
Stellingen 

1. Procesmodellen bieden een gedetailleerder en beter toepasbaar inzicht in 
biologische systemen dan gangbare analytische modellen. 

Dit proefschrift. 

2. Het tijdstip van toepassing van baculovirussen is van groter belang voor 
een succesvolle bestrijding van insecten dan de werkingssnelheid van 
deze virussen. 

Dit proefschrift. 

3. De gangbare wijze van het analyseren van tijd-reponsdata in de 
baculovirologie is niet-wetenschappelijk. 

Vistat, 1990. 

4. De term "virulent" is een verwarrende uitdrukking voor de biologische 
activiteit van baculovirussen. 

Myers and Rothman, 1995. 
Fuxa and Richter, 1992. 

5. De voortgang van de wetenschap wordt belemmerd doordat artikelen die 
strijdig zijn met gangbare theorieen moeilijker worden geaccepteerd dan 
artikelen die deze theorieen bevestigen. 

6. Voor de toelating van genetisch gemodificeerde organismen geldt: 'om 
risico's te kunnen beoordelen, moet je ze kunnen kwantificeren'. 

7. Waar de commercie in de sport begint, stopt de liefde voor de sport. 

8. Een 'win-win situatie' is een hedendaags eufemisme voor het aloude 
gezegde 'gedeelde smart is halve smart'. 

Stellingen behorende bij het proefschrift 
'Process-based modeling of the control of beet 

armyworm, Spodoptera exigua, with baculoviruses 
in greenhouse chrysanthemum' 

Felix J.J.A. Bianchi, Wageningen, 9 februari 2001 



Process-based modeling of the control of beet 
armyworm, Spodoptera exigua, with baculoviruses 

in greenhouse chrysanthemum 

Felix J.J.A. Bianchi 

1 0872 2601 



Promotoren: prof. dr. ir. R. Rabbinge 
Hoogleraar Plantaardige Productiesystemen 

prof. dr. J.M. Vlak 
Persoonlijk Hoogleraar bij de Leerstoelgroep Virologie 

Co-promotor: dr. ir. W. van der Werf 
Universitair docent bij de Leerstoelgroep Gewas- en Onkruidecologie 

Samenstelling promotiecommissie: 
dr. J.S. Cory (Centre for Ecology and Hydrology, NERC, UK) 
prof. dr. M. Jeger (University of London, UK) 
prof. dr. J.C. van Lenteren (Wageningen Universiteit) 
dr. P.H. Smits (Plant Research International, Wageningen) 



M KJ0^^1 tZ^3^-. 

Process-based modeling of the control of beet 
armyworm, Spodoptera exigua, with baculoviruses 

in greenhouse chrysanthemum 

Felix J.J.A. Bianchi 

proefschrift 
ter verkrijging van de graad van doctor 

op gezag van de rector magnificus 
van Wageningen Universiteit 

prof, dr.ir. L. Speelman, 
in het openbaar te verdedigen 

op vrijdag 9 februari 2001 
des namiddags te 13.30 uur in de Aula 

borio\ 



The work presented in this thesis was carried out at the Laboratory of Virology and the 
Laboratory of Theoretical Production Ecology of Wageningen University. It was financially 
supported by the Foundation of Technical Sciences (STW), Dutch Organization of 
Scientific Research (NWO). 

Bianchi, Felix J.J.A. 

Process-based modeling of the control of beet armyworm, 
Spodoptera exigua, with baculoviruses in greenhouse chrysanthemum 
Thesis Wageningen University - with ref. - with summary in Dutch 
ISBN 90-6464-862-x 
Subject headings: Beet armyworm, baculovirus, biological control 



What the caterpillar calls the end, 
The rest of the world calls a butterfly 

La O-Tze 

Aan mijn ouders 



Contents 

Chapter Page 

1 General Introduction 1 

2 Biological activity of SeMNPV, AcMNPV and three deletion mutants of 15 

AcMNPV against Spodoptera exigua larvae (Lepidoptera: Noctuidae) 

3 The polyhedral membrane does not protect polyhedra of AcMNPV 27 

against inactivation on greenhouse chrysanthemum 

4 The influence of greenhouse chrysanthemum on the interaction between 33 

the beet armyworm, Spodoptera exigua, and the baculovirus SeMNPV: 

parameter quantification for a process-based simulation model 

5 Transmission dynamics of the multicapsid nucleopolyhedrovirus SeMNPV 45 

in Spodoptera exigua populations in greenhouse chrysanthemum 

6 Greenhouse evaluation of dose- and time-mortality relationships of two 55 

nucleopolyhedroviruses for the control of beet armyworm, Spodoptera 

exigua, on chrysanthemum 

7 Description of a process-based model for the biological control of 67 

beet armyworm, Spodoptera exigua, with baculoviruses in greenhouses 

8 Validation of a process-based model for the biological control of 87 

beet armyworm, Spodoptera exigua, with baculoviruses in greenhouses 

9 Scenario studies with a process-based model for the biological control of 103 

beet armyworm, Spodoptera exigua, with baculoviruses in greenhouses 

10 General discussion 115 

References 124 

Summary 133 

Samenvatting Nederlands 136 

Nawoord 139 

Curriculum Vitae 141 

List of publications 142 



General introduction 

1 
General introduction 



Chapter 1 

1.1 Control of pest insects 

There is an increasing demand from society for sustainable agricultural production for a 

growing world population in an environmentally safe, biologically sound and ethically 

acceptable manner. Losses due to the activity of insect pests are a major constraint for the 

achievement of optimal productivity of agricultural crops. The development of pesticides that 

control pests is an important factor that enabled the massive increase in yield that has been 

achieved during the twentieth century. In 1991 the worldwide sales of insecticides was 8 

billion US $, of which chemical insecticides constituted 99% (Georgis, 1997). 

Although chemical insecticides often provide adequate control, are reliable and 

require simple application methods, their use may be detrimental for man and environment in 

the long run (Carson, 1964; Jansma et al, 1993) and may lead to the development of 

resistance in insects (e.g. Hung and Sun, 1989; Cheng et al., 1990). In addition, the capital 

investment and time involved to bring new chemical insecticides to the market are a major 

constraint for the development of chemical insecticides. These environmental and economical 

constraints triggered the search of alternative methods of pest control such as integrated pest 

management and biological control. 

Biological control is an important alternative to chemical insecticides, where 

predators, parasitoids and pathogens are used to control insect pests (Albajes et al, 1999 ). In 

1991 biological control agents constituted only a modest part of 1% of the world pesticide 

market, which was 80 million US $. In 1995 the market for biological control agents was 380 

million US $ including 3-4 million US $ for the use of viruses. By 2000 the market for 

biological control agents is predicted to have increased to 500-520 million US $, with viruses 

making up 5-6 million $ of the total (Georgis, 1997). Thus, biological control agents are a 

small but growing market. 

Baculoviruses are naturally occurring insect pathogens that are used as biological 

control agents of pest insects (Black et al., 1997; Moscardi, 1999). Their infectivity, 

specificity and safety to non-target organism make them promising candidates to replace 

chemical insecticides. For insect species that have developed resistance to chemical 

insecticides, such as the beet armyworm Spodoptera exigua, the use of baculoviruses is one of 

the few options left for control (Brewer and Tumble, 1989). Examples of successful 

introductions of baculoviruses as biological pesticides are Anticarsia gemmatalis multicapsid 

nucleopolyhedrovirus (AgMNPV) against A. gemmatalis in soybean, Lymantria dispar 

MNPV against L. dispar in forests and Spodoptera exigua MNPV against S. exigua in 
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Table 1.1 Examples of baculoviruses developed as commercial microbial control agents for 
Lepidoptera. 

Pest insect 

Adoxophyes orana 

Anticarsia gemmatalis 

Autographa californica 

Cydia pomonella 

Heliothis virescens 

Helicoverpa armigera 

Lymantria dispar 

Mammestra brassicae 

Neodiprion sertifer 

Spodoptera exigua 

Spodoptera littoralis 

Baculovirus 

GV 

NPV 

MNPV 

GV 

MNPV 

SNPV 

MNPV 

MNPV 

SNPV 

MNPV 

MNPV 

Crops 

apple 

soybean 

cotton, ornamentals 

apple, pears 

cotton 

cotton, tomato 

forests 

cabbage 

pine 

ornamentals 

vegetables 

vegetables 

cotton 

Commercial name 

Capex 

Baculoviron 

VPN 80 

Madex 

Carpovirusine 

Cyd-X 

Granusal 

Virin-GyAp 

Elcar 

Gemstar 

Virin-Hs 

Gypchek 

Dispavirus 

Virin-ENSH 

Mamestrin 

Virin-EKS 

Monisarmiovirus 

Virox 

Spod-X 

Spod-X 

Spod-X 

Spodopterin 

Country 

Switzerland 

Brazil 

Guatemala 

Switzerland 

France 

USA 

Germany 

Russia 

USA 

USA 

China 

Russia 

USA 

Canada 

Russia 

France 

Russia 

Finland 

UK 

The Netherlands 

USA 

Thailand 

France (Africa) 

Data: Huber (1998) and Moscardi (1999). 

ornamentals and vegetables (Moscardi, 1999). An overview of a selection of commercialized 

virus preparations is given in Table 1.1. 

In 1991 the Dutch government started the "Multi-Year Plan Crop Protection" which 

intended to reduce the use of agrochemicals in The Netherlands by 50% in the year 2000 as 

compared to the level of 1991 (MJP-G, 1991). This policy stimulated the quest and demand 

for biological control agents that can replace chemical insecticides. The baculovirus S. exigua 

MNPV is the first baculovirus on the market to control pest insects in the Netherlands. 

SeMNPV has been registered in 1993 (Smits and Vlak, 1994) and used against larvae of the 

beet armyworm in greenhouse ornamentals since the beginning of 1994 (Brinkman, 1993). 
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The work presented in this thesis focuses on the control of pest insects with 

baculoviruses. The control of beet armyworm, S. exigua, in greenhouse chrysanthemum with 

baculoviruses is chosen as model system because this system is well studied (Smits, 1987). 

1.2 Chrysanthemum cropping system 

In the Netherlands chrysanthemum is grown year-round in greenhouses. The crop is 

harvested in 9 to 13 weeks after planting in summer and winter, respectively. Plant density 

varies from 640,000 plants ha" in summer to 400,000 plants ha"1 in winter. Chrysanthemum 

is an important crop in Dutch greenhouse industry. Although the total surface of 

chrysanthemum cultivation was only 757 ha in 1998 (CBS, 1999), in 1999 the sales of cut 

chrysanthemum amounted to 300 million US $ with an average price of 0.20 US $ per plant 

(De Veld, 2000). The combination of the high value of the chrysanthemum crop with a low 

threshold for cosmetic damage underscores the importance of adequate control of pests and 

diseases. In 1998 the average chemical pesticide input per hectare in chrysanthemum was 40 

kilogram (active component) ha"1, which makes chrysanthemum after lily and rose the 

ornamental crop with the third highest pesticide input (CBS, 2000). The closed compartment 

of greenhouses and the ability to regulate environmental conditions offer advantages for the 

implementation of biological control methods (Albajes et al, 1999). Greenhouses have an 

additional advantage for the use of microbial control agents because the glass filters UV-

radiation, which is an important factor in the inactivation of baculoviruses (Jones et al, 1993, 

McLeodefaZ., 1982). 

1.3 Spodoptera exigua 

The beet armyworm, S. exigua, is a lepidopterous species belonging to the family Noctuidae. 

Originating from Southeast Asia, S. exigua is reported to be a pest in the USA, Mexico, 

Spain, Thailand and The Netherlands (Moscardi, 1999; Kolodny-Hirsch et al, 1993; 

Alvaraso-Rodriguez, 1987; Caballero et al, 1992; Kolodny-Hirsch et al, 1997; Smits, 1987). 

In the Netherlands S. exigua occurs in greenhouses where climatic conditions are favorable 

and crops are cultivated throughout the year. Here, infestations are mainly found in a large 

number of horticultural crops, including chrysanthemum (Smits, 1987). The life cycle of S. 

exigua consists of an egg stage, five larval stadia, a pupal and an adult stadium (Figure 1.1) 

(Fye and McAda, 1972; Leeetal, 1991a,b; Ali and Gaylor, 1992). Females of S. exigua 
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Figure 1.1 Various stages of S. exigua. Egg batch (a), third instar larvae (b) fifth instar larva (c), 
pupa (d), adult (e) and virus-killed larvae if). (Photos kindly supplied by Joyce Strand, University of 
California.) 
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deposit egg batches on the underside of chrysanthemum leaves near the ground, preferably in 

young crops (Smits et al, 1986). The first instar larvae are not very mobile and stay near the 

plant on which the eggs were laid. First instar larvae stay at the lower part of the plants. 

During their larval development the foraging domain increases and larvae tend to feed on the 

upper parts of the plants (Smits et al., 1987a). Only the larvae cause host plant injury. The 

daily amount of leaf material eaten increases with larval instar: the first three instars cause 

only 5% of the crop injury, while 75% of the crop injury is caused by the fifth instar larvae. 

Young larvae mainly feed on the abaxial side of the leaves, leaving the cuticle of the adaxial 

side of the leaf intact, whereas older S. exigua larvae perforate leaves (Smits et al., 1987a). 

After the fifth instar the larvae pupate in the soil. From the pupae new adults emerge. The life 

cycle parameters, such as developmental times at different temperatures, fecundity, egg batch 

size, sex ratio and background mortality have been determined under laboratory conditions 

by Fye and McAda (1972), Lee et al. (1991a,b) and Ali and Gaylor (1992). 

1.4 Baculoviruses 

Baculovirus structure and infection cycle 

Baculoviruses are large DNA viruses that occur only in arthropods. The baculoviridae 

comprise two genera: the nucleopolyhedroviruses (NPVs) and granuloviruses (GVs) (Murphy 

et al., 1995). In the environment baculoviruses occur in the form of occlusion bodies, which 

are protein structures that contain one or more virions. The occlusion bodies of GVs 

generally contain a single virion with one genome (nucleocapsid). The occlusion bodies of 

polyhedroviruses may contain several hundreds of virions that may contain one (SNPV) or 

multiply (MNPV) nucleocapsids (Figure 1.2). Nucleocapsids are the elementary genetic units 

of baculoviruses and contain a large double-stranded DNA ranging in size between 100-160 

kilo base pairs. Occlusion bodies or polyhedra are one of the two distinct morphological 

forms of baculoviruses. Polyhedra are infectious for insects and are responsible for the 

transmission of baculovirus infections in insect populations. The other morphological form of 

baculoviruses is the budded virus that is responsible for the spread of virus through a larval 

body (Federici, 1997). 

The polyhedra are taken up orally by the larvae together with leaf or soil material. 

After ingestion the polyhedra dissolve under the alkaline conditions in the midgut. The 

nucleocapsids are liberated and infect the midgut epithelial cells. In the nucleus of these cells 
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Figure 1.2 Scanning electron micrograph of polyhedra of LdMNPV (a), transmission micrograph 
of a polyhedron (b), and schematic representation of a polyhedron (c). (Graphic kindly supplied by 
Vince D'Amico.) 

virus replication takes place and budded viruses are produced that leave the infected cells and 

infect other larval tissues, such as the haemocoel and the fat body. In secondarily infected 

cells new polyhedra and budded viruses are produced. The larvae generally die when most 

tissues have been infected and a massive amount of new polyhedra have been generated. 

Baculovirus properties 

Baculoviruses mainly have been reported in insects (Granados and Federici, 1986). Most 

baculoviruses occur in the insect orders Lepidoptera, Hymenoptera and Diptera (Martignoni 

and Iwai, 1986; Adams and McClintock, 1991). In general, baculovirus species have a 

limited host range (Table 1.2). For example, the baculoviruses of S. exigua (SeMNPV) and L. 

dispar (LdMNPV) are restricted to a single host species. The baculoviruses of Autographa 

californica (AcMNPV) and Mamestra brassicae (MbMNPV) are located at the other end of 

the host range spectrum and can infect dozens of insect species (Cory et al., 1997). From an 

environmental and safety standpoint a limited host range has the advantage that the control 

agent is restricted to a single pest and has no direct detrimental effects on any other organism. 

On the other hand, a limited host range may be a drawback when more than one pest insect 

species is present and various baculoviruses have to be used for the different pests, rather 

than one virus with a broad-spectrum activity. 
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Table 1.2 Host range ofbaculoviruses in Lepidoptera. 

• H -

+ 

-
-
-
_ 

++++ 
+++ 

+++ 

-
++++ 

+++ 

++ 
++ 

-
-
-
_ 

++++ 

++ 

+ 

-
++++ 

Pest insect Helicoverpa Heliothis Spodoptera Spodoptera Spodoptera Trichoplusia 

zea virescens eridania exigua frugiperda n\ 

A. californica MNPV + ++++ 

H. virescens MNPV ++ ++++ 

H. armigera SNPV ++++ 

H. zea SNPV 

S. exigua MNPV 

T. ni MNPV 

Susceptibility is reflected in a semi-quantitative scale that runs from "-" (nonpermissive to infection) to "++++" 

(higly permissive to infection). Data: Black et al. (1997). 

Ingestion of polyhedra is the normal route of baculovirus entry into the host. The 

lethal dose of the host generally increases with larval instar, as for example in the insect-virus 

systems of S. exigua-SeMNPV, Mamestra brassicae-MbMNPV, Anticarsia gemmatalis-

AgMNPV and Heliothis punctiger-HzSNPV (Smits and Vlak, 1988a; Evans, 1981; Boucias 

et al, 1980; Teakle et al., 1986). Kirkpatrick et al. (1998) suggested that this increasing 

resistance is related to changes in midgut physiology and/or tracheation. The time to death of 

larvae that ingested a lethal dose of polyhedra depends on temperature and the virus-host 

system, and takes typically 3 to 8 days (Stairs, 1978; Boucias et al, 1980; Smits and Vlak, 

1988a; Tuan et al, 1989). During infection of SeMNPV, up to 109 polyhedra can be 

produced in a single fifth instar S. exigua larva (Smits and Vlak, 1988c). The bodies of larvae 

that die of baculovirus infection disintegrate and the body contents of the cadavers containing 

the polyhedra are spilled on the plant and soil. These polyhedra can be inactivated by several 

factors (Hunter-Fujita et al, 1998). UV-radiation is the major inactivating factor in the field 

(McLeod et al., 1982; Richards and Payne, 1982; Jones et al, 1993). Ignoffo et al. (1997) 

reported a half-life value of 4.9 hour for polyhedra of Helicoverpa/Heliothis NPV that were 

continuously exposed to natural sunlight. UV radiation may induce molecular changes in 

baculovirus DNA resulting in a block of DNA synthesis, a high mutation rate (Harm, 1980) 

or the generation of highly active radicals that degrade baculovirus DNA (Ignoffo and Garcia, 

1994). Another factor that can induce polyhedra inactivation are plant exudates. Excreted 

compounds, such as Mg2+ and Ca2+, tannins, phenols, peroxidases, rutin and chlorogenic acid 

have been reported to inactivate polyhedra (Elleman and Entwistle, 1985; Felton et al, 1987; 

Hoovered/., 1998a,b; Keating et al, 1988; 1990). 
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The maintenance of baculoviruses in insect populations requires transmission of the 

virus from infected to uninfected individuals. Larvae may become infected by ingestion of 

polyhedra from the environment, which is referred to as horizontal transmission. Polyhedra 

produced in infected larvae contaminate leaves and soil and can cause new infections when 

ingested by uninfected larvae. These polyhedra may further be distributed by excrements of 

infected larvae (Vasconcelos, 1996), rain (Kaupp, 1981) and predators, such as birds 

(Entwistle et al, 1993). Baculoviruses can also be released in the environment by human 

activity, for example by the application of baculovirus sprays. An alternative route of 

infection is vertical transmission, which is the direct transfer of virus from parents to their 

own offspring. Larvae exposed to polyhedra during their larval stage may develop into 

sublethally infected moths that are able to transmit the virus to part of their offspring (Hamm 

and Young, 1974; Smits and Vlak, 1988a; Young, 1990; Fuxa and Richter, 1992). 

The biological properties of baculoviruses, such as their host range, infectivity, speed 

of action, inactivation rate and to a lesser extent their horizontal and vertical transmission 

dynamics are key factors that determine their agronomic efficacy as biological control agents. 

Baculovirus recombinants 

Although baculoviruses are effective biological insecticides, their relatively low speed of 

action is a factor that limits their use in practice because larvae continue feeding after they 

have been infected (Moscardi, 1999). With technical improvements these drawbacks may be 

overcome. For example, genetically modification techniques enable the construction of 

baculoviruses with an increased speed of action (Black et al., 1997; van Beek and Hughes, 

1998). One genetic engineering strategy is the deletion of nonessential baculoviruses genes 

that prolong the life of the infected host. This has been achieved for the baculovirus egt gene 

(O'Reilly and Miller, 1989). This gene encodes an enzyme that inactivates insect ecdysteroid 

hormones. Therefore, presence of the EGT protein delays or prevents molting of infected host 

insects. This leads to an extended period for the virus to multiply in the host and an increased 

virus yield. Deletion of the egt gene results in reductions in larval survival times with up to 

30% (O'Reilly and Miller, 1991; Flipsen et al, 1995; Treacy et al., 1997; Dai et al., 2000; 

Chen et al., 2000). This egt effect has been reported for a number of insect-virus systems, but 

Slavicek et al. (1999) observed it only in fifth instar Lymantria dispar larvae infected with 

LdMNPV, and not in first to fourth instar larvae. Other genes of interest are the pp34 and plO 

genes. The pp34 gene encodes a polyhedral membrane protein (Gombart et al, 1989). An 

AcMNPV pp34 deletion mutant has been reported to have an increased infectivity (Ignoffo et 
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al, 1995). The plO gene encodes fibrillin forming fibrillar structures in the nucleus and 

cytoplasm of infected cells (van Oers and Vlak, 1997). These structures are thought to play a 

role in the disintegration of infected cells and may affect the horizontal transmission process. 

Another genetic engineering strategy is the insertion of foreign genes in the 

baculovirus genome that encode gene products that interfere with insect physiology or 

development. Baculoviruses with increased speed of action have been constructed that 

express juvenile hormone esterase (Hammock et al, 1990), insect-specific neurotoxins 

(Stewart et al, 1991; Maedaef al, 1991; McCutchen et al, 1991; Tomalski and Miller, 1991; 

Tomalski et al, 1993; Prikhod'ko et al, 1996; Chen et al, 2000) or a maize mitochondrial 

gene (Korth and Levings, 1993). Time to kill the host has been reduced by 25-50% by the 

insertion of these foreign genes. Recombinant baculoviruses expressing neurotoxins are 

promising candidates as improved biological insect control agents (Cory et al, 1994; Black et 

al, 1997). 

UV protection formulations 

The rapid inactivation of baculoviruses in field situations is, besides their low speed of action, 

a constraint for their use in practice (Moscardi, 1999). The persistence of baculoviruses has 

been prolonged by the addition of substances that protect polyhedra against UV-radiation, 

such as lignosulfates, carbon, gelatin and titanium dioxide (Black et al, 1997). The mode of 

action of these substances is based on reflection or absorption of UV-radiation. Besides these 

traditional formulations that reduce polyhedra inactivation, stilbene optical brighteners have 

been found to provide protection against UV-radiation and enhance the infectivity and speed 

of action of baculoviruses (Shapiro and Robertson, 1992). Optical brighteners have been 

reported to reduce LD50 values substantially in a number of insect-virus systems (Dougherty 

et al, 1996; Vail et al, 1996) and this was confirmed in field situations (Webb et al, 1994, 

Cunningham et al, 1997). The action mechanism of optical brighteners is not fully 

understood. It may involve an effect on the perithrophic membrane which is the main 

mechanical barrier protecting the midgut cells from baculoviruses (Shapiro, 1995). 

1.5 Objective and approach of the study 

Baculovirus genetics and pathogenesis are relatively well studied. Mechanisms of DNA 

replication and gene expression have been intensively studied, and numerous studies 

investigated interactions between baculoviruses and insects (Federici, 1997; Lu et al, 1997). 

10 
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However, insight in the dynamics of the control of insect pests in field situations is still 

limited. This is reflected in the strategy that is used to determine optimal baculovirus 

spraying regimes in field situations. Baculovirus efficacy is generally assessed in a 'trial and 

error' approach by the application of different baculovirus dosages and by the determination 

of the level of control in extensive field testing programs (e.g. Smits et al., 1987b; Kolodny-

Hirsch et al., 1993; 1997; Hunter-Fujita et al., 1998). This field testing strategy has also been 

used for the determination of the commercial potential of new recombinant baculoviruses and 

new formulations (e.g. Jacques, 1972; Cory et al., 1994). Given the rapid increasing number 

of recombinants and formulations (Black et al., 1997; van Beek and Hughes, 1998), there is a 

need for methods that can support and guide these field testing programs. Support systems for 

the assessment of the field efficacy of baculoviruses may contribute to improved 

understanding of the biological control and improved field testing procedures, with a 

minimum of field experiments. 

The control of insect pests with baculoviruses in an agricultural crop involves the 

management of a highly complex system. Mathematical models have been used to study and 

gain insight in such systems. Parameter-sparse analytical models have been developed for 

epidemics of baculoviruses in insect populations and have successfully been used to study the 

long term dynamics and stability of insect-virus systems (Anderson and May, 1981; Dwyer, 

1992; Dwyer and Elkinton, 1993; Dwyer et al., 1997; 2000). Because these models only 

contain limited detail, they are less suitable for precise, short-term predictions of the agronomic 

efficacy of baculoviruses as biocontrol agents. An alternative modeling approach that entails a 

detailed description of the biological system is that of numerical simulation models. These 

models describe the biological system at the process level and integrate information of the 

different processes. This approach may be suitable to describe biological control of pest 

insects with baculoviruses with the level of detail needed for the evaluation of (genetically 

modified) baculoviruses and formulations. 

The objective of this study is to evaluate the potential of baculoviruses as biological 

control agents of pest insects by the development and analysis of an explanatory simulation 

model that describes the dynamics of the crop-insect-virus system. The model applies to 

AcMNPV and SeMNPV, two viruses with distinct biological properties, in populations of S. 

exigua larvae in greenhouse chrysanthemum. The development of this model occurs in four 

steps (Rabbinge and de Wit, 1989). The first step is the quantification of the processes that 

determine the control of baculoviruses in insect populations in crops, such as the life cycle and 

population dynamics of insects, plant growth characteristics, spray deposition, the baculovirus 

11 
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infection cycle and transmission routes. The second step is the development of a simulation 

model that integrates these processes and describes the control of baculoviruses in insect 

populations at a field scale. The third step is the validation of this model with independent data 

of baculovirus efficacy under field conditions. When model simulations are in line with 

validation experiments there will be growing confidence that the model accurately describes 

the underlying processes of the crop-insect-virus system. When the model simulations are not 

in line with validation experiments this is an indication of incomplete understanding and/or 

poor system predictability. In this case steps one to three should be reexamined. The fourth 

step is the generation and analysis of scenario studies. This information provides quantitative 

understanding of the functioning of the system. This insight may contribute to the 

identification and prediction of effective application regimes for (genetically modified) 

baculoviruses. 

1.6 Outline of the thesis 

This thesis describes a feasibility study on the control of S. exigua with baculoviruses. A 

process-based simulation model is developed and validated that can be used to evaluate the 

potential of baculoviruses as biological control agents of pest insects. The biological properties 

of SeMNPV and AcMNPV and deletion mutants of AcMNPV have been quantified in studies 

presented in chapter 2 and 3. In chapter 2 the infectivity and speed of action of AcMNPV and 

SeMNPV and egt, pp34 and plO deletion mutants of AcMNPV have been quantified in 

laboratory experiments. The inactivation of AcMNPV and an AcMNPV pp34 deletion mutant 

have been studied on chrysanthemum in small-scale greenhouse experiments (chapter 3). 

These studies provide quantitative information about the baculovirus infection and 

inactivation processes. This information will be used for the model description and parameter 

estimation of these processes. In chapter 4 interactions between S. exigua, SeMNPV and 

greenhouse chrysanthemum have been quantified. Understanding of these interactions is 

essential for the correct extrapolation of processes quantified under laboratory conditions to a 

field situation. Chapter 5 describes the quantification of the horizontal transmission process 

of SeMNPV in S. exigua populations in greenhouse chrysanthemum and vertical transmission 

of SeMNPV by sublethally infected S. exigua moths to their progeny. The efficacy of 

SeMNPV and AcMNPV applications in terms of mortality, time to kill and crop injury of S. 

exigua populations in chrysanthemum has been determined in a series of greenhouse 

experiments (chapter 6). These data will be used for the validation of the simulation model 
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BACSIM. The description of the simulation model BACSIM, which integrates the processes 

quantified in chapters 2 to 5 is presented in chapter 7. The validation of BACSIM with 

independent data of SeMNPV and AcMNPV applications against S. exigua populations in 

chrysanthemum (as described in chapter 6) is given in chapter 8. Finally, scenario studies 

generated with BACSIM are presented in chapter 9. Scenario studies include the timing, 

dosage and spraying interval of SeMNPV applications, the evaluation of the efficacy of UV-

protection agents that reduce polyhedra inactivation, as well as the comparison of the efficacy 

of wild-type AcMNPV and AcMNPV recombinants that have an increased speed of action. 

The study is concluded with a general discussion (chapter 10), which focuses on the scientific 

and practical implications of this study. 
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2 
Biological activity of SeMNPV, AcMNPV and three deletion 
mutants of AcMNPV against Spodoptera exigua larvae 
(Lepidoptera: Noctuidae) 

Virulence and speed of action, as related to dose, are important effectiveness-

determining properties of insect-pathogenic biocontrol agents. We used the droplet-

feeding bioassay to compare dose responses between two wild-type baculoviruses, 

Autographa californica multicapsid nucleopolyhedrovirus (AcMNPV) and Spodoptera 

exigua MNPV (SeMNPV), and three deletion mutants of AcMNPV in S. exigua larvae. 

In each mutant one gene was deleted by genetic engineering: pp34, coding for the 

polyhedral membrane, egt, coding for ecdysteroid UDP-glucosyltransferase, or plO, 

coding for fibrillar structures in infected insect cells. SeMNPV had the lowest median 

lethal dose (LD^Q) as well as the highest speed of action (LT$Q) of all viruses 

investigated. In our comparative bioassays the only significant effect of gene deletions 

in AcMNPV was a slightly lower speed of action for the plO deletion mutant. 

Otherwise, wild-type and recombinant AcMNPVs had similar biological activities. 

Our results suggest, in contrast to what is generally assumed, that gene deletions in 

AcMNPV for improved insecticidal activity should be critically assessed in each host 

system prior to further implementation as a control agent. Insertion of foreign genes 

coding for entomo-toxins is less questionable and more promising in this respect. 

This chapter has been published as: 
Bianchi, F.J.J.A., Snoeijing, I., van der Werf, W., Mans, R.M.W., Smits, P.H., and Vlak, J.M. 2000. 
J. Invertebr. Pathol. 75, 28-35. 

15 



Chapter 2 

2.1 Introduction 

In the recent past Autographa californica multicapsid nucleopolyhedrovirus (AcMNPV) 

recombinants with gene deletions have been constructed and the effect of these deletions on 

viral characteristics have been studied (Vlak et al., 1988; Zuidema et al., 1989; O'Reilly and 

Miller, 1991; Ignoffo et al. 1995). These studies indicate that the deletion of single genes 

from the AcMNPV genome can alter the biological properties of the virus. A well-known 

example is the deletion of the ecdysteroid UDP-glucosyltransferase (egt) gene that enhances 

the speed of action of the virus and the virus yield (O'Reilly and Miller, 1989; 1991). The egt 

gene encodes an enzyme that inactivates insect ecdysteroid hormones. Presence of sufficient 

quantities of the EGT protein delays or prevents molting of infected host insects, leading to 

an extended period for the virus to multiply in the host and an increased virus yield. Deletion 

of the egt gene resulted in an increased speed of action in Spodoptera frugiperda larvae 

(O'Reilly and Miller, 1991), most likely through an effect on the Malpighian tubules (Flipsen 

et al, 1995). The AcMNPV pp34 gene encodes a polyhedral membrane protein (Gombart et 

al, 1989). When this gene is deleted, polyhedra lack a protective calyx, which results in a 

higher sensitivity of polyhedra to weak alkali (Zuidema et al, 1989). Ignoffo et al. (1995) 

found that AcMNPV pp34 deletion mutants have an increased infectivity in Trichoplusia ni 

larvae. The increased infectivity of AcMNPV-App54 could be explained by the efficient 

release of occlusion-derived virions (ODV) from the polyhedra in the midgut to start the 

infection process. A third gene, AcMNPV plO, encodes fibrillin forming fibrillar structures in 

the nucleus and cytoplasm of infected cells (van Oers and Vlak, 1997). These structures are 

thought to play a role in the disintegration of infected cells. Deletion of the AcMNPV plO 

gene resulted in polyhedra with slightly increased infectivity in second instar Spodoptera 

exigua (Vlak et al, 1988). The role of fibrillin in this respect is unknown. 

In the studies of Ignoffo et al. (1995) and Vlak et al. (1988) the pp34 and plO deletion 

mutants contained p-galactosidase as a marker gene whereas wild-type AcMNPV did not 

contain this marker. It is therefore uncertain whether the differences found in these studies are 

entirely due to gene deletions or that the marker gene may also have had an impact. Although 

P-galactosidase is generally considered neutral, Bonning et al. (1992) and Wood et al. (1993) 

clearly demonstrated that this may not always be the case. In a study of Bonning et al. (1992) 

an AcMNPV recombinant containing P-galactosidase had a 7 times higher LD50 value as the 

wild-type AcMNPV in Heliothis virescens larvae. Wood et al. (1993) found that a polyhedrin 

negative AcMNPV recombinant expressing p-galactosidase had a 17 hour increase in survival 
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time against neonate T. ni larvae compared to a polyhedrin negative AcMNPV recombinant 

without P-galactosidase. 

Thus, for a proper evaluation of the effect of a gene deletion on viral characteristics, 

deletion mutants without a foreign genetic element should be studied. For this purpose 

AcMNPV egt, pp34 and plO deletion mutants have been constructed without a marker gene. 

The infectivity and speed of action of these deletion mutants were compared to wild-type 

AcMNPV and SeMNPV in five larval instars of the beet armyworm, S. exigua. The aim of 

the study is to assess and quantify the effect of the egt, pp34 and plO genes on AcMNPV 

infectivity and speed of action in this insect. In addition, the effect of virus dose on the 

molting behavior of S, exigua is studied in presence (AcMNPV) and absence of egt 

(AcMNPV-AegO is studied. 

2.2 Material and methods 

Insects 

Laboratory colonies of S. exigua were maintained as described by Smits et al. (1986). Larvae 

for bioassay were reared from surface sterilized eggs and incubated at 27°C, 70-80% relative 

humidity and a 16 h photoperiod. 

Viruses 

The control viruses were the E2 clone of A. californica MNPV and a US isolate of S. exigua 

MNPV (Hunter and Hall, 1968). Three recombinant viruses were constructed. A pp34-

negative mutant, AcMNPV-RM3, was made taking a P-galactosidase positive mutant, 

AcMNPV-DZ5 (Zuidema et al., 1989), as a start. The AcMNPV fragment BamHI-D was 

cloned into pTZ to give pAcRMO. The ATG start codon and the TAA stop coding of the pp34 

gene were mutagenized by site-directed mutagenesis into Sg/n sites. After cleavage with 

BglU and ligation of the ends a pp34 deletion was obtained (pAcRM3). This transfer vector 

was co-transfected with AcMNPV-DZ5 DNA (p-galactosidase +) into 5/21 cells and 

AcMNPV-RM3 (p-galactosidase -) was plaque-purified. The second recombinant was the 

p/0-negative mutant AcMNPV-M021 (Vlak et al, 1988; Martens et al, 1995) which has a 

deletion of the plO open reading frame. The third recombinant was the egf-negative mutant 

AcMNPV-RM2, a P-galactosidase negative mutant of AcMNPV-RMl (Flipsen et al, 1995). 

This mutant has a natural Xbal site located 160 nucleotides upstream from the 3' end of the 
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egt gene, and is constructed by insertion of a Xbal site by mutagenesis at the transcriptional 

start site of the egt gene (Figure 2.1). 

The five viruses AcMNPV, SeMNPV, AcMNPV-RM3 (AcMNPV-AppJ4), 

AcMNPV-M021 (AcMNPV-Ap/O) and AcMNPV-RM2 (AcMNPV-Aegf) were propagated 

by infection of fourth instar S. exigua larvae via surface contamination of semi-synthetic diet 

(Smits et al., 1988). Virus was purified by grinding deceased larvae, filtering through a 

double layer of cheese-cloth and two centrifugation steps. The polyhedra were resuspended 

and stored in a glycerol/water (1:1) solution in the dark at 4°C. 

ph egt 

1 1 1 
0 10 20 30 40 50 60 

pp34 plO 

1 1 1 
70 80 90 101 

B 

10 20 30 40 50 60 70 80 90 100 110 120 130 
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Xbal TAA 
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RM2 
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Figure 2.1 Schematic representation of the locations of the polyhedrin (ph), ecdysteroid UDP-
glucosyltransferase (egt), polyhedral membrane protein (pp34) and fibrillin (plO) genes (A) and their 
deletions (B) in the AcMNPV genome. Nucleotide positions are according to Ayres et al. (1994). 

Virus identification 

Fourth instar S. exigua larvae were infected by surface contamination of semi-synthetic diet 

with freshly produced AcMNPV, AcMNPV-Ap/?34, AcMNPV-A/>70 and AcMNPV-Aeg?. 

After four days, haemolymph of the infected larvae was taken. One percent phenylthio-urea 

was added to prevent the action of tyrosinases. The haemolymph containing budded virions 
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(BV) was used to infect Sf21-cells. BVs were obtained from the cell culture supernatant and 

the DNA was isolated for further analyses (Caballero et al., 1992). Viral DNA was identified 

by restriction enzyme analysis. 

Bioassays 

Dose-mortality and dose-lethal time relationships were determined using the modified 

droplet-feeding method (Hughes and Wood, 1981). Larvae were starved for 16 h (for all 

instars) at 27°C and were allowed to molt overnight. Stock suspensions of polyhedra were 

diluted, using a 1% PBS-solution with 10% sucrose. Polyhedra were counted using a 

haemocytometer. When the appropriate dilution was obtained, saure-blau (food-coloring) was 

added until a deep blue solution was obtained. Newly molted larvae were allowed to drink 

from polyhedron suspensions of known concentrations for 10 minutes. The suspensions were 

offered in small droplets, applied in a circle on a layer of parafilm placed on the bottom of a 

Petri dish. Larvae that ingested polyhedron suspension, as judged by the uptake of blue stain, 

were transferred to individual wells of a 12-well tissue culture plate with fresh artificial diet. 

The wells were covered with two layers of paper tissue and a lid. Larvae were reared at 27°C 

and mortality was recorded twice per day until all larvae had either pupated or died. 

In a first set of assays, dose-mortality and dose-lethal time relationships of second and 

fourth instar larvae were determined for all five viruses, whereas for neonate, third and fifth 

instar larvae these relationships were determined for wild-type AcMNPV and AcMNPV-

App34 only. For each virus five different polyhedra concentrations were used, with 36 larvae 

per concentration. In a second set of assays, aimed at comparison of lethal times, second 

instar larvae were inoculated with 106 and 109 polyhedra ml'1 suspensions of wild-type 

AcMNPV and AcMNPV-Aegf. The larval stage and mortality was recorded twice per day. 

Bioassays of both experiments were replicated three times. 

Measurement of volumes ingested: 

The volume ingested by larvae was measured by feeding 16 h starved larvae the standard PBS 

solution with 10% sucrose, spiked with a known concentration of 32P (Hughes et al, 1984; 

Smits and Vlak, 1998a). After ingestion, the larvae were placed individually in counting vials 

and frozen at -20°C. The isotope uptake was determined using Cerenkov radiation in a 

scintillation counter. Scintillation counts from individual larvae were converted to volumes 

ingested solution. 
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Statistical analyses 

The dose-mortality data were analyzed by probit analysis, using the computer program POLO 

(Russell et al., 1977). Median lethal times (LT50) were calculated according to Snedecor and 

Cochran (1989). Median lethal times, log LD50 and slopes of probit regression lines of the 

first experiment were analyzed in two subsets. One subset consisted of data of all five viruses 

for second and fourth instar larvae. A second subset consisted of data of AcMNPV and 

AcMNPV-Ap/?54 for all five larval instars. The data sets were analyzed using regression 

analysis and t-tests of pairwise differences using Genstat (Payne et al., 1993). 

2.3 Results 

The cumulative frequency distributions of the volumes ingested by S. exigua are presented in 

Figure 2.2. The median volumes ingested were 0.013, 0.09, 0.55, 1.7 and 6.6 |j.l for first to 

fifth instar larvae, respectively. The distribution of ingested volumes was skewed, which 

resulted in lower median than mean ingested volumes. For the calculation of the ingested 

dose median ingested volumes were used. 

0.6 

0.0 

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 

log volume ingested (ul) 

Figure 2.2 Cumulative frequency distributions of the volumes ingested by five larval instars S. 
exigua. 

Estimated parameters (LD50 and slope) and associated statistics of probit regression 

lines describing dose-mortality relationships are shown in Table 2.1. The LD50 values 

increased rapidly from the first to fifth larval instar. AcMNPV LD50 values for second and 

fourth instar were approximately 13 and 600 polyhedra, respectively. SeMNPV LD50 values 
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for these larval instars were 3 and 44 polyhedra, respectively, which were significantly lower 

than those for AcMNPV (P < 0.001). The slopes of AcMNPV and SeMNPV probit lines were 

not significantly different, indicating a similar variation in susceptibility of the insect 

population to these two viruses. 

The deletion of single pp34-, plO- and egf-genes had little or no effect on the dose-

mortality relationships (Table 2.1). AcMNPV and AcMNPV-App34 log LD50 values were not 

significantly different for five larval instars of S. exigua (P = 0.143). Log LD50 values for 

AcMNPV-Ap70 and AcMNPV-Aeg? in second and fourth instar larvae did not differ 

significantly from wild-type AcMNPV. None of the AcMNPV deletion mutants had a 

significantly different slope as compared to wild-type AcMNPV. 

Table 2.1 Summary of probit analyses of dose-mortality data obtained for SeMNPV, AcMNPV and 

three recombinants of AcMNPV using the droplet-feeding method. 

Instar 

1 

1 

2 

2 

2 

2 

2 

3 

3 

4 

4 

4 

4 

4 

5 

5 

Virus 

AcMNPV 

AcMNPV-Ap/>54 

AcMNPV 

AcMNPV-App34 

AcMNPV-Aegf 

AcMNPV-Ap/0 

SeMNPV 

AcMNPV 

AcMNPV-Appi4 

AcMNPV 

AcMNPV-A/?p34 

AcMNPV-Aegf 

AcMNPV-A/>70 

SeMNPV 

AcMNPV 

AcMNP\-App34 

log U W 

0.554" 

0.596" 

1.13a 

1.03a 

1.06° 

1.35a 

0.47b 

2.33a 

2.28a 

2.81a 

3.19" 

3.17a 

2.78" 

1.64b 

6.8" 

7.9a 

±0.04 

±0.15 

±0.27 

±0.39 

±0.35 

±0.65 

±0.22 

±0.29 

±0.14 

±0.16 

±0.31 

±0.03 

±0.36 

±0.61 

±1.2 

±0.0 

L D ^ 

3.6 

3.9 

13.5 

10.7 

11.5 

22.2 

2.9 

214 

190 

639 

1562 

1486 

605 

44 

7.0 xlO6 

7.8 x 107 

Slope ± 

1.59" 

1.41" 

1.50" 

1.26a 

1.88a 

1.00a 

1.55s 

1.03a 

1.08" 

0.94a 

1.12" 

0.84a 

0.95a 

0.99" 

1.26a 

0.70" 

SD 

±0.44 

±0.42 

±0.42 

±0.13 

±0.33 

±0.38 

±0.10 

±0.21 

±0.14 

±0.12 

±0.14 

±0.10 

±0.15 

±0.26 

±0.75 

±0.23 

X2/df 

11.4/3, 

11.8/3, 

0.7/3, 

1.5/3, 

10.5/3, 

7.5/3, 

30.0/3, 

8.7/3, 

7.0/3, 

2.9/3, 

11.5/3, 

1.6/3, 

8.3/3, 

5.7/3, 

1.2/3, 

8.8/3, 

1.6/3, 

3.9/3, 

9.1/3, 

3.8/3, 

5.2/2, 

1.6/3, 

10.0/3, 

6.6/3, 

1.9/3, 

10.5/3, 

7.1/3, 

5.0/3, 

3.7/3, 

7.3/3, 

5.8/3, 

0.0/3, 

2.8/3 

2.2/3 

3.5/3 

3.3/3 

0.9/3 

0.9/3 

11.3/3 

4.0/3 

2.3/3 

2.4/3 

5.1/3 

4.1/3 

1.1/3 

7.6/3 

2.3/3 

0.9/3 

* Log LD50 and LD50 calculations based on median values of ingested volume. 

Superscript letters indicate significant differences compared to wild-type AcMNPV for each instar. 
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Table 2.2 Summary of LT50 data obtained for SeMNPV, AcMNPV and three recombinants of 

AcMNPV using the droplet-feeding method. 

AcMNPV 

AcMNPV-Ap/754 

AcMNPV-A<?£f 

AcMNPV-Ap70 

SeMNPV* 

;onc.1 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

L 

185.5 

77.9 

89.5 

87.8 

87.0 

89.3 

85.4 

85.8 

91.7 

85.3 

±0.0S 

±5.8S 

±5.6 

±0.9 

±4.6 

±7.4S 

± 17.1 s 

±11.1 

±4.6 

±1.7 

L2 

91.3 ± 0.7 s 

93.7 ±7.5 

88.7 ±2.0 

88.3 ±0.6 

88.0 ±0.3 

94.7 ±5.9 

92.9 ±5.6 

93.3 ±3.5 

91.4 ±6.7 

87.8 ±2.6 

88.2 ± 4.2 s 

86.1 ± 1.7 

86.7 ± 2.9 

87.3 ±2.8 

86.2 ± 1.3 

98.6 ± 11.5 

98.0 + 4.0 

99.2 ± 1.0 

99.5 ±2.8 

94.2 ±2.7 

70.8 ± 1.45 

74.0 ± 0.0 s 

69.1 ±4.9 

72.1 ±4.2 

71.1 ±3.1 

L3 

106.2 

96.7 

87.4 

89.0 

87.3 

99.2 

93.7 

95.2 

91.9 

88.9 

± 20.3s 

± 12.0 

±2.8 

±4.9 

± 1.4 

± 18.6 s 

±5.0 

±4.8 

±7.9 

±6.0 

L4 

104.5 ± 10.5 

100.1 ±4.9 

96.4 ±3.6 

91.6 ±2.0 

91.5 ±1.2 

106.3 ± 12.9 

102.0 ±7.2 

102.1 ±7.2 

90.7 ±7.2 

91.0 + 0.8 

102.7 ±3.8 

100.2 ±5.7 

101.3 ± 11.5 

95.8 ±9.6 

93.4 ±7.5 

122.9 ± 17.6 

119.4 ± 13.0 

111.0± 11.9 

105.4 ±4.9 

101.3 ±2.0 

87.6 ±7.3 

91.4 ±8.6 

87.2 ±6.6 

83.5 ±4.0 

79.0 ±8.6 

L5 

122.7 ± 0.0 s 

124.0 ± 0.0 s 

86.5 ± 0.0 s 

110.7 ± 0.4 s 

110.5 ± 0.3 s 

nd 

124.0 ± 0.0 s 

124.0 ± 0.0 s 

92.2 ± 4.2 s 

129.8 ± 8.1 s 

* polyhedra concentrations used for first to third instar larvae: 104 (1), 3x04 (2), 105 (3), 3xl05 (4), 106 (5), fourth 

instar larvae 105 (1), 3xl05 (2), 106 (3), 3xl06 (4), 107 (5) and fifth instar larvae 106 (1), 3xl06 (2), 107 (3), 3xl07 

(4), 108 (5) (polyhedra ml"1). 

* polyhedron concentrations for SeMNPV were ten times lower than for wild-type AcMNPV and AcMNPV 

recombinants 
5 LTm values based on few observations 
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The median lethal times (LT50) for AcMNPV, SeMNPV, AcMNPV-App34, 

AcMNPV-Ap/0 and AcMNPV-Aeg/ are presented in Table 2.2. The LT50 decreased with dose 

and increased with instar. SeMNPV, with typical LTS0 values of 72 and 84 hour, respectively, 

for the second and fourth instar at concentrations 4 and 5, had a higher speed of action than 

AcMNPV, with typical LT50 values of 88 and 92 hour for the same instar/concentration 

combinations (P < 0.001). AcMNPV-Ap/0 had significantly higher LT50 values than wild-

type AcMNPV with approximately 97 and 103 hour for second and fourth instar larvae at 

concentrations 4 and 5 (P < 0.001). The speed of action of AcMNPV-A/?p3</ did not differ 

from that of wild-type AcMNPV (P = 0.303). Likewise, AcMNPV-Aegf, which was expected 

to have an increased speed of action on the basis of previous observations (O'Reilly and 

Miller, 1991; Flipsen et al., 1995), had a similar speed of action as AcMNPV in our assay 

system (P = 0.776). 

The speed of action of wild-type AcMNPV and AcMNPV-Aeg/ was investigated in a 

further experiment. The LT50 values and the instar at death of S. exigua larvae infected at 

second instar with 106 and 109 polyhedra ml"1 suspensions are presented in Table 2.3. 

Table 2.3. Summary of LTJQ data and molting behavior obtained for AcMNPV wild-type and 
AcMNPV-Aegt using the droplet-feeding method. 

Instar 

2 

2 

2 

2 

Vims 

AcMNPV 

AcMNPV-Aegf 

AcMNPV 

AcMNPV-Aeg< 

cone. 

106 

106 

10' 

10" 

LT50 

95.3a ± 1.5 

93.7' ± 1.2 

69.0b ±1.1 

69.9b ±0.8 

instar at death 

L3 

L3 

L2 

L3 

Superscript letters indicate significant differences compared to wild-type AcMNPV for each instar. 

The LT50 values of wild-type AcMNPV and AcMNPV-Aeg? decreased with dose, but did not 

significantly differ. Larvae infected with the low dose of wild-type AcMNPV molted to the 

third instar before they died, whereas larvae infected with the high dose died as second 

instars. Larvae treated with both the low and high dose AcMNPV-Aeg* all died as third instar. 

A small fraction of larvae that were infected with the high dose of AcMNPV-Aeg/ died 

during their molt into the third instar (0.11, 0.17 and 0.24 per repetition). These individuals 

died 40 to 50 hours after infection, whereas those, which survived the molt, died 60-90 hours 

after infection. Peak mortality of larvae infected with the high dose AcMNPV-Aegi occurred 

somewhat later than in wild-type AcMNPV, resulting in a slightly higher LT50 value of 
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AcMNPV-Aeg* despite of the early death of larvae which died during their molt. Third instar 

larvae infected with the high dose AcMNPV-Aeg? often had difficulty to shed their cuticle, 

which resulted in an abnormal development. 

2.4 Discussion 

In this study we compared the biological activity of wild-type AcMNPV and three AcMNPV 

deletion mutants in absence of a marker gene such as P-galactosidase. In earlier studies 

deletion mutants often contained such a genetic marker that may give rise to erratic results 

(Bonning et al., 1992; Wood et al., 1993). For an appropriate evaluation of the effect of a 

gene deletion on biological activity, a selection of AcMNPV deletion mutants was 

constructed with a single deletion only, and compared with wild-type AcMNPV. In this way 

the effects of a monofactorial difference can be determined. 

Information on the volumes ingested is critical for an accurate calculation of the actual 

virus dose. The S. exigua larvae ingested volumes were 30 to 70 % lower than the values 

found by Smits and Vlak (1988a) but corresponded well with the findings of Caballero et al. 

(1992) for second instar S. exigua. This suggests that the ingested volumes vary and may 

need to be determined for each experiment. The distribution of the ingested volume is 

skewed, with a lower median as mean value. The choice of either median or mean ingested 

volume to calculate the ingested dose affects the LD50 value. This value becomes higher when 

the mean ingested volume is used than when the median volume is used. There are no 

fundamental reasons why one choice would be better than the other, as long as it is 

consistently used. We used the median ingested volume. 

The LD50 values of the wild-type AcMNPV and SeMNPV in this study are in the 

same range as reported by Smits and Vlak (1988 a,b,c) and Caballero et al. (1992). Smits et 

al. (1988a) conducted the experiments with the same source of SeMNPV and the same insect 

population, but ten years earlier. Apparently, the susceptibility of the laboratory insects and 

the intrinsic biological activity of the virus remained unchanged during this period. 

AcMNPV-A/?70 and wild-type AcMNPV did not differ in infectivity for second and 

fourth instar S. exigua larvae. Previously, Vlak et al. (1988) found a slightly lower LD50 of an 

AcMNPV-Ap/0 expressing P-galactosidase (4.2) as compared to wild-type AcMNPV (11.3) 

for second instar S. exigua in a similar bioassay. These LD50 values were based on a single 

bioassay and the difference in infectivity between AcMNPV-Ap/0 and wild-type AcMNPV 

may fall within the power of discernment. The similarity of dose-mortality relationships of 

wild-type AcMNPV and the polyhedral membrane deletion mutant AcMNPV-App34 found 
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for all five larval stadia of S. exigua is not in accordance with observations of Ignoffo et al. 

(1995). In the latter a six times lower LD50 value for an AcMNPV-App34 mutant was 

reported in first instar of T. ni, but this mutant expressed P-galactosidase. In contrast to the 

present experiments, first instar larvae of T. ni were reared on contaminated diet and thus 

were continuously exposed to the virus. Alternatively, the difference in results may be 

attributed to a difference in species response and not to the presence of P-galactosidase. 

Bonning et al. (1992) found that recombinants expressing p-galactosidase had higher rather 

than lower LD50 values than wild-type AcMNPV. It seems that p-galactosidase thus has an 

erratic behavior. As expected (O'Reilly and Miller, 1991), LD50 values of AcMNPV-Aeg/ and 

wild-type AcMNPV were not significantly different in our experiments. 

The infectivity of a virus depends on its ability to release virions from the polyhedra, 

overcome resistances in the larval midgut (e.g. the peritrophic membrane), to attach to 

susceptible cells, and to penetrate and replicate in these cells. Our findings indicate that 

polyhedra formation in absence of fibrillar structures (AplO), the polyhedral membrane 

(App34) or ecdysteroid UDP-glucosyltransferase (Aegt) in infected cells does not 

substantially alter the infectivity of AcMNPV. In the case of AcMNPV-App34, which has an 

increased capacity to release ODVs in a weak alkaline environment (Zuidema et al., 1989), 

the data suggest that the efficiency of polyhedron release in the larval midgut is not a limiting 

factor in the infection process. 

The LT50 values for AcMNPV and SeMNPV in S. exigua were in general somewhat 

lower than those reported by Vlak et al. (1988) and Smits and Vlak (1988a), but resemble 

values of Caballero et al. (1992) in that SeMNPV kills about a day faster than AcMNPV. The 

deletion of the egt gene did not lead to an increased speed of action of AcMNPV in S. exigua 

(Table 2.2). This is in contrast to findings of O'Reilly and Miller (1991) who found that 

deletion of the egt gene resulted in an increased speed of action in S. frugiperda. In our study 

clear differences in molting behavior between larvae infected with wild-type AcMNPV and 

AcMNPV-Aeg/ were observed (Table 2.2). Larvae inoculated with 106 polyhedra ml"1 wild-

type AcMNPV molted into the third larval stage before they died whereas larvae exposed to 

109 polyhedra ml"1 died in the second instar. When larvae were infected with a high dose 

wild-type AcMNPV ecdysteroids are apparently efficiently conjugated, leading to a 

developmental arrest as described by O'Reilly and Miller (1989). This arrest does not take 

place when larvae were infected with lower doses, suggesting that the EGT titer in larvae at 

the molt is not high enough to conjugate all larval ecdysteroids. In this case, the number of 

initially infected cells may not be sufficient to produce enough EGT. Larvae infected with 
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AcMNPV-Aeg? always molted into the third larval stage except for a small fraction of the 

larvae inoculated with 109 polyhedra ml"1 that died during their molt. Nevertheless, this 

fraction was too small to affect the average LT50. 

Flipsen et al. (1995) demonstrated a 30-h reduction in LT50 of an AcMNPV-AegJ 

expressing P-galactosidase as compared to AcMNPV/LacZ with second instar S. exigua 

inoculated with a 107 polyhedra ml"' suspension. Although no differences in molting patterns 

between mock-infected, wild-type AcMNPV and AcMNPV-Aegf infected larvae were then 

observed, the egt deletion mutant killed considerably faster. An early degeneration of 

Malpighian tubules in the AcMNPV-AegMnfected larvae was held responsible for the 

reduction in LT50. In our study the ingestion of high doses AcMNPV-Aeg? or wild-type 

AcMNPV polyhedra induced, as expected (O'Reilly and Miller, 1991), a molt or a 

development arrest in infected larvae, respectively. However, in our case a difference in speed 

of action was not observed. This may be due to the absence of P-galactosidase in the present 

construct AcMNPV-Aeg/. To test this possibility a comparative bioassay using the AcMNPV-

Aegt mutant expressing P-galactosidase (Flipsen et al, 1995) and the AcMNPV-Aegt mutant 

used in this paper showed similar LT50 values. This suggests that changes in the insect 

population over time or the synchrony of larval development might explain the discrepancy 

between the present and previous results rather than the absence/presence of P-galactosidase. 

The occurrence of the molt upon infection with our AcMNPV-Aeg? recombinant is 

clearly the result of the absence of the egt-gene. Our results thus reveal that the improved 

insecticidal properties of AcMNPV-Aeg£ against S. exigua larvae are at least ambiguous and 

suggest that the suitability of AcMNPV-Aeg? as improved crop protection agents needs to be 

evaluated case-by-case (Slavicek et al., 1999). The LT50 values for AcMNPV-Ap/0 were 

higher than for AcMNPV wild-type. Possibly, the absence of the fibrillar structures in 

AcMNPV-A/?70-infected cells (van Oers and Vlak, 1997) impairs the disintegration of the 

tissues and hence the spread of the virus in the whole organism. 

Extensive bioassays revealed that AcMNPV and SeMNPV had clear differences in 

infectivity and speed of action, but that deletion of single pp34 and egt genes of AcMNPV 

had hardly any effect on these viral characteristics. For significant improvement of the speed 

of action of AcMNPV and other baculoviruses the insertion of entomotoxic genes such as 

AalT holds more promise (Stewart et al, 1991; McCutchen et al, 1991; Cory et al, 1994; 

Blacked/., 1997). 
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3 
The polyhedral membrane does not protect polyhedra of 
AcMNPV against inactivation on greenhouse chrysan
themum 

Polyhedral inactivation of wild-type Autographa californica multicapsid 

nucleopolyhedrovirus (AcMNPV) and an AcMNPV mutant lacking the gene for the 

polyhedral membrane protein (AcMNPV-App3 4) was studied on greenhouse 

chrysanthemum. It was anticipated that polyhedra without a polyhedral membrane 

might be more susceptible to inactivation on plants. The density of infectious 

polyhedra of both viruses on the leaf surface decreased in time. It appeared that there 

were two distinct fractions of polyhedra with clear differences in persistence. One 

fraction of polyhedra is not inactivated at all, whereas the other fraction is 

inactivated in an exponential fashion. Relative inactivation rates of the inactivated 

polyhedra fraction for wild-type AcMNPV and AcMNPV-App34 were 0.16 and 0.13 

day~\ respectively, which is not significantly different. After 28 days on leaves in a 

greenhouse, both viruses still showed residual infectivity. The fraction of residual 

infectious polyhedra were not significantly different and amounted to approximately 

20 % of the original density for both wild-type AcMNPV and AcMNPV-App34. 

Therefore, the polyhedral membrane does not protect polyhedra against inactivation 

on greenhouse chrysanthemum. 

This chapter has been published as: 
Bianchi, F.J.J.A., Joosten, N.N., Gutierrez, S„ Reijnen, T.M., van der Werf, W., and Vlak, J.M. 2000. 
Biocontr. Science Technol. 9, 523-527. 
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3.1 Introduction 

Autographa californica multicapsid nucleopolyhedrovirus (AcMNPV) is the baculovirus type 

species (Murphy et al, 1995). The viral genome has been sequenced and several genes have 

been functionally characterized (Ayres et al, 1994; Miller, 1997). Deletion mutagenesis 

proved to be a useful strategy to study the function of specific genes in baculovirus 

replication, pathogenesis and environmental behavior (Miller, 1997). 

Zuidema et al. (1989) and Ignoffo et al. (1995) reported that an AcMNPV mutant 

with an insertion in the pp34 gene (AcMNPV-App34) had altered polyhedral characteristics. 

When the pp34 gene is inactivated, polyhedra lack the polyhedral membrane or calyx, which 

makes such polyhedra more sensitive to weak alkali (Zuidema et al., 1989). Ignoffo et al. 

(1995) reported for Trichoplusia ni larvae that polyhedra of an AcMNPV-Af>pJ4 insertion 

mutant had a six times higher infectivity than wild-type AcMNPV. In contrast, we found that 

an AcMNPV-App34 deletion mutant that lacked the complete pp34 gene had the same 

infectivity as wild-type AcMNPV for Spodoptera exigua larvae (chapter 2). 

Wild-type AcMNPV and AcMNPV-App34 polyhedra had similar inactivation curves 

when exposed to simulated sunlight-ultraviolet (UV) radiation (Ignoffo et al, 1995). 

Although the polyhedral membrane does not seem to be involved in the inactivation of 

polyhedra by this type of radiation, its presence may still be important for the persistence of 

polyhedra on plants and in the environment. Besides UV radiation, polyhedra on plants are 

exposed to other potential inactivation factors, such as plant exudates and dew (Elleman and 

Entwistle, 1985; Tuan et al, 1989). AcMNPV-App34 polyhedra might be more susceptible to 

inactivation by these factors than wild-type AcMNPV because of their increased sensitivity to 

weak alkali. 

Greenhouse chrysanthemum is an economically important ornamental in the 

Netherlands that is severely infested by beet armyworm, S. exigua. Baculoviruses are often 

used as biological control agents to control this pest insect. In addition, growth characteristics 

of greenhouse chrysanthemum, S. exigua behavior as well as baculovirus epidemiology are 

well studied, allowing computer modeling of this system. In this study we quantified the 

inactivation rates of wild-type AcMNPV and AcMNPV-App34 polyhedra on chrysanthemum 

in a greenhouse. 
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3.2 Material and methods 

Insects 

Laboratory colonies of S. exigua were maintained as described by Smits et al. (1986). Larvae 

were reared from sterilized eggs and incubated at 27°C, 70-80% relative humidity and a 16 h 

photoperiod. 

Viruses 

In the AcMNPV-A/?p54 deletion mutant the pp34 gene was deleted from the ATG to the TAA 

(Figure 3.1). The E2 clone of AcMNPV was used as control virus (Summers and Smith, 

1987). The viruses were propagated in fourth instar S. exigua larvae via surface 

contamination of semi-synthetic diet (Smits and Vlak, 1988a). Virus was purified by grinding 

deceased larvae, filtering through a double layer of cheese-cloth and two centrifugation steps. 

The polyhedra were resuspended and stored in a glycerol/water (1:1) solution in the dark at 

4°C. Suspensions of wild-type AcMNPV and AcMN?V-App34 (1.67xl06 polyhedra ml"1) 

were prepared in a 1 % PBS solution and the polyhedra concentrations were measured with a 

haemocytometer. These polyhedra suspensions were stored in the dark at 4° C during the 

experiment. 

AcMNPV w 

AcMNPV-Lpp34 \ A 

ATG 

756 nt 

110903 

BglH 

110900 

TAA 

111659 

Sg/ll 

111708 

Ay 

Ay 

Figure 3.1 Schematic representation of wild-type AcMNPV and the AcMNPV-App34 deletion 
mutant. Nucleotide positions are according to Ayres et al. (1994). 

Bioassays 

The inactivation of wild-type AcMNPV and AcMNPV-App34 polyhedra on plants was 

studied under greenhouse conditions. At weekly intervals, 3 uj droplets of polyhedra 

suspensions were applied to the upper side of chrysanthemum leaves. Twenty-eight days after 

the first set of droplets had been applied, all treated leaves were collected, and discs prepared 
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using a 10 mm diameter cork bore. Care was taken to include all applied polyhedra on the 

leaf discs by marking the sites with a Tipp ex (Citius) ring prior to virus application. 

The infectivity of the exposed polyhedra on the leaf discs was determined in a leaf 

disc bioassay. Leaf discs were placed individually in wells of a 12-well tissue culture plate 

containing 1 ml 1.5 % agar. One third-instar S. exigua larva was added per well. The wells 

were covered with two layers of paper tissue and a lid. Larvae that ingested the entire disc 

within 24 h were transferred to individual wells of a 12-well tissue culture plate with fresh 

artificial diet. Larvae were reared at 27°C and mortality was recorded after all larvae had 

either pupated or died. To construct dose-mortality reference lines, additional leaf disc 

bioassays were conducted with five known doses of each virus and using third instar S. 

exigua larvae. For each leaf disc bioassay 36 larvae were used. The experiment was repeated 

three times. 

Statistical analysis 

Logit regression lines were fitted to dose-mortality data with the computer program POLO 

(Russell et al., 1977) and these lines were used as dose-mortality reference lines. Mortality of 

larvae that ingested leaf discs with exposed polyhedra were converted to number of infectious 

polyhedra using the dose-mortality reference lines for each virus. Polyhedra inactivation was 

described by a model that distinguished two fractions of polyhedra: a residual fraction of 

infectious polyhedra that is not inactivated and a fraction of infectious polyhedra that is 

inactivated in an exponential fashion. The parameters of this model are the relative 

inactivation rate of the inactivated polyhedra fraction and the number of polyhedra in the 

residual fraction. The number of polyhedra in the inactivated fraction is calculated as the 

number of infectious polyhedra measured in the unexposed sample minus the number of 

polyhedra in the residual fraction. Inactivation curves were fitted to polyhedra inactivation 

data. Fitted parameters for wild-type AcMNPV and AcMNW-App34 were compared with 

the Wilcoxon rank-sum test using Genstat (Payne et al., 1993). 

3.3 Results and discussion 

The inactivation of polyhedra of wild-type AcMNPV and AcMNPV-A/?p54 on 

chrysanthemum was studied under greenhouse conditions. The decrease in the number of 

infectious polyhedra was high during the first 7 days after which it gradually decreased. In 

Table 3.1, fitted relative inactivation rates and residual number of infectious polyhedra are 
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