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Ste l l ingen « ƒ :,""',_p /> ••...,- ;-•» ; ™ • 

1. Neurotoxines zijn beter geschikt om de werkingssnelheid van baculovirussen te 
verhogen dan toxines van Bacillus thuringiensis. 

Dit proefschrift. 

2. Toxines geproduceerd door Bacillus thuringiensis zijn in staat, zonder tussenkomst 
van een receptor, poriën in membranen van cellen te maken. 

Dit proefschrift. 

Slatin, L.S., et al. 1990. Delta-endotoxins form cation-selective channels in planar lipid bilayers. Biochem. 
Biophys. Res. Commun. 169:765-772. 

3. Extracellulaire virusdeeltjes zijn, in tegenstelling tot wat Morris en Miller (1992) 
beweren, niet geschikt om de risico's van verspreiding van recombinante 
baculovirussen te toetsen. 

Morris, T.D. and L.K. Miller. 1992. Promoter influence on baculovirus-mediated gene expression in 
permissive and nonpermissive insect cells. J. Virol. 66:7397-7405. 

4. Chôma and Kaplan (1990) en Chôma et al. (1991) hebben ten aanzien van de 
conformatie verandering die mogelijk optreedt tijdens de activatie van het protoxine 
maar in één van hun hieronder genoemde tegenstrijdige artikelen gelijk. 

Chôma, CT. and H. Kaplan. 1990. Folding and Unfolding of the protoxin from Bacillus thuringiensis: 
Evidence that the toxic moiety is present in an active conformation. Biochemistry 29:10971-10977. 

Chôma, CT., et al. 1991. The toxic moiety of the Bacillus thuringiensis protoxin undergoes a 
conformational change upon activation. Biochem. Biophys. Res. Commun. 179:933-938. 

5 Het gebruik van pre-immuunserum (Ryerse et al., 1990) is niet de juiste controle om 
te bepalen of de waargenomen binding aan de microvilli van het middendarmepitheel 
specifiek is. 

Ryerse, J.S., et al. 1990. Light microscope immunolocalization of Bacillus thuringiensis kurstaki delta-
endotoxin in the midgut and Malpighian tubules of the tobacco budworm, Heliothis virescens. J. Invertebr. 
Pathol. 56:86-90. 

6. Zanotto et al. (1992) denken hun hypothese, dat het A/TTTGTA motief in de 
polyhedrine en de plO promoter verantwoordelijk is voor de binding van RNA 
polymerase ETI, waarschijnlijker te maken door promoters die niet aan de hypothese 
voldoen niet in hun vergelijking mee te nemen. 

Zanotto, P.M. de A., et al. (1992). The Anticarsia gemmatalis nuclear polyhedrosis virus polyhedrin gene 
region: sequence analysis, gene product and structural comparison. J. Gen. Virol. 73:1049-1056. 



7. Een met "multiple alignment" gegenereerd dendogram wordt vaak ten onrechte 
gebruikt voor het demonstreren van evolutionaire verwantschappen. 

Yamamoto T. and G.K. Powell. 1993. Bacillus thuringiensis crystal proteins: Recent advances in 
understanding insecticidal activity. In L. Kim (ed.), Advanced engeneered pesticides. New York. 

Kalman S. et al. 1993. Cloning of a novel crylC-type gene from a strain of Bacillus thuringiensis subsp. 
galleriae. Appl. Environm. Microbiol. 59:1131-1137. 

8. De conclusie van Matzuk et al. (1992) dat het a-inhibine gen een tumorsuppressor 
gen is is voorbarig. 

Matzuk M.M. et al. 1992. rx-inhibin is a tumour-suppressor gene with gonadal specifity in mice, 
nature 360:313-319. 

9. Ook voor de gewasbescherming geldt: "voorkomen beter is dan genezen". 

10. Het feit dat er vaak met nucleotidenvolgorden van nieuwe genen geen homologie 
wordt gevonden met genen in de databank wil niet zeggen dat er geen homologie is, 
maar dat het gebruikte algoritme niet in staat is deze te vinden. 

11. Review artikelen mogen wel wat strenger gereviewed worden. 

12 Een sterke promotor-activiteit is van wezenlijk belang voor het goed tot expressie 
komen van een proefschrift. 

13. Het schrijven van een proefschrift leidt tevens tot een onnodige verhoging van de 
stapel oud papier. 

14. Darwin heeft het nooit durven beweren, maar religies evolueren ook. 

15. "Always" is wat overdreven voor een tijdelijk probleem. 

16. Ten aanzien van rechts-extremisme geldt "spreken is zilver" maar "zwijgen is fout"! 

Stellingen behorende bij het proefschrift: 

Development of a baculovirus insecticide exploiting 
the Bacillus thuringiensis insecticidal crystal protein 

Wageningen, 2 december 1994 John Martens 
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"Success is to be measured not so much by the position that one has reached in life as by the 

obstacles which one has overcome while trying to succeed" Booker T. Washington. 



CHAPTER ONE 

INTRODUCTION TO THE THESIS 



BACULOVIRUSES IN PEST CONTROL 

Insect larvae cause enormous losses in agriculture and forestry and for several decades 

chemical insecticides have been used at a large scale to reduce these losses. Chemical 

insecticides, however, usually destroy not only the harmful insects but also harmless and 

beneficial insects and other organisms. Nevertheless, chemical insecticides are cheap and can 

be used against a number of different insect pests and have, therefore, been preferentially 

used for pest control over other alternatives. The idea about these "ideal" insecticides has 

changed in the last thirty years mainly for two reasons (Carson, 1964). Firstly, a number of 

pest insects showed resistance to chemical pesticides and, therefore, higher amounts of 

pesticides had to be applied or new expensive pesticides had to be developed. Secondly, most 

chemical insecticides are very persistent and hence pollute surface water, soil, and remain 

in the treated area for a long time and accumulate in the food chain of higher organisms 

(Bohmfalk, 1986). This resulted in a call for altenative, biologically safe insect-specific 

agents, such as predatory organisms and parasites like bacteria, viruses, fungi, nematodes 

and protozoa. Viruses are one of the most promising for reasons outlined below (Payne, 

1988; Cunningham, 1988). 

There are a number of viruses which can be used for insect control but from these, 

members of the family Baculoviridae are specific for arthropods. Actually, most 

baculoviruses can only infect insects and often a particular baculovirus can infect only one 

or a few closely related insect species (Granados and Federici, 1986). For example the 

Spodoptera exigua nuclear polyhedrosis virus (SeNPV) exclusively infects Spodoptera 

exigua larvae (Smits, 1986). Representatives of other virus groups, such as the Reoviridae, 

Poxviridae, Picornaviridae, Densoviridae, Rhabdoviridae, Orthomyxoviridae and Iridoviridae 

occur in other phyla including vertebrates as well. Since baculoviruses are very specific and 

do not infect vertebrates or plant species, they are currently considered to be best suited 

among viruses for insect pest control, even more, as no resistance to baculoviruses has been 

documented (Briese, 1986). In addition, the biology (Granados and Federici, 1986) and the 

molecular genetics (Bussard and Rohrmann, 1990) of baculoviruses have been studied in 

detail and this has led to the opportunitiy to modify their genome and to exploit them for 

foreign gene expression (Smith et al., 1983b; Luckow and Summers, 1988; Vlak et al., 

1990) as well as to improve their insecticidal properties (Payne, 1988). 
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In nature baculoviruses cause epizootics, which reduce the size of susceptible insect 

populations. This was first observed in 1911 by Reiff, who suggested that the gypsy moth 

wilt disease, which was in fact a baculovirus infection, could be used as a control agent 

(Glaser and Chapman, 1913; Steinhaus, 1953). This feature has been exploited and 

baculoviruses have been accepted and used as natural pest control agent (Entwistle and 

Evans, 1985). About 39 pest species might be effectively controlled by appropriate 

baculovirus insecticides (Entwistle and Evans, 1985). From these, thirty-two are pests caused 

by Lepidoptera, six by Hymenoptera and one by a Coleopteran; sixteen of these involve pests 

in forestry and twenty-three pests in agriculture. 

Table 1.1. Baculoviruses as Pest Control Agents. 

Advantages Disadvantages 

Environmental safety Slow speed of action 

Narrow host range High registration costs 

Safe for humans and other vertebrates Restricted market size 

Natural agent Low virulence to older instar larvae 

Sensitivity to UV-light 

Payne, 1988; Cunningham, 1988. 

Although baculoviruses seem suitable for insect pest control, they are not widely used 

for this purpose, since a number of features mean that baculoviruses are not competitive with 

chemical insecticides (Table 1.1). A major disadvantage is that the infection process occurs 

very slowly; for the first five days no symptoms of a virus infection and no decrease of 

damage can be observed. Secondly, the high costs of pesticide registration combined with the 

small market potential due to high specifity of these baculoviruses, makes their production 

much more expensive than their environmentally more hazardous chemical competitors. 

Thirdly, older instar larvae are far less susceptible than early instar larvae (Briese, 1986) 

and, therefore, only young larvae can be effectively controlled. Finally, baculoviruses are 

not very persistent in the environment as they are rapidly inactivated. Through genetic 
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engineering some of these negative properties might be improved (Payne, 1988). Genes 

which affect metabolism (toxins or hormones), host-range or virulence are potential 

candidates for this approach. In order to discuss these options in more detail some knowledge 

about the biology of baculovirus infection and methods used to manipulate their genome is 

essential and will be discussed in the next paragraphs. 

CLASSIFICATION OF BACULOVIRUSES 

Baculoviruses contain a double stranded DNA genome varying in size between 80 and 

200 kilobase pairs (kb), which can encode at least 100 to 150 proteins. The genome is 

packaged in rod-shaped (baculum = rod) virus particles, called polyhedron derived virus 

particles (PDVs), which in turn are embedded into large proteinaceous occlusion bodies 

(OBs), also called polyhedra or granula (for review see Blissard and Rohrmann, 1990). For 

stability a calyx, which is composed of carbohydrates and the calyx protein, pp34, is attached 

via thiol-linkages to the polyhedron (Whitt and Manning, 1988; Zuidema et al. 1989). The 

baculovirus family is subdivided into two genera: the genus Nucleopolyhedrovirus and 

Granulovirus (22nd triennial meeting of the Executive Committee of the ICTV, 1993, 

Glasgow). This subdivision is based on morphological, serological and on genetical 

information (Phylogenetic interrelation; Zanotto et al. 1993). The baculovirus Autographa 

californica nuclear polyhedrosis virus (/IcNPV), the type member of the 

Nucleopolyhedrovirus genus, is used in the present study and will be discussed in more 

detail. 

THE BACULOVIRUS INFECTION PROCESS 

The infection cycle of the baculovirus Autographa californica nuclear polyhedrosis virus 

In nature, OBs are orally ingested by a larva during feeding (See Fig. 1.1 for a 

schematic representation). In the midgut, these OBs dissolve and the virus particles present 

in the OB are released into the midgut lumen. These particles enter the midgut columnar cells 

by membrane fusion (Harrap, 1970) after recognizing a specific receptor (Horton and 

Burand, 1993). Thereafter, the nucleocapsids are transported to the nucleus most likely via 

filamentous F-actin cables (Charlton and Volkman, 1993). The cable formation is presumably 

12 



Systemic infection 

Figure 1.1. A typical primary baculovirus infection. PH = polyhedra; PDV = Polyhedron derived virus 

particle; ECV = extracellular virus; UP = oral uptake; S = solubilization of PH in the midgut; RL = release 

of the PDV from PH; F = fusion; U = uncoating of the viral DNA; T = transcription; TL = translation; 

E,L,VL = early, late or very late expressed; R = replication; B = budding; O = occlusion; N = nucleus and 

M = microvilli. 
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induced by a protein kinase present in the nucleocapsid. In the nucleus the viral DNA is 

uncoated (Granados and Lawler, 1981), most likely after phosphorylation of the p6.9 protein 

(Wilson and Consigli, 1985), a very basic arginine-rich protein which is tightly associated 

with viral DNA in the nucleocapsids. In the nucleas, the viral DNA is transcribed resulting 

in the on-set of viral DNA replication in the "virogenic stroma". 

After the start of the replication (8 h p.i.) the assembly of nucleocapsids occurs, 

resulting in progeny virus particles that are released at the basal side of the infected midgut 

cell into the haemolymph. These extracellular virus particles (ECVs), subsequently, infect 

cells facing the haemolymph such as haemocytes, connective tissue, fat body, tracheal 

elements, muscle cells and Malpighian tubules (Keddie et al., 1989) via receptor-mediated 

endocytosis (Volkman and Goldsmith, 1985). After internalization of the virus particles in 

the newly-infected cell, the virus particles are delivered in the endosome. The low pH in de 

endosome activates the glycoprotein gp64 present in the envelop of ECV, which catalyzes 

membrane fusion, thereby allowing the nucleocapsids to enter the cytosol (Bussard and 

Wenz, 1992). The subsequent released nucleocapsids then undergo another round of 

replication. 

In the second phase of the replication cycle (after 12h p.i.), virus particles are no 

longer released into the haemolymph but are, instead, embedded into newly-made polyhedra 

in the nucleus of primary and secondary infected cells. Finally, the larva is filled with 

polyhedra, succumbs and liquifies due to the activity of a virus-encoded chitinase and 

cathepsin proteases, releasing large numbers of polyhedra into the environment (about 109 -

1010 per larva). 

ECVs can be propagated in vitro in tissue culture. This has been most extensively 

studied with the baculovirus /icNPV in Spodoptera frugiperda {S.f.) cells (Vaughn et ah, 

1977; Adams et al., 1977). The ability to promote virus infection in vitro has considerably 

increased the knowledge about the regulation of viral gene expression, and replication and 

has extended the possibilities to engineer the virus for several purposes. 

Regulation of viral gene expression during the infection cycle 

During the course of infection four phases of viral gene expression can be 

distinguished. Originally, these separate phases were recognized during time course analysis 

of pulse-labelled infected cells after adding inhibitors of protein synthesis (cyclohexamide) 
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and DNA replication (aphidicolin). Furthermore, viral RNA synthesis was monitored in time 

by performing northern blotting, SI mapping or primer extension (reviewed by Friesen and 

Miller, 1986). Later, these observations were supported by showing that early transcription 

is performed by RNA polymerase II and that late transcription only occurred after the onset 

of viral DNA replication by a virus-specific RNA polymerase of which the recently identified 

protein lef-8 might be part (Passarelli et al., 1994). Furthermore, it was shown that early 

transcription is trans-activated by virus-encoded factors making viral gene expression 

independent of the host regulatory elements (reviewed by Blissard and Rohrmann, 1990). The 

switch from late to very late gene expression is less confined yet. Below, the present 

knowledge on viral gene expression is briefly outlined. 

Immediately after the release of the viral DNA into the nucleus, "immediate early" (IE) 

genes are transcribed by host RNA polymerase II (Fuchs et al. 1982). IE genes contain 

promoter elements which are very similar to that of host promoters, such as a TATA box, 

a CAGT transcriptional start site, upstream elements and enhancer sequences (e.g. GATA 

and MLTF elements: Krappa et al. 1992; Kogan and Blissard, 1994). All these IE genes, 

such as IE-0 (Kovacs et al., 1991), IE-1 (Guarino and Summers, 1986), IE-N (Carson etal., 

1988), PE-38 (Krappa and Knebel-Mörsdorf, 1991), ME-53 (Knebel-Mörsdorf et al. 1993), 

CG30 (Thiem and Miller, 1989) and HE65 (Becker and Knebel-Mörsdorf, 1993) most likely 

produce transcription factors, that transactivate the transcription of the other early genes, the 

"delayed early" (DE) genes (Guarino and Summers, 1986; Carson et al., 1988; Lu and 

Carstens, 1993). Thus far trans-activation has only been shown for IE-1, IE-N and PE-38. 

For the other genes a similar function is presumed since they contain serine-threonine rich 

regions (IE-N), poly-glutamine tracts (IE-N), zinc-fingers (PE38, ME53, CG30) or leucine 

zipper motifs (PE-38, CG30) reminiscent of other known transcription factors (Carson et al., 

1988). 

The products of a number of IE and DE genes are essential for (1) the inhibition of 

virus-induced apoptosis, (2) the down regulation of host gene expression by RNA polymerase 

II, (3) the on-set of viral replication and (4) late gene expression. These four processes and 

probably a few more are essential for a successful virus infection. Apoptosis is one of the 

host defence mechanisms against a virus infection. Recently, it was shown the early viral 

35 kDa gene plays a key role in preventing apoptosis in baculovirus-infected S.f. cells (Clem 

et al. 1991). Host transcription is also rapidly down regulated by a mechanism which is still 
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poorly understood. Presumably, host transcription interferes with replication and synthesis 

of viral structural proteins and is, thus, undesirable during the late phase of the virus 

infection. For the replication of the baculovirus genome, six early genes have shown to be 

essential (DNA polymerase, DNA helicase, IE-1, lef-1, 2 and 3)(Kool et al. 1994). Three 

other early genes (p35, IE-N, PE-38) stimulate the replication. These genes are also required 

for late gene expression since it is dependent on viral DNA replication. Furthermore, 

additional early genes (lef-4, 5, 6, 7 and 8) are required for the onset of late gene expression 

(Passarelli and Miller, 1993a,b,c; Li et al., 1993; Passarelli et al., 1994), whereas others 

(etl, da26, da24, p47) are presumed to have only a stimulatory effect (Crawford and Miller, 

1988; Guarino and Summers, 1988). A number of early genes, such as orf453, orf2070, p94, 

ets and p39, remain uncharacterized but they presumably a play part in other as yet unknown 

functions controlling host cell regulation. 

The infection is completely controlled by the virus after the on-set of viral DNA 

replication (8h p.i.). Viral replication continues during the late phase of the infection. During 

this phase (the y phase) the late (L) genes are transcribed from a special promoter containing 

a A/GTAAG sequence motif, the "Rohrmann" box (Rohrmann, 1986), by a virus-encoded 

RNA polymerase. Most of the late genes are structural genes required for the ECV or PDV. 

The basic DNA binding protein (p6.9; Wilson et al., 1987), the capsid protein (CP; Pearson 

et al., 1988, p80 (Lu and Carstens, 1992) and orfl629 (Vialard and Richardson, 1993) are 

present in virus particles of both ECV and PDV. Proteins p74 (Kuzio et al. 1989) and gp41 

(Whitford and Faulkner, 1992) are only present in PDVs. The protein p74 is essential for a 

successful primary infection of the insect midgut collumnar cells. The basic DNA binding 

protein is presumably involved in neutralizing the viral DNA required for condensation of 

the genome. Together with the capsid protein the condensed genome forms the nucleocapsids. 

Soon after the onset of DNA viral replication, the ECV peplomer gp64 is abundantly 

synthesized and transported to the cell membrane possibly directing the virus particles to bud 

from the cell. Later at the end of the infection cycle when the nucleus is filled with 

nucleocapsids (the ô phase (18h p.i.)), the "very late" (VL) genes are transcribed. These 

genes, such as calyx protein pp34 (Whitt and Manning, 1988), and polyhedrin (PH), are 

involved in the formation of polyhedra. Furthermore, genes required for the release of the 

polyhedra from the host are then produced, such as cathepsin (Kuzio and Faulkner, 1991), 

chitinase (Hawtin et al., 1992) and the highly expressed protein plO (Van Oers, 1994). 
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GENETIC ENGINEERING OF BACULOVIRUSES 

Baculoviruses as expression vectors 

For a decade baculoviruses have been used as eucaryotic expression vectors of foreign 

genes (for review see, Luckow and Summers, 1988). This is mainly due to the strength of 

the promoter of two baculovirus VL genes, PH and plO. These genes are not essential for 

virus replication in vitro and their open reading frame can be easily replaced by others. The 

foreign genes are usually highly expressed, correctly post-translationally modified 

(phosphorylated, glycosylated, amidated etc.), highly immunogenic and often biologically 

active. This expression system can be exploited to improve the properties of baculoviruses 

as insecticides by exploiting genes that might improve the insecticidal properties of 

baculoviruses. 

The genome of baculoviruses is too large to allow direct insertion of the foreign gene, 

which is therefore introduced into the genome via homologous recombination (Fig. 1.2). To 

this end, the gene of interest is inserted in a so-called transfer vector. In general such a 

vector contains one of the strong, very late baculovirus promoters followed by one or more 

unique restriction sites in which the foreign gene can be introduced. The promoter and the 

cloning sites are flanked by sequences of the viral genome where the insertion has to occur. 

After co-transfection of viral DNA with this transfer vector DNA, recombination will occur 

between the homologous sequences of the virus and the transfer vector resulting in the 

insertion of the foreign gene at the expected location in the genome. To facilitate screening 

for the recombinant viruses a marker gene such as polyhedrin (Emery and Bishop, 1987), 

ß-galactosidase (Zuidema et al., 1990; Vlak et al., 1990), ß-glucuronidase (Roelvink, 

unpublished) or luciferase (Oker-Blom et al., 1993) is usually present in these transfer 

vectors. Using this approach an increasing number of foreign genes has already been 

successfully expressed in insect cells. 

Genetic engineering for pest control 

As stated at the beginning of this chapter baculoviruses are excellent agents for 

biologically safe control of insect pests. One of the major limitations of a wide-spread use 

of these viruses, however, is their slow speed of action. Several suggestions have been made 

to improve the insecticidal properties of baculoviruses through genetic engineering (Payne, 
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Figure 1.2. Construction of plO-based recombinant baculoviruses using homologous recombination (Vlak et al., 

1990). The transfer vector pAcAS3 contains the plO promoter (black box), a ß-galactosidase selection marker 

(dashed box) and the plO-gene-flanking sequences for homologous recombination. After a co-transfection, the 

plO gene can be replaced by the foreign gene (stippled box). In a plaque assay, recombinant viruses can be 

visualized after the addition of X-gal and subsequently purified. 
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1988). Expression of genes coding for proteins that interfere with insect metabolism and 

behavior, such as hormones (prothoracicotropic hormone and eclosion hormone), enzymes 

(juvenile hormone esterase), growth and water balance regulators (diuretic hormone), or 

genes encoding insect-specific toxins (neurotoxins or insecticidal crystal proteins). At the start 

of the research described in this thesis the highly specific insecticidal crystal proteins (ICPs), 

produced by the bacterium Bacillus thuringiensis, were well characterized and their cloned 

genes were readily available. Therefore, these ICPs were chosen to explore their possibility 

of improving the insecticidal properties of baculoviruses. 

Insecticidal crystal proteins of Bacillus thuringiensis. 

Bacillus thuringiensis (B.t.) is a soil bacterium which produces large insecticidal 

inclusions (for review see Höfte and Whiteley, 1989; Gill et al., 1993; Honée et al., 1993). 

The bacterium was first isolated from diseased silkworm larvae in 1901 (Ishiwata, 1901). 

Since then, more than 1000 different strains have been isolated which are currently 

subdivided into at least 34 serovars (de Barjac and Frachon, 1990). Thus far, most of these 

strains are toxic to larvae from Lepidoptera, Diptera and Coleoptera and, therefore, 

potentially interesting as pest control agents. The inclusions mainly consist of proteins (ICPs) 

with insecticidal activity which accumulate in large amounts during sporulation and are 

deposited in the environment together with the spore. All known ICPs are produced as 

protoxins (Fig. 1.3 A). Activation by proteolytic enzymes only occurs after dissolution of 

these crystals at a specific pH, alkaline or acidic, depending on the midgut environment of 

the host insect (Lilley et al., 1980; Nagamatsu et al., 1984), the obvious target for the action 

of these activated ICPs. However, injection of activated toxins in the haemolymph does also 

result in mortality of insect larvae (Lilley et al., 1980; Nagamatsu et al., 1984; Knowles et 

al., 1984). The toxic fragment is located at the N-terminus of the protoxin (Fig. 1.3 A) and 

is completely responsible for the toxic effect observed after the ingestion of a B.t. 

suspension. The activation of the ICPs is mediated by trypsin-like proteases such as the one 

recently purified from Choristoneura fumiferana (Milne and Kaplan, 1993). 

The current view about the mode of action of the activated ICPs is schematically 

represented in Fig. 1.3 B and C. The mature toxin contains three functional domains (Fig. 

1.3 A and B; Li ex al., 1991). Domain I consists of a bundle of 7 a-helices; the central 

helix, a5, is hydrophobic and is surrounded by the six other amphipathic helices (Fig. 1.3; 
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Figure 1.3. Mode of action of insecticidal crystal proteins of Bacillus thuringiensis. 

A) Activation of protoxin. In the midgut the protoxin (70 to 130 kDa) is degraded by proteolytic enzymes to 

a mature toxin of approx. 55 kDa. The presumed activation of CrylA(b) protoxins is presented here. Domains I, 

II and III represent functional domains of the mature toxin. B and C) Presumed cytolytic effect of the mature 

toxin. After receptor (R) recognition by domain II of the mature toxin, domain I is forced into the membrane 

midgut epithelial cell. Inset B,C) The orientation of the 7 a helices of domain I (top view). Before penetration 

the 6 amphipathic a helixes surround helix 5 (B); after penetration when a pore is formed, the helices are 

rearranged possibly by a mechanism as suggested in C. 
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Inset B). The hydrophilicity pattern of domain I is conserved among all ICPs and since these 

helices are long enough to span a membrane they are believed to play a major role in pore 

formation (Li et al., 1991; Walter et al., 1994; Chapter 4). Domain II is the most variable 

region and is most likely involved in receptor binding (Ge et al., 1989). Domain III 

interfaces between domain I and II; its C-terminus (ß-strand 23; Li et al., 1991) is highly 

conserved and probably important for the correct conformation of the mature toxin and, thus, 

for its sensitivity for proteolytic degradation (Höfte et al., 1986; Chapter 4). 

The protoxin becomes active only after proteolytic removal of a small N-terminal 

peptide of 25 to 60 amino acids and the C-terminal amino acids until the conserved 

ß-strand 23 (Nagamatsu et al., 1984; Höfte et al., 1986; Chapter 4). Only this mature toxin 

is able to bind to a specific receptor (Hofmann et al., 1988) localized in the microvilli of the 

midgut cells (Bravo etal., 1992a,b; Denolferc/., 1993a,b; Chapter 3). Receptor recognition 

leads to close contact between domain I and the cell membrane. Upon insertion of domain I 

into the membrane the amphipathic 6 a-helixes possibly turn their inside out removing helix 

a5 from their center (Fig. 1.3; Inset B,C) resulting in a pore of about 1 nm (Knowles and 

Ellar, 1987). This pore causes an influx of ions, presumably K+ ions, in the cell resulting 

in swelling and subsequent cell lysis (English et ah, 1991). 

AIM OF THE RESEARCH 

The aim of the research was to investigate whether Bacillus thuringiensis insecticidal 

crystal proteins can be exploited to improve the insecticidal properties of the baculovirus, 

Autographa californica NPV. The crylA(b) gene isolated from B.t. aizawai was selected for 

this study, since the host-specificity of this well-characterized ICP largely overlaps with that 

of AcNPV (Höfte et al., 1988; Payne, 1986). In nature ICPs are produced as protoxins, while 

activation and receptor recognition occurs in the midgut, where both the required 

environment and the proteolytic enzymes are available. Furthermore, receptors have thus far 

only been detected on the exterior of insect cells (Murphy et al., 1976; Johnson, 1981; 

Hofmann etal., 1988). Hence, ideally the baculovirus-expressed protoxin should be secreted 

into the midgut. Alternatively, the mature toxin can be expressed from a truncated cryIA(b) 

gene and secreted as such into the hemocoel. For both strategies it was necessary to 

determine first whether a baculovirus-expressed CrylA(b) protoxin is biologically active 

21 



(Chapter 2). Subsequently, the expression and secretion of both the protoxin and the mature 

toxin from insect cells by recombinant baculoviruses was accomplished (Chapter 6). To 

enable expression of mature toxin the borders of the mature CryIA(b) toxin were determined 

(Chapter 4). To obtain more insight into the exact location of receptors in the larva, a 

cytochemical assay for midgut sections was developed (Chapter 3). This assay was also used 

to study the biological activity of the baculovirus expressed cryIA(b) protoxin (Chapter 3). 

Additionally, an improved method to construct recombinants in the plO locus was developed 

(Chapter 5) which considerably facilitated the construction of recombinant viruses. Finally, 

the results obtained were evaluated and compared with alternative strategies to genetically 

improve baculovirus insecticides (Chapter 7). 
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CHAPTER TWO 

INSECTICIDAL ACTIVITY OF THE BACILLUS 

THURINGIENSIS CRYIA(b) CRYSTAL PROTEIN EXPRESSED 

BY A BACULOVIRUS RECOMBINANT IN INSECT CELLS 

This chapter was published in a slightly modified form as: Martens, J.W.M., G. Honée, D. Zuidema, 
J.W.M. van Lent, B. Visser and J.M. Vlak. 1990. Insecticidal activity of a bacterial crystal protein expressed 
by a recombinant baculovirus in insect cells. Appl. Environm. Microbiol. 56:2764-2770. 

25 



SUMMARY 

Baculoviruses are insect pathogens with a relatively slow speed of action and this limits 

their use as control agents of insect pests. Introduction into baculoviruses of genes, which 

code for proteins interfering specifically with insect metabolism or metamorphosis, such as 

toxins, hormones and enzymes, may enhance the pathogenicity of these viruses. The 

complete cryIA(b) insecticidal crystal protein (ICP) gene of Bacillus thuringiensis (B.t.) 

aizawai 7.21 was engineered into the nuclear polyhedrosis virus of Autographa californica 

(/4cNPV) in place of the polyhedrin gene. In infected Spodoptera frugiperda (S.f.) cells the 

cryIA(b) gene was expressed at high level without interference with /IcNPV production. The 

ICPs were found in the cytoplasm of S.f. cells, mainly as large crystals with an ultrastructure 

similar to that of B.t. crystals. Infected-cell extracts inhibited feeding of the large cabbage 

white, Pieris brassicae. The toxicity of the ICP expressed by ^cNPV recombinants was 

comparable with that of the ICP expressed by a corresponding Escherichia coli recombinant. 

INTRODUCTION 

Baculoviruses are pathogenic to a number a lepidopteran insects (Granados and 

Federici, 1986) and are attractive biological agents for the control of agriculturally important 

insect pests. In nature, these pathogens regulate the size of insect populations in a variety of 

ecosystems (Martignoni, 1984). A major drawback for a more wide-spread use of these 

viruses is their relatively slow speed of action. It may take five to ten days after infection 

before feeding is reduced. Through genetic engineering it may be possible to improve the 

insecticidal properties of these viruses by introduction of genes, whose products interfere 

with insect metabolism or morphogenesis (Keeley and Hayes, 1987). Insecticidal crystal 

protein genes of Bacillus thuringiensis (B.t.) may be good candidates for this purpose. 

B. thuringiensis is a Gram-positive soil bacterium that produces one or more crystals 

during sporulation (Krieg, 1986). These crystals contain proteins, which are processed upon 

ingestion by gut alkaline proteases into proteins that are toxic to insect larvae. There are five 

main classes of B.t. isolates and one of them, Cryl, produces crystals that are toxic to larvae 

of Lepidoptera (for review see Höfte and Whiteley, 1989). The crystals are bipyramidal in 

shape and contain one or several toxic proteins with a molecular weight of approximately 
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130 kDa (Bulla et al., 1977). Each of these proteins appears to have its own specific toxicity 

spectrum with respect to insect hosts (Höfte et al., 1988; Visser et al., 1988). 

In order to investigate whether the CrylA(b) ICP is potentially useful to improve the 

pathogenicity of baculoviruses, it is necessary to establish that this protein can be expressed 

in insect cells by a recombinant baculovirus while maintaining its toxicity for larvae of 

Lepidoptera. To this end we introduced an ICP gene, isolated from B.t. alzawai strain 7.21 

and classified as crylA(b) (Höfte and Whiteley, 1989), into the genome of the Autographa 

californica nuclear polyhedrosis virus (/4cNPV). The host-range specificity of the cryIA(b) 

gene of B.t. aizawai strain 7.21 (Höfte et al., 1988) overlaps with that of XcNPV (Payne, 

1986) and this provides the possibility to improve pathogenicity of/IcNPV by the addition 

of this B.t. gene. The CrylA(b) ICP was produced at high level in recombinant /IcNPV-

infected cells and showed high toxicity to a susceptible insect. 

MATERIALS AND METHODS 

Bacteria, insect cells and viruses 

The Bacillus thuringiensis aizawai strain 7.21 was supplied by Dr. H. de Barjac, 

Institute Pasteur, Paris. E. coli strain DH5a and JM101 were used for transformation. The 

recombinant E. coli (7.21 A) containing the plasmid p7.21 A and expressing the cryIA(b) gene 

from B.t. aizawai strain 7.21 (Honée et al., 1990), and a recombinant E. coli harboring 

pBR322, were used for comparison. 

The Spodoptera frugiperda (S.f.) cell line IPLB-SF-21 (Vaughn et al., 1977) was used 

and maintained in plastic tissue culture flasks in TNM-FH medium (Hink, 1970) 

supplemented with 10% fetal bovine serum. 

4cNPV, strain E2 (Smith and Summers, 1978), was used as wild-type (wt) virus. 

Recombinant AcNPV/DZl which has a deletion of the polyhedrin gene and instead an 

insertion of the LacZ-gene screening cassette was used as negative control (Zuidema et al., 

1990). The infectivity of the extra-cellular virus (ECV) was determined using the endpoint 

dilution method (Vlak, 1979) and the titres were expressed as TCID50 units per ml. In case 

of recombinants the endpoint was determined using 5-bromo-4-chloro-3-indolyl-ß-D-

galactopyranoside (X-gal) (25^g/ml) as ß-galactosidase activity indicator. 
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Antibodies 

Crystals of B.t. aizawai strain 7.21 were solubilized in 0.01 M sodium phosphate pH 

7.1, 6 M urea and 2% ß-mercaptoethanol and subsequently dialyzed for 48 h against 1 x 

SSC. One hundred ng of ICP was injected into a rabbit, followed by two boosts each (lOO t̂g) 

given after 4 and 6 weeks, respectively. The rabbit was bled after 7 weeks and its serum was 

used as polyclonal anti-CrylA(b) serum. 

Plasmids and transfer vectors 

Plasmid p7.21A contains a 7.5 kb BamHI-Pstl insert which was isolated from total 

DNA of B.t. aizawai 7.21 and which contains the entire crylA(b) gene. The plasmid pl09.2, 

derived from p7.21A, contains only the coding sequence of the cryIA(b) gene flanked by a 

BarriHl- and a 5g/II-site (Honée et al., 1990). These sites were used to insert the cryIA(b) 

gene in the AcNPV transfer vector pAcDZl. 

Transfer vector pAcDZl (Fig. 2.1) contains a lacZ gene cassette, a unique BarriHl 

cloning site downstream the polyhedrin promoter to insert foreign genes, and polyhedrin 

gene-flanking sequences to facilitate recombination (Zuidema et al., 1990). The lacZ gene 

cassette consists of the Drosophila melanogaster heat shock promoter hsp70, the bacterial 

lacZ gene and the SV40 dual transcription terminator sequence. 

Construction of the AcNPV transfer vector pAcJM3 

Plasmid pi09.2 was digested with BamHl and BgRl, and the fragment containing the 

coding sequence of the ICP gene (3.5 kb) was isolated from a 0.7% agarose gel. This 

fragment was ligated into the transfer vector pAcDZl, which had been digested with BarriHl 

and dephosphorylated. This resulted in transfer vector pAcJM3 (Fig. 2.1). The junction 

between the polyhedrin promoter and the crylA(b) gene construct had the following 

sequence: 5'-acctataaatCGG47/CCGTATG-3'. where the 3' t is the end of the polyhedrin 

leader, GGATCC is the BamHI cloning site and ATG the start of the protoxin. Digestion, 

ligation and transformation procedures were carried out as described in Maniatis et al. 

(1982). Plasmid DNA was recovered from transformed E. coli cells by the alkaline lysis 

method of Birnboim and Doly (1979) followed by CsCl centrifugation. 
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Figure 2.1. Construction of transfer vector pAcJM3. B = BamHl; Be = Bc/I; Bg = Bglll; E = EcoRl and 

H = Hiiidlll. kbp = kilobase pairs; Ac = A. californien NPV; SV40 = Simian Virus 40; term = transcription 

terminator; php = polyhedrin promoter; hsp = D. melanogaster heat shock promoter hsp70; LacZ = bacterial 

ß-galactosidase. The arrows indicate the direction of transcription. 

Infection and transfection of cells 

S.f. cells were co-transfected with DNA of wt /IcNPV and the plasmid pAcJM3 using 

the calcium phosphate precipitation technique essentially as described by Smith et al. (1983c) 

with some minor modifications (Vlak et al., 1988). Recombinant plaques were recognized 

by blue color development upon addition of X-gal (25 /xg/ml) and by the absence of 

polyhedra in these cells. The putative recombinants were plaque-purified four times to reach 

genetic homogeneity. Infection of cells was carried out with the ECV form of the virus at 

a multiplicity of infection (MOI) of 10 TCID50 units per cell. 

DNA and protein analysis 

DNA obtained from plasmids or ECVs of wt /IcNPV, /IcNPV/DZl and /icNPV/JM3 

was subjected to restriction enzyme analysis as described previously (Vlak et al., 1988). The 

DNA was analyzed on 0.7% agarose gels as described by Maniatis et al. (1982). 
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For protein analysis, uninfected and infected S.f. cells as well as E. coli cells with and 

without the crylA(b) gene were gently washed three times with excess phosphate buffered 

saline pH 7.5 (PBS), and analyzed by SDS-PAGE on 12.5% gels according to Laemmli 

(1970) using a BioRad Protean II apparatus. The gels were stained with Coomassie Brilliant 

Blue or subjected to immunoblotting. 

The amount of 130 kDa ICP present in a protein sample was estimated from a PAGE 

gel using a LKB Ultrascan XL laser densitometer followed by integration of the peaks with 

a LKB 2400 gelscan XL software package. 

For immunoblotting the gels were transferred in 25 mM Tris, 39 mM glycine, 0.0375 % 

(w/v) SDS and 20% (v/v) methanol to nitrocellulose filters by electroblotting for 1 h at 0.8 

mA/cm2 gel using a semi-dry blot apparatus (BioRad). The blot was treated with 2% (w/v) 

milk powder in TBS (50 mM Tris/HCl, pH 7.4, 200 mM NaCl) for 2 h at room temperature 

to prevent a-specific antibody binding. The blot was then incubated for 1 h at room 

temperature in 0.2% (v/v) milk-powder in TBS to which a 1:2000 dilution of the polyclonal 

antiserum against the ICPs of B.t. aizawai strain 7.21 was added. To remove the antiserum 

the blot was washed three times for 10 min with excess TBS. The blot was further incubated 

with a second antiserum (swine anti-rabbit immunoglobulins conjugated with horse-radish 

peroxidase) in a 1:2000 dilution in 0.2% (v/v) milk-powder in TBS at room temperature for 

1 h. The blot was stained in TBS containing 16.6% (v/v) methanol, 0.018% (v/v) peroxide 

and 0.5 mg/ml 4-chloro-l-naphthol. After 20 min the reaction was stopped with distilled 

water and the blot was dried. 

Electron microscopy and immunogold labelling 

S.f. cells were infected with a MOI of 10 TCID50 units per cell of either wt /4cNPV or 

>4cNPV/JM3 and harvested 48 h p.i. The cells were further processed for electron 

microscopy as described previously (Van der Wilk et al., 1987). Ultrathin sections were 

treated with colloidal protein-A gold as described by Van Lent et al. (1990). 

Bioassays 

S.f. cells infected with wt /IcNPV, <4cNPV/DZl and /lcNPV/JM3 at a MOI of 10 

TCID50 units per cell were harvested 48 h p.i. and washed twice with excess PBS. The cells 

were finally resuspended in 500 /*1 PBS giving a final concentration of 3.0 x 107 cells per ml. 
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Mock-infected cells were treated similarly. E. coli cells were cultured overnight and 

concentrated 50 times giving a final concentration of 1.8 x 109 cells per ml. 

For a qualitative assay 5 ^1 of infected or uninfected insect cells, (1.5 x 105 cells), or 

bacteria (9.0 x 106 cells), were spread on a 1.75 cm2 leaf disk of cabbage. The disk was 

placed on top of a humidified cotton plug in a 24-well tissue culture plate (Costar). For each 

assay 32 second instar P. brassicae larvae were used. After two days at 25°C the assay was 

analyzed for insect mortality and feeding damage. 

To determine the dose-response relationship, 6 dilutions of/4cNPV/JM3-infected S.f. 

cells and E. coli 7.21 A cells were tested on second instar larvae of P. brassicae. Per dilution 

32 larvae were tested. Each of these larvae was placed on a 1.75 cm2 leaf disk on which 5 

/il of each dilution was spread. Insect mortality was scored after two days of incubation at 

25° C. The mortality data were processed using the probit analysis methods described by 

Finney (1971) as detailed elsewhere (Smits and Vlak, 1988). The LC50 values for each 

sample were expressed as cells per cm2 leaf disk. 

RESULTS 

Construction of the transfer vectors pAcJM3 and the recombinant virus AcNPV/JM3 

The first step in the engineering of a baculovirus recombinant was the construction of 

a transfer vector in which the coding sequence of the polyhedrin gene was replaced by the 

coding sequence of the crylA(b) gene of B.t. aizawai strain 7.21. The transfer vector 

pAcDZl contains, in addition to a unique cloning site downstream from the polyhedrin 

promoter, a gene cassette containing lacZ, which is expressed under the control of the D. 

melanogaster heat shock promoter hsp70 (Zuidema et al., 1990). This promoter is 

constitutively expressed in infected insect cells and drives the expression of the marker gene. 

The plasmid pl09.2 contains the complete crylA(b) gene starting one basepair upstream of 

the ATG codon and ending at a Dral site 10 nucleotides downstream of the stop codon. The 

crylA(b) gene was inserted as a 3.5 kb BamUl-BgUl fragment from pl09.2 into the transfer 

vector pAcDZl and resulted in the transfer vector pAcJM3 (Fig. 2.1). 

S.f. cells were co-transfected with pAcJM3 and vvMcNPV DNA. Recombinant viruses 

were distinguished from wr virus in a plaque assay (Summers and Smith, 1987) by the 

absence of polyhedra and by their blue coloration after the addition of X-gal. This marked 
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the replacement of polyhedrin gene in the recombinants. Five "blue" plaques were purified 

to genetic homogeneity. The restriction pattern of these viruses was analyzed and all the 

recombinant viruses appeared to have inserted the crylA(b) gene correctly. 

a b c d e f a b c d e f 

Bt-toxin 

ß-galact. 

gp64 

polyhedrin 

A. Coomassie Brilliant Blue B. Immunoblotting 

Figure 2.2. SDS-PAGE of S. frugiperda cells mock-infected (a) or infected with wt AcNPV (b), AcNPV/DZl 

(c) and /4cNPV7JM3 (d). Cells were infected with a multiplicity of 10 TCIDy, units per cell. Each lane contained 

approximately 1 x 10" cells. Extracts of E. coli (4.5 x 106 cells), containing the plasmids pBR322 or p7.21A 

respectively were included (e and f) as controls. Gels were stained with Coomassie Brilliant Blue (A). A 

duplicate gel was subjected to immunoblot analysis using polyclonal serum against dissolved CrylA(b) ICPs 

purified from B.t. aizawai strain 7.21 (B). 

Protein synthesis in S. frugiperda cells infected with AcNPV/JM3 

S.f. cells, infected with wMcNPV, /IcNPV/DZl and /lcNPV/JM3, were harvested 48 

h p.i. and analyzed by SDS/PAGE and immunoblotting (Fig. 2.2). In cells infected with 

recombinant/4cNPV/JM3 polyhedrin was absent; instead a protein of approximately 130 kDa 

was observed, the size expected for the CrylA(b) ICP (Fig. 2.2 A, lane d). Beta-

galactosidase expressed by the heat shock promoter, was present as a band of about 116 kDa 

in cells infected with recombinants /IcNPV/DZl (Fig. 2.2 A, lane c) and /tcNPV/JM3 (Fig. 

2.2 A, lane d). Analysis of E. coli 7.21 A cells, expressing the crylA(b) gene also showed 

a 130 kDa protein band (Fig. 2.2 A, lane 0, which was absent in E. coli cells harboring 

pBR322 (Fig. 2.2 A, lane e). The 130 kDa protein was superimposed on a minor 130 kDa 

E. coli protein (Fig. 2.2 A, lanes e and ƒ)• That these 130 kDa bands were indeed crylA(b) 
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gene products was demonstrated by immunoblotting (Fig. 2.2 B). The antiserum raised 

against dissolved crystals of B.t. aizawai strain 7.21 reacted with the 130 kDa protein in 

AcNPV/JM3-infected cells (Fig. 2.2 B, lane d) and in E. coli 7.21A cells (Fig. 2.2 B, lane 

f). In <4cNPV/JM3-infected cells an additional band of about 73 kDa also reacted strongly 

with the antiserum in /4cNPV/JM3-infected cells (Fig. 2.2 B, lane d). 

Figure 2.3. Phase-contrast microscopy of uninfected S. frugiperda cells (a) and S. frugiperda cells infected with 

wtAcNPV (b), /IcNPV/DZl (c) and /icNPV/JM3 (d). The arrow indicates B.t. crystals. The bar represents 2 

Urn. 

Phase-contrast and electron microscopy of S. frugiperda cells infected with AcNPV/JM3 

Uninfected, wMcNPV-, /IcNPV/DZl- and/4cNPV/JM3-infected S.f. cells were studied 

by phase-contrast and electron microscopy. It was observed in the phase-contrast microscope 

that in nuclei of cells infected with the recombinants AcNPV/DZl and /lcNPV/JM3 

polyhedra were absent as a result of the deletion of the polyhedrin gene (Fig. 2.3, c and d). 

In the cytoplasm of /lcNPV/JM3 infected cells large crystals, often bipyramidal in shape, 
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Figure 2.4. Electron microscopy of an ultrathin section of S. frugiperda cells infected with 
wt AcNPV (A) and XcNPV/JM3 (B and C), at 48 h p.i. Sections of these infected cells 
treated with the antiserum mentioned in the legend of Fig. 2.2. E = electron-dense spacer; 
F = fibrillar structures; P = polyhedron ; V = virogenic stroma. Arrowheads indicate B. t. 
crystals. The bars indicate 2 ^m (A and B) and 0.2 /*m respectively (C). 
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