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Stellingen 

1. Het passage-effekt bij seriële passage van baculovirussen in insektecelcultuur wordt 

veroorzaakt door interferentie van defekte virusdeeltjes met de replicatie van intakte 

virusdeeltjes. 

Dit proefschrift. 

2. Herpesvirussen zijn mogelijk ontstaan uit baculovirussen. 

Dit proefschrift. 

3. Interactie van het humaan cytomegalovirus (HCMV) DNA polymerase met het 

Autographa californica kernpolyedervirus LEF-2 eiwit kan de oorzaak zijn van de 

overeenkomstige activiteit van dit polymerase in met recombinant-baculovirus 

geïnfecteerde insektecellen en in met HCMV geïnfecteerde cellen. 

Dit proefschrift. 

Ertl, P.F., and Powell, K.L. (1992). J. Virol. 66, 4126-4133. 

4. De conclusie van Maeda et al. dat recombinatie van een 572 bp fragment vanuit het 

helicasegen van Bombyx mori kernpolyedervirus naar het helicasegen van 

Autographa californica kernpolyedervirus het gastheerbereik van laatstgenoemd virus 

uitbreidt is onjuist. 

Maeda, S. et al. (1993). J. Virol. 67, 6234-6238. 

5. De veronderstelling van DeAngelis et al. dat de voedingskwaliteit van met Impatiens 

vlekkenvirus geïnfecteerd bladmateriaal geen invloed heeft op de ontwikkeling en 

reproduktie van de trips Frankliniella occiden talis is niet gerechtvaardigd. 

DeAngelis, J.D. et al. (1993). Environ. Emomol. 22, 1308-1312. 



6. Het veelvoud aan methodes en computerprogramma's voor het vergelijken van 

aminozuurvolgorden maakt het vinden van geringe homologie tussen eiwitten niet 

eenvoudiger. 

7. Het gegeven dat vrouwen beter zijn in het onthouden van verjaardagen dan mannen 

wordt verklaard door het feit dat verjaardagskalenders meestal aan de binnenzijde 

van de toiletdeur worden opgehangen. 

8. De gewoonte om in Nederland een bioscoopfilm te onderbreken voor een pauze 

verhoogt niet het kijkgenot maar wel de omzet van de bioscoop. 

9. Het feit dat rokers meer en meer gedwongen worden om tijdens pauzes buiten te 

roken komt het ziekteverzuim onder rokers niet ten goede. 

10. Wetenschappers moeten eens wat vaker hun nek durven uit te steken. 

11. Bij verkiezingen wordt bij het presenteren van uitkomsten van opiniepeilingen te 

weinig ingegaan op de onzekerheden en marges van deze peilingen. 

12. Soms overtreft de biologie de wiskunde, omdat in de biologie vermenigvuldigen ook 

een vorm van delen is. 

Stellingen behorend bij het proefschrift: 

Baculovirus DNA replication 

Wageningen, 17 juni 1994 Marcel Kool 
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CHAPTER 1 

INTRODUCTION 

About 15% of the losses in global agricultural production is caused by insects. Insect 

control usually includes the use of chemical insecticides. However, the rapid build up of 

resistance and the hazards associated with the introduction of insecticides in the environment 

have led to a continuous search for alternative strategies of insect control. One of the 

alternatives is the use of insect pathogens, such as baculoviruses, which cause a chronic or 

fatal disease in insects (WHO Report, 1973; Summers et al., 1975). 

Baculoviruses are found almost exclusively among insects and are usually specific for 

only a single or a few related insect species, mainly of the orders Lepidoptera, Hymenoptera, 

and Diptera (Martignoni and Iwai, 1986; Adams and McClintock, 1991). They are neither 

a threat to human health nor to the environment. Despite their long-time use and presence 

in the environment, not even a single casualty has been recorded giving these pathogens a 

perfect safety record. Insects develop no resistance against baculoviruses and they lack an 

immune system similar to that found in vertebrates. Baculoviruses are an integral part of the 

ecosystem and play an important role in the regulation of the size of insect populations. As 

such, baculoviruses are attractive biological agents for inoculative or innundative insect pest 

control (Granados and Federici, 1986). 

There are, however, some limitations to the widespread application of baculoviruses as 

insect control agents. Firstly, they have a relative slow speed of action. Upon infection, 

insects stop feeding only after a few days, whereas an immediate insecticidal effect may often 

be required. Secondly, the specificity of these viruses, which is an asset from the 

environmental point of view, is not an attractive property for commercial development where 



broad-spectrum agents are desired. Thirdly, the production of these viruses at large scale 

requires a variety of insect cultures, which often leads to a cumbersome, labour-intensive and 

uneconomical production process with limited scale up potential. Biotechnological approaches 

offer opportunities to eliminate some of these drawbacks, notably by increasing the speed of 

action of baculoviruses and by their production in insect-cell cultures as opposed to insects. 

In this thesis the initial emphasis is on the production of baculoviruses in large-scale cell 

cultures. 

The first interest in baculoviruses was confined to their use in insect control. Several 

baculoviruses are (semi-)commercially used as bio-insecticides. Especially in forestry and 

horticulture, the use of baculoviruses is receiving much attention. Recently, a baculovirus of 

Spodoptera exigua has been registered for use in greenhouses in the Netherlands. A 

bottleneck in many applications is the cost-effective production of large quantities of virus. 

Production usually occurs in insect larvae (Shieh and Bohmfalk, 1980). On a large scale, 

production in insect-cell cultures may be a viable alternative when some difficulties with this 

system have been overcome (Tramper and Vlak, 1986). 

When recombinant-DNA technology became available (1973), expectations were high 

regarding to large-scale protein production using genetically modified bacteria. The majority 

of commercially attractive proteins, however, is from higher animals and it was soon realized 

that bacteria have limitations in their capacity to express eukaryotic DNA into (near) 

authentic, biologically-active proteins. Lower eukaryotic organisms such as yeast and fungi 

lack the ability to adequately perform many of the post-translational modifications which are 

necessary to produce biologically-active proteins (Vlak and Keus, 1990). Hence animal cells 

are now more frequently used as substrates for the production of recombinant proteins. 

Among animal cells, insect cells are of eminent importance for the production of 

recombinant proteins. A convenient and versatile viral expression vector system has been 

developed (reviewed in Luckow and Summers, 1988; Miller, 1989; Luckow, 1991). It is this 

application in particular which resulted in a renewed interest in baculoviruses since 1983. 

Expression of foreign genes via a baculovirus vector is usually high compared to recombinant 

protein expression in other systems (Vlak and Keus, 1990). Post-translational modification 

of proteins in insect cells is comparable to processing of proteins in mammalian cells, except 

for glycosylation (Kuroda et al., 1989). Insect cell lines are easy to maintain: the cells grow 

at ambient temperatures and equally well in suspension as on surfaces, they are relatively 
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insensitive to environmental changes and they do not support growth of vertebrate viruses 

(Agathos et al., 1990). A major impact on the field was the FDA approval to MicroGenSys 

Inc. to test a baculovirus-expressed gpl60 envelope protein of human immunodeficiency virus 

type 1 as a possible AIDS vaccine in clinical trials (Van Brunt, 1987). In the meantime many 

baculovirus-produced recombinant proteins are being developed as vaccines or diagnostics 

for use in human and veterinary medicine. 

Until now large-scale production of baculoviruses and baculovirus-expressed proteins in 

insect cells is limited to bioreactors up to about 10 dm3 in repeated batch operations. For 

scale up, suspension cultures of insect cells offer the best possibility. Operational costs of 

recombinant protein production favour the use of continuous production systems. A fully 

continuous production process involving cell growth and baculovirus production has been 

designed and employed by Kompier et al. (1988). Two head-space-aerated stirred reactors 

with a working volume of 0.8 dm3 were connected in series. Medium was continuously fed 

to the first reactor where Spodoptera frugiperda insect cells were cultured. The outlet of this 

reactor was connected to the second reactor where the infection of the cells took place. Virus 

c.q. protein production was maintained for about four weeks; then virus production dropped 

sharply (Kompier et al., 1988; Van Lier et al., 1992). A recombinant baculovirus expressing 

ß-galactosidase was used to describe (Van Lier, 1994) and model (De Gooijer, 1994) this 

production process in this reactor system. 

The decrease of virus production in cell culture was provisionally ascribed to a 

phenomenon known as the passage effect (Tramper and Vlak, 1986). When virus is 

propagated in vitro and serially passaged, the infectivity decreases as evidenced by the 

production of fewer virus particles and polyhedra (FP phenotype) per cell and an increasing 

number of polyhedra with abnormal morphology (MacKinnon et al., 1974; Potter et al., 

1976; Fraser and Hink, 1982). For S. frugiperda cells infected with Autographa californica 

multi-nucleocapsid nuclear polyhedrosis virus (AcMNPV) a decrease of extracellular virus 

was observed at the ninth passage (De Gooijer et al., 1992). Faulkner (1981) concluded that 

the effects of prolonged serial passage become significant after 10 passages and severe after 

25 passages. 

The present study aimed at the analysis of baculoviruses produced in continuous bioractor 

systems, in particular towards the replication of the viral DNA. To assist in the interpretation 

of the data in this thesis first an overview of the structural and functional organization of 
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AcMNPV, the baculovirus which was used in this study, is given in Chapter 2. The analysis 

of virus obtained from continuous bioreactor systems showed that during the production in 

time deletion mutants became dominant and that the replication of these mutants appeared to 

be dependent on the presence of intact helper virus (Chapter 3). The nucleotide sequence of 

a 7.3 kilobase pair region of the AcMNPV genome, frequently involved in recombination in 

the deletion mutants, is presented in Chapter 4. Further analysis of the so-called defective 

interfering particles (DIPs) is described in Chapter 5. Extensive serial passaging of AcMNPV 

in insect cell culture resulted in the generation of DIPs, which retained only 5 percent of the 

original viral genome. This implied that ris-acting elements involved in DNA replication such 

as origins (ori's) must have been maintained in these DIPs. A replication assay was 

developed to locate these m-acting elements, involved in DNA replication, in the conserved 

sequences. After the initial characterization of two ori's (Chapter 5), a more extensive search 

led up to the identification of five other ori's (Chapter 6), one of which was analyzed in 

some detail (Chapter 7). 7>an5-acting factors, involved in DNA replication, were identified 

using a transient complementation assay and one of the identified origins of DNA replication 

(Chapter 8 and 9). Finally, based on comparisons of proteins involved in DNA replication, 

the possible evolutionary relation between Baculoviridae and Herpesviridae is discussed 

(Chapter 10). 
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CHAPTER 2 

THE STRUCTURAL AND FUNCTIONAL ORGANIZATION OF THE 

AUTOGRAPHA CALIFORNICA NUCLEAR POLYHEDROSIS VIRUS 

GENOME: AN OVERVIEW 

SUMMARY 

Baculoviruses are used as biological control agents of insect pests in agriculture and 

forestry. The multiple-nucleocapsid nuclear polyhedrosis virus of Autographa califomica 

(AcMNPV) is the prototype baculovirus (Francki et ah, 1991). Recently, this virus has been 

widely used as vector for the high-level expression of foreign genes in insect cells. An 

updated physical map of restriction sites as well as the location of open reading frames 

(ORFs) and transcripts are presented. Most characteristic is the dispersal of "early", "late" 

and "very late" genes over the genome and the presence of nested sets of 3' and 5' 

coterminal transcripts. 

This chapter has been published in a slightly modified version as: Kool, M., and Vlak, J.M. (1993). The 

structural and functional organization of the Autographa califomica nuclear polyhedrosis virus genome: an 

overview. Archives of Virology 130, 1-16. 
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INTRODUCTION 

The Baculoviridae are a family of occluded DNA viruses representatives of which are 

mainly encountered in insects (Granados and Federici, 1986). The interest in baculoviruses 

has been fostered for many years by their ability to control insect pests in agriculture and 

forestry. Recently, baculoviruses have been developed into vectors for the high level 

expression of heterologous proteins in insect cells. This so-called baculovirus expression 

system is capable of producing large amounts of recombinant proteins, which are similar if 

not identical to the authentic proteins and which are now extensively used in human and 

animal medicine, as diagnostic, therapeutic or prophylactic agents (vaccines). This 

development, in turn, has fostered the engineering of baculoviruses with improved 

insecticidal properties for insect control. 

The development of the baculovirus expression vector system is the result of a detailed 

understanding of baculovirus gene regulation and has led, in turn, to an increased interest in 

the molecular genetics of baculoviruses in general, the nuclear polyhedrosis virus (NPV) of 

Autographa californica in particular. In this paper we give an updated account on the location 

of genes and transcripts of this prototype baculovirus, the multiple-nucleocapsid NPV of A. 

californica (AcMNPV). 

STATE OF THE ART 

More than four hundred baculoviruses have been reported in the literature, but less than 

twenty have been studied in some detail at the molecular level. AcMNPV is the most 

intensively studied baculovirus and most insight in gene structure and regulation has been 

derived from this virus. Limited information is available from other baculoviruses, such as 

the MNPVs of Orgyia pseudotsugata, Lymantria dispar, and Spodoptera exigua. 

Many reviews have been written on the general biology (Granados and Federici, 1986), 

molecular biology (Doerfler and Böhm, 1986; Blissard and Rohrmann, 1990) and structural 

proteins (Rohrmann, 1986; Rohrmann, 1992) of baculoviruses. In addition, excellent 

accounts on the baculovirus expression vector system in vitro (Luckow and Summers, 1988; 

Miller, 1988) as well as in vivo (Maeda, 1989) have been prepared. Manuals are available 
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to outline the practical details of the system (Summers and Smith, 1987; O'Reilly et al, 

1992; King and Possee, 1992). 

Many open-reading frames (ORFs) have been found dispersed over the AcMNPV genome 

and many transcripts have been mapped. Several proteins expressed by AcMNPV have been 

functionally characterized. However, a comprehensive physical map of restriction sites, 

ORFs, genes and transcripts, as well as of insertions, deletions and alterations in AcMNPV 

variants is lacking. Such a map would assist in the understanding of baculovirus gene 

regulation and would be very helpful in the design of new engineering strategies of this virus 

as expression vector as well as insect control agent with improved insecticidal characteristics. 

PHYSICAL MAP 

AcMNPV contains a double-stranded, circular DNA genome of approximately 131 kbp 

in size (Vlak and Odink, 1979). Sequences from about 70% of the genome could be retrieved 

from the literature and data banks, and the entire sequence is being assembled (R.D. Possee, 

personal communication). AcMNPV strain E2 is the baculovirus type strain (Francki et ah, 

1991). Strains LI and C6 differ from E2 by the presence of an additional HinAWl site in the 

HinälW fragment A, whereas strains C6 and HR3 differ from LI and E2 by a small insertion 

in fragment Hinà\\l-C. There is no evidence that these strains are biologically different. 

Hence, the physical map as well as other data on the genetic organization are taken from the 

literature involving the above strains (Fig. 2.1). 

The AcMNPV genome is presented, sectioned into seven segments of approximately 20 

kilobase pairs (kbp). The map includes data, which are published, submitted or in press in 

scientific journals or which are deposited in data banks (EMBL, GENBANK). Sequences are 

not included in this paper, but the regions of the AcMNPV genome which are sequenced are 

indicated. Since the whole sequence of the AcMNPV genome is not yet available, the map 

of the restriction sites should be considered approximate. The genome orientation and 

fragment designations were kept in concord with the consensus reached previously on the 

AcMNPV and baculovirus genome organization (Vlak and Smith, 1982). However, the zero 

point of the map is now more precisely positioned at the left-most EcoRl site of the hr\ 

region between the EcoRl-l and EcoRl-B fragments. In this way the presented nomenclature 
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for the hr regions, hr\ to hr5, was maintained (Cochran et al., 1983). These hr regions are 

known to act as enhancers for some early promoters in transient expression assays (Guarino 

and Summers, 1986; Guarino and Summers, 1987; Nissen and Friesen, 1989). There is also 

evidence now that the hr sequences play a role in viral DNA replication, because plasmids 

containing these sequences are able to replicate in an AcMNPV infection-dependent 

replication assay (Pearson et al., 1992; Kool et al., 1993a, b; Leisy and Rohrmann, 1993). 

TRANSCRIPTION 

Baculovirus gene expression is regulated in a cascaded manner, and divided into three 

phases (Bussard and Rohrmann, 1990). The early phase (£) is defined as the period 

preceding viral DNA replication. The early phase is subdivided into two functionally defined 

stages (immediate early and delayed early) involving two categories of genes: immediate 

early or a genes which can be transcribed by uninfected insect cells and require no viral gene 

products for their expression, and delayed early or ß genes which require other viral gene 

products for their transcription. However, evidence is accumulating that genes originally 

reported as a genes actually behave as ß genes because they are dependent on other viral 

gene products, and that some genes originally classified as ß genes should be considered as 

a-genes as they are transcribed at low levels by uninfected cells. Therefore, in accordance 

with the classification of Blissard and Rohrmann (1990) we designated all the a- and ß-genes 

as early genes (£) in this map. Late (L) and very late (VL) genes are dependent on early viral 

gene expression. Transcription of late, and probably also the very late genes occurs as or 

after viral DNA replication begins. Very late genes, however, are distinguished from other 

late genes by the fact that mRNAs from most late genes decline at very late times post 

infection, whereas mRNA levels of very late genes remain high throughout the infection 

cycle. In figure 2.1 only those transcripts are indicated of which the size, start and stop sites 

are reported. They are designated as early (£), late (L) or very late (VL). 
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GENES 

Sequences of the AcMNPV genome revealed many open-reading frames (ORFs). In the 

map presented here (Fig. 2.1), however, only those ORFs are indicated, which are reported 

in the literature as being an ORF of certain size or as a gene of which it is known that it is 

transcribed and/or expressed. 
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Figure 2 .1. Structural and functional map of the AcMNPV genome. The map shows the positions of the 

cleavage sites of eight different restriction endonucleases (£coRI, Hindlll, ft/I, BamHl, Sstl, Sstll, Xhol and 

Smal) on a linear map of AcMNPV. As zero point the left most EcoRI-site of hr\ is taken (Guarino et al., 

1986). About the location of the fragments tfindlll-A and //indlll-B there is some confusion in the literature 

(Cochran et al, 1982; Vlak and Smith, 1982; O'Reilly et al, 1992). In this map we labeled all the restriction 

fragments according to Cochran et al. (1982), which means that the Hindlll-A fragment is located between 

//mdlll-S and -K, and the ffindlll-B fragment is located between /rmdlll-I and -C. A scale in kbp and one in 

map units (mu) is presented at the bottom. The entire genome is 131 kbp so that 1 mu = 1.31 kbp; 1 cm on 

the map corresponds to 1 kbp. The regions of the genome that have been sequenced are indicated with black 

bars. The locations and directions of characterized ORFs, genes, transcripts, deletions and insertions are 

presented at the top. Transcripts are designated as early (£), late (L) or very late (VL). 

a. Sequencing of EcoRI-A by Braunagel and Summers (1992) revealed an extra X7ioI-site at mu 13.8 creating 

the Xhol-N fragment of 376 bp. The existence of this fragment was already reported by Cochran et al. (1982), 

but the location was until now not clear. 

b. The sequence of the hrl region (Guarino et al., 1986) revealed ano'ther extra Xhol site at mu 20, creating 

a new Xhol fragment of 769 bp. However, restriction analysis of AcMNPV-E2 with Xhol did not show this 

fragment, and it is therefore not marked on this map. 

c. The gp37 gene (mu 38-39) was formerly known as SLP (Wu and Miller, 1989; Vialard et al., 1990). 

d. Cochran et al. (1982) reported the location of the EcoRI-W fragment between £coRI-G and EcoRl-D. 

However, it is now known that the EcoRI-W fragment is located at the other site of EcoRI-G, next to the hr3 

region. 

e. For gp64 late transcripts were also found, but the exact mapping of these transcripts is not reported in the 

literature (J. Kuzio, personal communication). 
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CHAPTER 3 

DETECTION AND ANALYSIS OF AUTOGRAPHA CALIFORNICA 

NUCLEAR POLYHEDROSIS VIRUS MUTANTS WITH DEFECTIVE 

INTERFERING PROPERTIES 

SUMMARY 

Defective interfering particles (DIPs) were generated upon continuous production of 

Autographa californica nuclear polyhedrosis virus (AcMNPV) in bioreactors. This 

configuration mimicked the serial undiluted passaging of virus, which is known to result in 

plaque-morphology mutants. Restriction enzyme analysis of DIP-containing preparations of 

extracellular virus showed the presence of many DNA fragments in less-than-equimolar 

amounts. These fragments were colinear on the physical map of AcMNPV and extended from 

map position 1.7 to 45. These DIPs thus lacked 43% of the genetic information of the 

standard virus, including the polyhedrin and DNA polymerase genes. The existence of DIPs 

was confirmed by electron microscopy, where virions were observed with reduced length. 

Among the less-than-equimolar fragments in DIP-containing preparations, fragments were 

observed linking sequences from map position 1.7 and 45 via a TGTT linker of unknown 

origin. The DIPs could not be plaque-purified and needed standard (helper) virus to replicate; 

DIP-containing preparations interfered with standard virus replication in an interference 

assay, which explained the reduction in productivity of an AcMNPV expression vector-insect 

cell system in continuous bioreactor operations. The origin of these DIPs and their possible 

generation mechanism are discussed. 

This chapter has been published in a slightly modified version as: Kool, M., Voncken, J.W., van Lier, F.L.J., 

Tramper, J., and Vlak, J.M. (1991). Detection and analysis of Autographa californica nuclear polyhedrosis 

virus mutants with defective interfering properties. Virology 183, 739-746. 
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INTRODUCTION 

Baculoviruses are attractive biological agents for the control of insect pests. They are 

highly specific for insects and cause a fatal disease (Granados and Federici, 1986). In 

addition, baculoviruses are successfully used as expression vectors for the production of 

heterologous proteins for various applications (see Luckow and Summers, 1988; Luckow, 

1991, for review). In both cases large-scale systems for the production of recombinant 

baculovirus proteins are important. Production in insect larvae is difficult to scale up and to 

control. Insect-cell cultures offer an attractive alternative. In the case of pharmaceuticals and 

diagnostics insect-cell systems are preferred as these are better defined. 

Baculoviruses can be produced on a large scale in insect-cell cultures using batch 

(Maiorella et al., 1988), semicontinuous (Hink and Strauss, 1980) and continuous reactors 

(Kompier et al., 1988). Continuous production of wild type (wt) Autographa califomica 

multi-nucleocapsid nuclear polyhedrosis virus (AcMNPV) and recombinants was achieved 

in a system consisting of one bioreactor producing insect cells in series with a second 

bioreactor for virus infection and protein production (Kompier et al., 1988; insert Fig. 3.1). 

After a few weeks of continuous operation, however, the productivity decreased to a low 

level. In case of wt AcMNPV, the number of polyhedra per cell decreased, the fraction of 

cells containing polyhedra, and the concentration of non-occluded virus all decreased 

(Kompier et al., 1988). Continuous production of an AcMNPV recombinant where the 

polyhedrin gene was replaced by the lacZ gene of Escherichia coli essentially gave the same 

results (Van Lier et al, 1992). 

Since this continuous operation mimics the serial undiluted passaging of virus, it was 

assumed that the decrease in productivity was due to the multiple passaging (Tramper and 

Vlak, 1986). In the case of AcMNPV, serial undiluted passaging is often associated with the 

generation of plaque-morphology mutants, in particular the few polyhedra (FP) phenotype 

(Potter et al., 1976; Fraser and Hink, 1982). Sequences derived from the insect (cell) hosts 

were found to be inserted into the genome of these mutants (Miller and Miller, 1982; Burand 

and Summers, 1982; Kumar and Miller, 1987), and in one case intervening a gene involved 

in polyhedron morphogenesis (Fraser et al., 1983). 

To elucidate the mechanisms responsible for the decrease in baculovirus productivity in 

the bioreactors, we analyzed the virus produced during the continuous operation. A deletion 
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mutant of AcMNPV is described, which became predominant during continuous production 

of a recombinant AcMNPV in Spodopterafrugiperda cells cultured in a bioreactor and which 

showed defective interfering (DI) properties. 

MATERIALS AND METHODS 

Cells and virus 

Spodopterafrugiperda (Sf-kB-2\) cells (Vaughn et al, 1977) were cultured in TNM-FH 

medium (Hink, 1970), supplemented with 10% fetal calf serum. For culturing in bioreactors 

0.1 % (w/v) methylcellulose was added to reduce the effect of hydrodynamic forces on the 

cells. The E2-strain of Autographa californica multi-nucleocapsid nuclear polyhedrosis virus 

(AcMNPV) (Smith and Summers, 1978) was used as wild-type (wt) virus. The recombinant 

Acßgal (Summers and Smith, 1987) containing the lacZ gene downstream from the 

polyhedrin promoter was used as standard virus for the bioreactor experiments. Routine cell 

culture maintenance and virus infection procedures have been described (Summers and Smith, 

1987). Virus stocks were titrated using the end-point dilution assay; the concentration of 

infectious virus was expressed as the median tissue culture infective dose (TCID50). 

Interference assay 

To test if the DI-virus preparations interfered with the replication of the standard virus, 

an interference assay was developed. S. frugiperda cells (2.5 x 106) were inoculated with 

different dilutions of a virus sample taken from the bioreactor at 30 days post infection (p.i.), 

when the productivity had dropped considerably (Fig. 3.1). Standard virus was added to the 

inocula, so that the multiplicity of infection (MOI) based on the amount of infectious 

(standard) virus was the same (either 1, 5 or 10) for all dilutions. Only the amount of DI-

particles varied. After incubation for 2 h at 27CC, unadsorbed viruses were removed by 

washing the cells two times with fresh medium. The cells were further incubated at 27°C for 

72 h in 4 ml of medium. Production of infectious standard virus was measured with the end-

point-dilution method. 
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Continuous production 

Continuous production of virus and proteins was executed in a system consisting of two 

1 dm3 (working volume 0.8 dm3) round-bottomed fermentors in series (insert Fig. 3.1). 

Reactor 0 is for culturing insect cells and reactor 1 is for virus and protein production 

(Kompier et al., 1988). The reactors were equipped with marine impellers and air was passed 

through 0.2 /tm filters into the headspace of the reactors at about 10 1/h. The temperature in 

the reactors was kept at 28°C. The mean residence time in the insect-cell reactor was set at 

60 h by adding medium at 13.3 ml/h. The cell concentration in each reactor was 8-10 x 

lOVml. Infection in the infection reactor was started by adding virus with a multiplicity of 

infection (MOI) of 0.01 TCID50 units per cell. The production process was monitored daily 

by taking samples of about 5 ml from the infection reactor, in which cell number and cell 

viability were determined. Virus concentration was measured by the end point dilution 

method. Production of ß-galactosidase was determined using o-nitrophenyl-ß-D-galacto-

pyranoside (ONPG) as a substrate (Miller, 1972). 

DNA analysis 

Extracellular virus was purified from infected-cell culture media by centrifugation and 

viral DNA as well as total DNA from infected cells was isolated as described by Summers 

and Smith (1987). 

Viral DNA was digested with various restriction enzymes and the fragments were 

separated in a 0.8% agarose gel. DNA-fragments were isolated from the gel using the freeze-

squeeze technique (Tautz and Renz, 1983). Fragments of AcMNPV were cloned into the 

plasmid pJDH118 (Hoheisel, 1989) and transfected into DH5a E. coli cells using standard 

techniques (Sambrook et al., 1989). DNA-isolation, digestion with restriction enzymes 

(Bethesda Research Laboratories, Inc.), agarose gel electrophoresis, and transfer to 

nitrocellulose filters by the method of Southern (1975) were done using standard procedures 

(Sambrook et al., 1989). Hybridizations were carried out with probes that were radioactively 

labeled by nick translation (Rigby et al, 1977). 

Double-stranded DNA (2-4 ^g) was sequenced according to Sanger et al. (1977) using 

the procedures described in the protocol of the Sequenase Kit (United States Biochemicals, 

Inc.). The sequencing products were separated in 7 M urea- 6% Polyacrylamide gels. 
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Electron microscopy 

Extracellular virus was centrifuged from the culture medium (Summers and Smith, 1987) 

and the sediment was resuspended in TNM-FH medium without serum. The virus particles 

were negatively stained with 2% (w/v) phosphotungstic acid, pH 6.8 for 1 min and examined 

in a Philips CM12 electron microscope. 

time (days) 

Figure 3.1. Activity (Units/ltf cells) of ß-galactosidase and concentration of infectious virus (TCIDj„/ml) 
present over time in a continuously operated two-stage bioreactor system (insert). Reactor 0 is the insect cell 
growth reactor; reactor 1 is the infection reactor. 

RESULTS 

Production of recombinant Acßgal in a continuous bioreactor 

A recombinant baculovirus, containing the lacZ gene of E. coli downstream from the 

polyhedrin promoter was used to follow the productivity of the baculovirus/insect-cell system 

in continuous production. The use of ß-galactosidase proved a convenient assay to measure 

the productivity of the system. After reaching a maximum activity of 20 units per 10s cells 
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after 20 days of continuous running, the production of ß-galactosidase decreased rapidly to 

almost zero (Fig. 3.1). A similar reduction was noted following the production of polyhedra 

(Kompier et al., 1988). Also, the infectious virus concentration, as measured by the end 

point dilution method, decreased over time from 10' to 107 TCID50/ml after 40 days. This, 

however, also indicated that the virus was not completely eliminated in the effluent of the 

continuous infection reactor. 

Samples of extracellular virus taken from the bioreactor at day 40 were subjected to a 

plaque assay to detect mutants which did not express (active) ß-galactosidase. Only blue 

plaques were found suggesting that such mutants were not present in high numbers in the 

bioreactor and that their presence could not have caused the reduction in productivity. 

Analysis of virus from the bioreactor 

DNA, isolated from cells infected with extracellular virus from the bioreactor, was 

analyzed with restriction enzymes EcoRI (Fig. 3.2A) and Hindlll (Fig. 3.2B). The DNA-

pattern of these digests (lanes 3) appeared to be distinct of DNA from plaque-purified 

standard virus (Acßgal) (lanes 2). Several DNA-fragments, indicated by arrows, were present 

in less-than-equimolar amounts suggesting the presence of minor genotypic variants, possibly 

deletion mutants. Using other restriction enzymes (data not shown), it was possible to locate 

the fragments present in less-than-equimolar amounts on the physical map of AcMNPV (Fig. 

3.3) (Vlak and Smith, 1982). The variants lacked segments spanning about 43% of the viral 

genome, provisionally located between 1.7 (EcoRl-l) and 45 (EcoRl-C) map units (m.u.) on 

the physical map (Fig. 3.3). The deletion included the lacZ gene. The physical existence of 

such variants was suggested by the presence of a minor, but new fragment of about 17 kbp 

in the HindUI digest. 

Digestion with SstU identified two additional DNA-fragments (3.3 kbp and 5.4 kbp) in 

the bioreactor-derived preparation which were absent in the plaque-purified DNA of standard 

virus (Fig. 3.4A, lanes 2 and 3, open arrows) and may therefore be specific for the mutant. 

Fragments A, B and E were present in less-than-equimolar amounts. Hybridization of this 

digest with either radioactively labeled EcoRI-C (Fig. 3.4B) or EcoRl-l (Fig. 3.4C) indicated 

that the unique 3.3 kbp DNA-fragment, named SMI-BE, presumably contained sequences 

joining the left end of 5MII-B and the right-hand end of &rtI-E (Fig. 3.3). Hybridization was 

also found with the 5.4 kbp fragment, suggesting the presence of a mutant with a smaller 
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deletion. Radioactively labeled EcoRl-C and EcoRI-l also hybridized to the new 17 kbp 

fragment in the Hindlll digest and with a minor fragment comigrating with EcoRl-C (data 

not shown). 

B 

EcoRI Hkidftt 

Figure 3.2. Restriction endonuclease analysis of DNA of wt AcMNPV (lane 1), plaque-purified standard Acßgal 
(lane 2) and DNA isolated from S. frugiperda cells infected with virus preparations taken from the bioreactor, 
40 days p.i. (lane 3), using EcoRI (panel A) and A/i'ndlll (panel B). Restriction fragment band designations are 
at left of each panel. The arrows on the right of each panel indicate DNA fragments which are present in less-
than-equimolar amounts. 

Sequence analysis 

The SMI-BE fragment of 3.3 kbp was cloned and various restriction sites were mapped 

(Fig. 3.5A). With the aid of restriction enzymes Sstl and Xhdl subclones were made and the 
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