 44
ACMNPV orf2 MTTVAVNAPL PPPLVELCNR RPIPTPRIIS L.RQLISTPV VKNYQADVQE 50
BmMNPV  orf2 MDPTVAVNAPL PPPMVELCNR RPIPTPRITS L.RQLISTPV .KNYQADVOE 50
SeMNPV xbl87 DDNDDAAAVK QPSRLGDVIQ HLGRNGLLLQ R--KXDENFD INETIDISDV 71
OpMNPV  orf2 LAEKLKKRQV ARGH....LE OM..QSE..P ELV.N..E.R .VQQOR.LGHN 94
ACMNPY orf2 AIDAFKRLNI T.GH..E..D TM.QQ.K..P EIIEA.DD.K V,Q.RNLSCK 100
BmNPYV  orf2 AIDAFKRLNI T.GH..E..D aM.QQ.R..P EIIEA.DD.K V.Q.RNLSCK 100
SeMNPV xb187 ARDYLNLLQT EKLSSCRLCY HNDETLRCEF HKKYIFNKNP KDHYDEYVNF 121
OpMNPV orf2 TIE...... HD..F....-. THAHW.W... ..THAYRGPR DISV.A..DH 144
ACMNPV orf2 TVE...F.EN D..FR..... THADW.W.D. .RNHAYRGTR DITCNN..EH 150
BoNPY  orf2 TVE...F.EN D..FR..... TEADW.W.D. .RNHAYRGTR DIACNN..EH 150
SeMNPV xbl87 LNSEMGVISF VELYYTYLGYV SSWRIVSLMM MRDLTGFSSI RELLTYYNYE 171
OpPMNPV  orf2 ..D...VAL ..E..HW.SS CNDKAEAKRA LKT.ANVE.L GD..DS...- 193
ACMNPV orf2 ..D...VML I.E.FYC.SS5 CNFKQDAKRA LOT..K.E.L SD.MAS..F- 199
BrNPV  orf2 ..D...VML ..E.FYC.SS CNFKQDAKLA LQT..N.E.L SD.MAS..F- 199
SeMNPV xbif7 CSDDVDTVPY ETMDCE 187
OpMNPV orf2 S.V.A..SS. .L..F. 209
ACMNPV orf2 STP.L..NA. .L..F. 215
BmNPY orf2 STP.L..NA. .L..F. 215

Figure 4.4. Amino acid sequence alignment of various baculoviral and cellular ubiquiting (a) and xb187
homologues (b). Dm, D. melancgaster (Armribas et al., 1986); S, 8. frugiperda (Guarino, 1990); Se, S, exigua
MNPV; Ac, A. califomica MNPV (Guarino, 1990Q); Op, O. pseudotsugata MNPV {Russell & Rohmann, 1993);
Bm, B.mori NPV {Genbank/EMBL, accession no. L33180). Identical amino acids are indicated by dots.
Hyphens are introduced to maximize matching of amino acid residues. Amino acids involved in ubiquitination
are indicated with asterisks. Numbers indicate amino acid positions.

and 8. frugiperda ubiquitin is even greater (Table 4.1). However, since the variation among the
baculoviral ubiquitins is much higher than that chserved amang cellular ubiquitins, these data
show that baculoviral ubiquitins have diverged considerably from the highly conserved cellular
ubiquitins and from each other. This may suggest that v-ubiquitins have a special function in
baculovirus infection, as for example the association of ubiquitin with ECVs via a phospholipid
anchor (Guarino et af,, 1995). With these dafa on v-ubi of SeMNPV, three nucleopoiyhedrovirus
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Table 4.1. Aminc acid sequence identity (%) between the ubiquitin proteins of SeMNPV, AcMNPY, OpMNPYV
and S. frugiperda and D. melanogaster.

ACNPV OpNPV Dm St
SeNPV 75.0 81.6 84.2 82.9
AcNPV 85.5 76.3 75.0
OpNPV 80.3 78.9
Dm 98.7

ubiguitins have been sequenced. Moreaver, the identification of a v-ubi gene in the genome of
Cydia pomoneila granulovirus (N.E. Crook, personal communication), suggests that this gene
most likely is preserved in baculoviruses.

Analysis of SeMNPV v-ubi transcription revealed that transcripts started with equal
frequency in the two canonical TAAG late promoter elements located at positions -6 and -30
relative to the translational start codon (Figs. 4.2 and 4.3¢). This is unlike the situation in
AcMNPV, where the two v-ubi transcripts are present in unequal amounts and have longer
untranslated 5' ieaders {Guarino, 1930}, The 5' sequences of the baculovirus v-ubi genes differ
considerably (Fig. 4.5). Only the TAAG consensus promoter sequences are conserved. The
transcriptional start site of the SeMNPV v-ubi gene at position -4 is the shortest leader repotted
to date for a baculovirus gene and is reminiscent of the enhancin gene transcription of Hefiothis
armigera granulovirus (HaGV) (Roelvink et al., 1995).

Three major v-ubi transcripts, of about 690, 550 and 400 nt in length were observed in
infected cells late in infection. The size of the largest mRNA corresponds with the expected
length of a polyadenylated transcript of v-ubi {Fig. 4.2), assuming a poly(A) tail of approximately
150-200 nt. The shorter transcripts of 550 and 400 nt, which appear later in infection (after 12
h p.i., Fig. 4.3a}, may represent non-polyadenylated v-ubi mRNA. The 550 nt transcript might
terminate near the poly(A} signal, whereas the 400 nt transcript might terminate in between the
translational stop codon and the poly{A) signal, thereby precluding a poly(A) tail. There are a
few previous reports on non-polyadenylated transcripts in baculoviruses. The SeMNPV
poiyhedrin gene transcripts are not polyadenylated (Van Strien et al,, 1992). Messenger RNA
of the HaGV enhancin gene is also not polyadenylated and has an equally short leader
(Roelvink et al., 1995).

-30 -6 +1
SeMNEV ubi TTTTTTTARGAGAGTAAACGAGTAATAGAATARGCCATGCAGATTTTT
LA e
~13
OpMNEY ubi CATTTATARG- - - -AGATTCAAAATGCAAATATTT
-195 -17

ACMNPV ubi GTTATATTARGTCGTT-- (163 nt} --CATTTATAAGTAATAGTCTAAAAATGCAAATATTC
* w

Figure 4.5. Alignment of the 5' noncoding leader sequence of the v-ubi genes of SeMNPV, AcCMNPV and
OpMNPYV. Putative promoter elements are indicated in bold and transcriptional start sites are indicated by
asterisks.
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Figure 4.6. Alignment of genomes of AcMNPY, OpMNPVY and SeMNPYV, and focation of polyhedrin, p10¢ and
the v-ubi/xb187 gene cluster. The scale is given in map units (m.u.} of 1-100.

The xb187 gene of SeMNPV shows homology to the orf2 genes of ACMNPV (Guarino
& Smith, 1990} and OpMNPV (Russell & Rohrmann, 1993) and is located next to the v-ubi gene
in the opposite orientation in all three viruses. The highest homology is found at the C terminus,
suggesting that functional domains are located in this part of the protein.

The xb187 gene is active as a late gene (Fig. 4.3b). The presence of two xb187 transcripts can
be explained by the fact that there are two poly{A)signals, cne overlapping with the 5 last
nuclectides of the ORF and another 431 nt downstream of the translational stop codon (data

not shown). The estimated sizes of the transcripts correspond well with the sequence
data, including a presumed poly{A} tail of approximately 200 nt. The putative 5' ends of the
mRNAs encoding v-ubi and xb187 do not overlap in SeMNPV and the intergenic region is much
larger than in the genomes of ACMNPVY and OpMNPV. In SeMNPYV this region contains an ACG
repeat of unknown function.

In the baculoviruses analyzed so far, the v-ubi and xb187 genes or its homologues are
clustered, but located at different postitions in the viral genome. in SeMNPYV the v-ubi/xb187
gene cluster is found around m.u. 83, whereas the same cluster in AcMNPV and OpMNPYV is
located around m.u. 22 and m.u. 19, respectively (Fig. 4.6). This supports the idea that the
baculovirus genome organization has been rearranged during its evolutionary history (Gombart
et al., 1989). Sequence comparisons of the SeMNPV v-ubi/xb187 gene cluster with AcMNPY
and OpMNPV, added to comparisons based on polyhedrin gene (Van Strien et al, 1992;
Zanotto et al., 1993) and p10 gene (Zuidema ef al., 1993} sequences, confirmed the distant
relationship of SeMNPV to these two viruses.
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CHAPTER 5

UNUSUAL CHARACTERISTICS OF THE TRANSACTIVATOR GENE ie?7 OF SPODOPTERA
EXIGUA NUCLEOPOLYHEDROVIRUS

SUMMARY

The genomic position and nuclectide sequence of the immediate early gene /e of Spodoptera
exigua nuclecpolyhedrovirus (SeMNPV) were determined. The SeMNPV Jjef gene had the
patential to encode a protein of 714 amino acids with a predicted molecular mass of 82.0 kDa,
representing the largest baculovirus IE1 known to date. The homology of SeMNPV IE1 with IE1
proteins from other baculoviruses was restricted to the basic C-terminal two-third of the protein,
which is involved in DNA binding. Transcriptional analysis of the SeMNPV ja1 gene by Northem
blot hybridization showed the transient expression of a single transcript of 2.5 kb starting at 1
h p.i., peaking at 8 h p. i. and disappearing at 24 h p. i. From 8 h p.i. onwards a 1.7 kb transcript
was detected which became more abundant at the late stage of infection. Primer extension
analysis revealed the use of several start sites late in infection. One of these was located in the
promater motif CAGT located at position -15 relative to the translational start codon. This start
site was used most intensively at 8 h p.i. A longer extension product, corresponding to a
presumed non-translated 5' leader of 138 nt, was observed at late stages of infection. The
different temporally expression of the je7 transcripts observed by Northem blotting and by primer
extension analysis is as yet unexplained. Four kb upsiream of the SeMNPV je7 gene, an open
reading frame {SeMNPV ORF xd244) was identified, with homology to the left /e0 exon of
AcMNPY and OpMNPV. However, SeMNPVY ORF xd244 did not contain the complete
consensus splice donor sequences, which may explain the inability to identify a spliced /el
transcript early in SeMNPYV infection. Phylogenetic analysis based on the baculovirus IE1
proteins indicated that SeMNPV shared the most recent ancestor with HzZSNPV, although their
IE1 proteins had diverged considerably from each other as well from these of other
baculoviruses.

Manuscript in preparation: Strien, E.A. van, Gerrits, H., Zuidema, D., & Vlak, J.M. 1997. Unusual
characteristics of the transactivator gene ie7 of Spodopiera exigua nuclecpolyhedrovirus.
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INTRODUCTION

Baculaviruses are large, circular dsDNA viruses, replicating in the nucleus of infected cells of
their arthropod hosts. Gene expression of baculoviruses is transcriptionally regulated and
divided into several phases. Whereas late genes are not expressed before the onset of viral
DNA replication, the expression of early genes starts hefore this event {Friesen & Miller, 19886,
Blissard & Rohrmann, 1880). Of these, the immediate early genes utilize the host RANA
polymerase |l complex and do not require the presence of viral gene products for their
transcription. They are often involved in the transactivation of delayed early and late gene
expression (Friesen & Miller, 1986, Blissard & Rohrmann, 1990).

One of the most important baculovirus transactivator genes is the immediate early gene
ie1, which encodes a multifuntional protein. The ie! genes of Autographa californica
nucleopolyhedrovirus (AcMNPV) {Guarino & Summers, 1987), the baculovirus type species
(Murphy ef al,, 1995), of the closely related Bombyx mori {Bm) NPV (Huybrechts et af., 1994)
and of Orgyia pseudotsugata (Op) MNPV {Theilmann & Stewart, 1991) have been investigated
in some detail. [E1 strongly transactivates the transcription of early genes, including its own
transcription (Carson ef al., 1888, Guarino & Summers, 1986a). Ttransactivation by IE1 occurs
in association with the so-called hr {(homologous region) sequences {Choi & Guarino, 1995b),
which are found dispersed around the viral genome {Cochran & Faulkner, 1983, Guarino ef al.,
1986) and function as transcriptional enhancers (Guarino & Summers, 1986b, Kovacs et af.,
1991a, Theilmann & Stewart, 1993, Choi & Guarino, 1995a).

IE1 is also essential for viral DNA replication (Kool ef al., 1993, Kool et a/., 1994) and for
late gene expression {Passarelli & Miller, 1993). IE1 has DNA binding properties as observed
in gel retardation assays (Guarino & Dong, 1991} and is multiply phosphorylated (Theilmann &
Stewart, 1993, Choi & Guarino, 1995b). The DNA binding properties of ACMNPV IE1 reside in
the C-terminal part of the protein (Kovacs et al., 1992). Furthermore, IE1 was associated with
the budded virions (BVs)} of OpMNPV (Theilmann & Stewart, 1993),

The coding sequences of ACMNPV and OpMNPY /e are expressed in two ways, via an
unspliced (ie?) and via a spliced transcript, jie0. In the latter case an exeon, derived from a gene
(ACMNPY ORF 141) located 4 kbp upstream of je?, is spliced onto the 5' end of the jef
transcript. Compared with |E1, the /e translation product {IEQ) has several additional amino
acids at the N terminus of IE1 {Chisholm & Henner, 1988, Kovacs et 2/, 1891b, D.A, Theilmann,
pers.comm.). The AcMNPV ie0 and fe? translation products had distinct transactivation
properties (Kovacs ef al., 1991a).

The baculovirus Spodoptera exigua nuclecpolyhedrovirus {SeMNPV) is restricted to a
single host, the beet ammy worm S. exigua. Several late genes of SeMNPV have been
characterized, such as polyhedrin (van Strien ef al,, 1992, Chapter 2), p10 (Zuidema et al.,
1993, Chapter 3} and v-ubi (van Strien et al, 1996, Chapter 4). Compariscn of these genes with
their homologs in other baculoviruses showed that SeMNPV is distantly related to AcMNPYV,
BmNPV and OpMNPV. In view of the important role of {E1 in the baculovirus life cycle, the
SeMNPV /e gene has been mapped and analyzed. Its transcription pattern was different from
that of other baculoviruses and did not involve splicing.

56



MATERIALS AND METHODS

Virus, insects and cells. The SeMNPYV field isolate (SeMNPV/US) (Gelernter & Federici, 1986)
was kindly provided as polyhedra by B.A. Federici (Department of Entomology, University of
Califomia, Riverside, USA}. The vitus was propagated in fourth instar S. exfgua larvae (Smits
et al., 1988). Budded virus {BV), used in time course infection experiments, was obtained from
the supernatant of 1ZD-Se-2109 cells (B. Moeckel, pers.comm.) and infected with haemolymph
isolated from SeMNPV-infected fourth instar larvae. The S.exigua cell line 1ZD-Se-2109 was
maintained at 27°C in plastic tissue culture flasks in TNM-FH medium (Hink, 1970)
supplemented with 10% foetal bovine serum. BV titres were determined by the end point dilution
method and expressed as TCID,, units per ml. Viral DNA was extracted from SeMNPV
occlusion body-derived virions (ODVs) purified on sucrose gradients essentially as described
by Caballero ef al. (1992).

Localization and DNA sequencing of the SeMNPV iet gene. A Clal-Xbal DNA fragment (2.65
kb} of the AcMNPV ief gene {Guarino & Summers, 1987) was [a-*P]dATP labelled by nick-
translation (Life Technologies Inc.) and hybridized under non-stringent conditions {Sambrook
et al., 1989) to a Southern blot of SeMNPV viral DNA on Hybond-N filters {(Amersham).
Hybridizing SeMNPY DNA fragments were purified from agarose gels by the freeze-squeeze
method, (subjcloned into pUC19 and sequenced according to the chain termination method with
standard sequencing primers and custom designed cligonuclectide primers {Eurogentec) using
the chain termination method (Sanger et al., 1977).

Sequence analysis of the SeMNFPV ie1 gene and ORF xd244. Sequences were analyzed with
the UWGCG computer programs {Devereux ef al., 1984) and DNA and deduced amino acid
sequences were compared with the updated GenBank/EMBL, SWISSPROT and PIR databases
using the FASTA program and BLAST network service (Altschul et al., 1930).

Phylogenetic analysis was performed with the PAUP 3.1 program (Swofford, 1993), using GCG
pileup to produce input files of aligned protein sequences. Bootstrap analysis (Felsenstein,
1993), included in the PAUP package, was used to assess the integrity of the produced

phylogeny.

isolation of polyA* RNA and Northem blot hybridization. For Northern blot analysis polyA” RNA
was prepared by oligo-dT column chromatography purification, according to the instructions of
the manufacturer (Pharmacia), from SeMNPV-infected |ZD-Se-2109 cells, harvested at various
times post infection. An equivalent of polyA* ANA from 2 x 10° cells was denatured,
electrophoresed in agarose gels and blotted onto Hybond-N nylon membrane (van Strien et al.,
1992). To identify je T transcripts, the blot was hybridized for 16 h at 65 °C with an /e 7-specific
probe. An internal Saf fragment of 530 nt {Fig. 5.1) was used as template to generate a single-
stranded [a-2P]dATP-labelied DNA probe using Kienow DNA polymerase (Life Technologies
Inc.) and a standard sequencing primer, After hybridization, the filter was washed for 5 min with
2 x S8C, 0.5% SDS at room temperature, 30 min with 2 x SSC, 0.1% SDS at 65 °C and 30 min
with 0.1 x SSC, 0.1% SDS at 65 °C. The filter was exposed to Kodak XAR film.
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Isolation of total RNA and primer extension. Primer extension was performed with total RNA,
isolated from SeMNPV-infected |ZD-Se-2109 cells at various times post infection as described
previously (van Strien et al., 1992). To identify the transcriptional start site(s} of SeMNPV JjeT,
15 ng of oligonucleotide A (5' GCGAAGCGGCGTGCTACCGGTGG 3", or of oligonucleotide
B (5' CTTCATGGCGCTCGAAACGCAC 3%, both complementary to the ief mRNA, was labelled
at the 5' end with [y -2P]dATP by using T4 polynuclectide kinase (Life Technologies Inc.) in 50
mM Tris/HCI, pH 9.5, 10 mM MgCl,, 5 mM DTT, 5% glycerol for 45 min at 37 T followed by
heat denaturation at 90 °C for 10 min. The labelled cligonucleotide was purified on a 1 ml
Sephadex G25 column. Labelled primer was added to 3 ug of total RNA and the mixture was
denatured at 90 °C for 5 min and annealed at 54 °C for 15 min. Reverse transcription was
carried out at 48 °C for 1 h in a volume of 15 pl, containing 5 mM of each of the dNTPs and 1
pl Superscript reverse transcriptase (Life Technologies Inc.) in a buffer supplied by the
manufacturer. The reaction was stopped by addition of 5 pl 'stop’ buffer containing 95% (v/v}
formamide, 0.01% xylene cyanol and 0.01% bromophenol blue. Six pl of the reaction mixture
was analyzed on a 6% denaturing polyacrylamide sequence gel, followed by drying and
autoradiography.

RESULTS

Location and sequence of the SeMNFV ia1 gene

In order to identify and localize the SeMNPV je? gene on the genome, a 2.65 kb DNA fragment
containing the ACMNPYV je7 gene (Guarino & Summers, 1987) was used as a probe. Under low
stringency hybridization and washing conditions the AcMNPV probe hybrizided to the SeMNPV
Xbal-D fragment. Hybridizations with Xbal-D subclones showed that the smallest hybridizing
fragment was a Nrul-Nrul fragment of 600 bp (data not shown). The SeMNPV Xbal-D fragment
was (subjcloned and pattially sequenced (Fig. 5.1a, b).

An open reading frame (ORF) of 2145 nt was observed, which showed homology to the
ie1 genes from other baculoviruses (see below). No significant homologies to other proteins
were found. The SeMNPV ie7 gene had an anti-genomic orientation (Fig. 5.1a) and potentiaily
encoded a protein of 714 amino acids (Fig. 5.1h) with a predicted molecular mass of 82.0 kDa.

A consensus baculovirus early promoter sequence, CAGT, (Blissard & Rohrmann 1990}
was found 18 nt in front of the putative translational start codon. A TATA box was found 31 nt
upstream of this CAGT motif, as part of the coding sequence of an ORF located upstream of
SeMNPV jef. This ORF displayed homology to the AcMNPV ORF 146, whose function is
unknown (Ayres et al., 1994). The putative translational start codons of SeMNPV ie7? and the
upstream ORF were separated by only 22 nt. The region encompassing the presumed SeMNPY
a1 early start site, CAGT, and the preceeding TATA box, are highly conserved among the
baculovirus je1 genes (Fig. 5.2a), but the nucleotide homology in the SeMNPYV ie? &' region is
limited to these sequence motifs. It is possible that these sequences were responsible for the
observed hybridization signal with the AcMNPV je1 DNA probe. Two consensus polyadenylation
signals, AATAAA, were located 19 and 47 nt downstream of the translational stop codon of jel.
Downstream of SeMNPV jel, sequences homologous to the AcMNPV p74 gene (Kuzio et al.
1989) were detected (Fig. 5.1). The SeMNPV /e1 and p74 coding seguences were separated
by 145 nt.
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GTTTACGCTACATCAACTGTCTACACTCTGTGCACAATGAATACACGGC CCACCATATGC 1260
L R Y I NCV HS V HNUEYTAWHUHMH 366

ACCACGATCGCTTCGTGCTCGTCOTCACCATCGARCGCTACCGCTTTATGATCTCGTACA 1320
" D RF VLYUVYTTITETSRT YTERKTPFTHMTSZY N 38

ATCTATTGCTCGGCATGAATATTGAAATACCCACGCAAGATCAGTTTTCGGAAAAGCAAT 1380
L L G ¥M N I E I P T QD Q F 85 E K Q¢ L 406

TGTCCGACACCAACAAGAACATGTGCATTTTCGAGGAAGTTAAAGATTTTAAATTTTTAT 1440
s DTN KNMC I F E E VY K DVF K F L 5 426

CTTTACTCATTAACACTTTTCGATTGGACCAAGTGTACATTCAGGGCAAGGTGAGTCTCT 1500
L L I ¥ TFU R LD Q V I ¢ G K VvV 5 L L 446

TGCTGGCGTCTGTCGGCGAAAGCAAGTCGCGCGTCATTTTCGATCAATTGACGCAAATGA 1560
A 8 G E S s v F D QL T Q M M 466

TGGACACGGGTATGATGTTTACGCTGCCCATGTCTGTCACCAAGEAGGAGGCCCCCAATC 1620
o TG MMV F TL P M S V T K KEWAUPNQ 486

AAGACGAACTCAAAAAGTACGACATGTCGATGTACGTCGARGACATTATGAAGTATACGA 1680
D EL K K ¥ DM S8 M Y VEDTIMEKTYTT 506

CGGGTTTACATTTTAATAAATTTGAAGAGGACCGTAAATTGTCGCGCGCCCAGATCGTCG 1740
G L H F N K F E E DR S R A 0 I V 526

ACAGTGTGTCGAAATCGCTATCGTTTTGGTACGAAAACAAACAGACAATCAAGAATAGGA 1800
S ¥ 8§ K 8 L § F WY ENI XK OQTTIKNIZ RTUN 546

ACAAGCAACAGCAACAACAAAAAAGCARCTTTACC TACAACTATGGCTGTATAGCCCGAC 1860
K 0 Q Q Q E K & NF T Y KY GO CTIATERQ 566

AATTTTACGATCCCACGCATAAGGGGGTTARAAAGTTGTTCAAGGTGAAGAAGGAGAACG 1520
F Y D P THTUEKTGT VX KL F KYEKUEKTETN G 586

GTTCGACAAAGTTCATTGARAACTATTTGAACGCGTOCAAGGARCCATTTCGAAAATTATA 1980
S T K L I ENY L NGATCTEKTETERTFTETHNTY S 608

GTTTTATTTTGATCACCACCAAG TCCCACCAAAGEATTACCATTATCAAGAATGGCATGG 2040
F I L ZITTIEKSDTETERTITTITITZEKTHNTZEGHME 625

AATTTTTGTGGATCACGAGCGTGATCAAGGATATTATCGTGACGGACATTATCAAAAAGT 2100
F L W I T § V ¥ DI v T p I I K K 646

ACAAAATGTACAACCACTACGTTTACAATCTCAACAATGGCAACCGTAAAGAGATCAACA 2160
XK M Y N HY VvV Y N L NN G NZRIEKETINTI 666

TTCGTCACARCGGTATGATTARACTATTGTCCAACTATACGGGCGECCACTTGACGCTCA 2220
R H N g M I KL L SNJYTTOGOGZRTLTTL N 686

ACGAAGCGACCGGCATCGCCGTTGAAAGTTTCAACTGCAACTTTGAAAAGGTCATATACG 2280
E A T G I A V S F N CNVF E K V I Y 706

ACAAGAAGAATGCTAAATCTATCAATTAGTTTTGTAATAATTTTATTTAATAAAGATTTT 2340
K K N A K 5 I N 714

ATCTGTATAAATGTCAATAAAGATTTTATTTGTATARATC TATCTTTTTTTATCATTGTC 2400

ACACAGTTTTTATATTTC TAAAGTAGATACTATTAACCCGGCATTATGGOTATGCTCACT 2460
P74> M A M L T

TTTGTAGACATTCAAAATTCAAACTGGTATTCTGAGCATTTGACTAGATTGCGTTTCATA 2520
F Vv D Z1IO0NGSSMNMWTYSETHTELTT RTILTERTF I

Figure 5.1. a) Location and restriction endonuclease recognition sites of the ie f gene region on the physical
map of the SeMNPV genome (Heldens et al,, 1996}. The localion and orientation of the je?, polyhedrin (ph),
p74, xd200 and xd244 and p10 ORFs are indicated (arrows). E, EcoRl; X, Xbal; N, Nrul; Xh, Xhol; S, Sal; B,
BamH\; K, Kpnl; P, Pstl. b) Nucleotide sequence and predicted aming acid translation of the SeMNPV iat
gene. Baculovirus consensus early and late transcriptional start sites are underlined. Putative polyadenylation
signals are double underlined. Beld indicates pulative transcriptional start sites calculated from the primer
extension experiments. The locations of the oligonucleolide primers A and B are double underlined.
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Transcriptional analysis of SeMNPV ie1

To investigate the transcriptional activity of the SeMNPV ie? gene, a specific probe was
hybridized to a Northem blot with polyA* RNA isolated from SeMNPV-infected cells {Fig. 5.3a).
At 1 h p.i. a single transcript of 2.5 kb in length was observed, which increased in intensity up
to 8 h p.i. This transcript could not be detected anymore at 24 h p.i. Overexposure of the blot
(Fig. 5.3b) showed only a single transcript at early times p.i., suggesting that the SeMNPV ie?
gene did not produce spliced transcripts. From 8 h p.i. until 24 h p.i. (Fig. 5.3) and later (data not
shown) multiple transcripts were visible. A transcript of 1.7 kb was first seen at 8 h p.i. and
increased in intensity at 24 h.p.i. A less abundant transcript of 4.7 kb was also observed at this
time point. The transcript was not detected with a probe specific for the SeMNFV p74 gene (data
not shown), which suggests that the late 1.7 and 4.7 kb SeMNPV je{ transcripts were 3'
coterminal,

The transcriptional start site of the SeMNPV je1 gene was determined by primer
extensiocn with ptimer A (Fig. 5.3.c). At late times p.i. several transcriptional stant sites were
used. An extension product of 87 nt, most abundant at 8 hp.i. and decreasing in intensity at later
times p.i., corresponded with the T in the sequence TCAGTTTG {nt 150 in Fig. 5.1.b). The use
of this start site would result in an untranslated 5' leader of 15 nt. An extension product of 210
nt was first cbserved at 8 h p.i. and increased in intensity at later times p.i. (Fig. 5.1.b and data
not shown). This product corresponded with a presumed transcriptional start at the A in the
sequence TGCGATAG (nt 27 in Fig. 5.1.b). The use of this start site would result in an
untranslated 5' leader of 138 nt. A minor extension product of 129 nt was observed at 24 h p.i.
If this product was not due to a preliminary stop in the extension reaction, it correspondeded to
the G in the sequence TCTTGCGC (nt 108 in Fig. 5.1.b). Overexposure of the autoradiogram
and additional primer extension experiments including RNA isolated at 2 h
p.i. showed no indication of primer extension products early in infection {data not shown).

Oligonucleotide B was used in primer extension experiments to investigate if the ie?
transcript of 1.7 kb cbserved late in infection started internally in the fe? coding sequence. At
late times p.i. extension products of 95, 82 and 80 nt were observed (Fig. 5.3.c). These products
corresponded with the T in GATATCGGC (nt 913 in Fig. 5.1.b} and with the C and A in the
sequence TTGTCGAAGAT (nt 926 and 928 in Fig. 5.1.b). The first translational Met-codon
following these presumed transcriptional stan sites is observed at nt 984 (Fig. 5.1.b). This Met-
codon could correspond with an ORF of 1653 nt, potentially enceding a protein of 551 amino
acids. Overexposure of the autoradiogram showed no indication of the use of one of the TAAG
sequences internal in the jef coding sequence.

The length of the observed ie7 transcript of 2.5 kb was in reasonable agreement with the
length of the ORF (2142 nt), assuming a poly(A} tail of normat length (0.2 kb), a 5' leader of 15,
57 or 138 nt and transcription termination near one of the 3' polyadenylation signals. However,
absence of extension products at 4 h p.i. was in disagreement with the early transcriptional
activity observed in the Northern blot analysis (Fig. 5.3a, b). The length of the je transcript of
1.7 kb, observed in late stages of infection, was in reasonable agreement with a presumed start
internal in the /ie7 ORF as determined with primer B (Fig. 5.3.¢) {at nt 913, 926 or 928 in Fig.
5.1.b), assuming a poly(A) tail of normal length and transcription termination near ene of the
polyadenylation signals (at nt 2329 and 2356 in Fig. 5.1.b),
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Figure §.2. a) Alignment of the promoter region ofthe SeMNPV Jje? gene with those of other baculovirus ie7
genes. Gaps,introduced to optimize the alignment, are indicated by dashes. Grey shading isused toindicated
the occurrence of identical nucleotides. b} Alignment of the predicted amino acid sequences of the IE1
proteins of Se MNPV, ACMNPYV, BmNPV, OpMNPV, CFMNPV and HzSNPV. Gaps, introduced to optimize the
alignment, are indicated by dashes. Shading is used to indicated the occurrence (atleast 50%) of identical
amino acids.
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Figure 5.3. a} Northern biot analysis of polyA+ BNA extracted from uninfected (lane C) and SeMNPV-infected
cells at 1, 2, 4, 8 and 24 h p.i. for /e? transcripts. The length of the transcripts is indicated in kb. b)
Overexposure of the blotin a). ¢}. Primer extension analysis of jof transcripts performed with olignucleotide
primers A (right) and B (left), complementary to SeMNPV /et mRNA, *P labelled at the 5 end. The
dligonuclectides were annealled to total RNA from uninfected (lane C) and SeMNPV-infected cells isolated
at 4, 8, 12 and 24 h p.i. Numbers indicated the sizes of the extension products, which were determined by
comparison with a sequence ladder run alongside (lanes G, A, T and C). The ladder was obtained from an
SeMNPV v-ubi containing plasmid clone and the v-ubi 16-mer oligonuclectide as sequence primer (van Stiien
et al.,, 1996, Chapter 4).
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Analysis of the SeMNPYV "ieg first exon” region

The SeMNPV /et transcriptional analysis by Northemn blot hybridization showed no indication
of a larger, potentially spliced transcript early in infection. In AcMNPV-infected cells spliced
transcripts (ie0) are produced throughout infection, of which the first exon originated
approximately 4 kb upstream of the jef gene (Chisholm & Henner, 1988, Kovacs ef al., 1991b).
Similar spliced transcripts were observed in OpMNPV- (DA, Theilmann, pers.comrm.) and in
Lymantria dispar (Ld) MNPV-infected cells {G.F. Rohrmann, pers.comm.),

Assuming a similar gene arrangement in SeMNPV as in ACMNPYV, the region tocated 4
10 4.5 kb upstream of the SeMNPV ief gene was analyzed for the presence of sequences with
homology to the ACMNPYV /a0 left exon. An ORF, denoted SeMNPV ORF xd244, was identified
at the 3' end of the SeMNPV rr1 gene (van Strien et al, 1997) in the same anti-genomic
orientation as SeMNPV /e (Fig. 5.1a). ORF xd244 potentially encoded a protein of 244 amino
acids with a predicted molecular mass of 22 kDa, which showed 34% and 33% amino acid
identity to the AcMNPV ORF 141 (Ayres et al, 1994) and OpMNPY ORF 138 (Ahrens et al.,
1997), respectively. These are the ORFs from which the first ie0 exon originates. The alignment
of the predicted amino acid sequences (Fig. 5.4a) revealed the presence of several conserved
amino acids, most notably several Cys residues reminiscent of a Zn-finger. However, no function
has been assigned to these ORFs.

To investigate the presence of consensus splice donor sequences, the nuclectide
sequence encompassing SeMNPV ORF xd244 was aligned with the sequence of the 5' exons
and surrcunding nucleotides of AcMNPV and OpMNPYV je0 (Fig. 5.4b). This analysis showed
that a consensus splice signal (AGGTRA) was not present in the sequences of SeMNPV ORF
xd244, neither at the homologous location, nor at any other location in the SeMNPV ORF xd244
sequence, The early AcMNPV and OpMNPYV Jje0 transcriptional start consensus sequence
CAGT and preceeding TATA box were also absent from the region upstream of SeMNPY ORF
xd244. Late in infection AcMNPV Jje0/orf 141 was shown to produce spliced and unspliced
transcripts, starting from several start sites {Kovacs et al,, 1891b). Only one of these, a
consensus late promoter sequence TAAG, could be aligned with sequences 5' of the SeMNPV
ORF xd244 (Fig. 5.4b).

Comparison of IE1 profeins

SeMNPYV IE1 showed a moderate similarity of around 50% to other IE1 proteins (Tabie 5.1).
This value is much lower than the similarities of IE1 of AcMNPV, BmNPV, Choristoneura
fumiferana {Cf) MNPY and OpMNPYV, but equal in comparison to Helicoverpa zea {Hz) SNPV.
This supports the view that SeMNPV is distinct from the other baculoviruses. The SeMNPV 1E1
protein, encompassing 714 amino acids, is larger in size than any of the other baculovirus IE1
proteins {Fig. 5.2b}. AcMNPV IE1 counted 582 amino acids and OpMNPV IE1 only 560 amino
acids. The amino acid sequence alignment (Fig. 5.2b) showed that most of the extra length of
the SeMNPV IE1 protein could be accounted for by additional amino acids at the N terminus.
Most of the difference in amino acid number between the viruses OpMNPV and AcMNPV can
be accounted for by the presence of a repeat of 18 amino acids (amino acids 91 t¢ 109 and 110
to 128} in the latter. The same duplication is found in BmNPV IE1. There is no evidence that
similar duplications are responsible for the additional length of the SeMNPV {1E1 N terminus. The
N termini of the IE1 proteins showed very littlie homology, although they were acidic and Ser-
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Figure 5.4. a) Alignment of the predicted amino acid sequences of the ORF xd244 protein of SeMNPV with
AcMNPV ORF 141 and OpMNPV ORF 138. Gaps, introduced to optimize the alignment, are indicated by
dashes. Grey shading is used to indicated the occurrence (at least 50%) of identical amino acids, b)
Alignment of the nuclectide sequences of SeMNPV ORF xd244 with the /a0 exon region of ACMNPV ORF
141 and OpMNPYV ORF 138. Gaps, introduced to optimize the alignment, are indicated by dashes. Grey
shading indicates the occurrence of identical nucleotides. The locaticn of the AcMNPV and OpMNPY splice
donor site, TATA box, early and \ate transcriptional start sequences are indicated.

and Thr-rich. The C-terminal part of the IE1 proteins (starting at position 235 in SeMNPV LE1)
displayed a higher degree of amino acid homology and could be aligned with a few minor gaps.
This segment of IE1 was rather basic with a predicted pl of 9.4. The predicted pl of the full
length SeMNPV IE1 protein is 7.8.

The alignment of the C-terminal part of IE1 proteins was used to establish phylogenetic
relationships between the six baculoviruses of which the /ef genes have been identified. An
unrocted phylogenetic tree was constructed using parsimony {Swofford, 1993) and subjected
to bootstrapping (Felsenstein, 1993} to assess the reliability of the deduced phylogeny. The
phylogenetic analysis suggests that ACMNPYV is most closely related to BmNPV and OpMNPY
to CIMNPV, whereas the closest relative of SeMNPV is HzSNPV (Fig. 5.5). The bootstrap
figures were high, indicative of a good reliability of the deduced phylogeny.

DISCUSSION

The complete nucleotide and predicted amino acid sequence of the SeMNPV ief gene was
determined. The homology with other baculovirus |E1 proteins was only moderate {Table 5.1}
and resided predominantly in the C-terminal two-third of the protein (Fig. 5.4a). Two domains
with different functions have been identified in the AcCMNPV |E1 protein. The N-terminal part was
respansible for transactivation and the C-terminal part for DNA binding and inhibitory activities
(Kovacs et al, 1992). In the latter part a consensus single-stranded DNA binding motif
consisting of basic and aromatic amino acid residues {Wang & Hall, 1990) was found (Kool et
al,, 1994). This motif in the SeMNPV IE1 sequence could extend beyond the consensus due
to high content of basic and aromatic amino acids of the C-terminal region. A database search
with the N-terminal amino acids of SeMNPV IE1 resulted in homology with an aray of
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Table 5.1. Pairwise amino acid homatogy of baculavirus IE1 proteins. The predicted sequence of the
SeMNPV |E1 protein (length in brackets) was compared with IE1 of AcMNPYVY (Guarino & Summers, 1987),
OpMNPV (Theilmann & Stewart, 1881), HzSNPV (Cowan ot al., 1994), BmNPV (Huybrechts st al.,, 1924) and
CMMNPYV (Genbank acc.nr. L04945). identity normal typesetting, simharity in pold.

AcMNPY BmNFPV OpMNPV CIMNPV HzSNPV
SeMNPV 29.2 300 287 303 323
AcMNPV 95.4 48.0 50.0 305
BmNPV 48.0 49.5 284
OpMNPV 73.9 28.8
CfMNPV 28.7

transcriptional activators, aithough oniy with low significance. The N-terminal part of the
SeMNPV IE1 protein, as well as other baculovirus |IE1s, had a high Ser and Thr content similar
1o the situation with other transcriptional activators (Ptashne, 1988). These Ser and Thr residues
are potential phosphorylation sites. ACMNPY and CpMNPYV are multiple phosphorylated {Choi
& Guarino, 1995b, Theilmann & Stewart, 1993).

The conservation of the C-terminal DNA binding region in SeMNPYV IE1, combined with
the similarity with transactivators, suggests that SeMNPV IEt has a similar role in
transactivation of gene expression and/or viral DNA replication as AcMNPV and OpMNPV |E1.
The diversity in the N-terminal part and a difference in phosphorylation status of SeMNPV IE1
may play a role in the speeficity of SeMNPV.

Phylogenetic analysis based on the baculovirus IE1 proteins indicates that SeMNPV
shared the most recent commen ancestor with HZSNPVY. In spite of this, SeMNPV as well as
HzSNPV appear to have diverged considerably from each other and from the other viruses. This
is conspicuous from the branch lengths in the phylogenetic tree (Fig. 5.5) and from the low
amine acid homology of the SeMNPYV and HzSNPV IE1 proteins {Table 5.1). The high bootstrap
figures suggest that the IE1 sequence may have a high reliabilty for baculovirus phylogenetic
reconstructions.

The SeMNPV je1 gene was trancribed as an early (1 h p.i.} gene, as became apparent
from the transcriptional analysis by Northern blotting. Expression of the SeMNPV ig7 gene in
the presence of cycloheximide would confirm the immediate early nature of this gene. Unlike the
AcMNPYV and OpMNPYV je1 transcripts, the early SeMNPV 2.5 kb transcript disappeared at the
later stages (24 h p.i.) of infection. Primer extension experiments revealed the use of the
canonical early baculovirus promoter/initiater motif CAGT, similar to the transcriptional start of
ie1 of other baculoviruses. The use of this motif peaked at 8 h p.i. Unexpectedly, no extension
products were observed at 4 h p.i. Later in infection a longer extension product was observed.
The presence of two ie? primer extension products is reminiscent of the transcriptional activity
in AcMNPV and in OpMNPV. Howevet, in these viruses the longer product is the result of the
expression of je0, the spliced transcript. |n contrast to SeMNPV, the longer extension product
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Figure 5.5. Boolstrap analysis (100 replicates, branch and bound search) of the most parsimonous unrooted
phytagenetic trae {exhaustive search setlings) based on baculovirus IET proteins, constructed with the PAUP
3.1 package. Numbers at the branches indicate branch length (normal typesetting} and frequency of cluster
(italics).

of AcMNPV and OpMNPYV decreased in later stages of infection.

The temporal expression pattemn of je7 transcription as observed in primer extension
experiments was in disagreement with the pattem observed by Northem blot analysis.
Notwithstanding repeated experiments no extension products could be observed early in
infection. Additional experiments are required to clearify SeMNPYV je1 gene exprassion.

The origin of the late (24 h p.i.} 1.7 kb transcript was investigated by primer extension
analysis with a primer complementary to sequences located intemal in /e7. If the observed late
extension products were the not due to preliminary stops in the primer extension reaction, the
results indicated that late transcription initiated from sites located within the SeMNPV /e coding
sequences (Fig. 5.3.c, 5.1.b). A similar expression strategy is found in the OpMNPYV je3 gene
{Wu et al., 1993). If the |ate transcript would start internally, the putative protein would only
contain the conserved, basic C-terminal amino acids and would have a length more similar to
other baculovirus 1E1 proteins. It is tempting to speculate on the function of such a late protein,
for instance as a structural pant of the budded virions, as has been observed in OpMNPV
{Theilmann & Stewart, 1993}, or with a specific role in transactivation or viral DNA replication.
Additional experiments are required to determing the origin of the late SeMNPV Jjet transcripts
and if a functional protein is made.

The conserved CAGT sequence is the consensus baculevirus early transcriptional start
site and in the case of AcMNPV, OpMNPV and LAMNPV ja0 also the splice acceptor site of the
second exon. The baculovirus jie0fel gene is the only gene known to be spliced, and this
transcription pattern factually results in the expression of two highly homologous proteins with
different transactivating properties (Kovacs et al,, 1931a). The splice acceptor site, overlapping
with the ACMNPY (Chisholm & Henner, 1988), OpMNPV (D.A. Theilmann, pers.comm.) and
LdMNPV (G.F. Rohrmann, pers.comm.) el transcriptional start site CAGT, is consetved in
SeMNPV jel (Fig. 5.2a) but not in HzSNPV je1. SeMNPV encoded an ORF, xd244, with amino
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acid homology to the AcMNPV, OpMNPYV and LAMNPVY ORFs from which the first je0 axon
originates. However, no censensus splice donor sequence was present in or near SeMNPV
ORF xd244 (Fig. 5.4a). In addition, the early baculovirus ie0 transcriptionaf start consensus
sequence CAGT and preceeding TATA box were absent from SeMNPV. Only a late promoter
consensus sequence TAAG could be recognized in front of SeMNPV ORF xd244.

It is of interest to determine the function of ORF xd244 in SeMNPV infection. The
cbserved lack of two SeMNPV je1 transcripts early in infection, and the absence of splice donor
and early start site consensus sequences in and upstream of ORF xd244, may suggest the
absence of splicing in SeMNPV.
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CHAPTER 6

BACULOVIRUSES CONTAIN A GENE FOR THE LARGE SUBUNIT OF RIBONUCLEOTIDE
REDUCTASE

SUMMARY

in the genomes of two baculoviruses, Spodoptera exigua and S. fittoralis multicapsid
nucleopolyhedroviruses (SeMNPV and SpliMNPV, respectively), an open reading frame (ORF)
encoding the large subunit of ribonucleotide reductase {RR1) was identified. The predicted
amino acid sequences of SeMNPV and SpliMNPY RR1 showed high homology to RR1 proteins
from eukaryotes {ca. 70% and 80% similarity, respectively). The amino acid residues thought
to be involved in catalytic function were conserved in the baculoviral RR1 ORFs. The RR1
ORFs in SeMNPV and SpliMNPV were located on different genomic positions. In SeMNPV, the
RR1 ORF was located upstream of the polyhedrin gene, in an anti-genomic orientation. In
SpliMNPYV, the RR1 ORF preceded the p74 gene. By searching databanks, sequences
hemalogous to the N terminus of RR1 were also detected upstream of the polyhedrin gene of
three other baculoviruses, Mamestra brassicae multicapsid NPV, Panolis flammea multicapsid
NPV and Orgyia pseudotsugata single nucleocapsid NPVY. The baculovirus type species,
AcMNPYV, however, does not encode RR (Ayres ef al,, 1994). A 2.7 kb transcript could be
detected throughout infection with SeMNPV, classifying the SeMNPV rri as an early gene.
Primer extension analysis revealed several early and late start sites. None of the major start
sites showed similarity to previously characterized baculoviral transcriptional start maotifs.
Phylogenetic analysis of prokaryote, eukaryote and viral RR1 proteins suggested that SeMNPV
and SpliIMNPV acquired the gene for RR1 from a eukaryetic source, but independently from
each other.

This chapter has been published as: Strien, E.A. van, Faktor, O_, Hu, ZH., Zuidema, D., Goldbach, R.W., &
viak, J M. 1297, Baculoviruses contain a gene for the large subunit of ribonucleotide reductase. Joumal of
General Virology 78, 000-000.
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INTRODUCTION

Ribonucteotide reductase (RR) is a key enzyme in the biosynthesis of deoxyribonucleotides,
catalyzing the reduction of ribonucleotides (for reviews see: Thelander & Reichard, 1979,
Reichard, 1988, 1993, Elledge af al, 1992)}. The RR (ciass |) enzyme is present in all eukaryotes
and in some prokaryotes, such as E.coli grown under aerobic conditions {Reichard, 1993). The
E.coli RR enzyme is considered to be the prototype and functions as a heterodimer consisting
of two large {RR1} and two small (RR2) subunits encoded by different genes. The actual
reduction of ribonuclectides takes place at the large subunit. The small subunit supplies the
reducing capacity; it contains an active iron centre and provides electrons via a tyrosyl radical.
The reduction of ribonucleotides into deoxyribonucleotides is subject to complex allosteric
control exerted by binding of nuclectides to the large subunit. The overall activity level of the
enzyme is regulated by the binding of ATP and dATP to the large subunit. Expression of the
ribonucleotide reductase genes is tightly regulated during the cell cycle (Reichard, 1988, Elledge
et al,, 1992).

Members from several groups of large DNA viruses, such as the poxviruses,
herpesviruses, T-even bacteriophages and African swine fever virus {ASFV), encode their own
RR. In the animal viruses RR aiso acts as a virulence factor. Deletion usually results in an
attenuated phenotype with slightly impaired growth in cultured cells and increased restrictions
in tissue specificity. RR-encoding viruses can apparently circumvent the strict regulation of RR
activity by the cellular enzyme, as well as bypass the compromized host regulation machinery
{Reichard , 1988, Conner et al,, 1994, Slabaugh et al, 1984, Child &t al., 1990, Cunha and
Costa, 1992, Howell et al,, 1993, Heineman & Cohen, 1994, Huszar & Bachetti, 1981, Goldstein
& Weller, 1988). RR is an often sought target in the search for anti-viral, anti-microbial and
cancer therapies, either suppressing enzyme activity exploited by the pathegen during infection,
or by inhibiting the elevated RR enzyme activity of rapidly growing cancer cells, which are no
longer subject to normal cell cycle control (Conner et al, 1994, Lori et al., 1994, Reichard,
1988).

RR has not yet been described for baculoviruses, another major group of large DNA
viruses. Baculoviruses are pathogenic for arthropods and have a large (80 to 160 kbp) circular
dsDNA genome (Murphy ef af, 1995}). They replicate in the nucleus of the infected cell. Genes
encoading RR have not been reported for the type species of the Baculoviridae, Aufographa
cafifornica nuclecpelyhedrovirus (AcMNPV)(Ayres ef al., 1994).

Here we present evidence that two other members of the baculovirus family, ie.
Spodoptera exigua and S. littoralis nucleopolyhedrovirus (SeMNPV and SpliMNPV,
respectively), contain an open reading frame (ORF) with a high degree of homology to the large
subunit of ribonuclectide reductase (RR1} of eukaryotic and viral origins. Expression of the
SeMNPV rr? gene in infected insect cells was investigated by transcriptional analysis. To
determine the ancestry of the two baculoviral RR1s a phylogenetic tree was constructed using
parsimony.

MATERIALS AND METHODS
Virus, insects and cells. The SeMNPYV field isolate (SeMNPV/US) {Gelemter & Federici, 1986b)

72



was kindly provided as polyhedra by B.A. Federici {Department of Entomology, University of
California, Riverside, USA). The polyhedra were propagated in fourth instar S. exigua larvae
(Smits et al,, 1988). Budded virus (BV), used in time-course infection experiments, was obtained
from the supernatant of UCR-Se1 (Gelemter & Ferderici, 1986b) or IZD-Se-2109 cells {a gift
from B. Moeckel, Institute of Zoology, Technical University, Darmstadt, Germany) which had
been infected with haemolymph from SeMNPV-infected fourth instar larvae. The S. exigua cell
lines were maintained at 27° C in plastic tissue-culture flasks in TNM-FH medium {Hink, 1970)
supplemented with 10% foetal bovine serum. BV titres were determined by the end-point dilution
method and expressed as TCID,, units per ml. Cells were infected with a m.o.i. of 5 TCID, per
cell. SpliMNFYV type-B isolate E15 was plaque-purified from haemelymph of field-infected S.
littoralis larvas in SPC-SI-52 cells (Mialhe et al., 1984), maintained at 27° C in TNM-FH medium
(Sigma) supplemented with 10% heat-inactivated foetal calf serum.

DNA analysis. Viral DNA was extracted from SeMNPYV occlusion body derived virions (ODVs)
purified by sucrose gradient centrifugation essentially as described by Caballero ef al. (1892).
Viral DNA from SpliMNPV was puiified from viral occlusion bodies propagated in third instar 5.
littoralis larvae,

Localization and DNA sequencing of the rr1 genes. SeMNPV fragment Xbal-D, containing N-
terminal sequences of the polyhedrin gene (van Sirien ef al., 1992} was cloned into pUC18.
Subfragments upstream of the polyhedrin gene were isolated from agarose gels using the
freeze-squeeze method (Sambrook et al,, 1989) and subcloned into the plasmids pTZ18R
{Promega) or pBluescriptKS+ (Stratagene). Sequencing of SeMNPV inserts with standard
sequencing and custom designed primers (Eurogentec) was performed with Tag polymerase
using the chain termination method. SeMNPYV 11 gene DNA fragments were [o™P]dAT- labelied
and hybridized under non-stringent conditions {Sambrook et al,, 1989) to a Southem blot of
5pliMNPY viral DNA on Hybond-N filters {Amersham). Hybridizing SpliMNPYV DNA fragments
were purified from agarose gels with the Jetsorb kit (Genomad, USA), (sub)cloned into puC19
and sequenced according to the chain termination method with standard sequencing primers
using the Sequenase kit (United States Biochemical).

Sequence analysis of the rr1 genes. Sequences were analyzed with the UWGCG computer
programs (Devereux ef al., 1984); DNA and deduced amino acid seguences were compared
with the updated GenBank/EMBL, SWISSPROT and PIR databases using the FASTA program
and BLAST network service (Altschul et al., 1990). Phylogenetic analysis was performed with
the PAUP 3.1 program (Swafford, 1993), using GCG pileup to produce input files of aligned
protein sequences. Bootstrap analysis {Felsenstain, 1923), included in the PAUP package, was
used to assess the integrity of the produced phylogeny.

Isolation of total RNA and Northern biot hybridization. For Northern blot analysis and primer
extension total RNA was isolated from SeMNPV-infected UCR-Se1 or [ZD-Se-2109 cells at
various times post infection {p.i.), as described by van Strien et al. (1992). Total RNA was
denatured, electrophoresed in agarose gels and blotted onto Hybond-N nylon membrane {Van
Strien et al. 1992). To identify rr1 transcripts, the blot was hybridized for 16 h at 65°C with an
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[x*2P]ATP-tabelled rr7 specific probe. After hybridization, the filter was washed for 5 min with
2 x 8SC, 0.5% SDS at room temperature, 30 min with 2 x SSC, 0.1% SDS at 85° C and 30 min
with 0.1 x SSC, 0.1% SDS at 65° C. The filter was exposed to Kodak XAR film.

Primer extension. To identify the transcriptional start site(s) of SeMNPV rr1, 15 ng of an
cligonuclectide (5' CAGACTATTCAAGAGCAGAG 3", complementary to the rr7 mRNA, was
labelled at the 5' end with [y *P]dATP by T4 polynuclectide kinase {Gibco-BRL) in 50 mM
Tris/HCI, pH 9.5, 10 mM MgCl,, 5 mM DTT, 5% glycero! for 45 min at 37°C followed by heat
denaturation at 90° C for 10 min. The labelled oligonuclectide was purified on a 1 ml Sephadex
G25 column. Labelled primer was added to 10 pg of total infected-cell RNA and the mixture was
denatured at 90°C for 5 min and annealed at 54°C for 15 min. Reverse transcription was carried
out at 48°C for 1 h in a volume of 15 pl, containing 5 mM of each of the dNTPs and 1 pl
Superscript reverse transcriptase (Gibco-BRL) in a buffer supplied by the manufacturer. The
reaction was stopped by addition of 5 pl 'stop’ buffer containing 95% {v/v) formamide, 0.01%
xylene cyanol and 0.01% bremophenol blue. The reaction mixture {6 pl) was analyzed on a 6%
denaturing polyacrylamide gel.

RESULTS

Location and sequence of the rr1 genes of SeMNPV and SpliMNPV

In the course of sequencing the region upstream of the SeMNPV polyhedrin gene {van Strien
et al., 1992), a putative ORF of 2310 nt was found (Fig. 6.1a), potentially enceding a protein of
770 amino acids with a molecular mass of 87 kDa. This ORF, which was anti-genomic in
orientation, had a high degree of homology to RR1 of eukaryotic and prokaryotic organisms and
viruses and will be further referred to as the SeMNPV rrf gene.

Baculovirus early {CAGT) and late (TAAG} consensus transcriptional start sites (Blissard
and Rohrmann, 1990) were observed 42 and 120 nt upstream of the translational start codon,
respectively (Fig. 6.2c). No TATA box sequences could be identified. immediately after the stop
codon the nucleotide sequence was relatively A/T rich. A consensus polyadenylation signal
(AATAAA) was first seen 639 nt downstream the translational stop codon (data not shown). The
presumed translational start codon was in agreement with the Kozak consensus rule (Kozak,
1983). The putative start codons of the SeMNPV rr? and polyhedrin gene were separated by an
intergenic region of 516 nt. The SeMNPV rr1 stop codon and a putative downstream ORF (data
nct shown) were separated by 117 nt.

An rr1 gene was also identified in SpliIMNPV by hybtidization with an SeMNPV rrf DNA
probe (data not shown}. The SpliMNPV rrf ORF was localized on the HindllI-E fragment of the
SpliIMNPV genome {(Croizier et al.,, 1989) and cloned and sequenced {Fig. 6.1b). The SpiMNPV
rr1 ORF consisted of 2345 nt with the potential 1o encode a protein of 781 amine acids with a
predicted molecular mass of 87 kDa. Upstream of the presumed translational start site no
consensus late baculoviral transcription start site (Blissard & Rohrmann, 1990) could be
detected. A baculovirus consensus early CAGT sequence, without a preceding TATA box, was
cbserved 79 nt in front of the translational start codon. Following the translational stop codon
three consensus polyadenylation signals (AATAAA)} were found. The ATG of the SpliMNPV rr?
ORF was in favourable translational context (Kozak, 1983). SpliMNPV rr1 preceded an ORF
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Figure 6.1. Location and restriction endonuclease recognition sites of the larga subunit of the 7 gene region
on the physical map of the SeMNPV (a) and SpliMNPV (b) genome. The location and orientation of the rr?,
polyhedrin, p10 and egf genes are indicated (arrows}. Map units (m.u.} are also given. a) Physical map of
SeMNPV. E, EcoRl; X, Xbal; N, Nrul, Xh, Xhol, 8, Sal, C, Cial. b) Physical map of SpliMNPV. E, EcoRl; Ev,
EcoRV; Sp, Sphl; X, Xbal. The presentation of the SpliMNPY map is reversed compared o pravious
publicaticns (Croizier ef al., 1989, Faktcr et al., 1997b).

with homology to the AcMNPV p74 gene (Kuzio of al., 1989). The SpliMNPV rri stop codon and
the presumed SpliIMNPY p74 start codon were separated by 101 nt.

Transcriptional activity of the SeMNPV rr1 gene

To investigate the transcription of the SeMNPV 177 gene, a Northern blot with total RNA isolated
from SeMNPV-infected cells at several times p.i. was hybridized to a rri-specific probe (Fig.
6.2a). The SeMNPV rr1 gene transcript was approximately 2.7 kb in size and present throughout
infection, as observed after overexposure of the autoradiogram {data not shown), thus
classifying r1 as an early gene. The amount of franscript increased at later time points. The
transcriptional start of the SeMNPV rr! gene was determined by primer extension {6. 2b). At
early (4 h) and late {12, 24 h) times p.i. several transcriptional start sites were used. The major
early start site was located at the A of the sequence TTTATT at nt -163 with respect to the
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ACGAAAGGAAAAANTTACTTACAATTCCCGCAACCATATCATTACTTATCGTCGTCGATG 120
ATAAAACAACATACCATTTTATCCATACATATGGTTATCGCGTCTAGTATATATATATAA 180
ACGTTTCGATGAAARATGTATCTAATAAACTCAAAGTTTCGACTTTGGTAAAATTGATATT 240
AACATGGAAGATTTATACTGTAACGAAGAATTGGGTTTGTCGCCGCCGTCGTCGCCGTTG 300

TCAATGTTGTCTTTTTCTGACGACGACGAACAACGACGATGGTTTGAAATAAMATATTAGA 360

E.L -163 L -129
CACTTGGATGAAAATTTATTATCGTTGAACGACGAGGACGAGGACGACGACGACGAGCAT 420

tL -120) L -107 L -75,-74
AAGAGGCAGCGGCBAATHTTTGAAAAAATTAAATTGCAAGAGTTTATTTTAGAGCGAGCC 480

GCTCGAGTGGTTAAAAGACAGTTCGAAGATTTCGAAGAARACAATCCTCGTTATTACATC 540

RR1 =
ATGTTCGATGAAAATAATTTTGAAATCGACAGTAAATTTAAAATTATACCATCAAACAAT 600
D E N N F E I E T I

GTTTCGGARAATTTAACTCTGCTC TTGAATAGTCTGTGCARGAACATTGATACTCGTTAC 660
¥V S ENL TLLTLURTGSTLCCZEKNTIDTRY

Figure 6.2. Transcriptional analysis of the SeMNPV rr1 gene region. a) Northern blot analysis of total RNA
extracted from uninfected {lane C) and SeMNPV-infected UCR-Se cells at 2, 4, 6, 8, 12, and 24 h p.i. for rr7
transcripts. b) Primer exiension analysis of rr? transcripts performed with a 20-mer oligonucleotide
complementary lo the /7 RNA, ®P-labelled at the 5' end. The oligonucleotide was annealed to total RNA from
uninfacted {lane 1) and SeMNPV-infected I1ZD-Se cells isclated 4, 12 and 24 h p.i. (lane 2, 3 and 4) and
elongated by reverse transcription. Sizes of the extension products were determined by comparison with a
sequence ladder run alongside {lanes G, A, T and C} obtained from an SeMNPV 1 containing plasmid clone
and the 20-mer oligonucleotide as a sequence primer. Numbers indicate the position of the 5'-terminal
nuclectides. c) Nucleotide sequence of the SeMNPV rri promoter region. Transcriptional start sites as
determined by primer extension analysis are indicated in bold. The location of the cligonuclectide primer is
dubble underined.
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translational start codon. At late times p.i. this site was also used. In addition, major late
transcriptial start sites were observed at GACGAC (nt -129), at GGCAAA (nt -107) and at
TTTATTT {nt -74 and -75). The consensus late promoter sequence ATAAG (nt -120) was also
used late in infection, although much less frequent than the other late start sites. Overexposure
of the primer extension autoradiogram showed no indication of the use of this site at 4 h p.i.,
which also showed that the ohserved bands in the primer extension analysis were not due to
preliminary stops. Comparable results were obtained with primer extension experiments at
different annealing temperatures (data not shown). The length of the SeMNPV rr1 transcript (2.7
kb) was in reasonable agreement with the length of the ORF (2.3 kb), assuming a polyA tail of
normal length (0.2 kb), a 5' leader of 163 to 74 nt and transcription termination near the
translational stop cedon.

Comparison of baculoviral RR1 proteins with those from other sources

The amino acid sequences of SeMNPV and SpliIMNPY RR1 were compared with those from
other organisms and viruses. The overall homology (identity and similarity) is given in Table 1.
The baculovirus RR1s have the highest homology to RR1s from eukaryotic organisms. The
homology of SpliIMNPV RR1 to these RR s is higher than that of SeMNPV RR1. The homology
between SeMNPV and SpliMNPY RR1, 69%, is essentially the same as that between SeMNPV
and eukaryotic RR1s. The homolegy with RR1s from other DNA viruses is usually lower.
Alignment of baculoviral RR1 with an array of cellular and viral RR1s indicated that the overall
length of SeMNPV and SpliMNPY RR1 feli within the range observed with other RR1s {Fig. 6.3).
SeMNPV RR1 had diverged in several regions of the protein and showed a few gaps and amino
acid insertions, in comparison to eukaryotic RR1. Several consensus amine acid residues (Mao
et al,, 1992, Stubbe et al,, 1990, Uhlin & Eklund, 1994) could be recognized in the baculoviral
RR1. These included the cysteine residues known to be involved in the formation of essential
thiols in the E.coli RR1 protein, i.e. Cys225, Cys439, Cysd462, Cys754 and Cys759 (E.coli
numbering), as well as residues surrounding Cys225, Cys439 and Cys462 in the active site and
two adjacent tyrosine residues (Tyr730 and 731} presumably involved in electron transfer from
the small subunit.

Structural analysis of the E.cofi RR1 protein {Uhlin & Eklund, 1994) and previous
research (Davis et al., 1994, Mao et al., 1992) revealed areas responsible for dimerization of
RR1 and holoenzyme formation with RR2 subunits. The dimerization domains (two alpha
helices, aA and aB) were well-conserved in SpliMNPV RR1 and slightly less in SeMNPV RR1.
Holoenzyme formation involves the binding of the uitimate C-terminal residues of RR2 to two
RR1 alpha helices (ot and a13}. The baculoviral RR1s showed reasonable sequence homology
to the corresponding eukaryotic regions.

Databank searches revealed the occurrence of RR1-like sequences upstream of the

Table 1. Homology of SeMNPV and SpliMNPV RR1 with RR1 proteins from several organisms and viruses
in percent identity and similarity (in bold}. For abbreviations see legend Fig. 4,

SpliMNP Hs Ce Sp Pf VWV ASF HS HvV Ec
SeMNPV 50.1 513 512 489 489 513 383 298 270 26.
SpiiMNPV 67.8 644 614 58.7 617 396 283 272 28
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Figure 6.3. Alignment of the predicted aming acid sequences of the RR1 proteins of the baculoviruses
SeMNPV andg SpliMNPV with those of Homo sapiens (Hs, Parker ef al., 1981), Caenorhabditis elegans (Ce,
Sulston et al., 1992), Plasmodium falciparum (P1, Ruben et af., 1993), Schizosaccharomyces pombe {Sp,
Femandez ef al, 1993}, vaccinia virus (VV, Tengelsen af al., 1988), African swine fever virus (ASFV,
Boursnell ef a/., 1991}, herpes simplex virus type 1 (HSV1, Nikas ef al., 1986), herpes virus saimiri (HVS,
Nicholas et al., 1992), bacteriophage T4 (Tseng e! al., 1988) and E.cofi (Ec, Nillson &t al., 1988). Gaps,
introduced to optimize the atignment, are indicated by dots. Shading is used to indicated the occurrence (black
100%, gray at least 60%) of identical amino acids. Asteriks indicate essential cysteine residues. Alpha helices
involved in dimarization are underlined (see text).

polyhedrin gene in Mamestra brassicae NPV (MbMNPV, Cameron & Possesg, 1989), Pannolis
flammea NPV (PIMNPV, Oakey et al., 1989} and Orgyia pseudoisugala NPV {OpSNPV, Leisy
et al., 1986b). The predicted amino acid sequence in these viruses showed homology to the N
teminus of RR1 (Fig. 6.4). MbMNPV and PIMNPV RR1 showed the same gap around position
110 in amino acid alignment as SeMNPV RR1 in comparison with eukaryotic. However, the
available sequences from MbMNPV and PEMNPV showed a somewhat higher homology to the
eukaryote RR1 N terminus than SeMNPV RR1 did.

Phylogenetic reconstruction of the origin of the baculoviral rr1 genes

In order to investigate the origin of the 71 gene in SeMNPY and SpliMNPYV, a phylogenetic tree
was constructed with amino acid sequences of 30 RR1 proteins from prokaryotes, eukaryotes
and viruses. An unrooted parsimonious tree was calculated with the PAUP heuristic search
algoerithm, followed by bootstrap analysis to assess the variability of the produced phylogeny
(Fig. 6.5). The tree showed that prokaryotes and eukaryotes, as expected, were located on
separate branches. Viral RR1 sequences were found on many different focations in the tree. The
hempesvirus RR1s were all clustered, implying that they diverged from a common ancestor.
Bootstrap analysis supported the phylogenetic separation of the herpesviruses into a- and y-
herpesviruses. Both SeMPNV and SpliMNPY grouped with the eukaryote organisms. The
phylogeny of this branch was reasonably welt supported by the bootstrap analysis. The tree
suggested that SeMNPV and SpliMNPV RR1 do not share a recent common ancestor, but that
these viruses acquired the gene for RR1 independent from each other as well as from other
DNA viruses.

DISCUSSION

The complete nuciectide sequence of the rrf gene was determined in the baculoviruses
SeMNPV and SpliMNPV. Transcriptional activity was investigated after RNA isolation from
SeMNPV-infected cultured insect cells. Both Northem blotting and primer extension showed low
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Figure 6.4. Alignment of the predicled amino acid sequences of the N terminus of the RR1 proteins of
SeMNPV, SpliMNPV, H.sapiens and C.elegans with those of the baculoviruses MbMNPV, PIMNPV and
OpSNPV. Shading indicates the cccurrence of identical amino acids.

transcriptional activity early in infection, which increased at later stages. The early transcription
of the SeMNPV rr1 gene is in good agreement with its presumed role in deoxyribonuclectide
synthesis required for DNA replication. Herpesvirus and vaccinia rr genes are also transcribed
as early genes (Schmitt et &/, 1988, Swaink & Galloway, 1986)}.
The sequence surrounding the major transcriptional start sites showed no homology to
previously characterized start sites of other bacufovirus genes, for instance of those involved
in DNA replication, such as helicase (Lu & Carstens, 1992) and DNA polymerase (Tomalski et
al.,, 1988). No homology between the sequences 5' of the translational start of SeMNPV,
SpliIMNPV and other baculoviruses rrf genes could be detected.

The alignment of SeMNPV and SpliMNPV RR1 with other RR1s (Fig. 6.3) showed that
amino acid residues known to be involved in enzymatic activity were conserved. This suggests
that the baculoviral /1 gene could code for a functional constituent of a RR enzyme. SeMNPV

82



RR1 had a lower homology to eukaryotic RR1 than SpliMNPY RR1. In comparison to the E.coli
structural regions (Uhlin & Eklund, 1924}, regions from eukaryotic and specifically viral RR1
which diverged from the E.coli sequence, often map to loops separaling a-helices and p-barrels.
One of the gaps in the SeMNPV RR1 alignment was located around amino acid 250. A similar
situation was observed in several other viral RR1s. In E.cofi, this region forms a loop (L1, amino
acids 259-277) between the dimerizing domains of RR1. It has been suggested that this and
other loops in the dimerization region may change from a flexible to a fixed position at subunit
formation, hence stabilizing the holoenzyme (Uhlin & Eklund, 1994). The SeMNPV enzyme may
thus show a stability different from the cellular enzyme.

Sequences with homology to the RR1 N terminus were found in the baculoviruses
MbMNPV, PIMNPYV and OpSNPYV (Fig. 6.4}. This suggests that RR1 is not only encoded by
SeMNPV and SpliMNPYV, but is widespread among baculoviruses. The rr7 gene in MbMNPYV,
PfMNPYV and OpSNPV had a similar genomic location to that from SeMNPV, ie. positioned
upstream of the polyhedrin gene. Phylogenetic trees based on palyhedrin gene sequences
{Zanotto et al, 1993b, Cowan ef al, 1994) placed SeMNPV, MbMNPVY and PIMNPV in
subgroup lIA. The position of OpSNPV was variant depending on which algorithms and of DNA
or amino acid sequences were used. OpSNPV was sither in subgroup 1IB, together with
SpliIMNPY, or in lIA. OpSNPV might belong 1o subgroup I!A, based on the observed homology
to the RR1 N terminus and its genomic location next to the polyhedrin gene.

Bootstrap analysis of the parsimonious phylogenetic tree {Fig. 6.5) confirmed the
independent ancestry of the rrf gene in SeMNPV and SpliMNPV. This conclusion is in
agreement with the different genomic location of the rr1 gene in these two viruses, as well with
the observed lower homology of SeMNPV RR1 with eukaryotic RR1s. Altemnatively, if the
common ancestor of SeMNPV and SpliMNPYV already encoded RR1, the implication would be
that the rr1 gene evolved much faster in SeMNPYV than in SpliMNPY. This assumption seems
questicnable and is not supported by determination of the evolutionary rates of the polyhedrin
genes of SeMNPV and SpliMNPV (Zanotto et al., 1993b, Cowan et al, 1994), nor by
comparison of other genes of SeMNPVY and SpliMNPV (data not shown). However, the
phylogenetic reconstruction may yield a different result when full length sequences of other
baculovirus rr1 genes become available.

The positioning of SeMNPV and SpliMNPV in the eukaryote branch of the tree suggests
that each derived RR1 independently from an eukaryctic source, for example their host. The
polyphyletic origin of baculovitus RR1 contrasted with the observed monophyletic grouping of
the hemesviruses and of the two poxviruses. Only RR1 from SpliMNPV and poxviruses grouped
inside a cellular clade, whereas RR1 from SeMNPV, ASFV, herpesviruses and bacteriophage
T4 diverged more than their presumed ancestors did. This suggests that viral RR1 usually
diverges faster than celluiar RR1.

RR1 proteins need 1o associate with RR2 dimers in order to form a functional enzyme.
In most large DNA viruses (with the exception of vaccinia virus) the genes for RR1 and RR2 are
located adjacent to each other. A different situation exists in B-herpesviruses such as HCMV,
which only contain a RR1-fke ORF (Chee ef al., 1990), However, unlike the baculoviral RR1
ORFs, the RR1-like ORFs in the B-herpesviruses show only very limited homology to other
RR1s and do not encode the amino acid residues known to be invelved in ribonucleotide
reduction. It has been suggested that these highly diverged genes may have acquired another
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Figure 6.5. Bootstrap analysis {100 replicates) of an unrooted phylogenetic free of RR1 proteins constructed
with PAUP heuristic search algerithm. Numbers at the branches indicate branch length (normal typesetling)

and frequency of cluster (italics).

Abbreviations: MtIB, Mycobacterium fubsrculosis nrdE (Yang et al., 1994); StiB, Sa/monella typhimurium nrdE
{(Jordan et al, 1994); Mg, Mycoplasma genetialum (Fraser et al., 1995); Bs, Bacilfus sublillus (acc.nr. Z68500);
Ec, Escherichia colinrdA (Nillson et a/., 1988); St, Salmononella fyphimurium nrdA (Jordan et af.,, 1894}); Hi,
Haemophiius influenzae {Fleischmann ef al,, 1995); T4, bacleriophage T4 (Tseng et al,, 1988) HSV1, herpes
simplex virus type 1 {Nikas ef al,, 1986); HSV2, herpes simplex virus type 2 (Swain and Galloway, 1986);
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EHV1, equine herpes vitus type 1 (Telford ef al., 1992); EHV4, equine herpes virus type 4 (Riggio and Onions,
1994); PRV, pseudorabies virus (Kaliman ef g, 1934); BHV1, bovine herpes virus type 1 (Simard et al,
1995); VZV, varicella zoster virus {Davison and Scott, 1986); GHV, gallid herpes virus 2 (Daneil ot al., 1995);
HVS, harpes virus saimiri (Nicholas ef al., 1992); EHV2, equine herpes virus type 2 {acc.nr. U20824); EBV,
Epstein-Barr virus (Baer ef al., 1984); 5S¢, Saccharomyces cergvisae {Elledge and Davis, 1990); Scdin,
Saccharomyces cerevisae DNA damage inducible subunit (Yagle and McEntee, 1990); Sp,
Schizosaccharomyces pompe (Fernandez et al., 1993}); VV, vaccinia virus {Tangelsen of al., 1888); Var,
variola virus (Shchelkunov et af., 1993); Hs, Homo sapiens (Parker et al., 1991); Mm, Mus musculus (Caras
et al., 1985); Ce, Caenorhabditis elegans (Sulston et al., 1992); Pf, Plasmodium faicifiparum (Ruben et af.,
1993); ASFV, African swine fever virus {Boursnell et al., 1991).

function during the B-herpesvirus life cycle (Conner et al., 18924). In SeMNPV, homology to RR2
could not be detected either in the 2,5 kb sequence upstream or in the 14 kb sequence
downstream of the SeMNPY RR1 ORF (data not shown). However, an RR2 ORF might be
located elsewhere on the genome. As yet, we do not know if SeMNPV and SpliMNPY encode
their own RR2, or alternatively, combine with celfular RR2 proteins. Such a heterologous
association is known in yeast, where two RR enzymes are recognized. One enzyme resuits from
the combination of RR1 and RR2, whose normal expression is restricted to certain phases of
the cell cycle. The other enzyme is induced by DNA damage and is a combination of the same
RR2 and a different RR1 (Elledge ef af,, 1992).

Virus-encoded RR enzymes from poxviruses, herpesviruses, ASFV and phage T4 are
not essential and are distinct from the cellular enzyme in several aspects. It remains to be
elucidated if similar characteristics hold for baculoviruses encoding or lacking RR.

Not all large DNA viruses encode RR. As can be concluded from sequence analysis of
the complete genome, the baculovirus type species ACMNPY does not encode RR (Ayres et al.,
1924) and neither does the closely refated Bombyx morf NPV (BmNPV, accession nr, L33180).
This explains our failure in attempts te hybridize an SeMNPV rr7 DNA probe to AcMNPY DNA
{data not shown). The herpesvirus channel catfish virus {Davison, 1992) aiso doss not encode
a ribonucleotide reductase. The reasons for this are unknown. The lack of /71 in AcMNPV will
aifow the study of SeMNPV 77 in an AcMNPYV recombinant expressing this gene.

During the course of our experiments Ahrens et al. (1997) published the entire sequence
of the Orgyia pseudofsugata nucleopolyhedrovirus (OpMNPV) genome and aiso identified a rr?
gene, which polentially encoded a relatively short protein of 593 amino acids. In juxtaposition
of the OpMNPV rrf gene a gene with low sequence homology to 2 was found in this
baculovirus. Preliminary phylogenetic analysis indicated that the OpMNPV rr7 gene did not
share a recent common ancestor with either SeMNPV or SpliMNPV, but was acquired
independently in these three baculoviruses.
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CHAPTER 7

THE GENETIC ORGANIZATION OF A 20 KB DNA SEGMENT OF SPODOPTERA EXIGUA
NUCLEOPOLYHEDROVIRUS: GENE ORDER AS A MARKER FOR BACULOVIRUS
PHYLOGENY

SUMMARY

The organization of a contiguous genomic region of 20 kb {map unit 87 to 2) of the Spodoptera
exigua multicapsid nucleopolyhedrovirus (SeMNPV) was analyzed and compared with the
corresponding genomic regions of other baculoviruses. Twenty open reading frames {ORFs)
and a potential homologous region {hr} were identified in this segment, which spanned the p10
and the polyhedrin gene. All ORFs had homologs in Autographa californica (Ac) MNPV {except
for a 1 gene, which encodes the large subunit of ribonucteotide reductase) and Orgyia
pseudotsugata (Op) MNPV. A single SeMNPV ORF, xd379, had homology with two consecutive
AcMNPV ORFs encoding ODV-E18 and ODV-EC27 (Braunagel et al., 1996). The homology
with the ORFs of AcMNPYV and OpMNPV was generally low, except for v-ubi and polyhedrin.
Multiple sequence alignments were created from which consensus amino acids could be
assigned. Most of the genes were found to be preceded by the baculovirus consensus late
prometer motif TAAG. Some had a consensus polyadenylation signal immediately downstream
of the translational stop codan. An hr element of 800 nt was identified, consisting of four
imperfect palindromic repeats of 72 nt in length, centered around a Bgil! site, and three direct
repeats of 47 nt in length. In analogy to other baculoviruses this region might act as enhancer
of transcription and origin of DNA replication. The very high homology of the polyhedrin gene,
compared to the homology displayed by the other genes in the 20 kb region, questioned the
value of this gene as a phylogenetic marker. Indeed the refiability of the baculovirus phylogeny
based on this gene was found to be rather low. The high homology amang the polyhedrin genes
may suggest that this gene is either frequently exchanged between baculoviruses or
alternatively, that is has been relatively recently acquired. Despite the conservation of the ORFs
in the 20 kb SeMNPV DNA segment, the gene order has been extensively altered as compared
to AcMNPV and OpMNPYVY. This up to now unnoticed gene shuffling in the baculoviral genome
is compared with the situation in other large DNA viruses and may be used as a supplementary,
independent character to reconstruct baculovirus phylogeny.

Manuscript in preparation: Strien, E.A. van, Zuidema, D., & Vlak, J.M. 1997, The genetic organization of a 20
kb DNA segment of Spodoptera exigua nucleopolyhedrovirus: gene order as a marker for baculovirus

phylogeny.
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INTRODUCTION

The baculovirus Spodoptera exigua multicapsid nuclecpolyhedrovirus (SeMNPV) combines
specificity for a single hast species, the beet army worm Spodoptera exigua, with high vinulence.
In contrast, the baculovirus type species Autographa califorica (Ac) MNPV can infect 73
different species, including S. exigua (Possee et al., 1993). ACMNPYV, however, has a tenfold
lower virulence for this pest insect than SeMNPV (Smits et af, 1988). These different
characteristics raised the question whether the organization and expression of the SeMNPV
genome would show major differences with AcMNPV, whose genome has besen completely
sequenced (Ayres et al., 1994).

The major late genes polyhedrin and p70 of SeMNPV have been praviously
characterized (van Strien et al,, 1992, Zuidema ef al., 1993). It was noted that the distance
between the p10 and palyhedrin gene was considerably smaller in SeMNPV (11 kb} than in
AcMNPYV (19 kb) and Orgyia pseudotsugata (Op) MNPV {22 kb). In AcMNPV and OpMNPYV the
region between polyhedrin and p10 encompasses the major immediate early genes (iet, ie0,
ie2 (ien) and ie3 (pe-38)). The immediate early genes are the first genes to be transcribed in the
infection process. Via their transactivation properties and involvement in viral DNA replication
and late gene expression they are entailed in the first steps towards a successful infection.
Recently, it was shown that the SeMNPV je1 gene {Chapter 5 and van Strien et al,, 1997b) had
a comparable genetic location as in ACMNPV and OpMNPYV, in between the p70 and polyhedrin
gene. To further investigate the genetic organization of SeMNPV, the complete nucleotide
sequence of a continuous 20 kb segment, spanning the p70 and polyhedrin genes, was
determined.

The SeMNPV ORFs found in this segment, which represents 15% of the genome,
appeared to have homologs in AcMNPYV and/or other baculoviruses. The polyhedrin gene
showed a remarkable high level of sequence conservation and therefore the significance of its
use in baculovirus phylogenetic reconstructions was evaluated. Despite the structural
conservation of the SeMNPV ORFs, their arrangement was strikingly different from other
baculoviruses. The extent of baculovirus gene rearrangement is compared to the situation in
other large DNA viruses and its potential as a phylogenetic marker is discussed.

MATERIALS AND METHODS

Virus. The SeMNPYV field isolate (SeMNPV/US) (Gelernter & Federici, 1986) was kindly provided
as polyhedra by B.A. Federici {Department of Entormology, University of California, Riverside,
USA). The virus was propagated in fourth instar S. exigua larvae (Smits et al., 1988), Viral DNA
was extracted from SeMNPV occlusion derived virions (ODVs) purified on sucrose gradients
essentially as described by Caballero et al. (1992),

Localization and DNA seguencing. SeMNPV DNA fragments were purified from agarose gels
by the freeze-squeeze method (Sambrook et al., 1989), (sub)cloned into pUC19 and sequenced
with standard sequencing primers and custom designed oligonuclectide (Eurogentec) primers
using the chain termination method (Sanger, 1977).
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Analysis of the SeMNPV sequences. Sequences were analyzed with the computer programs
UWGCG 8.0 (Devereux ef al., 1984) and Generunner 3.0 (Hastings Scoftware Inc.}. DNA and
deduced amino acid sequences were compared with the GenBank/EMBL, SWISSPROT and
PIR databases using the FASTA program and BLAST network service (Altschul et al., 1990),
Information as available in the daily updated databases was used until Jan. 1st, 1997.
Phylogenetic analysis was performed with the PAUP 3.1 program {Swofford, 1993}, using GCG
pileup to produce input filtes of aligned protein sequences. Bootstrap analysis (Felsenstein,
1993), included in the PAUP package, was used 10 assess the integrity of the produced
phylogeny.

For the polyhedrin gene alignments and phylogenetic analysis information was used from the
following baculoviruses (names and abbreviations according to Murphy et al., 1995):

Ac: AcMNPYV, Autographa californica MNPV (Hooft van Iddekinge et al., 1983);

Ace: ArceMNPV, Archips cerasivoranus MNPV {acc.nr. U40834);

Ag: AgMNPYVY, Anticarsia gemmatalis MNPV (Zanotio ef al., 1993b};

Ar: ArMNPV, Attacus ricini MNPV (Hu ef al., 1993b);

Bm: BmNPV, Bombyx mori NPV (latrou et al.,, 1985);

Bs: BusuSNPV, Buzura suppressaria SNPV (Hu et al., 1993a);

Cf: CIMNPV, Choristoneura fumiferana MNPV (B. Arif, pers.comm.);

Hc: HycuMNPY, Hyphantria cunea (acc.nr. D14573),

Hz: Hz8NPYV, Helicoverpa zea SNPV {Cowan et al., 1994);

Ld: LAMNPV, Lymantria dispar MNPV (Smith et al., 1988);

Ls: LsMNPV, Leucania separata (acc.nr. U30302);

Mb: MbMNPYV, Mamestra brassicae MNPV(Cameron & Possee, 1989);

Mn: ManeNPV, Malacosoma neustria NPV (Kozlov et al., 1994);

Op: OpMNPYV, Orgyia pseudotsugata MNPV (Leisy ef al,, 1986b);

OpS: OpSNPV , Orgyia pseudotsugata SNPV (Leisy ef al., 1986a);

Pf: PafIMNPY, Panolis flammea MNPV (Qakey et al., 1989);

Pn: PenuMNPV, Perina nuda MNPV (Chou et al., 1996);

Se: SeMNPV, Spodoptera exigua MNPV {van Strien et al., 1992);

St: SpfrtMNPY, Spodoptera frugiperda MNPV {Gonzalez et al., 1989);

Si: SpliMNPYV, Spodoptera littoralis MNPV (Croizier & Croizier, 1994);

Slu: SpiMNPV, Spodoptera litura MNPV (acc.nr. X24437);

CIGV: CreGV, Cryptophlebia leutotreta GV (Jehle & Backhaus, 1994b);

PbGV: Pieris brassicae GV (Chakerian et al., 1985},

TnGV: Trichopiusia ni GV (Akiyoshi et al., 1985).

Table 7.1. Genetic organization of a 20 kb segment of genomic SeMNPV DNA. Of each ORF the position of
the translational start and stop codons, the number of amino acids and predicted molecular mass (in kDa}
are indicated. Small altemative, overlapping ORFs showing no hemelogy to baculoviral or cellular genes were
disregarded. The homology to ORFs of AcCMNPYV and OpMNPYV is given as percentage amino acid identity.
ORFs from ACMNPYV are numbered according to Ayres et al. (1994}, from OpMNPV according to Ahrens st
al. (1997). Unless an SeMNPV ORF showed clear homology to an ORF with an established name of known
function, the name of the ORF was derived from the number of amino acids it potentially enceded and from
the Xbal fragment on which the putative translational stant codon was located.
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RESULTS

The complete DNA sequence of a 20 kb DNA segment of SeMNPYV, spanning map unit (m.u.)
87 to m.u. 2, was analyzed for the presence of ORFs and other structural elements (Table 7.1,
Fig. 7.1). Of the thirty-one partially overlapping ORFs larger than 75 aminc acids, twenty ORFs
in the 20 kb SeMNPY DNA segment had a homolog in ACMNPY (Ayres et al., 1994) and/or
OpMNPYV (Ahrens et al,, 1997) and were therefore further investigated (Table 7.1, 7.1}. The
function of most ORFs is not yet known. Multiple sequence alignments are presented, including
deduced conserved amino acid residues (Fig. 7.2 to 7.14). The 20 kb DNA segment was
examined for the presence of baculovirus early and late promoter sequences at the 5' end
{Blissard & Rohrmann, 1980) and consensus polyadenylation signals at the 3' end of the twenty
ORFs. In total, the sequence (T/G/A)TAAG was recognized 54 times and the sequence CAGT
84 times. These sequences are only mentioned when they are located in front of the
translationatl start codon. In addition, only when the early promoter/initator sequence CAGT is
preceded by a TATA-box sequence {twe times), the combination is marked as a putative early
tfranscriptional start site. Examining the segment in the genomic, clockwise orientation, the
following genes and genetic elements are encountered.

v-ubi and xb187

The two ORFs located at the 3' end cf the 20 kb fragment, v-ubi and xb187, have been
discussed elsewhere {Chapter 4, van Strien et al, 1996). Cellular and viral ubiquitin are
associated with the extra-cellulair virions (ECVs) via a phospholipid anchor (Guarino et af.,
1995). The viral ubiquitin is not essential, but mutation of the AcMNPV gene resulted in much
reduced budded virus production {Reilly & Guarino, 1996). Recently is was shown that the rate
of ATP-dependent degradation was lower for viral than for eukaryotic ubiquitin. These
observations led to the suggestion that baculovirus v-ubi may function by blocking the normal
protein destruction in the ubiquitin pathway (Haas et al., 1996).

homologous repeat region

At the 3' end of ORF xb187 a region with a length of 900 nt was identified (Fig. 7.1) that
consisted of four repeated imperfect palindromic sequences of 72 nt in length, centered around
a Bgll site (Fig. 7.2a). Furthermore, three direct repeats with a length of 47 nt were identified
{Fig. 7.2b). This SeMNPV repeat region will be further referred to as the hr region.

In several other baculoviruses multiple copies of hr's occur dispersed around the
genome {Cochran & Faulkner, 1983, Maeda & Majima, 1990, Arif & Doerfler, 1984, Theilmann
& Stewart, 1992a, McClintock & Dougherty, 1988, Xie ef al.,, 1995}. To investigate if a similar
situation existed in SeMNPV, the identified hr was used as a probe and hybridized to a blot with
SeMNPV DNA under low stringency conditions. No clear hybridization signal other than from
Xbal-H and -B was observed in these experiments (data not shown), suggesting that this region

Figure 7.1. Schematic representation of tha genetic organization of the 20 kb DNA segment of SeMNPV. Top:
physical map for Xbal of the SeMNPV genome. Middle: overview of tha position and arientation of the
identified ORFs and hr element. Distances in kb, map units and Xbal restriction sites are indicated. Bottam:
schematic representation of the structural organization of the hr element. Xbal and Bgfl restriction sites are
indicated. IR, inverted repeat/palindrome. DR, direct repeat.
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Figure?7.2, a). Alignment of the four SeMNPV palindromes (IR 1-4) from the hrregion. The third palindrome
is given in the reverse orientation (IR3-r). Asterisks indicate the location of the conserved mismateh. The Bgil
recognition site is averlined. b). Alignment of the three SeMNPYV direct repeats {DR1-3) from the hr region.
The third direct repeat is given in the reverse orientation (DR3-r). Dashes are introduced to optimize the
alignment. Shading indicates the occurrence of identical nucleotides.

was present only once in the SeMNPV genome. However, the SeMNPV genome contained
multiple, homologous hr's with palindromic sequences, as became apparent from additional
sequence information and from hybridization experiments with an oligonucleotide probe, based
on a conserved sequence in the palindromic sequences (Broer et al., in preparation),

In many baculoviruses the {locations of) fir regions are correlated with the occurrence
of variable regions in baculovirus genomes, for instance as observed in different isolates
(Garcia-Canedo et al, 1996, Cochran & Faulkner ¢t al., 1983, Majima et al,, 1993, Arif &
Doerfler, 1984, Brown et al., 1984, Faktor et al,, 1997a). The differences in Bgll restriction
enzyme pattern that were observed in several SeMNPYV field isolates (Caballero et al., 1992)
may therefore be correlated with polymorphism in the SeMNPV hr's, since these are centered
around a Bglll restriction enzyme site.

The SeMNPV hr showed structural homology to the repeat regions of other
baculoviruses, which also consist of a mixture of palindremic and direct repeats (Theilmann &
Stewart, 1992a, Garcia-Canedo ef al,, 1996, Guarino & Summers, 1986, Pearson & Rohrmann,
1995, Majima et al,, 1993}. The conservation is most apparent in the palindromic sequence (Fig.
7.2a). Compared to other baculovirus hr palindromes, the SeMNPY palindrome differs in being
longer (68 nt versus 28 nt in AcMNPV) but is simifar in containing a conserved mismatch in the
palindrome. The hr sequences of several baculoviruses were shown to be involved in
enhancement of {early) gene transcription {Guarino & Summers, 1986, Theiiman & Stewart,
1992, Faktor ef al, 1997a, Guarino ef al., 1986} and some functioned as origin of replication
(ori) in an in vitro replication assay (Xie et al,, 1995, Kool et al.,, 1993, Pearson et al,, 1992,
1993, Leisy & Rohmann, 1993, Pearson & Rohrmann, 1995, Leisy et al,, 1995). As yet it is still
unclear if the palindromic structure is important for these functions (Redems & Friesen, 1995,
Rasmussen et al., 1996). The potential enhancer and ori properties of the SeMNPV hr are
currently under investigation.
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Figure 7.3. Alignment of SeMNPV ORF xh135 with AcMNPV ORF 26 (Ayres et al., 1994, Braunagel et al.,
1992) and OpMNPV ORF 42 (Ahrens et al., 1997). Dashes are introduced 1o optimize the alignment. Gray
shading is used 10 indicate the occurrence of similar amino acids. Consensus amino acids arg indicated below
the alignment. Abbreviations: 1: D, E; 22 N; 3: 8, T 4: K, R; 5: F, Y, W; 6:L, |, V| M.

ORF xh135

The hrregion is flanked by an ORF of 135 amino acids in an antigenomic orientation, SeMNPV
ORF xh135. This ORF potentially encodes a protein of 15.0 kDa. A baculovirus consensus late
promoter motif GTAAG is found 58 nt upstream of the translational start codon. A consensus
polyadenylation signal AATAAA is found 58 nt downstream of the translational stop codon.
SeMNPV ORF xh135 displays a limited homology to AcMNPV ORF 26 and OpMNPY ORF 42,
of 33% and 31%, respectively (Fig. 7.3). The function of this ORF is not yet known.

ORF xh328

SeMNPV ORF xh328 encodes, in a genomic orientation, a putative protein of 35 kDa with
limited homology to AcMNPV ORF 25 and OpMNPY ORF 43 (Fig. 7.4). The nuclectide
sequence of AcCMNPV ORF 25 was published initially to encode two overlapping ORFs
(Braunagel et al, 1992}, but was identified as a single ORF in a later publication by Ayres et al.
(1994). The function of this ORF is not yet known. The C terminus of the ORF seems the most
conserved part of this protein. SeMNPV ORF xh328 is preceded by a late consensus TTAAG
at position -58 with respect to the translational start codon. A baculovirus consensus early
promoter sequence CAGT, preceded by an AT rich region, is found at position -32. A consensus
polyadenylation signal is found 4 nt downstream of the translational stop codon.

SeMNPYV lef6

A SeMNPV homolog of AcMNPV lef6 is found in a genomic orientation, potentially encoding a
protein of 163 amine acids with a molecular mass of 19.1 kDa. SeMNPV lefé shows a low
degree of homology to the ACMNPV {26%) and OpMNPV (28%} lefé proteins and only a few
amino acids appear to be conserved (Fig. 7.5). The N-terminal part of the protein is rather basic
and the C-terminal part acidic. SeMNPV lef6 and ORF xh328, preceding SeMNPV lefé, are
separated by 28 nt. An ATAAG sequence is present, 98 nt upstream of the putative lef6
translational start codon, in the sequence encoding the C-terminal part of ORF xh328. No
homalogy to the start sites of ACMNPV /ef6 can be recognized in the region 5' of SeMNPV lefé.
A consensus polyadenytation signal is found 5 nt downstream of the transiational stop codon.
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Figure 7.4. Alignment of SeMNPV ORF xh328 with the ACMNPV ORF 25 (Ayres et al., 1994, Braunagel et
al., 1992) and OpMNPY ORF 43 {Ahrens et al., 1997). For shading, amino acid consensus and abbraeviations
sea legend of Fig. 7.3.

The AcMNPYV lefé gene is one of the 18 genes required for late gene expression and is
transcribed early and late in infection {Passarelli & Miller, 1994, Lu & Miller, 1995). The promoter
regicn of AcCMNPV Jefé is located in the sequences coding for the C-terminal part of ACMNPV
IAP1 (ORF 27), the ORF that precedes AcMNPYV lefg by 7 nt (Passarelli & Miller, 1994). In
analogy to the situation in AcMNPV, the SeMNPV Jef6 promoter sequences may reside within
the sequences encoding the C terminus of ORF xh328. The presence of a fef6 homolog in
SeMNPV suggests that at least some of the genes involved in late gene expression in SeMNPY
will be similar as in AcMNPV.

ORF xh136

SeMNPV ORF xh136 is separated from lefé by an AT-rich region, which contains a potential
polyadenylation site on both strands. This antigenomic ORF potentially encodes a basic protein
(predicted pl 11.1) with a predicted molecular mass of 16.3 kDa and is the homolog of AcCMNPY
ORF 29 and OpMNPY ORF 39 (Fig. 7.6). The function of this ORF is nct yet known. A
homologous ORF was also identified in Cydia pormonselia granulovirus (CpGV) (accession nr.
LU53466). The homotogy of the CpGVY protein to the AcCMNPV and OpMNPV ORFs is slightly
higher than the homology displayed by SeMNPV xh136. SeMNPV ORF xh136 is longer than its
homologs and the additional amino acids of SeMNPV xh136 are located at the N terminus {Fig.
7.8). However, in-frame Met codons are found in the SeMNPV xh136 ORF. The use cf one of
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Figure 7.5. Alignment of SeMNPYV lef6 with AcMNPV lof6 (Passarelli & Miller, 1994) (AcMNPV ORF 28, Ayres
ef al., 1984) and OpMNPVY ORF 40 (Ahrens et af, 1997). For shading, amino acid consensus and
abbrevialions see legend of Fig. 7.3.

these may result in an ORF with a length more similar to the homolegous ORFs of other

baculoviruses.

SeMNPV p26

A similar situation as with xh136 is observed for the SeMNPV p26, which also shows additional
amino acids at the N terminus as compared to other baculovirus p26 proteins (Fig. 7.7).
SeMNPV p26 potentially encodes a protein of 278 amino acids with a predicted molecular mass
of 31.1 kDa. Two late promoter sequences ATAAG are found in front of the SeMNPV p26 ORF,
at position -114 and -84 relative to the translational start codon. The role of p26 in the
baculovirus infection cycle is not known. The AcMNPYV gene is transecribed early and late in
infection (Liu et al.,, 1986). A similar expression pattern is also observed with SeMNPV p26 (data
not shown}. In AcMNPV the p26 gene as well as the neighbouring homologous region h/5 are
dispensable for infection of cultured insect cells (Rodems & Friesen, 1993).
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Figure 7.6. Alignment of SeMNPV CORF xh136 with ACMNPV ORF 29 (Ayres et al., 1994}, OpMNPY ORF 38
(Ahrens et al., 1297} and Cydia pommonglia (Cp) GV ORF 15R (acc.nr. U53466). For shading, amino acid
consensus and abbreviations see legend of Fig. 7.3.
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Figure 7.7. Alignment of SeMNPV p26 with AcMNPV p26 (Liu et al., 1986) (AcMNPV ORF 1386, Ayres ef al.,
1994) and OpMNPYV p26 (Bicknell et al., 1387) (OpMNPV ORF 132, Ahrens et al., 1997). For shading, amino
acid consensus and abbreviations see legend of Fig. 7.3.

Table 7.2. Pairwise amino acid identity and similarity {Blossum 35} percentages (bold) of ten baculovirus
p10 proteins. For abbrevialions see materials and methods saction.

LdMNPV SpliMNPY OpMNPV AcMNPY BmNPV-2
BusuSNPY PenuMNPY CIMNPV BmNPV-1

SeMNPY 45 53 39 27 27 26 16 16 18
62 66 57 50 50 45 42 42 39
LdMNPY 46 37 22 21 21 23 20 19
67 56 47 47 47 40 41 42
BusuSNPV a7 29 30 34 20 19 20
60 50 51 47 40 40 a7
SpliMNPY 21 21 24 15 14 15
39 40 38 33 a3 3
PenuMNPV 94 37 34 32 33
97 56 57 57 56
OpMNPY 40 35 32 32
57 58 58 &5
CIMNPV 40 37 35
58 60 58
AcMNPV 87 65
93 74
BmNPV-1 73
78
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Figure 7.8. Alignment of SeMNPV p10 with the p10 proteins of ACMNPYV (Kuzio et al., 1884) (ACMNPV ORF
137, Ayres et al,, 1994)}, OpMNPYV (Leisy et al.,, 1986c) (OpMNPV ORF 133, Ahrens et af,, 1997), CIMNPV
(Wilson et al., 1995), PenuMNPV (Chou e al., 1992), SpliMNPYV {Faklor, 1997b), LAMNPV (G.F. Rohrmann,
pers. comm.} and BusuSNPV (Z.H. Hu, pers.comm.). BmNPV1 is a full length p10 of BmNPV (Zhang, 1892)
and BmNPV2 is a truncated BmNPV p10 protein (Hu et a/., 1994). For shading, amine acid consensus and
abbreviations see legend of Fig. 7.3.

SeMNPV p10

The SeMNPV p26 gene is flanked by the baculovirus major late p70 gene, showing the same
genomic orientation as p26. The baculovirus p10 protein, dispensable during infection, is
involved in the formation of fibrillar structures, in polyhedron envelope morphogenesis and the
desintegration of the nuclear membrane at the end of the infection (van der Wilk et a/., 1987,
van Oers et al, 1994, van QOers & Vlak, 1997, Russell et al.,, 1991, Gross et al,, 1994, Lee et al.,
1996). The SeMNPV p70 gene is discussed elsewhere (Chapter 3 and Zuidema ef af., 1993},
Following this publication, several cther p70 genes were identified. Alignment of amino acid
sequences (Fig. 7.8, Table 7.2) shows that SeMNPV p10 is most similar to p10 of Buzuria
supprassaria SNPV (Z. Hu, pers.comm.), Lymantria dispar MNPV (G.F. Rohrmann,
pers.comm.} and Spodoptera littoralis MNPV (Faktor ef al,, 1997b). The p10 proteins of these
four baculoviruses are more homologous to each other than to p10 proteins of AcMNPV,
OpMNPV, Bombyx mori NPV, Choristoneura fumiferana (Cf) MNPV or Perina nuda MNPV,

SeMNPV p74
The SeMNPV p74 gene potentially encodes a protein of 652 amino acids in length with a
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predicted molecular mass of 74.3 kDa. The SeMNPV p74 gene product has a high degree of
homology to the p74 gene products of ACMNPY, OpMNPV and CIMNPV{Fig. 7.9). The
baculovirus consensus late promoter sequence TTAAG is found at position -13 with respect to
the translational start codon. A baculovirus consensus early promoter CAGT sequence,
preceded by a TATA box, is found at position -42.

Comparison of the SeMNPV p74 amino acid sequence with the p74 ORFs of AcMNPV,
OpMNPV and CIMNPYV reveals the presence of many conserved amino acids, including several
Cys residues in the N-terminal half of the protein (Fig. 7.9). Multiple hydrophobic regions can
be recognized in the C-terminal part of the protein, which are characteristic for transmembrane
domains. SeMNPYV p74 has a 15 amino acid C-terminal extension as compared to the other
baculovirus p74 proteins. Several potential N-linked glycosylation sites can be recognized but
only one, at amino acid position 485, is conserved in all p74 proteins. ACMNPV p74 is not
glysolyated (T. Roberts in Rochrmann, 1992). The AcMNPV p74 genre is dispensahle during
infection of cultured cells, but is essential for virus infectivity for insect larvae through the oral
infection route. AcMNPV p74 is expressed late in infection, but the consensus late baculovirus
motif TAAG was not used to initiate the p74 transcription (Kuzio, 1989). SeMNPV p74 is also
expressed late in infection {data not shown). The SeMNPV and AcMNPV p74 5' regions show
no significant homology.

SeMNPV ie1
The SeMNPV jel gene flanks the SeMNPV p74 gene and shows a similar antigenomic
orientation as p74. SeMNPV je1 is described extensively elsewhere (Chapter 5 and van Strien
et al, 1997b).

ORF xd200

SeMNPV ORF xd200, with a genomic ofientation, potentially encodes a protein with a molecular
mass of 22.4 kDa. A baculovirus consensus late promoter motif GTAAG is found 77 nt upstream
of the translational start codon. This motif is thus located within the sequences encoding the
SeMNPV IE1 N terminus. Homologs of the SeMNPV ORF xd200 are found immediately
upsiream of the ie1 gene in all baculoviruses from which the jie7 gene has been identified.
SeMNPV ORF xd200 shows the highest homology to AcMNPV ORF 146. However, only a few
ccnserved amino acids can be recegnized (Fig. 7.10). The function of this ORF is not yet known.

ORF xd32

SeMNPV ORF xd92 potentially encedes a small Cys-rich ORF of 92 amino acids in an anti-
genomic orientation. A baculovirus late premoter motif TTAAG is located 91 nt in front of the
transtational start codon and a consensus polyadenylation signal is found 9 nt downstream of
the translational stop codon. ORF xd92 shows a relatively high degree of homology to ACMNPY
ORF 145 and OpMNPV ORF 142. The ORFs of SeMNPV and OpMNPV have a hydrophobic

Figure 7.9. Alignment of SeMNPV p74 with the p74 proteins of AcCMNPV (Kuzio et al., 1989) (AcMNPV ORF
138, Ayres ef al,, 1994), OpMNPV ORF 134 {Ahrens et al., 1997) and CIMNPV (Hill et al., 1993). For shading,
amino acid consensus and abbreviations see legend of Fig. 7.3. Putative transmembrane regions are
overlined.
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Figure 7.10. Alignment of SeMNPV ORF xd200 with the homologous ORFs from AcMNPV (ORF 146, Ayres
etal, 1994}, OpMNPYV (ORF 143, Ahrens et al,, 1997, Theilmann & Stewart, 1891), BmNPV {Huybrechts af
al., 1884), HzSNPV (Cowan et al., 1994) and CIMNPV (acc.nr. L04845). For shading, amino acid consensus

and abbreviations see legend of Fig. 7.3.

N terminus which is absent from AcMNPV ORF 145 (Fig. 7.11). This ORF might be present
twice in the AcMNPV genome, since it can also be aligned with AcMNPY ORF 150. Despite the
presence of several conserved Cys residues, this ORF shows no significant homology to

sequences in the data bank.
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Figure 7.11. Alignment of SeMNPV ORF xd92 with the homologous ORFs from AcMNPV (ORF 145 and
ORF 150, Ayres et al., 1994), OpMNPV (ORF 141, Ahrens et al., 1997). For shading, aming acid consensus

and abbreviations see legend of Fig. 7.3.
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Figure 7.12. Alignment of SeMNPV ORF xd37% with the homologous ORFs from AcMNPV and OpMNPYV.
The N terminus of SeMNPV xd372 is aligned with AcMNPV ODV-E18 (Braunagel et ai., 1996) {AcMNPV ORF
143, Ayres etal, 1994) and OpMNPVY ORF 140 (Ahrens et al,, 1997). (ODV-E18, counting 80 amino acids,
from Braunagel et a/. (1996) is different from AcMNPV ORF 143, counting 62 amino acids. ODV-E18 has 28
additional amino acids at the N terminus as compared to AcMNPV ORF 143).

The C terminus of SeMNPYV xd379 is aligned with AcMNPV ODV-EC27 (Braunagel et al., 1396) (AcCMNPY
ORF 144, Ayres et al, 1994) and OpMNPV ORF 145 (Ahrens et al, 1987). For shading, aminc acid
consensus and abbreviations see {egend of Fig. 7.3.
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Figure 7.13. Alignment of SeMNPY ORF xd460 with the homologous ORFs from ACMNPY (ORF 142, Ayres
et al, 1994) and OpMNPV (ORF 139, Abrens ef al,, 1997). For shading, amino acid consensus and

abbreviations see legend of Fig. 7.3.
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ORF xd379

SeMNPV ORF xd379 potentially encodes a protein with a predicted molecular mass of 43.1
kDa. A baculovirus consensus late promoter ATAAG sequence is located 130 nt in front of the
translational start codon. A polyadenylation signal is found 12 nt downstream of the translational
stop codon.

SeMNPV ORF xd379, a single ORF in SeMNPYV fragment Xbal-D, is homelogous to two
consecutive ORFs in AcCMNPV and in OpMNPV, The N terminus of SeMNPV ORF xd379 shows
homology to AcMNPV ORF 143 and to OpMNPV ORF 140; the C terminus shows homology to
AcMNPY ORF 144 and to OpMNPV ORF 141 {Fig. 7.12).

AcMNPV ORF 143 and ORF 144 were shown to encode occlusion derived viral envelope
proteins of 18 kDa (ODV-E18) and 27 kDa (ODV-EC27), respectively. ODV-EC27 was also
identified in the capsids of the occlusion derived virions (Braunagel et al,, 1996). In addition, this
area produced a structural protein of 35 kDa, ODV-E35, which reacted with antibodies directed
against ODV-E18 and with antibodies directed against ODV-EC27. The origin of ODV-E35
remained somewhat enigmatic and was therefore suggested to be the result of a ribosomal
frameshift in the transiation of a 2.0 kb transcript that encompassed AcMNPV ODV-E18 and
ODV-EC27 (Braunagel et al,, 1996). In SeMNPV ORF xd379 no “in frame" stop codon is
observed.

Alignment of SeMNPYV ORF xd379 with AcMNPV ODV-EC27 and OpMNPY ORF 141
shows that the SeMNPV ORF xd379 sequence encodes an intemal Met codon (Met-99) which
coincides with the AcMNPV and OpMNPV translational start codons (Fig. 7.12). One of the late
transcripts produced from this area originated from a consensus TAAG sequence located 15
nt in front of the translational start of ACMNPY QDV-EC27 (Braunagel et al., 1996). SeMNPY
xd379 has a TAAG sequence 25 nt in frent of the homologous, corresponding Met-99 codon
{data not shown). It is thus possible that SeMNPYV uses this promoter motif to produce a late
transcript, resulting in a protein with a size similar (280 amino acids, predicted molecular mass
32.3 kDa) to AcMNPV ODV-EC27.

A small protein, homologous to ACMNPYV ODV-E18, would require processing of the full
length translation product of SeMNPVY ORF xd379. AcMNPY ODV-E18 transcripts were found
to start from three late promoter sites, located 299, 175 and 110 nt upstream of the translational
start codon of ODV-E18 (Braunagel ef al., 1996). These transcriptional start sites all reside
within the coding sequence of the preceding AcMNPV ORF 142. The SeMNPV promoter
sequence ATAAG at position -130, located in the coding sequence of SeMNPV ORF xd460 (see
below), is homelogous to the AcMNPY ATAAG at position -110 {data nct shown). It is likely that
SeMNPV will use this promoter motif for the late expression of ORF xd379. Transcriptional and
translational analysis should clearify the actual coding capacity of this SeMNPV region.

ORF xd460

SeMNPVY ORF xd460 is 460 amino acids long and potentially encodes a protein of 50 kDa in
an antigenomic orientation. A late promoter sequence ATAAG is located at position -12 with
respect to the translational start site and a GTAAG sequence is located at positicn -76. This
ORF has a relatively high degree of homology to AcCMNPV ORF 142 and OpMNPV ORF 139
{Fig. 7.13). The function of this QORF is not yet known.
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SpliMNPV : ARNLLL----------- EQIKQKESLREVERASSEIE TOTRNLLLEGT - KK TDSFAKLH 316
BmNPV :  NLMADVLV--------- DTINRRRVAMAKS SSEATSNDEGWDDGGN--N VKYVQ : 405
Ac-09 : NLIADVLA-~------- DTINRRRVAMAKSSSEATSNDEGWDDDDNRENKANTEDVEYVE : 406
xj462 :  TQFRNL------ QKKIEQLmELIiSITTLTAAISSIFEKTQ ——————————— IMADDAT : 457
MbMNPV : NQFNVY------ QKKIAGFRMEIRANTIQALSKTITNTLNKSQHTTNDRDTIQKLLYELAT : 319
HzSNPV :  SLYNITLDSSWIKNYS--LSTEAQDTLISIKNQLNORLSNAQ-TQQISARLQIFIED--N : 328
op-02 :  KIEDQSSTQTL-LEDVDTT-DKTKTILKNFVTNIDRISKQEQEEKDRLDTITKRREAVEH : 529
SpliMNPV : H-HEVWERETLNLTEMGAI-LSRRIGIKEFLVFVGN-~--—--mme oo mmemm o : 350
EmNEV :  ALFNVFTSSQLYTNDSDERNTKAHNIL----NDVESLLON-K-TQTNIDKARLLLQDLAS : 459
Ac-09 :  ALFNVFTSSQLYTNDSDERNTKAHNIL----NDVE[LLON-K-TOTNIDKARLLLODLAS : 460
x7462 : HFVET-—————--- - omm e e e oo : 462
MbMNPV :  AINRATSI ¢ 327
Hz SNPV :  LIQQTYDNELKDSDNVELQ---LSDKNLQQFIMAVEDLTFKKQYDKALANVMSALGTKET : 385
Op-02 :  TDGNSTGNNSDDWRDD- ———— = —— = — == == ==~ ———m o — e —m e — ;543
SPLIMNPV &  mmmmm e mm e o o e e e e e o ommm o —mm o : -
BmNEV :  RVVLS-ENBL-DS IGLQKQPLFETNRNLFYKSIEDLIFKFRYKDAENHLIFALTYHEK ;517
Re-09 :  FVALS-ENRL-DSBAIGSERQJLFETNRNLFYKSIEDLIFKFRYKDAENHLIFALTYERK : 518
®i462 e e : -

MbMNPV HE e e H -

HzSNFV :  NQKLQELRSNLDKIMSYKLTMSTESQV : 412

Op-02 R i : -

SpliMNPV @ ——— - e m o - : -

EmNPYV : DYKFNELLKYVQQ-LSVN-QQRTESNA : 542

Ac-0% : DYKFNELLKYVQQ-LSVN-QQRTESSA : 5413

Flgure 7.14, Alignment of SeMNPV ORF xj462 with ORFs from AcMNPV {Possee et al., 1991} {AcMNPY ORF
9, Ayres ef al., 1994), OpMNPYV (Russeli et 2/, 1996} (OpMNPV ORF 2, Ahrens et al., 1997), BmNPV {acc.nr.
L33180), HzSNPV (Cowan ef al,, 1994), SpliMNPV (Faktor et af., 1397b) and a partial sequence from
MbMNPY (Cameron & Possee, 1989). Proline residues are indicated in black.

ORF xd244

SeMNPV CRF xd244 has homology to the region encoding the /e0 left exon in AcMNPV and
OpMNPV, but lacks the consensus splice donor sequence. SeMNPV ORF xd244 has been
discussed elsewhere in detail (Chapter 5).

RR1

The SeMNPV ORF for the large subunit of ribonucleotide reductase (RR1) (Chapter 8, van
Strien et al, 1997a), located upstream of the polyhedrin gene, is encoded by many
baculoviruses but not by ACMNPYV {Ayres et al,, 1994). In OpMNPYV, an abberant RR1 (ORF 32)
is found at map unit 20. OpMNPY RR1 has a very low degree of homology with eukaryatic and
baculoviral RR1's and its length is remarkably short. However, the amino acids thought to be
involved in ribonucleotide reduction are conserved {Ahrens et al., 1997). Phylogenetic analysis
indicated that OpMNPV, SeMNPV and SpliMNPV acquired the RR1 gene independent from
each other (Chapter 6, van Strien et al,, 1997a).
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polyhedrin

The polyhedtin gene was the first characterized gene of SeMNPV and has been discussed
elsewhere (Chapter 2 and van Strien et al., 1992). The polyhedrin gene is the gene displaying
the highest degree of homology with other baculoviruses, as compared to the generally much
lower extent of homology displayed by other genes (Table 7.1).

ORF xj462

The SeMNPV polyhedrin gene is flanked by SeMNPV ORF xj462 in an antigenomic orientation.
ORF xj462 is preceded by an ATAAG motif at position -39, located within the SeMNPV protein
kinase (PK} ceding region (see below). A consensus polyadenylation signal is located 61 nt
downstream of the translaticnal stop codon.

ORF xj462, potentially encoding a protein with a molecular mass of 50.4 kDa, shows very limited
identity to baculovirus homologs of AcMNPV ORF 9 (ORF 1629). The multiple sequence
alignment (Fig. 7.14) shows that a moderately conserved area is located in the N-terminal part
of the protein (not indicated in the figure). Furthermore, the SeMNPV protein and its homologs
from other baculoviruses are notable for the presence of multiple poly-proline tracts. SeMNPV
xj462 displays the highest homology to an (in-complete) ORF identified downstream of the
Mamestra brassicae (Mb) MNPV polyhedrin gene (Cameron & Possee, 1989).

ACMNPV ORF 1629 encodes an essential phoshorylated protein, expressed late in
infection. This protein was present in both budded and occluded virions of ACMNPV (Pham &
Sivasubramanian, 1992, Pham et af., 1993, Possee et al., 1991, Kiits & Possee, 1993, Vialard
& Richardson, 1993). The homologous protein from OpMNPV was shown to be specifically
associated with ane end of the viral capsid, the basal structure region (Russell ef af., 1997).
Databank searches with SeMNPV ORF xj462 resulted in hemolegy to a wide array of proline-
rich celluiar proteins with diverse functions.

PK
The translational start codon of ORF xj462 overlaps with the translational start codon of the
SeMNPV protein kinase (pk) gene, which has a genomic orientation. Only the first 103 amino
acids encoded by the SeMNPV pk gene are determined. Two late promoter motifs are
recognized, a GTAAG sequence located at position -188 and a ATAAG sequence located at
position -142 with respect to the translational start codon. Both motifs reside within the ORF
xj462 coding sequence.

The partially determined SeMNPV PK sequence shows 41% amino acid identity to
AcMNPYV protein kinase. Protein kinase genes have been identified in several baculoviruses on
a similar genomic position relative to the polyhedrin gene as SeMNPV pk. The baculovirus PKs

Figure 7.15. a). Bootstrap analysis (100 replicates) of an unrooted phylogenstic tree of polyhedrin genes
constructed with the heuristic search algorithm using parsimony (PAUP). Numbers at the branches indicate
frequency of cluster. The nucleotide sequence alignment of occlusion body proteins produced by the GCG
pifeup program was adjusted by hand to be in accordance with the amino acid coding capacity (data not
shown). The first 15 nt, which could not be aligned with certainty, were omitted from the analysis. To start as
unbiased as possible no outgroup was defined. The three granulin genes were included to orient the tree, but
the subgrouping of the granuloviruses was further ignored. For abbreviations of virus names see materials
en methods secticn. b). Similar as in a), but withcut LAMNPV and SpliMNPYV, ¢). Similar as in a}, but without
SpIiMNPY. d). Similar as in a), but without LAMNPY. content (Smith et al., 1988).
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display similarity to serine-threcnine protein kinases (Reilly & Guarino, 1994, Bischoff &
Slavicek, 1994). Whereas the AcMNPV pi gene was expressed late in infection (Reilly &
Guarino, 1994), the expression of the LAMNPV pk gene started early (Bischoff & Slavicek,
1994). The pratein kinase of ACMNPYV is involved in very late gene expression {Fan et al,, 1996).

Baculovitus polyhedrin gene phylogeny revisited

The polyhedrin gane, the most canserved gene among the baculoviruses, was the first gene
used for the reconstruction of baculovirus phylogeny (Viak & Rohrmann, 1985, Zanotto et al.,
1993a, Cowan et al., 1994). Following these publications the number of determined polyhedrin
sequences has roughly doubled. The available sequences were all used in parsimony analysis
(Swofford, 1993) in an attempt to update the baculovirus phylogeny. However, the high
homology of the polyhedrin genes prompted the need for a careful assessment of the deduced
phylogeny. Just as sequences can be too diverged to be of use in phylogenetic reconstructions
{Zanotto et al, 1996), the homology can also be too high to offer sufficiently informative
phylogenetic characters. The reliablity of the deduced phylogeny was determined by bootstrap
resampling (Felsenstein, 1993).

A heuristic search with the amino acid alignment of the 28 available baculovirus
occlusion body protein sequences resulted in 180 most parsimonous trees {data not shown}).
Bootstrapping with the amino acid alignment was therefore not further pursued and the
nucleotide sequence alignment was used instead. The use of parsimony with the aligned
nucleotide sequences of the 24 available species seemed well-justified, since the divergence
among the polyhedrin genes had not fully reached the complete level of codon redundancy. The
sequences of the granuloviruses were included to crient the polyhedrin tree. Heuristic searches
with the aligned nucleotide sequences resulted in one to five most parsimonous trees,
depending on the combination of species used {data not shown).

The result of the bootstrapping procedure with the aligned nuclectide sequences is
depicted in Fig. 7.15a. Several polytomies are seen, which are due to unsupported relationships.
A distinct subgroup was formed by AcMNPV, BmNPY, OpMNPV, CIMNPV, HycuMNPYV,
ArceMNPV, AgMNPV, PenuMNPYV and ArMNPYV {for abbreviations see materials and methods
section). This group was previously recognized as NPV subgroup | by Zanotto ef al. {(1993a).
New members are ArceMNPV, PenuMNPV and ArMNPV. Bootstrapping supported the
admission of this group as distinct from the other NPVs, although the phylogeny within the
subgroup was not completely resolved. The existence of subgroup |l (A and B) (Zanotto et al.,
1993a, Cowan et al, 1994), consisting of SeMNPV, SpfrMNPV, MbMNPV, PaflMNPYV,
BusuSNPV, HzSNPV, SpliMNPV, ManeNPV and OpSNPV, was not supported by the bootstrap

Figure 7.15. a). Bootstrap analysis (100 replicates) of an unrooted phylogenetic tree of polyhedrin genes
canstructed with the heuristic search algorithm using parsimony (PAUP). Numbers at the branches indicate
frequency of cluster. The nucleatide sequence alignment! of occlusion body proteins produced by the GCG
pileup program was adjusted by hand to be in accordance with the amino acid coding capacity (data not
shown). The first 15 nt, which could not be aligned with certainty, were omitted from the analysis. To start as
unbiased as possible no ouigroup was defined. The three granulin genes were included 1o arient the tree, but
the subgreuping of the granuloviruses was further ignored. For abbreviations of virus names see materials
en methods section. b). Similar as in a), but without LAMNPY and SpliMNPV. ¢). Similar as in a), but without
SplMNPYV, d). Similar as in a), but without LAMNPY, content (Smith ef al., 1988),
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analysis. The SNPVs formed a distinct subgroup (the phenotype of MnNPV is not known). They
may thus constitute a menophyletic subgroup, although relationships within this subgroup and
with the other NPVs are insecure.

The phylogeny and bootstrapping in Fig. 7.15a showed that the relationship between
LAMNPV, SpliMNPV and the other NPVs is unclear, but LAMNPY and SpiiMNPV do not reside
within subgroup |. SpliIMNPYV as well as LAMNPY may be the single representatives of distinct
subgroups, a view also supported by other observations. LAMNVP appeared to be rather
different from the other NPVs, as judged from its larger genome which also has a relatively high
{60%} GC content (Smith et al,, 1988). SpliMNPV appeared to be distantly related to other NPVs
as seen in phylogenetic reconstructions based on the ecdysteroid UDP-glucosyliransferase {egh)
gene (Clarke et al., 1996, Hu ef al., 1997).

To further investigate the observed unclear relationships, bootstrapping was performed
with the same data set excluding LAMNPV and/cr SpliMNPYV (Fig. 7.15b-d). The granulin genes
were excluded from the data set to determine if the phylogeny might be better supported without
them (Fig. 7.16a-d). Heuristic searches while in- or excluding species resulted in different
parsimonous trees (data not shown} for which varying support was observed during
bootstrapping (compare Fig. 7.15a-d, 7.16a-d). For instance, only when the granuloviruses,
SpIMNPV and LAMNPV are excluded (Fig. 7.16d), subgroup |l as defined by Zanotto ef al.
{1993a) could be recognized as a well supported branch. Data sets with other species did not
support the presumed subgroup It (Fig. 7.15a-d, 7.16a-c). However, the viruses SeMNPV /
SpfrMNPY /SpitMNPV and MbMNPV / PafiMNPV / LsMNPV are probably all quite closely
related, based on comparison of sequences surrounding the polyhedrin gene (Chapter 2, 6, van
Strien et al,, 1993, 1997a), but they were otherwise never observed to occur as a distinct, well
supported subgroup. The SNPV classification, based on virion occlusion morphology, was
sometimes supported by the bootstrapping, but the relationship with other NPVs remained
unclear. Unresolved polytomies always existed within subgroup |. Exclusion of AcMNPV and
8mNPV did not impreve the supparted phylogeny within this branch or in general (data not
shown).

When the third nucleotide of each codon from the aligned nucleotide sequences was
excluded, the resulting tree topology remained unstable and many branches were unsupported
in the bootstrapping analysis (data not shown), similar to the analyses with all nucleotides
included.

The available data considering the relatienship between AcMNPV and BmNPV are in
conflict with the phylogenetic reconstructions based on the polyhedrin gene, since these viruses
were never subgrouped to share the most recent common ancestor (Cowan et al., 1994, Zanotto
et al., 1993a, Fig. 7.15a-d, 7.16a-d). However, a close relationship between AcMNPV and
BmNPY was observed in phylogenetic reconstructions based on the EGT (Clarke et al., 19986,
Hu et al,, 1997) and the immediate early 1 {IE1) sequence (Chapter 5). Furthermore, the
complete genome sequence from AcMNPV {Ayres et al,, 1994), BmNPV (acc.nr. L33180) and
OpMNPV (Ahrens et al, 1997) is available and serves the estimation of the phylogenetic
distance hetween these viruses. ACMNPY and BmNPV show a high overall homology and are
thus very closely related. In this particular case the conflicting polyhedrin based phylogeny may
be interpretated as the result of (partial} polyhedrin gene transfer into either AcMNPV (or
BmNPV) from another baculovirus.



DISCUSSION

Gene sequences for phylogenetic reconstructions

In the 20 kb DNA segment, representing 15% of the SeMNPV genome, twenty major ORFs and
an hrwere identified. All these SeMNPVY ORFs were also present in ACMNPYV (except RR1) and
in OpMNPV (Table 7.1). The ORFs of these viruses usually show a limited degree of homology
{60% or less}, suggesting a distant relationship between SeMNPV on the one hand and
AcMNPV and OpMNPYV on the other. Therefore, most of the conserved amino acids (Fig. 7.3-
7.13) probably approach or represent the actual consensus of these proteins. For example,
addition or cmission of the CpGV sequence to the alignment with SeMNPV ORF xh136 (Fig.
7.6) hardly alters the consensus. This may indicate that granuloviruses are no more different
from the NPVs than the NPVs are from each other. A similar conclusion can be made on the
basis of the ODVP-6E gene homology (Theilmann et al., 1996).

A few ORFs displayed a high degree of homology, most notably poiyhedrin. SeMNPV
v-ubi showed a high homology to baculoviral as well as to cellular ubiquitins. SeMNPVY RR1 was
highly homologous with eukaryotic RR1s (Chapter 6, van Strien ef al., 1997a), but not with
OpMNPV RR1. Compared to the lower extent of homology among other baculovirus ORFs
(Table 7.1 and Bjornson & Rohrmann, 1994), the high homology of the polyhedrin gene,
apparent even at the nuclectide level, suggested that this gene may have been acquired only
relatively recently by the baculoviruses.

From the new reconstructions of the baculovirus phylogeny based on either the
polyhedrin amino acid or nuclectide sequences, it appeared that polyhedrin is not suited for this
purpose. The deduced phylogeny was variant with the species used, not well supported by the
bootstrap analyses (Fig. 7.15a-d, 7.16a-d) and often in conflict with baculovirus relationships
determined by other criteria. The high degree of homology of the polyhedrin gene probably is
the major cause of this. A high homology can interfere with the phylogenetic reconstruction in
two ways: by reducing the number of informative characters and by increasing the chance to
encounter a situation in which gene swapping has taken place. This is an unfortunate situation,
because the polyhedrin gene is usually the first and only gene from a newly isclated baculovirus
to be identified and sequenced, and to be used subsequently in phylogenstic reconstructions.

Other genes and proteins, preferably large and with non-structural functions (for instance
IE1, helicase, elc.), may provide more consistent and reliable phylogenetic reconstructions than
the polyhedrin gene does. Only with this type of information questions conceming the taxonomic
position of the SNPVs, GVs, or single viruses like SpliMNPY and LAMNPY can be answered
with greater confidence.

Genetic organization as phylogenetic marker

The most striking feature of the 20 kb segment of SeMNPV is not the homology of the ORFs to
those of other baculoviruses or the presence of an hr, but the extensive difference in gene
order, location and crientation between SeMNPV on the one hand and AcMNPV and OpMNPYV
on the other (Fig. 7.17a-c). Remarkable absentees from the SeMNPV 20 kb region are ieZ (or
ien, Carson et al,, 1991, Theilmann & Stewart, 1992a) and ie3 (or pe38, Krappa & Knebel-
Mérsdorf, 1991, Theilmann & Stewart, 1992b) which are located in between the p10 and
polyhedrin gene in both AcMNPV and OpMNPYV. As immediate early genes they are involved
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in transactivation, DNA replication and late gene expression (Theilmann & Stewart, 1992a, Wu
et al,, 1993, Yoo & Guarino, 1994, Passarelli & Miller, 1993, Todd et al., 1995, Lu & Miller, 1995,
Koof et al., 1994, Ahrens & Rohrmann, 1995). it remains to be elucidated whether or not these
genes are located somewhere else on the genome of SeMNPV. The only immediate early gene
of SeMNPYV that has been identified to date is the ie7 gene. The ORF homologous to the
AcMNPYVY and OpMNPY /e0 left exon is present in SeMNPV, but the consensus splice donor
sequence is absent. Therefore it seems that the clustering of the immediate early genes in
between the very late major genes for p10 and polyhedrin, as observed in AcMNPV and
OpMNPY, is not a conserved feature of baculoviruses.

Compatring SeMNPV with AcMNPV (Fig. 7.17a) and OpMNPYV {Fig. 7.17b) revealed that
the largest conserved gene block encompassed SeMNPV ORFs xd22 until xd244. Genetic
rearrangement occurred in the form of gene blocks as well as single genes, for instance in the
case of ORF xh135 and ORF xh328. Rearrangements involved a large part of the genome.
Genes found within the 20 kb segment of SeMNPV are dispersed over a 45 kb region in
AcMNPV and even over 55 kb in OpMNPV (Fig 7.17a-c). The comparison of the complete
gencme sequences of ACMNPY and OpMNPYV (Ayres ef al., 1994, Ahrens et al,, 1997) revealed
that differences in genetic organization between these two are caused by gene capture and a
few rearrangements in gene order. The rearrangements had occured in blocks or as single
genes . However, the extent of the rearrangments between ACMNPY and OpMNPV is much
smaller than that observed in compatisons with SeMNPV. A similar lack of conserved gene
order was apparent in LAMNPV, in the region enceding the polyhedral envelope protein
(Bjomson & Rohrmann, 1994}. These data suggest that extensive genetic rearrangements are
a common feature in baculoviruses. However, the gene order in the region around the histon-
like basic protein p6.2 gene was conserved between Cryptophlebia leucotreta GV and AcCMNPY
{Jehle & Backhaus, 1994). Preliminary sequence data indicated that a similar conservation
could also be identified for about nine genes in a large contig encompassing the SeMNPV
helicase gene (J.G.M. Heldens, pers.comm.).

The situation in the baculoviruses is to a certain extent comparable to that in other large
eukaryotic DNA viruses, the poxviruses and herpesviruses. After the recent completion of the
sequencing of the complete genome of the poxvirus Molluscum Contagiosum virus (MCV},
comparison with the Vaccinia virus (VV) genome revealed that the genes which are conserved
between the two viruses cluster in the central pan of the genome, maintaining the same gene
order (Senkevich et al., 1996). Also in herpesviruses unique genes are found principally at the
genome termini. Rearrangements occur frequently at the fermini, where they invoive
rearrangement of a single or few genes. However, genetic rearrangements, predominantly in
the form of large gene blocks, do occur throughout the herpesvirus genome (Gompels ef al.,

Figure 7.17. Schematic cverview of the genetic organization of the 20 kb DNA segment of SeMNPV and
comparison with AcMNPV (Ayres et al., 1994) and OpMNPYV (Ahrens et al., 1997). Units in kb. Continuous
lines indicate homologous ORFs with similar genetic orientation, dashed lines indicale homologous ORFs with
reversed orientation. Shading is used to indicated hr's and other repeated sequence elements.

a). Comparison between SeMNPV and AcMNPV. b). Comparison betwaen SeMNPV and OpMNPV.

¢). Comparison between AcMNPV and CpMNPYV. Only the ORFs identified in the 20 kb SaMNPV
fragment are indicated.
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1985, Davison & McGeoch, 1995). The mechanisms of herpesvirus divergence (nucleotide
substitution, gene duplication, gene capture and rearrangement) have been reviewed by
Davison & McGeoch {1995). Similar mechanisms seem to be responsible for baculovirus
divergence. When the divergence among herpesviruses and poxviruses is compared with
that among baculoviruses, it seems that in the two former virus groups extensive nucleotide
substitution and gene capture have been refatively more important than in baculoviruses.
Unfortunately, the low level of conservation of herpesvirus genes prohibited the astimation of
the full magnitude of genetic rearrangement between the mammalian herpesviruses and
Channel Catfish virus (CCV) (Davison, 1892).

In effect, the observed genetic rearrangement in some baculovirus genome regions is
comparable to or greater than the situation in the herpesvirus termini. Additional sequence
information is required to determine if a conserved central region, as is the case of
poxviruses, is a distinctive feature of the baculoviruses. lt remains to be elucidated if and
how the baculovirus gene rearrangements are related to their mode of replication, for which
the involvement of multiple origins, on dipersed locations on the genome, have been
suggested. Furthermore, {the mechanism of} baculovirus genetic rearrangement might have
unforseen implications for the assessment of the biosafety of recombinant baculoviruses
with insecticidal genes.

The genetic rearrangements in the baculovirus genomes may provide new and
supplementary phylogenetic information. Gene order has been used to determine
herpesvirus phylogeny (Hannenhalli et al., 1995). Boore et al. (1995) used the boundaries
between the 37 mitochondrial genes to deduce a parsimonous arthropod phylogeny. The
utilization of these kind of molecular data to determine phylogenies surpasses shortcomings
in the alignment quality, compositional or substitutional bias and artificial associations of
rapid evolving species. However, the method heavily relies on the ability to recognize
homologous genes throughout several {virus) species. As seen in the comparison of CCV
with other herpesviruses, recognition can constitute a real problem. Furthermore, gene
transfer between species and gene duplication are possible interfering factors. Genes with
different origins (for instance baculovirus rrf genes) must be excluded from the analysis.
Nevertheless, when the number of contig or complete genome sequences from different
baculoviruses will increase, baculovirus gene order may be useful as an independent
phylogenetic character.
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CHAPTER 8
SUMMARY AND CONCLUDING REMARKS

Baculoviruses are attractive, biological alternatives to chemical control agents of insect pests.
These viruses are natural agents influencing the size of insect populations. They are often
species-specific and some of them are highly efficacious, though their speed of action cannot
meet that of chemical insecticides. In addition, chemical insecticides have a much wider range
of target insects. With the advent of genetic engineering the host range of baculoviruses may
be altered and their virulence possibly futher improved. The principles underlying baculovirus
virlence and specificity are not known. Therefore, the genetic organization and expression
strategies of the Spodoptera exigua muiticapsid nucleopolyhedrovirus {SeMNPYV) have been
investigated and described in this thesis. This virus is specific to the beet army worm
Spodoptera exigua and highly virulent. The genetic information on the baculovirus type species
Autographa californica (Ac) MNPV, which has a broad range of hosts and is less virulent, served
as a reference point.

As a start the SeMNPV gene for the occlusion body protein, polyhedrin, was
characterized. This protein is highly conserved among baculoviruses and comprises a major
constituent of polyhedra. In contrast to other baculoviruses, the SeMNPV polyhedrin mRNAs
were found to be non-polyadenylated (Chapter 2). The polyhedrin gene serves to set the origin
of the physical map of the circular viral genome. By convention, the orientation of the map is set
by the paosition of the other very late baculovirus gene, designated p70, relative to the polyhedrin
gene. The presence of abundant amounts of mRNA allowed the identification of the SeMNPV
p10 gene via a cDNA probe. Both the SeMNPV polyhedrin and p70 genes are transcribed late
in infection and start in the canonical baculovirus late transcription initiation sequence, TAAG.
In contrast to the polyhedrin mRNA the p70 mRNA was polyadenylated (Chapters 2 and 3,
respectively). The predicted amino acid sequence of SeMNPV p10 showed only low sequence
homalogy with previously characterized baculoviral p10 proteins, but its size and domain
structure were very similar {Chapter 3).

An equally small, but in contrast ta p10, highly conserved gene encountered in the
SeMNPVY genome was the viral ubiquitin (v-ub) gene. Ubiquitin is involved in protein
degradation and is found associated with the non-occluded virions. The SeMNPV v-ubi gene
was expressed late in infection and two baculovirus consensus [ate start sequences, TAAG,
were used as transcriptional initiation sites. One was located only five nucleotides upstream of
the translational start site, thereby providing the shortest untranslated leader reported to date
for any baculovirus mRNA. The v-ubi gene had an unexpected genomic position in SeMNPV
as compared to AcMNPV, suggesting differences in genome organization between
baculoviruses {Chapter 4).

In constrast to v-ubi, the location of the SeMNPV immediate early gene ie7 was more
conserved as compared to AcCMNPY. The /el gene encodes a multifunctional protein in the
baculovirus life cycle and is involved in transcriptional transactivation and in DNA replication.
The SeMNPV jetf gene is larger than previously characterized baculovirus jief genes and
displayed an unusual transcription pattern and may be lacking splicing (Chapter 5).

Since the region between polyhedrin and p10 and encompassing /e was much shorter

117



in SeMNPV (11 kb) than in AcMNPV (19 kb), it was of interest to characterize the entire region
and compare its organization with that of AcMNPV. Upstream of the SeMNPV polyhedrin gene
an open reading frame (ORF) was identified, encoding the large subunit of ribonucleotide
reductase (RR1). This gene was not identified before in baculoviruses. lts product may be
involved in nucleic acid synthesis. As expected from its putative function to generate DNA
precursors, this gene was expressed as an early gene, prior o DNA replication. S. littoralis
MNPV, another baculovirus infecting a Spodoptera species, also appeared fo contain this gene,
Phylogenetic analysis suggested that both viruses had acquired the #r1 gene independently
{Chapter 8). Ribonucleotide reductase is known to function as a virulence factor in other large
DNA viruses. However, expression of the SeMNPV rr7 gene in AcCMNPYV recombinants, using
different promoter constructs, gave no indication of altered virulence (data not shown).

Finally, the genetic organization of a 20 kb segment of SeMNPY DNA representing 15%
of the viral genome, encompassing the polyhedrin and p70 gene, and potentially encoding 20
ORFs, was closely examined (Chapter 7). A non-coding sequence of 900 nuclectides in length,
consisting of four imperfect palindromes centered around a Bgl site and three direct repeats,
was identified in this 20 kb segment. This sequence showed structural homology to hrregions
found in other baculoviruses and which are well-established transcripticnal enhancers and
putative origins of DNA replication. All ORFs except for RR1 had a counterpart in AcMNPYV, the
baculovirus type species. The homology of SeMNPV with AcMNPV and OpMNPV genes was
usually low and, except for polyhedrin and ie1, did not span promoter regions. A high level of
homology was observed only with v-ubi and polyhedrin. A most remarkable aspect of the genetic
organization of this genome segment of SeMNPV is the extensive rearrangement in gene order
that must have taken place during baculovirus history.

The extremely high degree of consetvation of the polyhedrin gene among baculoviruses
questions its presumed vaiue as a phylogenetic marker. Parsimony analysis of the large number
of occlusion body protein sequences currently available, confirmed the notion that the polyhedrin
gene is not suitable for this purpose (Chapter 7). The observation that the nucleotide sequence
divergence of this gene had not reached the level of complete redundancy, suggested that it has
been acquired by the baculoviruses rather recently, or alteratively, is frequently exchanged
between different viruses. Several unresclved aspects of the baculovirus phylegeny, for instance
the observed monophyletic grouping of the SNPVs, may better be investigated with other genes,
e.g. ie1 (Chapter 5). Finally, the baculovirus gene order itself might be used as an independent
phylogenetic marker.

The initial characterization of SeMNPY DNA provides the basis for future genetic
engineering of this highly specific baculovirus, in order to increase its efficacy as a bio-
insecticide. The present data on the genetic structure and corganization of the SeMNPYV genome
showed similarities to the better characterized AcMNPV. At the same time, major differences
in gene order, coding capacity, gene sequence and expression were observed. The high
divergence between SeMNPV and AcMNPV requires the complete sequencing of the SeMNPV
genome to obtain a full view on the structural and genetic relatedness of baculoviruses.
Ultimately, these analyses will be valuable in unravelling the issues related to the specificity and
virulence in baculoviruses, two parameters of prime imporiance for their application as bio-
control agents.
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SAMENVATTING

SeMNPV, het kempolyedervirus van de floridamot Spodoptera exigua (Lepidoptera, Noctuidae)
en het onderwerp van dit proefschrift, behoort tot de familie van de baculovirussen. Dit zijn
dubbelstrengs DNA virussen die alleen geleedpotigen (Arthropoda) infecteren. Het
standaardvirus van deze familie is het kempolyedervirus AcMNPV, Autographa californica
multicapsid nucleopolyhedrovirus. De totale nucleotidenvolgorde van het circulaire,
dubbelstrengs DNA genoom van ACMNPYV is bepaald en van vele genen is de functie
opgehelderd (Ayres et af,, 1994). ACMNPV heeft een uitgebreide gastheerreeks die rupsen van
tientallen scorten (nacht)vlinders omvat, waaronder de lafven van de floridamot. SeMNPV
vertoont opvallende biologische kenmerken zoals specificiteit voor slechts één gastheer, de
polyfage rupsen van de floridamot, gepaard aan een hoge virulentie voor dit plaaginsect. Deze
eigenschappen, die SeMNPV zeer geschikt maken als middel om de floridamot biologisch te
bestrijden, contrasteren met die van het minder virulente AcMNPV, het best onderzochte
baculovirus.

Op basis van AcMNPV ziin genetisch gemedificeerde virussen ontworpen die, afhanketifk
van de doelstelling, kunnen worden onderverdeeld in twee groepen. Er zijn recombinante
virussen geconstrueerd die een heteroloog eiwit tot expressie brengen ten behoeve van
farmaceutische of research doeleinden. De tweade groep recombinante virussen zijn ontworpen
om het betreffende virus effectiever te maken als biologisch bestrijdingsmiddel. Beide
doeleinden vereisen grondige moleculair-biologische kennis van de genetische organisatie en
expressiestrategieén van het virale genoom, de eerste voorwaarde voor een rationeel ontwerp.
Bij de start van het onderzoek was de moleculair-biologische kennis van het genoom van
SeMNPYV slechts zeer beperkt, Het hier beschreven onderzoek van het baculovirus SeMNPV
dient als aanzet tot het verkrijgen van inzicht in de mechanismen die verantwoordelijk zijn voor
gastheerspecificiteit en virulentie en tot het verbeteren van SeMNPV via genetische modificatie.

Als eerste werd het gen voor het "occlusion body*-eiwit, polyhedrine, gelokaliseerd en
gekarakteriseerd. Dit eiwit is zeer geconserveerd bij baculovirussen en vormt het
hoofdbestandeel van de polyeders, grote structuren die de virusdeeltjes omsluiten. In
tegenstelling tot de polyhedrine transcripten van andere baculovirussen bleken de polyhedrine
boodschapper RNA's van SeMNPV niet voorzien te zijn van een polyA-staart (Hoofdstuk 2).
Het polyhedrine gen dient om het nulpunt van de fysische kaart van het circulaire virale genoom
vast te leggen. Volgens afspraak wordt de oriéntatie van de fysische kaart bepaald door de
positie van het andere zeer late baculovirus gen, p70, ten opzichte van het polyhedrine gen. Het
p10 gen van SeMNPV werd geidentificeerd na de isolatie van complementair DNA, via grote
hoeveelheden p10 boodschapper RNA die laat in infectie nog werden aangetroffen in de cel.
De "late" transcripten van zowe! het polyhedrine als het p70 gen bleken te starten in het
transcriptie-initiatiemotief TAAG {Hoofdstuk 2 en 3}). Deze sequentie is geconserveerd in (zeer)
"late" baculovirus genen. De aminozuurvolgorde van het p10 eiwit van SeMNPV vertoonde
slechts een geringe mate van overeenkomst met die van twee eerder gekarakteriseerde p10
eiwitten van AcMNPVY en OpMNPV, het Orgyia pseudotsugata multicapsid
nucleopolyhedrovirus. Grootte en domeinstructuur van de drie p10 eiwitten kwamen echter
overeen (Hoofdstuk 3).

Een bijna even klein, maar in tegenstelling tot p70 zeer geconserveerd gen, was het
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virale ubiquitine {v-ubi) gen. Ubiquitine reguleert de eiwitafbraak en is een struktureel eiwit van
de "budded"” virions. Het v-ubi gen van SeMNPV bleek laat in de infectie tot expressie te komen.
Twee opeenvolgende consensus late baculovirus promoter-sequenties, TAAG, werden beiden
gebruikt als transcriptiestartpfaats. Eén van deze lag slechts 5 nucleotiden véér de translatie-
startplaats. Door deze beperkte afstand tussen transcriptie- en translatiestart is het de kortst
bekende, niet-vertaalde "leader” van een baculovirus gen. Het v-ubji gen van SeMNPV lag op
een onverwachte positie in vergelijking met de positie van het v-ubi gen in het genoom van
AcMNPV. Deze observatie deed een verschil tussen de twee virussen in genomische structuur
vermoeden (Hoofdstuk 4). ‘

In tegenstelling tot de positie van het v-ubi gen is de positie van het “immediate early”
gen je1 in het genoom van SeMNPV min of meer geconserveerd, vergeieken met de positie van
ie1 in het gencom van AcMNPV. Het jef gen codeert voor een multifunctioneel eiwit in de
levenscyclus van baculovirussen dat is betrokken bij de transactivatie van transcriptie en bij
DNA replicatie. Het je? gen van SeMNPV was groter dan eerder gekarakteriseerde baculovirus
ie1 genen en vertoonde een ongewoon transcriptiepatroon, waarbij “splicing” waarschijnlijk niet
voorkwam (Hoofdstuk 5).

Aangezien het gebied tussen het polyhedrine en p70 gen in het genoom van SeMNPY
veel kleiner was dan in het genoom van AcMNPV, werd het van belang geacht om de gehele
regio te karakteriseren en de organisatie met AcMNPV te vergelijken. Grenzend aan het
polyhedrine gen van SeMNPV werd een open leesraam {open reading frame, ORF) voor de
grote subunit van ribonucleotide reductase (RR1) geidentificeerd. Dit gen was nog niet eerder
aangetroffen in baculovirussen. Het gecodeerde eiwit is wellicht betrokken bij de synthese van
nucleinezuren. Zoals verwacht uit de vermoeds functie, het produceren van DNA bouwstenen,
begon de expressie van dit gen al in een vroeg stadium van de infectie, dus voorafgaand aan
DNA replicatie {Hoofdstuk 6). In vele andere grote DNA virussen fungeert ribonucleotide
reductase als virulentisfactor., Expressie van het 1 gen van SeMNPV in AcMNPV-
recombinanten leverde echter geen aanwijzingen op dat dit ook bij baculovirussen het geval is.

Tenslotte werd de genetische organisatie van 15% van het genoom van SeMNPV, een
DNA segment van 20 kbp dat zich uitstrekie tot voorbij de genen voor polyhedrine en p10,
nauwgezet onderzocht (Hoofdstuk 7}. Behalve twintig ORF's werd een niet-coderend segment
van 900 nucleotiden gevonden. Dit segment was opgebouwd uit vier bijna-perfecte palindromen
en drie andere herhaalde nucleotidensequenties. Het verteonde structurele overeenkomst met
baculovirus hr gebieden, die bekend staan als versterkers {enhancers) van transcriptie en als
startpunt {origin) van DNA replicatie.

Alle geidentificeerde ORF's, met uitzondering van RR1, hadden een tegenhanger in
AcMNPYV, het standaard baculovirus. De homologie van de genen van SeMNPV met de
overeenkomstige genen van AcMNPV en OpMNPV was in het algemeen laag. De
promotersequentie van de homologe virale genen vertoonde in het algemeen weinig
overeenkomst, met uitzondering van de polyhedrine en jef promotersequentie. Een hoge mate
van overeenkomst in aminozuurvolgorde werd alleen waargenomen bij v-ubi en polyhedrine.
Een zeer opmerkelijk aspect van de genetische organisatie van dit genoomsegment van
SeMNPYV is de uitgebreide herschikking in genvolgorde die moet hebben plaatsgevonden in de
baculovirusgeschiedenis.

De uitzonderijk hoge mats van overeenkomst in sequentie van het gen voor polyhedrine
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tussen verscheidene baculovirussen rep vragen op over de waarde van dit gen als
fylogenetisch kenmerk. De beschikbare sequenties van het gen voor het "occlusion body" eiwit
zijn gebruikt in fylogenetische analyses, gebaseerd op parsimony. De evaluatie van deze
analyses bevestigde de opvatting dat dit gen niet geschikt is voor fylogenetische reconstructies
{Hoofdstuk 7). De waarmeming dat de divergentie van de nucleotidensequentie van het gen voor
polyhedrine het niveau van boventalligheid nog niet had bereikt, deed vermoeden dat
baculovirussen dit gen recent hebben verworven of dat het regelmatig tussen verschillende
virussen wordt uvitgewisseld.

Verscheidene niet-opgeloste aspecten van de fylogenie van baculovirussen, zoals
bijvoorbeeld de waargenomen monofyletische groepering van de SNPV's, kunnen wellicht beter
worden onderzocht met behulp van andere genen en ORF's, bijvoorbeeld |IE1 {Hoofdstuk 5).
Tenslotte werd voor het eerst de mogelijkheid geopperd dat de genvolgorde in baculovirussen
een bruikbaar fylogenetisch kenmerk kan zijn.

De hier beschreven moleculair-genetische karakterisering van SeMNPV legt de basis
voor toekomstige genetische modificatie van dit zeer specifieke baculovirus. Op deze wijze kan
de bruikbaarheid van SeMNPV als bio-insecticide wellicht nog worden vergroot. Uit de
gepresenteerde gegevens met betrekking tot de genetische organisatie van het genoom van
SeMNPV blijken overeenkomsten met het veel beter gekarakteriseerde genoom van ACMNPV,
maar tegelijkertijd werden grote verschillen in de volgorde, samenstelling en expressie van
genen gevonden. De waargenomen hoge mate van divergentie tussen het genoom van
SeMNPV en het gencom van AcMNPV noodzaakt tot het bepalen van de nucieotidenvolgorde
van het gehele genoom van SeMNPV, teneinde een volledig overzicht van de structurele en
genetische verwantschap tussen baculovirussen te verkrijgen. Uiteindelijk zal dit soort analyses
van nut blijken te zijn bij het ophelderen van vraagstukken betreffende de specificiteit en
virulentie van baculovirussen, twee parameters die van groot belang zijn bij de toepassing van
baculovirussen als biologisch bestrijdingsmiddel.
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