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Abstract

Two main methods in sustainable pest control are host plant resistance and biological
control. These methods have been developed in isolation. However, host plant characteristics
can decisively affect the effectiveness of biological control agents, and therefore when altering
plant characteristics in a breeding programme, the implications for biological control should be
studied as well. Moreover, this may also provide the opportunity to breed for plants that are
optimally compatible with biological control agents.

Breeding for host plant resistance has a long history. However, in the past decades a new
development was to use transgenes to generate plants resistant to pests and diseases. In
more recent years also Plant genetic engineering makes it possible to transfer a foreign gene
to a host plant to introduce resistance against insects or to produce a volatile which can attract
the natural enemy of the pest after the host plant is wounded by insect herbivores. In this
thesis | have modified direct and indirect defence to herbivores in Arabidopsis plants through a
transgenic approach. In order to evaluate transgenic Arabidopsis with different genes that
influence direct and indirect defence to the herbivore Plutella xylostella (diamondback moth,
DBM).

| investigated the effect of a protease inhibitor from mustard plants (Mustard Trypsin Inhibitor
2, MTI2). MTI-2 transgenic Arabidopsis did not affect the performance of a Dutch and a
Chinese strain of DBM. My data show that the gut enzymes of DBM are insensitive to MTI2,
which can be explained by the specific inactivation of MTI2. DBM has apparently developed
MTI2 inactivation as a way to protect itself against this protease inhibitor. This makes
ecological sense as MTI2 is part of the defense of its brassicaceous host plants.

Terpenoids are among the plant volatiles involved in indirect defence of many plant species.
| exploited the availability of a linalool synthase (LIS) gene to develop transgenic
herbivore-inducible linalool-producing Arabidopsis plants and developed Arabidopsis plants
with this linalool synthase gene under the protease inhibitor 2 (PI2) promoter from potato. As a
result the linalool synthase was inducible by methyl jasmonate application, but not by P.
xylostella infestation.

To investigate a transgenic approach to combining direct and indirect defence, a gene
encoding a Bt toxin and a gene encoding linalool synthase were integrated into Arabidopsis as
a model. The data show that hybrid lines carrying Bt and LIS genes in Arabidopsis combine
toxicity to the DBM larvae (due to Bt) and repellence to the adults of DBM (due to linalool).
Moreover, the linalool emission also affected parasitoid behaviour when the plants were
damaged. DBM-infested dual transgenic plants were more attractive to the parasitoid D.
semiclausum than undamaged dual transgenic plants, but less attractive than DBM-infested
untransformed plants. The percentage parasitization of DBM larvae on transgenic plants was
not affected by the transgenes.

In conclusion, my data provide interesting options for the development of transgenic crops
that interfere with the biology of pests and enhance the effectiveness of the pest’s natural
enemies. In this way transgenic crops that integrate host plant resistance with biological
control may be developed.



Chapter 1
General Introduction

Yang, L.M.

1. Background

The biological control of pests in agricultural systems can be traced back to the third century
AD, when Chinese farmers released ants in their crops to reduce pest numbers. However,
since the introduction of synthetic pesticides in the 1940s, carnivorous arthropods and
beneficial microorganisms have usually been eliminated from crop systems where chemical
pest control was practiced (Dicke 1999). Major disadvantages of pesticide use are its
negative side-effects on beneficial organisms and other non-target species, the persistence of
such synthetic organic insecticides in the environment and a rapid increase of resistance in
herbivorous species. To produce cultivars resistant to pests is still the major approach to crop
protection against insect pests (Smith, 2005). However, just like insects can develop
resistance to pesticides, they can overcome plant resistance too. With the development of the
genetic engineering technology, a new possibility has been made available to develop
pest-resistant plants. The genes involved in transgenic host-plant resistance programs mainly
encode Bt toxins, proteinase inhibitors and lectins. Most research and utilization efforts focus
on Bacillus thuringiensis (Bt) genes. Bt-crops can be considered as possessing a specific form
of host plant resistance. However, during its development, possible effects on natural
enemies have largely been ignored (Groot & Dicke, 2001). Some studies showed that Bt-crops
may not affect the environment and natural enemies of target or non-target pests (Head et al.,
2002; Sisterson et al., 2004; Romeis et al., 2006). In most cases, both host-plant resistance
and biological control represent self-renewing processes, insofar as the control itself is built
into the seed, in the case of host plant resistance, or is present in the crop’s environment, in
the case of biological control. In both cases, control extends between pest generations over
the cropping season and, potentially indefinitely, as long as resistance persists in the crop line
and natural enemies persist in the agroecosystem. It is essential to analyze
plant-herbivore-natural enemy interactions for crop protection programs in which both host
plant resistance and biological control are important components of pest control (Thomas &
Waage, 1996).

2. Host plant resistance (HPR) and biological control (BC)

Plants have two ways of defence against herbivores. One is direct defence, which affects
herbivores directly through physical or chemical means, such as thorns, toxins, digestibility
reducers. The other is indirect defence, which promotes the effectiveness of carnivores (Dicke,
1999). A direct defence is to employ toxins such as alkaloids, phenolics, terpenoids, which are
lethal for herbivores in some cases. While another direct defence is to produce substances
such as tannins and phenolics as digestibility reducers to delay herbivore development. A
plant’s indirect defence can promote the performance of carnivores in several ways. For
example plant morphological characteristics that can support the activities of natural enemies,
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or plant substances prolonging herbivore development which results in the herbivore
remaining in a stage that is susceptible to carnivores for a longer period of time, or induced
plant volatiles that help carnivores to find their herbivorous prey (Dicke, 1999; Groot & Dicke,
2001).

It has been recognized that many of the plant traits and processes that negatively affect
herbivores change following attack. Karban & Baldwin (1997) refer to changes in plants
following damage or stress as induced responses. Those induced responses that decrease
the negative fitness consequences of herbivore attack on plants are termed induced
defences, including induced direct and indirect defences. Induced direct defence normally
acts through preventing herbivores from converting a plant’s tissues into their own tissues
after damage or stress. In induced indirect defences, two types can be distinguished. One is
wound-induced change in the production of extrafloral nectar. The other acts through the
emission of induced volatile compounds in response to herbivory that attracts predators and
parasitoids of herbivores. Many induced responses to wounding are systemic. In such cases
the damaged plant tissue may produce a signal that is transmitted systemically throughout
undamaged parts of the plant, causing the induction of new morphological or physiological
states, the induced response. Several different signal transduction pathways are involved,
including chemical and electrical signaling. Signalling compounds include 1) oligosaccharide
fragments of plant cell walls; 2) systemin (an oligopeptide); 3) salicylic acid; 4) ethylene,
which mediates induced defences such as induced volatile production; 5) abscisic acid; 6)
jasmonic acid and methyl jasmonate; and 7) electrical signals (Karban & Baldwin, 1997; Ledn
et al., 2001; Lorenzo et al., 2004; Adie et al., 2007).

The volatile compounds that plants emit when they are damaged typically are mixtures of
Cé6-alcohols, -aldehydes, and -esters produced by the oxidation of membrane-derived fatty
acids, and terpenoids and aromatic compounds such as methyl salicylate and indole. These
herbivore-induced volatiles released by plants were found to increase the foraging efficiency
of carnivores, and carnivores may learn to associate the volatiles with actively feeding
herbivores (Vet & Dicke, 1992; Karban & Baldwin, 1997; Dicke & van Loon 2000; Turlings &
Ton, 2006).

Plant defences have been exploited by humans to develop two methods of
environmentally-benign pest control: plant resistance based on direct defence and biological
control based on indirect defence.

Host plant resistance (HPR) can be defined as the inherited property that enables a plant
to avoid, tolerate, or recover from injury by insect populations. For crop production, host plant
resistance represents the inherent ability of crop plants to restrict, retard or overcome pest
infestations and thereby to improve yield or quality of the harvestable product. Three
mechanisms of plant resistance to insects are commonly recognized: antixenosis
(non-preference), antibiosis, and tolerance. Antixenosis is defined as a relatively low
acceptability of a plant as a host to an insect herbivore. Plants that exhibit antixenotic
resistance would be expected to have reduced initial infestation or a higher emigration rate of
the insect than susceptible plants. The basis of this resistance mechanism can be
morphological or chemical. Antibiosis is defined as the mechanism leading to negative effects
of a resistant plant on the biology of an insect which has colonised the plant. Both chemical
and morphological plant traits can have antibiotic effects. The consequences of antibiotic
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resistance may vary from mild effects that influence fecundity, development times and body
size, through to acute direct toxic effects resulting in increased insect mortality. Tolerance is
the degree to which a plant can support an insect population that under similar conditions
would severely damage a susceptible plant. That is, when two cultivars are equally infested
the less tolerant one has a smaller yield (Thomas & Waage, 1996).

Biological control is the suppression of a pest population using predators, parasitoids and
pathogens. There are three main forms of biological control: 1) conservation of natural
enemies already present in the environment; 2) augmentation and dissemination of natural
enemies of pests, such as microorganisms, nematodes, and arthropods. 3) classical
biological control—to suppress a pest population permanently through a single introduction of
a natural enemy (Thomas & Waage, 1996). A parasitoid is an insect that as a juvenile, lives
at the expense of another one (host) and it usually does not kill its host immediately but at the
end of juvenile development. Parasitoids may parasitize eggs, larvae, pupae or adult hosts
and each species is usually highly specific in this. A predator is an insect that eats more than
one other organism during its life and kills its prey immediately. Predators are normally larger
than their prey and are generally much more generalistic than parasitoids. In a successful
biological control programme the pest kill rate of effective natural enemies should be always
higher than the potential maximum rate of population increase of the pest species (Dicke,
1996; Hawkins & Cornell, 1999).

The natural enemies of herbivores can be influenced by plant characteristics independently
of the herbivore or mediated through herbivore activities. The relevant plant characteristics
include the following aspects: i) plant tissues and products that are used as a source of
nutrition by natural enemies; ii) plant morphology; iii) visual and vibrational cues; iv)
secondary plant chemicals; v) plant volatiles (Thomas & Waage, 1996).

Many pest management practitioners have found that host plant resistance is
fundamentally compatible with biological control (Verkerk et al, 1998). Positive interactions
result where natural enemies use herbivore-induced synomones emitted by plants as cues to
find prey (Vet & Dicke, 1992; Dicke et al., 2003; Arimura et al., 2005; D’Alessandro et al.,
2006). Partial plant resistance may also provide benefits for the third trophic level by reducing
the growth rate of prey which in turn increases the duration of their availability to natural
enemies (Feeny, 1976; Price et al., 1980). However, in some cases, negative interactions
between plant resistance and biological control are caused by toxic secondary plant
compounds which can be passed on through herbivores to their natural enemies (Hare, 1992;
Harvey et al. 2003). They may also be caused by plant physical factors which can impede
natural enemy effectiveness (e.g. leaf toughness, cuticle thickness, trichomes (Price, 1986).
Therefore it is important to integrate HPR and BC dexterously.

In the future, fundamental and applied pest control research will have to be more closely
integrated and coordinated to increase efficiency. In this project, the integration of host plant
resistance and biological control will be studied.

3. Herbivore-induced plant volatiles as an important connection in tritrophic systems
Plants, herbivores, and natural enemies of herbivores in food webs of living plants are

strongly dependent on each other. Traits of individual plants may modify interactions between

herbivores and their enemies. When plant defensive traits result in rapid death of
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herbivores, the opportunity to influence interactions between herbivores and enemies will be
minor. Herbivores may either evolve resistance or avoidance responses. In this case,
enemies could not play a role. Digestibility-reducers differ in their effects on herbivores from
toxins through exerting sublethal effects such as impairing growth, reducing resistance to
disease, and reducing fecundity. Digestibility reducers usually delay development of larvae,
resulting in longer exposure to their enemies, thus increasing mortality. They may also affect
herbivore-enemy interactions by causing decreased herbivore body size and hence fecundity.
Mustard Trypsin Inhibitor 2 (MTI2), a serine proteinase inhibitor, expected to be detrimental to
Plutella xylostella, is used in this thesis for the purpose of delaying larval development, and
thus to increase the attack opportunities for a parasitoid of P. xylostella.

The chemical information from plants can be exploited both by herbivores and carnivores
during foraging for food. The volatiles constitutively produced from intact plants generally do
not provide relevant information to foraging carnivores while herbivore-induced plant volatiles
can present a reliable cue for carnivores. The volatiles released from damaged plant tissue
are in many cases systemic and they differ from those released upon herbivore feeding and
mechanical damage (Dicke & van Loon, 2000). The biosynthesis of terpenoids can be
induced by the application of jasmonic acid or its methyl ester, methyl jasmonate (Xu et al.,
1993; Martin et al., 2003). In cucumber and Lima bean many of the volatiles, including the
acyclic terpenes (E, E)- a -farnesene, (E)- B -farnesene, (E)- B -ocimene, linalool,
(E)-4,8-dimethyl-1,3,7-nonatriene, are biosynthesized de novo following herbivore damage.
Other volatile constituents are synthesized from stored intermediates (Paré & Tumlinson,
1997; Bouwmeester et al, 1999). Expressing a (3S)-(E)-nerolidol synthase from strawberry in
Arabidopsis indeed results in the production of (3S)-(E)-nerolidol and
4,8-dimethyl-1,3(E),7-nonatriene and in attraction of a carnivorous mite (Aharoni et al., 2003;
Kappers et al., 2005). Linalool, an acyclic monoterpene alcohol, is one of the volatile
compounds released as an infochemical after herbivore attack in some plant species. It may
attract predators or parasitoids of the herbivores (Dicke et al., 1990). In the current project
this last characteristic of linalool will be exploited.

4. Arabidopsis as an important model plant in this project

Arabidopsis thaliana (L.) Heynh., or thale cress, is a small old-world weed in the mustard or
crucifer family (Brassicaceae syn. Cruciferae), which has long been a research object for
plant genetics. It has a short life cycle and can go from seed to seed in 8—12 weeks.
Individuals are usually self-pollinating and tend to be highly homozygous at all genetic loci.
However, outcrossing can be performed manually and may occur in nature as Arabidopsis
flowers emit volatiles, suggesting the involvement of pollinators (Chen et al., 2003).
Arabidopsis plants are prolific seed producers. Because this plant has been well studied at
the molecular level, it can be exploited to understand in molecular terms the evolution and
distribution of resistance genes and defence mechanisms in ‘wild’ species.

Arabidopsis has been adopted as a model plant for many aspects of plant biology,
hastening development of tools necessary for its emergence as a model in plant-pathogen
interactions (Uknes et al., 1992; Axtell & Staskawicz, 2003). A wealth of information is
available regarding many aspects of its biology. Its rapid life cycle accelerates Mendelian
genetic analysis. Mutagenesis of seeds or pollen via chemical and physical means is
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straightforward. Through traditional mutagenic approaches, saturation screens can be
developed for traits of interest, and several hundred mutations leading to visible phenotypes
have been used to construct a dense genetic map on five linkage groups. Arabidopsis is
readily transformed with either Agrobacterium or naked DNA. The isolation of Arabidopsis
genes known only through their mutant phenotype and map position is also highly advanced.
The nuclear genome is very small compared to other plant species, approximately 120
megabase pairs with an estimated 20,000 genes, and nearly devoid of repetitive DNA.
Physical mapping of cosmid contigs covering 90% of the genome is finished (Dangl, 1993).
The recombinant inbred (RI) map illustrates locations of cloned genes and molecular markers
based on recombination within a defined mapping population produced through repeated
selfing of progeny plants in successive generations. Markers on this map include restriction
fragment length polymorphisms (RFLPs), simple sequence length polymorphisms (SSLPs),
cleaved amplified polymorphic sequences (CAPSs), and a variety of cloned genes,
expressed sequence tags (ESTs), and the ends of bacterial (BAC) and yeast (YAC) artificial
chromosomes. More than 790 markers are included on the Rl map (Meink et al., 1998). Also,
a library of genomic Arabidopsis DNA, maintained in plant-transformation competent
Agrobacterium has recently been made available to the research community. Cloning
strategies based on identification and isolation of sequences deleted at a locus of interest
have also recently been developed for use with Arabidopsis. In 2000 the complete genome of
Arabidopsis has been sequenced, which provides ample opportunities for functional
genomics studies. The intense scrutiny given to the Arabidopsis genome will revolutionize
our understanding of many basic plant processes.

With respect to plant-pathogen interactions, it is particularly important that over 100 land
races or ecotypes of Arabidopsis from various locations around the northern hemisphere are
available. Moreover, it is not difficult to collect Arabidopsis, often infected with pathogens,
from appropriate climates. Any local genetic variation can be expected to be rapidly frozen
after several generations, due to its high rate of inbreeding. Thus, evolution in the presence
or absence of a particular pathogen can be expected to lead to natural variation in
resistance-related gene functions.

Only a few studies on insect-plant interactions have used Arabidopsis as a host plant and
even fewer focussed on indirect defences. Yet Arabidopsis is known to be consumed by
insects, such as caterpillars, and these caterpillars are hosts of parasitoids. The work of Van
Poecke et al. (2001) indicated that Arabidopsis is a good candidate for studying signal
transduction in direct and indirect defences in plants (Van Poecke & Dicke, 2004). Their
studies showed: 1) Adult females of Cotesia rubecula, a specialist parasitoid wasp of Pieris
rapae caterpillars, were attracted to P. rapae-infested Arabidopsis plants. 2) Arabidopsis,
both infested by P. rapae and wounded mechanically emits volatiles from several major
biosynthetic pathways, including terpenoids, methyl salicylate and green leaf volatiles. The
blends from both kinds of plants are similar but not identical. Differences can be found with
respect to several components of the blend, such as two nitriles and the monoterpene
myrcene, that were produced exclusively by caterpillar-infested plants, and methyl salicylate,
that was produced in larger amounts by caterpillar-infested plants. 3) Genes from major
biosynthetic pathways involved in volatile production are induced by caterpillar feeding.
These include AtTPS10, encoding a terpene synthase involved in myrcene production,
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AtPAL1, encoding phenylalanine ammonialyase involved in methyl salicylate production, and
AtLOX2 and AtHPL, encoding lipoxygenase and hydroperoxide lyase respectively, both
involved in the production of green leaf volatiles. Another gene AtAOS, encoding allene oxide
synthase, involved in the production of jasmonic acid, also was induced by herbivory (van
Poecke et al., 2001).

Responses of Arabidopsis to various pathogens and insects involve several signaling
pathways, including SA, JA and ethylene. The potential contribution of these pathways to
defence gene expression was examined by Stotz and co-workers (2000). They determined
the influence of ethylene signaling on resistance against two lepidopteran insects, i.e. the
diamondback moth (Plutella xylostella) and the Egyptian cotton worm (Spodoptera littoralis)
(Stotz et al., 2000). Related studies show similar results for the role of jasmonate in plant
defence against other insects (McConn et al., 1997).

5. Herbivores and carnivores used in this project—Plutella xylostella and Diadegma
semiclausum; Pieris brassicae and Cotesia glomerata

The diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera: Yponomeutidae),
occurs wherever cruciferous crops are grown and is considered the most important insect
pest of crucifers worldwide (Talekar & Shelton, 1993). This insect has an ability to survive a
wide range of temperatures. DBM is an oligophagous insect that specializes on Brassicaceae.
It will feed on plants that contain mustard oil glucosides (Ooi, 1986). Its eggs are whitish
yellow, 0.5 mm in size. There are four larval instars and the total larval period extends from 11
to 21 days depending on rearing temperature. The 1% instar larvae mine into the leaf. The
larvae generally stay in the mines for about two days. The 3 instar larvae generally feed on
mature leaves for two to three days. The 4" instar larvae consume the largest quantity of leaf
tissue and last for 2 to 4 days, excluding the prepupal period, depending on temperature.
Pupation takes place in a loose mesh of silken cocoon spun by the caterpillar. Adults are
brownish-yellow moths with a wing expansion of 14 mm. Their longevity ranges from 3 to 11
days. Adults were found to emerge during the evening and rarely in the morning hours. The
moths mate at dusk on the day of emergence. Mating lasts one to two hours and females
mate only once. Most females lay eggs on the day of emergence. Oviposition begins in the
evening and proceeds during the scotophase. Typically, eggs are laid in depressions on the
leaf along the midrib and larger veins or on concave surfaces near smaller veins. The
majority of the eggs are laid on the upper leaf surface. The oviposition period extends up to
10 days with peak oviposition occurring on the day of emergence. The fecundity ranges from
70 to 200 eggs/female and is increased when exposed to increased photoperiod (Chelliah &
Srinivasan, 1986; Harcourt, 1986).

The secondary chemistry of the Brassicaceae is characterized by the presence of
glucosinolates. Glucosinolates have been shown to adversely affect the growth and survival
of many bacteria, fungi and mammals and are generally toxic to insect species which do not
usually feed on Brassicaceae (e.g. generalist feeders) and feeding on such plants may cause
death or at least drastically reduced fitness. Plutella xylostella possesses a sulfatase enzyme
as an adaptation to detoxify glucosinolates (Li et al., 2000; Ratzka et al. 2002; Sarfraz et al.,
2006; Després et al., 2007). In contrast, specific glucosinolates (or derivatives) are known
to be powerful feeding and oviposition stimulants to crucifer-specialist insects (Reed et al.,
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1989; van Loon et al., 2002; Renwick et al., 2006).

Several factors contribute to the pest status of this species: its high reproductive potential,
wide range of alternative weed hosts, its dispersal ability and its demonstrated capacity to
develop resistance to a wide range of insecticides (Schroeder et al., 2000). The increasing
failure of insecticides to control P. xylostella has stimulated the development of alternative
tactics including inoculative release of parasitoids, conservation of natural enemies, mating
disruption using pheromones, and various cultural practices (Talekar & Shelton, 1993). A
wide range of parasitoids has been associated with P. xylostella. However, Lim (1986)
asserts that key parasitoids capable of exerting significant levels of control over P. xylostella
belong only to the hymenopteran genera Diadegma, Cotesia and Microplitis. The genera
Diadegma (Ilchneumonidae) and Cotesia (Braconidae) are regarded as the most important
primary parasitoids of P. xylostella. It was found that the presence of silk on leaves stimulated
searching by the parasitoid to a greater extent than clean leaves, but to a lesser extent than
leaves with both hosts and silk. Lim (1982) showed that floral nectaries could significantly
increase parasitoid female longevity and consequently the duration of potential oviposition. It
was found that host plant species could have a significant effect on parasitism success, e.g.
parasitism by the solitary C. plutellae was greatest with larvae on B. pekinensis compared
with larvae on B. oleracea var. capitata, B. oleracea var. botrytis and B. oleracea var. italica
(Verkerk & Wright,1996). Schuler et al. (1999) using Bt-resistant P. xylostella evaluated
indirect effects of Bt toxins on the biology of C. plutellae. In a choice test that compared Bt
leaves damaged by either Bt-resistant hosts or Bt-susceptible hosts, most of the C. plutellae
flew to the Bt leaves damaged by resistant hosts (P. xylostella). The reason for this most
likely is that resistant caterpillars feed more than non-resistant caterpillars (Schuler et al.,
1999). A recent study demonstrated that Arabidopsis is a suitable model plant for studying
plant-Plutella-parasitoid interactions (Barker et al., 2007). Shigjiri et al. (2000) observed the
host-searching behaviour of C. plutellae on a cabbage plant infested by P. xylostella larvae,
and found that the wasps showed their antennation behaviour only on the host-infested site.
The searching time of C. plutellae on cabbage leaves infested by host larvae was
significantly longer than that on leaves infested by nonhost (Pieris rapae) larvae and that on
artificially damaged leaves (Shiojiri et al., 2000).

Diadegma semiclausum (Hellen), one of the most important natural enemies of Plutella
xylostella, is a solitary larval endoparasitoid. The size of the adult female varies from 5.0-7.0
mm and that of the male from 4.4-6.4 mm. The egg-to-adult development time ranges from
13-21 days depending on temperature. The wasps prefer to parasitize 2" and 3" instar P.
xylostella larvae. Most of the activities related to reproduction, such as mating and oviposition,
are stimulated by daylight (Azidah et al., 2000).

Pieris brassicae, the large cabbage white butterfly, is one of the main pests in Brassica
crops, such as cabbage (B. oleracea), Chinese cabbage (B. rapa L.), oilseed rape (B. napus
L.). The larvae feed on the leaves or flowers of the plants (Smallegange et al., 2007). The
final instar larvae can cause severe damage to Brassica-crops.

Cotesia glomerata, a gregarious endoparasitoid of P. brassicae, is a braconid wasp that
develops within the larvae of P. brassicae. The adults are black, ca. 5 mm long, and feed on
nectar of flowers. Adult female wasps parasitize generally first and second instars, and they
lay up to 25-30 eggs inside each host larva. The caterpillar continues its own development
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until the wasp larvae emerge from its body to spin their cocoons in a group. The life cycle,
from egg to adult, is approximately 22-30 days, depending on the temperature.

The main tritrophic system studied in this thesis is Arabidopsis-Plutella xylostella —
Diadegma semiclausum (figure 1). For some experiments also Pieris brassicae and Cotesia
glomerata will be used.

Plant Herbivore Natural enemy

Figure 1. The main tritrophic system of Arabidopsis -Plutella xylostella-Diadegma semiclausum used in

this project. Pictures of the insects by Tibor Bukovinszky (www.bugsinthepicture.com).

6. Transgenic approaches to combine direct and indirect plant defences

Within a decade after the first discoveries of transgenic “model” plants, gene transfer has
become an established and routine technique in numerous laboratories around the world.
Gene transfer became a reality in the middle of the 1970s soon after it was discovered that
the soil bacterium Agrobacterium tumefaciens contained a plasmid, part of it being
transferred to competent plant cells. Host range limitations of Agrobacterium-mediated gene
transfer prompted the search for alternative gene transfer systems, leading soon to the
development of “direct gene transfer to protoplasts”. Further limitations in both gene transfer
systems led to the exploration of a great variety of further approaches such as pollen
transformation, pollen tube pathway, electroporation, microlaser, liposome-fusion and
liposome-injection, macroinjection, and direct DNA application in numerous variations.
However, Agrobacterium-mediated gene transfer to tissues has remained the major
technique, which has not only allowed efficient and routine production of transgenic “model
plants”, but which has also opened the route for genetic engineering of all major crop plants.
There are additional novel techniques, including tissue-electroporation, silicon carbide
fiber-mediated transformation, micro-injection, site-directed recombination (Hennet et al.,
1995; Zhang et al.,, 1996) and microtargeting, which may become important (Potrykus &
Spangenberg, 1995). Production of transgenic plants requires reliable gene transfer
techniques and also requires the cells which have received and integrated the transgene in
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their genome. These cells should have the capacity to regenerate to fertile plants, and they
are provided with external conditions which allow them to do so. It finally also requires
establishing proof for integrative transformation (Potrykus & Spangenberg, 1995).

The ability to suppress endogenous genes in crop plants and to introduce novel genes
from diverse sources, including bacteria, fungi, and exotic plants, opens up many
opportunities not available through mutation and conventional breeding techniques. These
approaches are largely focused on traits such as disease resistance, herbicide resistance,
insect resistance, etc. (Knauf, 1995). Strong et al. (1990) argued that transgenic techniques
need to be refined so that toxins are only expressed in a subset of crucial tissues and at
specific developmental stages and they should also be integrated into an ecological
framework if they are to be effective and contribute to biological control. Van Emden and
Wratten (1991) warned that modern gene transfer techniques aimed at creating resistant
crop varieties are more likely than traditional plant breeding methods to use an allelochemical
mechanism of resistance (antibiosis) which might be damaging to natural enemies. Recent
work has shown, however, that the potential also exists for creating genetically engineered
plants which emit increased amounts of natural enemy-attracting volatiles (synomones)
(Verkerk et al., 1998; Aharoni et al., 2003; Kappers et al., 2005; Schnee et al., 2006;). The
latter approach will be attempted in the present project, using genes of plant origin.

There is considerable interest in the use of inducible systems for the expression of genes
introduced into plants, not only because they allow expression of genes which may, for
example, be developmentally lethal, but also because they allow for controlled experiments
to be performed in a true isogenic background. Such systems also find use in the
manipulation of levels of expression in order to understand more fully individual gene function,
or to provide a means for the overproduction or deletion, by reverse genetics, of a particular
gene product (Salter et al., 1998; Li et al., 2005). This is a rapidly developing area of research
in plant molecular biology. The need for inducible expression systems is high, not only for
their obvious use as research tools, but also for the potential of inducible expression of
desired characters in crops. A wide range of promoter systems can be envisaged which could
potentially allow inducible control of genes to be introduced into plants. These could be
broadly described as falling into three general categories.

Firstly, there are those which rely on plant-based developmental processes. Such
promoters could, for example, include those regulated by plant hormones or which are
otherwise developmentally regulated. The advantage of such systems is clearly that all
components of the necessary signal transduction pathways are already present in the plant.
They also provide a means for the coordinated expression of a gene product within a defined
stage of plant growth and development.

The second category of promoter systems includes control sequences which respond to
particular environmental signals. These potential control systems include heat-shock and
senescence-specific promoters, as well as systems which are responsive to nutritional status
or wounding by mechanical damage or herbivory. These sorts of promoter systems may be
profitable for controlling expression of characters in the field, as opposed to the laboratory
situation. This is because no application of specific inducers or defined conditions for growth
are necessary, and the desired expression of a gene at a particular growth stage of the plant
could be ‘self-regulating’. In this thesis, | adopt the use of the wound and herbivore inducible
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promoter of the Proteinase Inhibitor Il from potato (An et al., 1989; Palm et al., 1990; Duan et
al., 1996).

The third group of promoters are those which are introduced from non-plant backgrounds.
This includes animal hormone receptor/activators, antibiotic resistance control mechanisms
from bacteria and promoters responsive to chemical inducers. Such systems require the
introduction of the appropriate transcription factor systems into the plant background together
with the inducible promoter. They have the potential advantage that signal transduction
systems are therefore unique to the gene which is being induced and allow timing of
expression which is totally independent from the timetable of plant processes and from plant
transcription factors (Tomsett et al., 2004; Li et al., 2005).

Genes coding for proteins that are part of plant natural defence systems have been
characterized and transferred to plant species in which they do not naturally occur. These
proteins e.g. protease inhibitors, lectins, peroxidases, interfere with digestion of plant food. In
this project the mustard trypsin inhibitor 2 (MTI2) which belongs to a class of serine protease
inhibitors (see paragraph 7) and Bt (SN19) which belongs to the Cry-1 proteins of Bacillus
thuringiensis (see paragraph 8 below), will be used for the research on direct plant defence.
Linalool synthase (see paragraph 9) will be used with both constitutive and wound-induced
promoters for the research on indirect plant defence. Transgenic approaches followed by
crossing of different single transgenic lines may integrate direct and indirect defence of the
host plant.

7. Protease inhibitors (PIs)

Most protease inhibitors are not directly toxic to herbivores but reduce their efficiency to
digest dietary protein by inhibiting gut proteases. Plant protease inhibitors in leaves are
usually induced by herbivore feeding and constitutively expressed in storage organs such as
tubers, unripe fruits and seeds all with the apparent aim to prevent unwanted (tubers, seeds)
or premature (fruits) herbivory. Insects that feed on plant material possess specialized
midguts with micro-environments adapted for digestion of plant compounds. In response to
insect attack, plants mount a counter-defence consisting of a number of protease inhibitors
that are active against different classes of proteases. Insects may counter-adapt to plant Pls.
In several cases larvae of different species were not affected by the Pls in their diet, even
though it was shown that the inhibitors had bound to midgut proteases (Jongsma et., 1995;
Bolter & Jongsma, 1995; Broadway, 1996; Jongsma and Beekwilder, 2008). It was shown
that a wide range of insect species, using different classes of proteases for protein digestion,
all adapt to plant Pls by over-expressing Pl-insensitive proteases or by proteolytically
degrading the inhibitors to different degrees, usually inducing only some delay in larval
development. However, this delay may affect the success of natural enemies by increasing
the ability and success of natural enemies to parasitize and knock down the herbivore
population (Thaler, 2002).

Protease inhibitors expressed in transgenic plants and ingested through normal feeding by
an insect will be exposed to a series of complex biochemical and physiological processes in
the midgut region of the intestinal tract, the primary interface between phytophagous insects
and their trophic environment. The degree to which the ingested inhibitor can interact with its
target enzyme within this complex system will affect its usefulness as a pest control agent. In
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addition to information obtained from direct in vitro and in vivo studies of enzyme inhibitor
interactions, a detailed knowledge of the overall digestive process itself, in a given pest insect
species, will maximize the likelihood of a successful use of these inhibitors in a pest
management program. The small size of many insects complicates the analysis of food
breakdown and nutrient utilization (Van Loon et al., 2005). Nevertheless, there has been
excellent progress in the understanding of the biochemistry and physiology of many aspects
of insect digestion (Carozzi & Koziel, 1997).

Inhibitors of serine proteases are the most extensively characterized and they are currently
subdivided into at least eight families of structurally different molecules. In seeds of mustard,
two different trypsin inhibitors, MTI and MTI2 have been identified. MTI2 was the first member
of this protease inhibitor family which was found in the Brassicaceae family. In mustard the
gene encoding the MTI2 protein is expressed in seeds towards the end of maturation and in
leaves only after wounding (Volpicella et al., 2000). Tobacco and Arabidopsis transgenic
plants expressing the mustard trypsin inhibitor 2 (MTI2) at different levels resulted in opposite
effects on larval development. Plant lines with expression levels within the range previously
shown to provide insect resistance in transgenic plants resulted in a reduced developmental
rate of the larvae, together with a reduction of leaf damage, thus providing effective pest
resistance to the plant. On the contrary, when MTI2 was expressed at lower levels in tobacco
plants, the larvae of Sposoptera littoralis developed faster, were bigger than on control plants,
and caused more damage to the leaves (De Leo et al., 1998). The mechanisms underlying
this increased rate of development and leaf consumption are still unknown. The opposite
effects observed in larvae fed leaves expressing high or low levels of MTI2 suggest the
occurrence of a sensitivity threshold in S. littoralis toward MTI2. The design of a pest-defence
strategy for a crop using a particular Pl may therefore be dependent on the assessment of
the sensitivity threshold of the target pest toward the chosen Pl (De Leo et al., 1998). In the
study of De Leo et al (2001), the effects of mustard trypsin inhibitor MTI2 expressed at
different levels in transgenic tobacco, Arabidopsis and oilseed rape lines were evaluated
against Mamestra brassicae (L.), Spodoptera littoralis (Boisduval) and Plutella xylostella (L.):
P. xylostella larvae were most sensitive to the ingestion of MTI2. The inhibitor expressed at
high levels in Arabidopsis plants caused rapid and complete mortality. High mortality was also
detectable in oilseed rape expressing MTI2. Based on these and other results the design of a
crop protection strategy based on Pls should consider at least the following parameters: 1)
expression should be high enough to avoid stimulation of larval development 2) both larval
mortality and larval development should preferably be affected by the right choice of
inhibitor(s) and a sufficient level of expression; and 3) any adaptation of each insect species
to Pls both in terms of induction of insensitive proteases and specific degradation of inhibitors
should be assessed (Jongsma et al., 2008) .

8. Bacillus thuringiensis (Bt)

Bacillus thuringiensis (Bt), existing in many locations, is a gram-positive soil bacterium that
forms parasporal crystals during sporulation. The parasporal crystals consist of one or more
0-endotoxins or crystal (Cry) proteins. Following ingestion, the alkaline environment of the
insect midgut causes the crystals to dissolve and release their constituent protoxins. The
protoxins are subsequently proteolytically converted by gut proteases to an N-terminal, 65-70
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kDa truncated form — the activated toxin. The toxin binds to specific receptors on the cell
membranes of the midgut epithelial cells, inserts itself into the membrane, and generates
pores that disturb osmotic balance and thus kill the epithelial cells (H6fte & Whiteley, 1989;
de Maagd et al., 1999).

Bt &-endotoxins are a big group of homologous proteins and still increasing in number—
more than 390 Cry genes have been identified to date
(http://epunix.biols.susx.ac.uk/Hom/Neil Crickmore/Bt/index.html). These genes form a rich

source of diversity in insect specificities. This specificity is an important aspect of the Bt Cry
proteins: each protein is active only in species within one or two insect orders. The members
of the Cry gene family have been grouped in subfamilies according to their specificity for
members of the insect orders Lepidoptera, Diptera, and Coleoptera (Schnepf et al., 1998; de
Maagd et al., 1999).

The use of Bt formulations (spore and crystal mixtures) as insecticidal sprays can be traced
back to the 1930s, but large scale production started in the late 1950s. Several factors
restricted the efficiency of pest control using Bt formulations: lack of stability, failure to
penetrate plant tissues, and too narrow a specificity. The first two problems have been
effectively solved by creating transgenic plants that express the crystal proteins. The problem
of narrow specificity may be overcome by expression of pyramiding/stacking Bt genes
(Peferoen, 1997; de Maagd et al., 1999). In the early 1980s, when Bt crystal protein genes
were being cloned and the stable transformation of plants using Agrobacterium tumefaciens
was demonstrated, efforts were directed towards the engineering of Bt genes into plants. At
the beginning of transgenic studies, both full-length and truncated Cry genes were introduced
into tobacco and tomato by Agrobacterium tumefaciens-mediated transformation (Vaeck et
al., 1987; Fischoff et al., 1987; Barton et al., 1987), but it soon became clear that only
truncated versions of Cry genes resulted in plants with significant levels of the insecticidal
protein and thereby protected from feeding damage by the pest insects. Since then
numerous studies focused on Bt transformation. An interesting innovation made use of the Bt
cry2Aa2 operon to demonstrate operon expression and crystal formation via the chloroplast
genome (De Cosa et al., 2001) and a chemically inducible promoter-Bt cry1Ab expression
cassette was transferred into broccoli plants (Cao et al., 2006).

The first insect-resistant transgenic crops expressing genes from Bt are being grown
commercially in a number of countries since 1996 (Bates et al., 2005). In the USA, the six
biotechnology-derived crops planted in 2003 produced an additional 2.4 million tons of food
and fibre and increased farm income by US$1.9 billion. Meanwhile, these crops reduced the
use of pesticides by 21000 tons. However, the expanding cultivation of transgenic crops is at
risk of losing these advantages to the evolution of resistance in the targeted insect pests
(Christou et al., 2006). In the laboratory, fithess costs have been observed with some
resistant strains of Indian meal moth (Plodia interpunctella), Pink bollworm (Pectinophora
gossypiella), diamondback moth (Plutella xylostella), Colorado potato beetle (Leptinotarsa
decemlineata), cabbage looper (Trichoplusia ni), and cotton bollworm (Helicoverpa armigera).
These fitness costs will ensure that without selection pressure the wild types will predominate.
However, diamondback moth and the corn earworm (Helicoverpa zea) have been reported to
have evolved resistance to Bt also in open field conditions (Bates et al., 2005; Zhao et al.,
2005; Tabashnik et al., 2008). Due to the current commercial significance of Bt crops
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strategies for resistance management are urgently required. There are at least eight possible
types of tactics to slow selection for Bt-insensitivity by transgenic plants: 1) express toxin
genes only moderately; 2) modify the expression of the genes through tissue-specific,
time-specific or inducible promoters; 3) express the toxins to levels as high as is
agronomically acceptable; 4) deploy different toxins individually in different varieties
simultaneously; 5) deploy different toxins sequentially; 6) deploy plants with a mixture of
toxins (pyramid); 7) leave non-transgenic crop as ‘refuges’ for susceptible insects; and 8)
deploy the crops as part of an overall integrated pest management program. From the list
above, strategies 6) (pyramid multiple toxins in the same plants) and 7) (refuges) are most
popularly used in resistance management (Roush, 1998).

9. Linalool synthase (LIS)

Linalool, 3,7-dimethyl-1,6-octadien-3-ol, is an acyclic monoterpene alcohol with a sweet,
pleasant fragrance that occurs widely among diverse monocot and dicot families. It is one of
the most frequently encountered floral scent compounds in the world. Because of the chiral
properties of its hydroxylated third carbon, linalool occurs in two enantiomeric forms:
(R)-linalool and (S)-linalool. In plant-insect interactions linalool plays a role in attraction of
pollinators, herbivores, and carnivores (Dicke et al., 1990; Raguso & Pichersky, 1999; Wei &
Kang, 2006) and repellence of herbivores (Aharoni et al., 2003). In higher plants,
monoterpenoids, such as linalool, are derived from isopentenyl pyrophosphate via the
universal isoprenoid intermediate, geranyl pyrophosphate (GPP), through a class of enzymes
called monoterpene synthases. Linalool synthase (LIS) converts GPP to (S)-linalool and was
first characterized from Clarkia breweri floral tissues (Raguso & Pichersky, 1999).

LIS genes have been isolated from strawberry and evening primrose and transformed into
different plant species with the production of linalool and its volatile and non-volatile
derivatives, such as hydroxylated linalool and linalool glycoside (Llcker et al., 2001;
Lewinsohn et al., 2001; Aharoni et al., 2003). The FaNES1 (LIS) gene, isolated from
strawberry (Fragaria ananassae), was capable of the biosynthesis of both the monoterpene
linalool and its sesquiterpene counterpart nerolidol in transgenic Arabidopsis. When the
protein is targeted to the plastid or cytosol, linalool-producing transgenic plants were obtained
and these showed a repellence to the aphid Myzus persicae (Aharoni et al., 2003). When the
enzyme was targeted to the mitochondrion it resulted in the production of nerolidol and this
transgenic Arabidopsis line was attractive to predatory mites (Kappers et al., 2005).

Research aims

The central aim of the present PhD-study is to investigate whether host plant resistance
and biological control can be effectively integrated through a transgenic approach. The
combination of a pest-resistance gene and volatile emission gene is expected to show a
synergism of two methods of environmentally benign pest control. Proteinase inhibitor MTI2
and Bt transgenic Arabidopsis will be investigated for their impact on Plutella xylostella.
Linalool synthase transgenic Arabidopsis will be investigated for its impact on the
plant-feeding insect P. xylostella, and its parasitoids Diadegma semiclausum and the
parasitoid of P. brassicae, Cotesia glomerata. Plants with a single transgene as well as plants
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with a combination of the two transgenes will be investigated. Interactions of the plants with
members of two trophic levels (herbivores and their parasitoids) will be investigated. The
research will be carried out with the model plant Arabidopsis because this plant has been
proven to be a valuable model for plant-insect interactions and can be relatively easily
transformed.

Thesis outline

Question 1: Is transgenic Arabidopsis expressing a Mustard Trypsin Inhibitor 2 (MTI2)
resistant to Plutella xylostella?

Although former studies showed that MTI2 transgenic plants displayed obvious resistance
to larvae of the diamondback moth (De Leo et al., 2001; Ferry et al., 2005), we did not arrive
at the same conclusions with transgenic Arabidopsis to the same insect species although the
transgene was produced by an event homologous with that used in De Leo’s study. Therefore,
| investigated the biochemical basis of the apparent resistance mechanism of DBM to the
inhibitor. This research is presented in chapter 2 of my thesis.

Question 2: Can the wound-inducible promoter from Potato proteinase inhibitor 2 (P12)
in combination with the linalool synthase (LIS) gene be expressed by the induction of
methyl jasmonate and insect feeding?

In chapter 3 | report on my work to make the Pp,-LIS’ expression cassette with the
linalool-intron gene under the control of the PI2 promoter-terminator and its transfer to
Arabidopsis. Gene presence and transcription were investigated and phenotype expression
in terms of linalool emission were assessed. Inducible linalool emission was investigated in
response to induction by methyl jasmonate and diamondback moth feeding.

Question 3: What is the effect of a Bt transgene, constitutive expression of a LIS
transgene, and the combination of the Bt and LIS transgenes on Plutella xylostella?

In chapter 4 | created homozygous Bt and LIS transgenic Arabidopsis and made crosses
to produce lines that incorporated each of the two transgenes. | investigated constitutive
emission of linalool for P355-LIS transgenic plants with SPME-GC-MS. The effects of Bt and
LIS single and dual transgene on diamondback moth were investigated by addressing larval
mortality, larval weight, and oviposition choice of Plutella moths.

Question 4: What are the effects of constitutively expressing LIS as a single transgene
and LIS in combination with Bt on the behaviour of two parasitoid species?

In chapter 5 LIS transgenic Arabidopsis plants constitutively emitting linalool only and
combined with the Bt-transgene were investigated with respect to behaviour of the
parasitoids D. semiclausum and Cotesia glomerata. This included induction treatments such
as mechanical damage, and P. xylostella infestation.

In a general discussion (chapter 6) the data from this thesis are integratively discussed.
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The diamondback moth, Plutella xylostella, specifically inactivates
Mustard Trypsin Inhibitor 2 (MTI2) to overcome host plant defence

Yang, L.M., van Loon, J.J.A,, Dicke, M., Fang, Z.Y., Jongsma, M.A.

Abstract

The mustard trypsin inhibitor family has so far only been described among cruciferous
species which represent the host plants for the specialist diamondback moth (DBM), P.
xylostella. The performance of a Dutch and Chinese strain of DBM was assessed on
transgenic Arabidopsis expressing Mustard Trypsin Inhibitor 2 (MTI2) at a level of 84 pg/g
fresh weight equivalent to 12 yM. In contrast to earlier reports (De Leo et al., 2001a; Ferry et
al., 2005) no significant differences in larval mortality or development were found relative to the
control. Trypsin activity in gut extracts from larvae feeding on either control or transgenic plants
were titrated with MTI2 and SKTI (Soybean Kunitz Trypsin Inhibitor) to assess the basis of the
insensitivity to MTI2. The specific trypsin activity per gut of larvae reared on MTI2 plants was
not significantly higher compared to the control, and ca. 80% of trypsin activity could be
inhibited by both inhibitors in both treatments, suggesting no specific induction of Pl-insensitive
activity in response to MTI2 in the diet. On the basis of the apparent equilibrium dissociation
constant of Plutella trypsins for MTI2 (80 nM), the gut trypsin concentration (4.8 uM), and the
MTI2 concentration in the leaves (12 uM) it was calculated that 99% of the gut trypsin activity
sensitive to MTI2 should be inhibited in vivo, unless MTI2 was degraded. Indeed, we found
that a pre-incubation of MTI2 and SKTI with gut proteases for 3 hours resulted in complete loss
of inhibitory activity of MTI2, but not of SKTI, at the concentration ratios found in planta. Gut
extracts of larvae reared on control or MTI2 leaves were equally well capable of this
degradation indicating that the inactivating enzymes are constitutively expressed. In
conclusion, it appears that the insensitivity of the diamondback moth to MTI2 can be
sufficiently explained by the specific degradation of MTI2, thereby protecting itself against this
protease inhibitor which is part of the defence of cruciferous plant species.

1. Introduction

The diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera: Yponomeutidae),
occurs wherever cruciferous crops are grown and is considered to be the most important
insect pest of crucifers (Brassicaceae) worldwide (Talekar and Shelton, 1993). DBM is a
specialist herbivore of plants in the Brassicaceae family and has adapted to the characteristic
secondary chemicals of this family, the glucosinolates, which make the plants toxic to most
generalist feeders (Chelliah and Srinivasan, 1986; Harcourt, 1986; Ooi, 1986). The
characteristics which explain its pest status are its high reproductive potential, its ability to use
a range of alternative weedy hosts, its dispersal ability, and its capacity to develop resistance
to a wide range of insecticides (Schroeder et al., 2000). The increasing failure of insecticides to
control DBM has stimulated the development of alternative strategies, among which transgenic
approaches (Christou et al., 2006) to enhance host plant resistance to this pest using Bt genes
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(Schuler et al., 2003; Zhao et al., 2003; Zhao et al., 2000) and protease inhibitors (De Leo et
al., 2001a; Ferry et al., 2005).

Protease inhibitors (Pls) in plants are known to be involved in the defence against
pathogens and insect pests (Christou et al., 2006; Jongsma and Bolter, 1997). Pls are
generally not directly toxic to herbivores, but reduce the digestive efficiency to utilize plant
protein for growth and development. Different insects depend on different classes of proteases
for their digestion depending on the pH of the gut. The lepidopterans are known to have guts
with pH levels varying from 8-11 and employ mostly serine endopeptidases for digestion. It is
well established that specific serine Pls can thus reduce the growth rate and survival of
lepidopteran insects (Abdeen et al., 2005; De Leo et al., 2001a; Ranjekar et al., 2003; Zavala
et al., 2004). The mustard trypsin inhibitor-2 (MTI2), which is classified as a serine PI, was the
first member of this family to be characterized. It is a potent inhibitor of trypsin with no activity
towards chymotrypsin and reported to be toxic for lepidopteran and other insects (Ceci et al.,
2003; De Leo et al., 1998; De Leo et al., 2001b; De Leo and Gallerani, 2002; Volpicella et al.,
2000). In mustard and Arabidopsis expression of the gene is upregulated in response to
wounding and jasmonic acid (Ceci et al., 1995; Clauss and Mitchell-Olds, 2004).

To investigate its functional role in plant defence MTI2 cDNA was previously transformed to
A. thaliana under the control of the CaMV 35S promoter. Plant lines showing a high expression
level of the MTI2 gene were used for feeding DBM larvae on detached leaves and this was
reported to lead to rapid and complete mortality (De Leo et al., 2001a). In the case of oilseed
rape expressing MTI2 at low levels an increase in mortality of DBM larvae and lower mean
weights of the surviving larvae were observed (Ferry et al., 2005). Here, we report on
experiments that were aimed at precise quantification of the level of resistance of transgenic A.
thaliana MTI2 plants to DBM larvae, using plants originating from the same transformation
event as reported by (De Leo et al., 2001a). However, in contrast to data reported by De Leo
we did not observe any sign of resistance of MTI2 plants. This lead us instead to investigate
the biochemical basis of the apparent resistance mechanism of DBM to the inhibitor.

Essentially two types of resistance or adaptation to protease inhibitors have been described.
The first one depends on the presence of alternative proteases which are insensitive to the
action of the inhibitors. These can be both constitutively expressed and induced in response to
inhibition of other enzymes to compensate for the loss of activity (Bayes et al., 2005; Bayes et
al., 2006; Bolter and Jongsma, 1995; Jongsma et al., 1995; Lopes et al., 2004). The second
resistance mechanism depends on the presence of alternative proteases which can degrade
the inhibitor so that its inhibitory action will not last long enough in the gut to reduce the
availability of protein (Girard et al., 1998; Giri et al., 1998; Ishimoto and Chrispeels, 1996;
Michaud et al., 1995; Zhu-Salzman et al., 2003)..

In this report DBM larvae reared on control and transgenic MTI2 plants were used to
investigate the fate of MTI2 in diamondback moth larvae. Titrations of trypsin activity were
done with MTI2 and Soybean Kunitz Trypsin Inhibitor (SKTI) to investigate the type of
adaptation that DBM evolved to overcome the effects of this host plant inhibitor.

2. Materials and methods

2.1 Insect strains
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Two strains of DBM were used for the bioassays. A Dutch strain of DBM was reared on
greenhouse-grown Brussels sprouts plants, Brassica oleracea L. var. gemmifera cv Icarus
(Sluis & Groot, Enkhuizen, The Netherlands) under a L16:D8 photoperiod, at 23-25°C and
60-70% r.h. This colony has been established in the laboratory for over 200 generations and
was started with material collected in the Netherlands and since then reared continuously in
the Laboratory of Entomology, Wageningen University. A Chinese strain originated from the
Institute of Vegetables & Flowers (IVF), Chinese Academy of Agricultural Sciences, Beijing,
China. It was reared in a climate room at 24-26°C and 60-70% r.h, under a L16:D8 photoperiod.
The colony of DBM was fed on greenhouse-grown white cabbage (B. oleracea L. var. capitata,
cv JingFeng No.1). This colony has been established at IVF in 1996, originating from Wuhan,
Hubei province, China. Pupae of the Chinese strain were shipped to Wageningen and reared
for two generations in the Laboratory of Entomology, well separated from the Dutch strain
under the conditions given above.

2.2 Plant material

Arabidopsis thaliana ecotype Wassilewskija (Ws) lines 3A5 (Ws transformed with empty
vector pKYLX35S2), and 7B3 (homozygous MTI2 T4 line in Ws background) were a gift
obtained from Lise Jouanin (INRA, France) (De Leo et al., 2001a). The plants were grown in
8x8 cm plastic pots in standard sterilized, humus-rich potting soil (Lentse potgrond), in a
climatised greenhouse at 18-22 °C and a L8:D16 photoperiod.

2.3 Detection of MTI2 expression in transgenic Arabidopsis

Leaf samples (a single young leaf of around 10 mg) were weighed and extracts were
prepared on ice by adding three volumes of water relative to the leaf weight and crushing the
leaf using a plastic potter fitting the tube. The extracts were centrifuged for 10 minutes at
maximum speed and the supernatant was stored for later use at -80 °C. MTI2 expression was
quantified by a radial diffusion assay as described previously (Jongsma et al., 1993) on agar
plates containing 42 nM fully active bovine trypsin using a dilution series of purified MTI2 (gift
from M. Volpicella, Bari, Italy) of known titrated concentration for the reference curve.

2.4 Insect bioassays

Insect bioassays were carried out in a climate chamber at 25+1 °C, L8:D16 illuminated by
HF fluorescent tubes (Philips, 84 °, high frequency). The irradiance level was 16.6 W/m?.
Plants were inoculated with neonate larvae of P. xylostella that had no previous experience
with plant material. This was achieved by having adult female moths oviposit on Parafim® that
was offered as the only oviposition substrate. Three replicate experiments were carried out.
Experiment 1 was carried out with the Dutch strain, and experiments 2 and 3 were carried out
with both strains simultaneously to ensure identical circumstances for both. Surviving larvae
were counted every two days in experiment 1 and every day in experiments 2 and 3. For each
experiment 10-20 A. thaliana plants were used. In experiment 1 two larvae were introduced
onto each plant but reduced to one larva on day 3 as one plant would not provide sufficient
food. Experiments 2 and 3 were done with one larva per plant. Mortality was assessed on day
2 and day 7 in experiment 1, and on day 7 in experiments 2 and 3. Larval body fresh weights
were measured individually at day 3 and day 7 in experiments 2 and 3.
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2.5 Proteinase assays

The final instar larvae of DBM fed on lines WS (wt), 3A5 (transformed control) or 7B3 (MTI2
line) were dissected on day 7 (Markwick et al., 1996). The guts of cold-anaesthesized larvae
were transferred individually to preweighed 1.5 ml Eppendorf tubes, weighed (1.2-3.5 mg),
frozen in liquid nitrogen, and stored at -80 °C. Guts were subsequently homogenized
individually in 9 gut volumes of ice-cold extraction buffer (0.9% NaCl; 5%
polyvinylpolypyrrolidone; 0.5% sodium diethyldithiocarbamate) using a plastic potter.
Homogenates were clarified by centrifugation (10 min, 12.000 x g, 4°C). The supernatant was
transferred to a clean tube and clarified again by the same procedure. Clear green/yellow
supernatants were subsequently stored at -80 °C for use in activity assays to determine the
statistical average. For the purpose of performing titrations with different protease inhibitors a
larger quantity of uniform gut extract was needed and twelve guts (from insects on control or
transgenic plants) were pooled and 10 times diluted with 9 volumes of Tris-buffer (100mM
TrisHCI, pH 8, 0.1mg/ml BSA fraction V).

The assay of trypsin activity was done by adding 5 ul of 10-fold diluted gut enzyme to 95 pl
Tris-buffer in a microtiterplate, and then adding and mixing 50 pl protease inhibitor solutions of
different concentrations (stock solutions of 41 uM concentration of MTI2 obtained as a gift from
M. Volpicella (Bari, Italy) and SKTI (Sigma-Aldrich)). After 30 (normal) or 180 (inactivation test)
minutes on a microtiterplate shaker (room temperature) 50 ul BApNA substrate solution (15mg
BApNA dissolved in 1ml DMSO, 60% diluted with DMSO, and then 60% diluted with Tris-buffer)
was added to each well. Plates were measured immediately at 405 nm at approximate time
intervals of 20 seconds (over a period of 20 minutes) and 20 minutes over a period of 50
minutes. Proteases were finally measured at a concentration which is 400-fold less
concentrated compared to the situation in the gut.

2.6 Statistical analysis
Survival data were analysed by the Chi-square test using the raw scores. Larval weight was
analysed using one-way analysis of variance (ANOVA, a=0.05).

3. Results and discussion

3.1 MTI2 expression level in Arabidopsis

The expression of the protease inhibitor MTI2 in Arabidopsis was determined by a radial
diffusion assay using purified and titrated MTI2 for the reference curve. The concentration in
young leaves of MTI2 line 7B3 was determined to be 84+2 ug MTI2/g of fresh tissue equaling a
molar concentration of ca. 12 yM, assuming the leaf weight to largely represent water (Table 1).
The concentration as percentage of total soluble protein was not measured but was probably
around 0.8% of total soluble protein considering that the protein concentration in leaves is
mostly around 10 mg/g fresh weight. This expression level would then be similar to the levels
reported for the lines 7A and 8A which were reported to be toxic for DBM by (De Leo et al.,
2001a). The latter paper, however, reports two conflicting values: 0.6-0.8% of total soluble
protein and 21-28 ng/g tissue. The latter figure would be 4000-fold lower than our data and
very unlikely to exhibit any effect on the larvae. However, 21-28 microgram MTI2 /gram fresh
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weight would represent 0.6-0.8% of total soluble protein if we assume a very low total soluble
protein content in Arabidopsis leaves of 3.5 mg/g fresh weight (normally around 10 mg/g). So
we assume this to be a typographic error and the MTI2 levels to be in the same range. In
Arabidopsis there is no detectable constitutive expression of trypsin inhibitors as demonstrated
using the radial diffusion assay (Table 1), although it has been demonstrated that some
members of the MTI2 gene family can be induced by jasmonate and herbivore feeding and are
expressed systemically also in non-wounded leaves of a wounded plant (Clauss and
Mitchell-Olds, 2004).

Table 1. Estimation of MTI2 activity in different Arabidopsis lines using a radial diffusion assay

Arabidopsis line Average g trypsin inhibitor/g of fresh SEM n
tissue

WS (wildtype) 0 - 20

3A5 (empty vector) 0 - 20

7B3 (MTI2 line) 84 2 19

3.2 Effect of MTI2 on larval mortality and development

To re-assess the reported toxicity of MTI2 to DBM larvae several experiments were done
with first instar larvae inoculated on whole plants. To our surprise we did not find any
statistically significant difference in larval mortality of insects reared on line 7B3 compared to
the controls using either of the two insect strains from mainland Europe or China (Table 2 &
Table 3). We replicated our results in three separate experiments with two different P.
xylostella populations. In each experiment new plants from a new batch of seeds were used.
As argued above the plants used in our study probably had a similar or slightly higher MTI2
expression level to the plants used in the study by De Leo (De Leo et al., 2001a), and much
higher levels compared to the 0.05% TSP oilseed rape plants of Ferry (Ferry et al., 2005).
Usually higher expression levels result in stronger inhibition of insect growth although De Leo
et al. (1998) reported that above a certain threshold level Spodoptera littoralis larvae were able
to adapt better to MTI2 expressed in transgenic tobacco by producing new Pl-insensitive
proteinases. A difference with the experiments of De Leo et al. (1998) is the use of intact plants
rather than detached leaves. We consider the method we used as biologically more relevant,
because in nature caterpillars will be exposed to intact plants instead of to detached leaves. To
confirm that our results were not specific to our lab strain we used 2 different, unrelated,
DBM populations from the Netherlands and China. The population used in the experiments of
De Leo et al. (1998) was from the Pacific island La Réunion and in the experiments of Ferry
from the Atlantic Island of Great Britain. Unfortunately, the La Réunion-strain was no longer
available for testing when we requested it. For us the question remained how the Eurasian
continental DBM strains managed to remain unaffected by the presence of MTI2 in their diet.

3.3 How does DBM overcome the inhibitory effect of MTI2?

Protease inhibitors expressed in transgenic plants and ingested through normal feeding by
an insect will be exposed to a series of complex biochemical and physiological processes in
the midgut region of the intestinal tract, the primary interface between phytophagous insects
and their trophic environment. The degree to which the ingested inhibitor can interact with its
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target enzyme within this complex system will affect its usefulness as a pest control agent.
Several insect species have been shown to adapt to plant protease inhibitors either by
overexpressing Pl-insensitive proteases, thus circumventing the action of the inhibitors (Bolter
and Jongsma, 1995; Bown et al., 2004; Broadway, 1997; Jongsma et al., 1995; Jongsma and
Bolter, 1997), or by degrading/inactivating the inhibitor with specific proteases (Bolter and
Jongsma, 1995; Giri et al., 1998; Ishimoto and Chrispeels, 1996; Jongsma et al., 1995;
Jongsma and Bolter, 1997; Michaud et al., 1995; Zhu-Salzman et al., 2003).

Table 2. Mortality (%) of diamondback moth larvae of 2 different populations (Dutch and Chinese) on

three Arabidopsis lines in different replicate experiments.

Plutella population - time of assessing Arabidopsis lines
mortality (number of larvae) WS 3A5 empty 7B3 P-value
wildtype vector MTI2
Exp 1 Dutch-2 days (n=38-40) 5.0a 7.5a 26a 0.62
Exp 2 Dutch-7 days (n=19-20) 10a 10a 21a 0.51
Exp 2 Dutch-7 days (n=12) 50 a 67 a 42 a 0.46
Exp 2 Chinese-7 days (n=12) 33a 67 a 33a 0.17
Exp 3 Dutch-7 days (n=10) 40 a 30a 40 a 0.87
Exp 3 Chinese-7 days (n=10) 10a 20 a 30a 0.54

Table 3. Analysis of variance (ANOVA) of larval fresh weights of P. xylostella of two populations, after
feeding on wildtype A. thaliana, on MTI2 transgenic line 7B3 or on a line transformed with an empty
vector (3A5).

Insects Day weight F value Pr<F
WS 3A5 7B3
Dutch Day 3 0.324 a 0.348 a 0.368 a 0.89 0.4191
Plutella Day 7 6.623 a 6.420 a 6.407 a 0.05 0.9510
Chinese Day 3 0.288 a 0.387 a 0.311a 2.78 0.072
Plutella Day 7 5.495 a 5.253 a 5219 a 0.07 0.9335

The lack of sensitivity of our DBM populations to MTI2 led us to investigate by which
mechanism DBM had become insensitive in the course of its association with Brassicaceae.
We asked the following questions: 1) Is MTI2 capable of inhibiting a significant portion of the
gut trypsin activity of DBM in vivo; 2) Is the MTI2 insensitive fraction of DBM trypsin activity
induced in response to the presence of MTI2 in the diet; and if not 3) is MTI2 inactivated by
DBM gut proteases after ingestion?

3.4 MTI2 inhibits 80 % of Plutella trypsin protease activity both in vitro and in vivo

To demonstrate that Plutella trypsin activity is sensitive to MTI2 prior to exposure to this
inhibitor, control gut extracts were titrated against two inhibitors: MTI2 and SKTI using the
trypsin substrate BApNA. We suspected that the insensitivity to MTI2 might be a specific
phenomenon, and, therefore, we included the comparison to an inhibitor which was never part
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of the diet of DBM. SKTI is isolated from soybean and this specific protein is not expressed in
Brassica species although the gene family does occur in Arabidopsis
(http://merops.sanger.ac.uk/).

First MTI2 and SKTI stock solutions were both titrated against 42 nM active bovine trypsin to
determine the molar concentrations of active inhibitors (Figure 1). Then, gut trypsin activity
derived from DBM larvae reared on control plants was titrated against both MTI2 and SKTI (Fig.
2A). Figure 2A shows that the maximum inhibition which could be achieved with either MTI2 or
SKTI is approximately 80% of total trypsin activity. This result implies that MTI2 and SKTI must
at least partially overlap in their specificity for Plutella trypsins and that 20% of the total trypsin
activity in the control guts represents MTI2 insensitive trypsin activity.
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Figure 1. Titration of 42 nM bovine trypsin with MTI2 and SKTI to determine the molar concentration of

active MTI2 and SKTI in stock solutions.

Figure 2A also shows the concentration of SKTI and MTI2 required to yield 50% inhibition of
the Pl-sensitive fraction of Plutella trypsin. SKTl is shown to be a much better inhibitor of these
trypsins than MTI2, as SKTI is inhibiting the same amount of gut trypsin at 6 nM instead of
approximately 80 nM for MTI2. The DBM gut extract in all likelihood represents a mixture of
trypsin enzymes with different dissociation constants for the inhibitors used. This means that
on the basis of these titrations the concentration of trypsin cannot be reliably determined. A
rough estimation of the maximum trypsin concentration present in the gut and the maximum
average Ky can be made, however. The Plutella trypsin activity could be titrated 50% using 6
nM of SKTI. If we assume that we are dealing with a tight inhibitor which is nearly fully
complexing all available sensitive trypsin then we can estimate the titration assay-mix to
contain at maximum ca. 12 nM of Plutella trypsin. With the estimated protease concentration
based on titration with SKTI we can estimate the dissociation constant of Plutella trypsins for
MTI2 using the data for 50% inhibition where the complexed (Y) and free enzyme (12-Y in this
case) are balanced:

Kq = [free protease] x [free inhibitor] / [protease-inhibitor complex]
=[12-Y] x [80-Y)/Y
= [6 nM] x [80 nM — 6 nM]/ 6 nM = 74 nM for MTI2
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If the actual trypsin concentration would be half the estimated maximum value, the Ky would
only change from 74 to 77 nM, so that the use of this maximum concentration value (12 nM) is
safe to calculate an estimated minimum Ky value considering its usefulness in the calculation
of the in vivo situation.
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Figure 2. Sensitivity of larval Plutella gut trypsin activity for MTI12 and SKTI

A: Titration of trypsin activity (BApNA) with MTI2 and SKTI in extracts derived from larvae reared on
control plants. For SKTI 6 nM and for MTI2 80 nM inhibitor was required to achieve 50% inhibition (13
fold difference)

B: Same titration but using larvae reared on MTI2 plants. For SKTI 5.6 nM and for MTI2 80 nM inhibitor
was required to achieve 50% inhibition (14 fold difference).
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For the in vivo situation we should take account of the fact that in the assay-mix the gut
extract was diluted 400-fold. This implies that the actual trypsin concentration in the gut is at
maximum 400 x 12 nM = 4.8 uM. This maximum amount of MTI2-sensitive Plutella trypsin (4.8
pMM) is complexed with approximately 12 yM MTI2 in the Arabidopsis line 7B3 when the leaf
material is ingested. At these in vivo concentrations most trypsin would be bound in the
complex as the formula for the dissociation constant would predict:

Kq = [free protease] x [free inhibitor] / [protease-inhibitor complex]
Invivo: 0.074 uM = [4.8-Y] x [12-Y] / [Y]
Complexed protease Y = 4.75 uM

This implies that, if MTI2 would remain fully active in the gut and if no protease activity would
be specifically induced in response to MTI2, 99 % of the total trypsin activity would be
complexed under in vivo conditions.

3.5 Pl-insensitive activity is not specifically induced

The average total trypsin activity in gut extracts from larvae reared on MTI2 plants was 30%
higher compared to the control (10.6 vs 8.1 units per mg gut), but the difference with 12
different guts was not significant due to the high individual variation between guts. This could
indicate in principle three different processes, in combination or alone: (i) induction of
MTI2-insensitive activity (if less activity could be inhibited in the MTI2-extract); (ii)
overproduction of MTI2-sensitive trypsin to overcome the effect of inhibition, or (iii) the
inactivation of MTI2 once it enters the gut.

Figure 2 shows that the trypsin activity from both control (2A) - and MTI2 (2B) - reared larvae
could be inhibited in vitro to virtually the same extent (ca. 80%) although more MTI2 than SKTI
was needed to achieve this level of inhibition in both extracts. This demonstrated that the ratio
between MTI2- and SKTl-insensitive fractions to the MTI2-insensitive proteases did not
change significantly due to the exposure to MTI2 in the Arabidopsis leaves.

Caution needs to be exercised when analyzing enzyme data of complexes with inhibitors
when they are carried out under strongly diluted circumstances, however. As explained in the
previous paragraph at in vivo concentrations 99% of gut MTI2 sensitive trypsin would be bound
in the complex. At the 400-fold dilution of the assay, however, most of the Plutella MTI2-
sensitive trypsin would be expected to be dissociated from the inhibitor. The previous formula
can also be used to calculate this amount of dissociated protease under in vitro (400-fold
diluted) conditions:

Kd = [free protease] x [free inhibitor] / [protease-inhibitor complex]
In vitro: 0.074 uyM =[0.012-Y] x [0.03-Y] / [Y]
Complexed protease Y = 0.0030 uM (25%)

This implies that, if MTI2 would be fully active and if no protease activity would be induced
only 25% instead of 99% of the activity would be inhibited under our in vitro conditions before
adding MTI2. However, we did not observe such a decrease in the total trypsin concentration
from 0.012 to 0.009uM, nor did we observe a change in the fraction of the activity which is
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sensitive to MTI2. In fact, if anything, we observed a small - non-significant — increase in total
trypsin activity of 30%, which under in vivo conditions would be 80% inhibited (the sensitive
fraction) unless MTI2 would be degraded.

If no MTI2-insensitive activity is induced relative to the sensitive fraction two possible
explanations remain for the lack of a biological effect of MTI2 on the development of the larvae:
either (i) Plutella larvae are overproducing MTI2 sensitive proteases to overcome any inhibition
or (i) MTI2 is effectively inactivated, presumably by other proteases. In the first case, we
should again consider that the gut extracts are assayed at a 400-fold lower concentration than
in vivo. Under in vivo circumstances it is necessary that DBM raises the expression of sensitive
trypsin significantly from 4.8 to 16.6 uM in order to overcome the inhibitor levels in the plant:

Kq = [free protease] x [free inhibitor] / [protease-inhibitor complex]
In vivo: 0.074 uM = [16.6-Y] x [12-Y] / [Y]

Complexed protease Y = 11.8 uyM (71%)

Free protease 16.6 — Y = 4.8 uM and identical to the control

Under the dilute (400x) in vitro conditions this situation would be assayed as a 173% higher
concentration compared to the control:

In vitro: 0.074 uM =[0.042-Y] x [0.03-Y] / [Y]
Complexed protease Y = 0.0092 uM
Free protease 0.042-0.0092 = 0.0328 pM (78%) and 173% higher than the
control with a free protease concentration of 0.012 yM

In reality we observe only a minor — non-significant - increase of 30% in the level of activity
which would be insufficient to overcome the effect of the inhibitor. The possibility that MTI2 is
actively degraded in the gut is, therefore, more likely.

3.6 Plutella xylostella extract specifically inactivates MTI2

To assess whether MTI2 specifically inactivates MTI2 we pre-incubated the extracts
containing the equivalent of 12 nM Plutella trypsin with 10-80 fold excess MTI2 and SKTI for
both 3 hours (6-fold longer) and 30 minutes (the usual pre-incubation time). The period of three
hours more or less corresponds to the time an ingested meal spends in a larval gut. We found
that in 3 hours MTI2 was inactivated completely at excess concentrations 10-20 fold to the
protease, while even at 80-fold excess half of MTI2 was inactivated. This process did not differ
between extracts derived from MTI2 or control reared larvae (Fig 3AC) indicating that the
inactivating enzymes are constitutively expressed in the guts of the larvae. In our transgenic
Arabidopsis line, MTI2 was present in 2-3 fold excess relative to the trypsin concentration in
the gut, so that nearly complete inactivation is likely to take place in less than an hour. The
possible (non-significant in our experiments) increase of 30% in total trypsin activity, however,
may represent an adaptation to partially inhibited enzymes because in the steady state
situation with continuous influx of fresh MTI2 not all of it will be immediately degraded under in
vivo conditions. After extraction and during our assay preincubation also that part of MTI2 is
degraded and may raise the observed total trypsin activity per gut.
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In contrast, SKTI was not inactivated at all and yielded an identical titration independent of
the pre-incubation time in both extracts of MTI2 and control reared larvae (Fig 3BD). This
demonstrates that the inactivation of MTI2 is a specific phenomenon which possibly evolved
due to the common presence of this inhibitor in the cruciferous host plants of DBM.
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Figure 3. Sensitivity of MTI2 and SKTI for degradation by larval Plutella gut proteases

3A: Comparison of residual larval gut trypsin activity from larvae reared on MTI2 plants 30 min and 180
min after addition of MTI2 to 12 nM gut trypsin in the assay

3B: the same as A but after addition of SKTI

3C: the same as A but using gut extracts from larvae reared on control plants

3D: the same C but after addition of SKTI

4. Conclusion

This paper presents a novel perspective on the analysis of protease activity in insect guts. It
has been pointed out before that to understand the effects of inhibitors in insects it is crucial to
calculate dissociation constants for inhibitors and to convert the in vitro assay results back to
the in vivo situation (Jongsma and Bolter, 1997). We demonstrate that an enzyme activity
which would be completely inhibited in vivo could be largely active under dilute in vitro assay
conditions. In the in vivo case one would conclude that the insect must be suffering from the
direct inhibition of the enzymes whereas in the latter case the opposite conclusion would be
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that the insect is suffering from hyperproduction of proteases. Many papers base their
conclusions, however, purely on the in vitro observations without calculating the actual in vivo
situation leading to potentially false conclusions about the consequences for the insects.

As shown here, using an approach based on elementary enzymological principles, a more
confident assessment can be made of what happens in the gut. It seems that DBM'’s ability to
inactivate MTI2, possibly in combination with a minor increase in trypsin activity, represents the
mechanism that the larvae employ to overcome inhibition of trypsin proteases and counteract
the antinutritional effects of this inhibitor. The dissociation constant of 74 nM and the MTI2
levels expressed in Arabidopsis are sufficient to block most activity at in vivo concentrations,
but we demonstrated that due to the rapid inactivation an effective MTI2-trypsin complex is
most likely hardly formed. This also explains why we observe no induction of MTI2-insensitive
trypsin activity relative to sensitive activity in response to exposure to the inhibitor that would
compensate the inhibition. The apparent small raise in total trypsin activity of both MTI2-
sensitive and insensitive trypsins is insufficient to counteract high concentrations of MTI2, but it
could very well represent a compensatory trypsin secretion to counter MTI2 which is intact
when it enters the gut. The inactivation was assessed under dilute in vitro conditions, but we
would expect that under in vivo conditions, if anything, the process would be the same or even
more rapid. Interestingly this process is specific for MTI2 and not observed for SKTI
suggesting that DBM has evolved this resistance specifically against the inhibitor MTI2 in a
way similar to other plant-insect combinations (Girard et al., 1998; Giri et al., 1998; Ishimoto
and Chrispeels, 1996; Michaud et al., 1996; Zhu-Salzman et al., 2003).

Acknowledgements

This research was partially supported by IAC grant (the Netherlands) and partially supported
by Funded by Key Laboratory of Vegetable Genetics and Physiology, Ministry of Agriculture
(China) and the National Basic Research and Development Program of China (Grant No
2006CB102003). We give our thanks to Jules Beekwilder for his technical suggestion and
assistance, and Lise Jouanin for contributing the seeds of experimental Arabidopsis plants,
and M. Volpicella for supplying the stock solution of MTI2.

References

Abdeen, A., Virgos, A,, Olivella, E., Villanueva, J., Aviles, X., Gabarra, R., and Prat, S. (2005).
Multiple insect resistance in transgenic tomato plants over-expressing two families of
plant proteinase inhibitors. Plant Molecular Biology 57, 189-202.

Bayes, A., Comellas-Bigler, M., de la Vega, M. R., Maskos, K., Bode, W., Aviles, F. X,
Jongsma, M. A., Beekwilder, J., and Vendrell, J. (2005). Structural basis of the
resistance of an insect carboxypeptidase to plant protease inhibitors. Proceedings of
the National Academy of Sciences of the United States of America 102, 16602-16607.

Bayes, A., de la Vega, M. R., Vendrell, J., Aviles, F. X., Jongsma, M. A., and Beekwilder, J.
(2006). Response of the digestive system of Helicoverpa zea to ingestion of potato
carboxypeptidase inhibitor and characterization of an uninhibited carboxypeptidase B.
Insect Biochemistry and Molecular Biology 36, 654-664.

Bolter, C. J., and Jongsma, M. A. (1995). Colorado potato beetles (Leptinotarsa decemlineata)

33



DBM inactivates protease inhibitor MT12

adapt to proteinase-inhibitors induced in potato leaves by methyl jasmonate. Journal
of Insect Physiology 41, 1071-1078.

Bown, D. P., Wilkinson, H. S., and Gatehouse, J. A. (2004). Regulation of expression of genes
encoding digestive proteases in the gut of a polyphagous lepidopteran larva in
response to dietary protease inhibitors. Physiological Entomology 29, 278-290.

Broadway, R. M. (1997). Dietary regulation of serine proteinases that are resistant to serine
proteinase inhibitors. Journal of Insect Physiology 43, 855-874.

Ceci, L. R., Spoto, N., Devirgilio, M., and Gallerani, R. (1995). The gene coding for the Mustard
Trypsin Inhibitor-2 is discontinuous and wound-inducible. FEBS Letters 364, 179-181.

Ceci, L. R., Volpicella, M., Rahbe, Y., Gallerani, R., Beekwilder, J., and Jongsma, M. A. (2003).
Selection by phage display of a variant mustard trypsin inhibitor toxic against aphids.
Plant Journal 33, 557-566.

Chelliah, S., and Srinivasan, I. C. (1986). Bioecology and management of diamondback moth
in India. In: Talekar, N.S. (ed.), Diamondback Moth Management. Proceedings of the
First International Workshop Asian Vegetable Research and Development Center,
Shanhua, Taiwan.

Christou, P., Capell, T., Kohli, A., Gatehouse, J. A., and Gatehouse, A. M. R. (2006). Recent
developments and future prospects in insect pest control in transgenic crops. Trends
in Plant Science 11, 302-308.

Clauss, M. J., and Mitchell-Olds, T. (2004). Functional divergence in tandemly duplicated
Arabidopsis thaliana trypsin inhibitor genes. Genetics 166, 1419-1436.

De Leo, F., Bonade-Bottino, M., Ceci, L. R., Gallerani, R., and Jouanin, L. (2001a). Effects of a
mustard trypsin inhibitor expressed in different plants on three lepidopteran pests.
Insect Biochemistry and Molecular Biology 31, 593-602.

De Leo, F., Bonade-Bottino, M. A., Ceci, L. R., Gallerani, R., and Jouanin, L. (1998). Opposite
effects on Spodoptera littoralis larvae of high expression level of a trypsin proteinase
inhibitor in transgenic plants. Plant Physiology 118, 997-1004.

De Leo, F.,, Ceci, L. R., Jouanin, L., and Gallerani, R. (2001b). Analysis of mustard trypsin
inhibitor-2 gene expression in response to developmental or environmental induction.
Planta 212, 710-717.

De Leo, F.,, and Gallerani, R. (2002). The mustard trypsin inhibitor 2 affects the fertility of
Spodoptera littoralis larvae fed on transgenic plants. Insect Biochemistry and
Molecular Biology 32, 489-496.

Ferry, N., Jouanin, L., Ceci, L. R., Mulligan, A., Emami, K., Gatehouse, J. A., and Gatehouse, A.
M. R. (2005). Impact of oilseed rape expressing the insecticidal serine protease
inhibitor, mustard trypsin inhibitor-2 on the beneficial predator Pterostichus madidus.
Molecular Ecology 14, 337-349.

Girard, C., Le Metayer, M., Bonade-Bottino, M., Pham-Delegue, M. H., and Jouanin, L. (1998).
High level of resistance to proteinase inhibitors may be conferred by proteolytic
cleavage in beetle larvae. Insect Biochemistry and Molecular Biology 28, 229-237.

Giri, A. P., Harsulkar, A. M., Deshpande, V. V., Sainani, M. N., Gupta, V. S., and Ranjekar, P. K.
(1998). Chickpea defensive proteinase inhibitors can be inactivated by podborer gut
proteinases. Plant Physiology 116, 393-401.

Harcourt, D. G. (1986). Population dynamics of the diamondback moth in Southern Ontario, In:

34



Chapter 2

Talekar, N.S. (ed.), Diamondback Moth Management. Proceedings of the first
international workshop Asian vegetable research and development center, Shanhua,
Taiwan, pp 3-15.

Ishimoto, M., and Chrispeels, M. J. (1996). Protective mechanism of the Mexican bean weevil
against high levels of alpha-amylase inhibitor in the common bean. Plant Physiology
111, 393-401.

Jongsma, M. A., Bakker, P. L., Peters, J., Bosch, D., and Stiekema, W. J. (1995). Adaptation of
Spodoptera exigua larvae to plant proteinase-inhibitors by induction of gut proteinase
activity insensitive to inhibition. Proceedings of the National Academy of Sciences of
the United States of America 92, 8041-8045.

Jongsma, M. A, Bakker, P. L., and Stiekema, W. J. (1993). Quantitative determination of serine
proteinase inhibitor activity using a radial diffusion assay. Analytical Biochemistry 212,
79-84.

Jongsma, M. A., and Bolter, C. (1997). The adaptation of insects to plant protease inhibitors.
Journal of Insect Physiology 43, 885-895.

Lopes, A. R., Juliano, M. A., Juliano, L., and Terra, W. R. (2004). Coevolution of insect trypsins
and inhibitors. Archives of Insect Biochemistry and Physiology 55, 140-152.

Markwick, N. P., Laing, W. A., Christeller, J. T., Reid, S. J., and Newton, M. R. (1996).
alpha-Amylase activities in larval midgut extracts from four species of Lepidoptera
(Tortricidae and Gelechiidae): Response to pH and to inhibitors from wheat, barley,
kidney bean, and Streptomyces. Journal of Economic Entomology 89, 39-45.

Michaud, D., Cantin, L., Visal, S., and Vrain, T. C. (1996). Differential susceptibility of
oryzacystatin | and oryzacystatin Il to proteolytic cleavage. Plant Physiology 111,
401-401.

Michaud, D., Cantin, L., and Vrain, T. C. (1995). Carboxy terminal truncation of oryzacysatin-li
by oryzacytatin insensitive insect digestive proteinases. Archives of Biochemistry and
Biophysics 322, 469-474.

Ooi, P. A. C. (1986). Diamondback Moth in Malaysia, In: Talekar, N.S. (ed.), Diamondback
Moth Management. Proceedings of the first international workshop Asian Vegetable
Research and Development Center, Shanhua, Taiwan, pp. 25-34.

Ranjekar, P. K., Patankar, A., Gupta, V., Bhatnagar, R., Bentur, J., and Kumar, P. A. (2003).
Genetic engineering of crop plants for insect resistance. Current Science 84, 321-329.

Schroeder, P. C., Shelton, A. M., Ferguson, C. S., Hoffmann, M. P., and Petzoldt, C. H. (2000).
Application of synthetic sex pheromone for management of diamondback moth,
Plutella xylostella, in cabbage. Entomologia Experimentalis Et Applicata 94, 243-248.

Schuler, T. H., Potting, R. P. J., Denholm, I., Clark, S. J., Clark, A. J., Stewart, C. N., and Poppy,
G. M. (2003). Tritrophic choice experiments with Bt plants, the diamondback moth
(Plutella xylostella) and the parasitoid Cotesia plutellae. Transgenic Research 12,
351-361.

Talekar, N. S., and Shelton, A. M. (1993). Biology, Ecology, and Management of the
Diamondback Moth. Annual Review of Entomology 38, 275-301.

Volpicella, M., Schipper, A., Jongsma, M. A, Spoto, N., Gallerani, R., and Ceci, L. R. (2000).
Characterization of recombinant mustard trypsin inhibitor 2 (MTI2) expressed in Pichia
pastoris. FEBS Letters 468, 137-141.

35



DBM inactivates protease inhibitor MT12

Zavala, J. A., Patankar, A. G., Gase, K., Hui, D. Q., and Baldwin, I. T. (2004). Manipulation of
endogenous trypsin proteinase inhibitor production in Nicotiana attenuata
demonstrates their function as antiherbivore defenses. Plant Physiology 134,
1181-1190.

Zhao, J. Z., Cao, J., Li, Y. X,, Collins, H. L., Roush, R. T., Earle, E. D., and Shelton, A. M.
(2003). Transgenic plants expressing two Bacillus thuringiensis toxins delay insect
resistance evolution. Nature Biotechnology 21, 1493-1497.

Zhao, J. Z., Collins, H. L., Tang, J. D., Cao, J., Earle, E. D., Roush, R. T., Herrero, S., Escriche,
B., Ferre, J., and Shelton, A. M. (2000). Development and characterization of
diamondback moth resistance to transgenic broccoli expressing high levels of Cry1C.
Applied and Environmental Microbiology 66, 3784-3789.

Zhu-Salzman, K., Koiwa, H., Salzman, R. A., Shade, R. E., and Ahn, J. E. (2003). Cowpea
bruchid Callosobruchus maculatus uses a three-component strategy to overcome a
plant defensive cysteine protease inhibitor. Insect Molecular Biology 12, 135-145.

36



Chapter 3

Expression in Arabidopsis of a strawberry linalool synthase gene under
the control of the inducible potato P12 promoter

Yang, L.M., Mercke, P., van Loon, J.J.A., Fang, Z.Y., Dicke, M., Jongsma, M.A.
Abstract

To investigate the role of inducible linalool in Arabidopsis-insect interactions, the FaNES1
linalool synthase (LIS) cDNA from strawberry with plastid targeting and a synthetic intron (LIS’)
was placed under the control of the wound inducible Proteinase Inhibitor 2 (P12) promoter from
potato. The construct pBin-Pp,-LIS’ was transformed to Arabidopsis thaliana ecotype
Columbia 0. Kanamycin resistant T, seedlings were confirmed for the presence and
transcription of the LIS’ gene by PCR analysis on genomic DNA and by RT-PCR analysis on
RNA. Genomic and RT-PCR products were sequenced to confirm correct splicing of the
synthetic intron. The expression of active linalool synthase by the Pp,-LIS’ gene construct in
the transgenic lines was assessed by measuring linalool emission using solid phase
micro-extraction (SPME) GC-MS measurements after induction with methyl jasmonate. Among
30 tested independent T, transgenic lines, 10 exhibited linalool production. Linalool expression
could be induced by methyl jasmonate treatment, but not by Diamondback moth larvae.

1. Introduction

Terpenoids comprise one of the largest families of compounds produced by plants. They
have many functions, and for example act as hormones, mediators of polysaccharide
synthesis, photosynthetic pigments (chlorophyll and carotenoids), and membrane components
(Chappell, 1995). They also mediate interactions between plants and their environment: they
are involved in interactions between plants and microorganisms, between plants and
herbivorous arthropods or between plants and carnivorous arthropods (Cseke et al., 1998;
Aharoni et al., 2003; 2006; Kappers et al., 2005). Moreover, plants may emit terpenoids that
attract insect pollinators (Dobson et al., 1993; Knudsen and Tollsten, 1993).

Linalool (3,7-dimethyl-1,6-octadien-3-ol), a C10 monoterpene volatile, is present in the floral
fragrance of diverse plant families. Due to its sweet, pleasant fragrance it is used extensively
by the flavour and fragrance industry. Linalool mediates interactions among plants and other
organisms, e.g. it has been shown to act either as an attractant or a repellent/deterrent to a
broad spectrum of pollinators, herbivores and parasitoids (Dicke et al., 1990; Raguso &
Pichersky, 1999; Wei & Kang, 2006).

For the purpose of our research, the latter aspect is of special interest. Attraction was
documented for insects such as the tarnished plant bug (Chinta et al., 1994), and
repellence/deterrence of e.g. the peach aphid and tobacco hornworm moth (Aharoni et al.,
2003; Kessler and Baldwin, 2001). In addition, linalool released from bean plants attracted a
carnivorous enemy of an herbivore and this showed a role of linalool as infochemical in indirect
defence against herbivores in tritrophic interactions (Dicke et al., 1990).
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Because of terpenoid diversity and the distinct roles of these compounds in plants, many
efforts have been made to identify and isolate the compounds and corresponding biosynthetic
genes by overexpression and knock outs/downs. This approach is proving to be highly helpful
to understand both the metabolism and the physiological and ecological effects of terpenoids.
A model plant such as Arabidopsis thaliana is ideally suited for determining the natural roles of
secondary metabolites due to the available information on the tissue-specific and
environmentally induced expression patterns and the availability of T-DNA knock outs for
virtually each gene. Furthermore, it has been shown to be excellently suited for evaluating
metabolic engineering strategies (Aharoni et al., 2003). Flowers of Arabidopsis produce a
range of mono- and sesquiterpenes including linalool, but its leaves produce only trace
amounts of the monoterpenes Ilimonene, [p-myrcene, and the homoterpene
(E,E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene (TMTT) (van Poecke et al., 2001; Aharoni et al.,
2003; Chen et al., 2003; 2004). Also under conditions of stress leaves of Arabidopsis ecotype
Columbia 0 (Col0) plants do not emit linalool (van Poecke et al., 2001), but the introduction of a
foreign gene coding for linalool biosynthesis led to very high volatile emissions (Aharoni et al.,
2003).

Several studies focused on transgenic plants expressing a linalool synthase gene from
strawberry or evening primrose resulting in the biosynthesis of linalool and its volatile and
non-volatile derivatives, such as hydroxylated linalool and linalool glycoside (Lucker et al.,
2001; Lewinsohn et al., 2001; Aharoni et al., 2003). The FaNES1 (LIS) gene was isolated from
strawberry and recombinant FaNES1 catalyzes the biosynthesis of the monoterpene linalool
and its sesquiterpene counterpart nerolidol from the precursors geranyl diphosphate (GDP)
and farnesyl diphosphate (FDP), respectively. When the protein is targeted to the plastid,
linalool is observed as the exclusive product. Nerolidol is only produced in minute quantities
even if the gene is targeted to the cytosol (Aharoni et al., 2003). When the enzyme was
targeted to the mitochondrion it resulted in the production of nerolidol and
(E)-4,8-dimethyl-1,3,7-nonatriene (DMNT) (Kappers et al. 2005). In all these studies the
expression of the transgene was regulated by a constitutive or tissue-specific promoter
(Lucker et al., 2001; Lewinsohn et al., 2001; Lavy et al., 2002; Aharoni et al., 2003). Inducible
promoters allow the on-demand regulation of the transgenic traits at times when their
expression is needed, thus avoiding energetically wasteful and ecologically or physiologically
undesirable constitutive expression. Among inducible promoters, wound-inducible promoters
are the most interesting in the context of plant defence against herbivores.

The PI2 promoter from the potato proteinase inhibitor || gene is constitutively expressed in
potato tubers and inducible in leaves (Palm et al., 1990; Duan et al., 1996; An et al., 1998). In
potato and tomato PI2 gene expression can be induced by mechanical injury, herbivore
damage, microorganism invasion, phytohormones such as abscisic acid (ABA), jasmonic acid
(JA) or its methylester (Me-JA), the peptide hormone systemin, heat treatment, and electrical
current application (Pena-Cortes et al., 1995). Methyl jasmonate is a known mediator of
herbivory-induced defences and has been shown to induce terpene synthase gene expression
in various plants (Martin & Tholl, 2002; Martin et al., 2003; Faldt et al., 2004; Mercke et al.,
2004).

In the present study the linalool synthase gene was for the first time engineered under the
control of a wound-inducible promoter with the aim of enhancing the attraction of natural
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enemies to Arabidopsis experiencing feeding damage by herbivorous insects. The
effectiveness of methyl jasmonate treatment and herbivory by Diamondback moth larvae to
induce linalool release from leaves was investigated.

2. Materials and methods

2.1 Insect rearing

Plutella xylostella was reared on greenhouse-grown Brussels sprouts plants, Brassica
oleracea L. var. gemmifera cv Icarus (Sluis & Groot, Enkhuizen, The Netherlands) under a
L16:D8 photoperiod, at 23-25 °C and 60-70% r.h. This colony has been established in the
laboratory for over 200 generations and was started with material collected in The Netherlands
and has since then been reared continuously in the Laboratory of Entomology, Wageningen
University.

2.2 Vector construction

The FaNES 1 linalool synthase gene (LIS) (Aharoni et al., 2003) from strawberry was used
to construct the expression cassette. LIS cDNA (without synthetic intron) and pUC 19 plasmid
with the linalool synthase (iMuT1) gene (with synthetic intron but without chloroplast transit
peptide) were obtained from G. Rouwendal (Plant Research International (PRI), The
Netherlands). The introduction of the LIS gene was found to cause toxicity to E. coli due to
leaky promoter activity of the PI2 promoter and functional gene expression in E. coli was
prevented by introducing an intron. For this purpose, an 89 bp intron present in the iMuT1
cDNA was used to construct the final expression cassette: The LIS gene with the intron (iMuT1)
was excised from its vector with the restriction enzymes Ncol and BamHI, and the PI2
promoter-terminator multiple cloning site in vector pUC19 (from N. Outchkourov, PRI) was cut
with the compatible enzymes Ncol and Bglll. The purified insert and vector fragments were
ligated to form P12/iMuT1 (3’ part) in pUC19. Next, cDNA of LIS (PCR amplified with a forward
primer introducing an Ncol site at the beginning of the gene using the primers
5'-TAATACCATGGCATCGTCTTCTTGGG-3 and 5-GCGGAGATCTGGATCCTTACATTGATA
-3’) was cut with Ncol, and the vector P12/iMuT1 was cut with the same enzyme. The purified
fragments were ligated to form the Pp,-LIS’ expression cassette with the linalool-intron gene
under the control of the P12 promoter-terminator (Fig 1A). Finally the cassette was digested
with Ascl and BamHI and inserted into binary vector plant transformation vector pBINPLUS
(van Engelen et al.,, 1995) digested with the same enzymes resulting in the vector
pBin-Pp,-LIS’ (Fig. 1B)

2.3 Arabidopsis transformation and selection

Plants of Arabidopsis thaliana ecotype Columbia 0 were used for floral dip transformation.
Nine seeds were sown per pot (12 x 12 cm) filled with well-wetted soil. In total 36 plants were
used for transformation. The pots were covered with plastic for ca. one week until the first pair
of true leaves was well developed. The pots were placed in a climate chamber (22+1 °C, L:D
16:8). The plants were used for transformation 4-5 weeks after sowing. One week before
transformation the main branch of the plant was clipped to stimulate the emergence of more
bolts. Plants were transformed with Agrobacterium tumefaciens containing pBin-Pp-LIS’
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according to the flower dip method of Clough & Bent (1998). Plants were subsequently allowed
to mature for seed production. The seeds were sterilized with 4% bleach, including 3 drops
Tween/30ml, for 20 minutes, and rinsed 4 times with sterile MQ water. Sterile seeds were
plated on agar-1/2 Murashige and Skoog (1/2 MS) medium with 50 mg/l kanamycin and 50
mg/l cefotaxime. The plates were incubated in a cold room (4 °C) for 3 days and then
transferred to a growth chamber with long day conditions (16 hrs light, 24+1 °C). After 1 or 2
weeks antibiotic resistant plants were transferred to soil and placed in the greenhouse (24+4
°C, 16 hours light). After two generations of selfing, followed by kanamycin selection (methods
as mentioned above), T, transgenic seeds were obtained, which no longer segregated for
kanamycin resistance and were thus classified as homozygous.

2.4 Isolation of Arabidopsis DNA

One leaf disc from a well-developed leaf was harvested from each plant, flash frozen (-196
°C) and ground to a fine powder in liquid nitrogen using a mortar and pestle. The powder was
added to 500 pl of extraction buffer (25 ml buffer 1 (0.6 M NaCl, 100 mM Tris pH = 7.5, 40 mM
EDTA, 4% sarkosyl), 20 ml 12 M Urea, 2.5 ml phenol, 2.5 ml water), vortexed until the entire
green material was in slurry, and put on ice till all samples were treated. A volume of 400 pl
phenol/chloroform/IAA (24:24:1) was added to the homogenate, mixed by gently inverting 20
times, and centrifuged at 3500 rpm for 15 minutes. The upper phase was carefully taken and
transferred to a new tube, 300 pl isopropanol were added, mixed by hand for 10 minutes at
room temperature. The supernatant was removed without touching the pellet, and 500 ul 70%
ethanol was added to wash it. The pellet was dried in air at room temperature for 10 minutes,
dissolved in 50 pl TE buffer with 10 ug/ml Rnase, and stored at —20 °C.

2.5 Detection of LIS’ gene integration and expression

Following kanamycin selection, for the generations Ty to T, PCR analyses of the LIS and
LIS’ gene were done on genomic DNA to confirm the presence of the gene. The upper primer
fwD (5’-TCATGGCCAGGAACTTTTTC-3’) starting at position 731 of the linalool synthase gene
and the lower primer RevD (5-TGAATGATGCTGGAAATGGA-3’) starting at position 1631
were used for PCR detection. The same primers were used in RT-PCR and sequencing to
confirm transcription and correct splicing of the synthetic intron. Total RNA was extracted by
the TriPure-small sample method (Roche Applied Science). cDNA synthesis was done by
following the Invitrogen protocol of Superscript Il and was carried out by adding 2 pl oligo-dT
(0.25 ug/pl) and 1 pl ANTP mix (10 mM each) to 1 pg total RNA sample, up to 12 yl MQ water,
keeping at 65 °C for 5 minutes, transferring directly on ice, adding 4 ul first strand buffer, 2 pl
0.1 M DTT, 1 pl Rnasin, and 1 pl Superscript || RT, keeping at 42 °C for 50 minutes and then 70
°C for 15 minutes. A volume of 1 pl of this cDNA was used for PCR, which was performed at
the following conditions: 95 °C, 3 min; 30 cycles of 94 °C, 45 sec; 56 °C, 30 sec; 72 °C, 1 min;
followed by 72 °C, 4.5 min. The sequencing samples of DNA and cDNA were prepared by
adding 3 pl DETT buffer, 1 yl DETT dye, and 1 pl 1 yM primer to 500 ng template DNA, making
up with water until 10 pl, followed by PCR (94 °C, 20 sec; 50 °C, 15 sec; 60 °C, 1 min; for 30
cycles). The samples were sequenced by Greenomics (PRI).

2.6 Induction of linalool expression and GC-MS measurements
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To detect the expression of linalool under the control of a wound-inducible promoter leaves
needed to be pretreated with methyl jasmonate or insect herbivory. Water agar (1%) was
poured into 12x12 cm square Petri dishes. After cooling down of the agar, the detached leaves
were placed on the agar layer. We took one leaf from each plant and 5-8 detached leaves were
located in each Petri dish. A drop (ca. 20 ul) of methyl jasmonate (Duchefa, The Netherlands)
on a small piece of filter paper was placed in the Petri dish. After sealing the Petri dishes with
Parafilm, they were placed in a climate room (25+1 °C, L:D 8:16) for 24 hours to induce linalool
production. Induction was also done by insect wounding for a different set of plants from the
same batch. Five or ten 2™ instar larvae of Plutella xylostella were placed on each Arabidopsis
plant and 24 or 48 hours later the larvae were removed. P355-LIS transgenic Arabidopsis plants
with the transgene under the control of the constitutive CaMV35S promoter were used as a
positive control and the wild type (ecotype Col0) as a negative control.

Intact leaves of untreated P3s5-LIS and wild type plants were placed in a 1.5-ml crimp cap
vial with 10 pl MQ water and capped. Leaf samples of Pp,-LIS’ and wild type plants, both
induced and non-induced, were also analyzed using the calcium chloride method. Leaves
were ground to a fine powder in liquid nitrogen using a mortar and pestle. Around 30 mg fresh
weight of leaf material was weighed into a 1.5-ml screw-cap vial, closed, and incubated at 30
°C for 10 min. Subsequently, 5.5 M CaCl, was immediately added to give a final concentration
of 5 M. The closed vials were then sonicated for 5 min. Subsequently 80 ul of the pulp was
transferred into the 1.5-ml crimp cap vial and capped. Both intact samples and CaCl,-extracted
samples were finally analyzed by SPME-GC-MS in the following way. A 50 ppm solution of
linalool was used as the reference sample. Each day the SPME fiber was conditioned by
inserting it into the machine under 270 °C for 10 min before the first analysis. Headspace
volatiles in the vials were collected by exposing a 65-mm polydimethylsiloxane-divinyl-
benzene SPME fiber (Supelco) into the vial headspace for 20 min. The CaCl,-extracted
samples were in addition held under continuous agitation and heating at 50 °C. The collected
samples were injected into the GC-MS via a Combi PAL autosampler (CTC Analytics AG). In
this procedure the fiber was inserted into a GC8000 (Fisons Instruments) injection port and
volatiles were desorbed for 1 min at 250 °C. Gas chromatography was performed on a HP-5
(50 mx0.32 mmx1.05 pm) column with helium as carrier gas (37 KPa). The GC temperature
program began at 45 °C (2 min), was then raised to 250 °C at a rate of 5 °C /min, and finally
held at 250 °C for 5 min. The total run time, including oven cooling, was 60 min. The GC
interface and MS source temperatures were 260 °C and 250°C, respectively. Mass spectra in
the 35 to 400 m/z range were recorded by an MD800 electron impact MS (Fisons Instruments)
at a scanning speed of 2.8 scans/s and an ionization energy of 70 eV. The chromatographic
and spectral data were evaluated using Xcalibur software (Tikunov et al., 2005).

3. Results

3.1 Acquisition of primary transformants

An 894-bp 3'-fragment of the LIS’ gene containing a synthetic intron was cut with Ncol and
BamHI from the iMuT1 vector and ligated into the vector pUC19-Ppj,. Subsequently a 1764-bp
PCR product was amplified from the LIS cDNA and cut with Ncol. The 939-bp fragment was
isolated and ligated into the Ncol-digested pUC19-Pp, vector with part of iMuT1. The LIS’ gene
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(with intron) expression cassette which now also possessed plastid targeting under the control
of the P12 promoter was cut from the vector using Ascl and BamHI restriction enzymes and
ligated into the binary vector pBINPLUS (Fig 1). After mobilization of the genes to A.
tumefaciens and infection of Arabidopsis flowers, more than 20,000 seeds were obtained from
36 transformed plants. Ten to 14 days later seedlings resistant to kanamycin were well
developed with a normal green color and susceptible individuals had not germinated, not
rooted or had turned whitish in color. In total 0.2-2% of the seeds were resistant to kanamycin
and in total 56 healthy seedlings were obtained (Fig. 2). In contrast, no green seedlings were
regenerated in the presence of kanamycin from wild type Arabidopsis.

Ascl Hindl 11

GGCGCGCCAAGCTTCCCCAATTCAAAGAACCTTGTTCATTAATTATTATTTTTCCAGCAAAATGAAAAT
TTTTAGTTAGGATGATAAAATTTATCCAAATTTCTACCACCACCCAAAACTAAATCTTCCAATTCAGAA
AAAATCATTCATTACAACTCTTGGATTTGTTTGTATGATGTGTTAGAAGCAGAAATGGGTTTAAAAGGT
GAATTAAATGGTATTTTTAACTAAAGAAATGAATGCGGGATATATTTAAGTTTTTTCAGATAATTCATG
AATATTTTTATCCTCTTTCCGTGTGCAATAATAGAGTTCCAACTTAATTATCACGTGGACTTATAAGAA
ACCGATGCTGGATGATAATTATTTAAAAAAACAAGCAAGTCGGGGTCAGTACAGCTTGCTGAATAGGAG
AAATTAAAGATAGCAACCAGGAAAAGTTAAGAGCTTTTGGCTCCTCCGTCCAATTATAACCGTCCACTA
TATATATTTGAGACTCGTATTGAGAAACAATAAATAATAAGAATGATATTACTATATTACCTTTTGAAT
ATATTAAATTTAATGCTTTGAAAAATATATTTGATAATGAATAATATCTAATAGCAGCAAGAATAAAAT
AGACACAAACAAGTAAAATTACTCATTGATCTTTCAAATTAGACAAGTATTATCGGACATCTACTTTTA
GTATAGTAAACAAGTAAAGATCGGATAAAGAGAGTAATAAAGAAGAAGCAAGCGTAAGTACCTTGCCAA
AATAATTAACTAACAAGCACATCTTTTTTTTTTTATCAAATATTAATAAAAATAATTTATATTAATATG
AAGAAAAAAAAGGTTTTAGTTTGCTATCTTTTTGATCACTCGTTTGCTATAAATAGGTGGAGGAGGACA
GACACTCTTCACCCCAAAATTAAAAGAAAAAGAGGCAGTACTAATTAATTATCCACCATGIGCATCGTCT

Nco

TCTTGGGCCTTCTTTAAAGTATTCAATCCCCAAATTGCTCCAAAAAGTATCTCACATATTGGCCAGTCT
GACCTCATGCAGCTTACACATAAGAAGCAGCTGCCTACTTTTCAAAGACGGGGCATTGCCGAAGATAGC
TTGCTTCCCAGTTCTACTACTCCCATAAAGCCGATGAACGTTGAAACCAAGCATACTAGAACTATGGGT
GACATTTTTGTCCAACATTCTCAGAAGTTGGAACTATTGAAAACTGTCTTGAGGAATGTAGCAGAGCTA
GATGCCCTTGAAGGTTTGAATATGATCGATGCTGTTCAAAGGCTAGGCATCGATTACAACTTTCAACGA
GAAATCGACGAAATCCTGCACAAGCAAATGAGTATTGTGTCTGCCCGTGATGATCTTCATGAGGTTGCA
CTTCGCTTTCGACTACTGAGACAACATGGTTACTTCGTGCCTGAAGATGTGTTTAACAACTTCAAGGAC
AGCAAAGGAACGTTCAAGCAAGTTCTGGGTGAAGACATCAAGGGATTGATGAGCTTATACGAAGCTTCG
CAGCTAGGTACAGAAGGAGAAGATATACTTGTTGAAGCTGAAAAGTTTAGCGGCCATCTGCTAAAGACT
TCTCTGTCACATCTTGATCATCATCGAGTCAGAATTGTTGCAAATACATTGAGGAATCCTCATCACAAA
AGCTTGGCCCCATTCATGGCCAGGAACTTTTTCGTTACTTCTCAAGCCACCAATTCATGGTTAAATTTG
CTAAAAGAAGTAGCAAAAACAGATTTCAATATGGTCCGGTCTCTGCACCAGAATGAAATAGT TCAAATG

TACATTTGGTCCATGGCATGCCTGACAGATCCAAAGTTATCAGAGGAGAGGGTTGAGCTCACAAAA
Ncol
ATCTCTTTTGTCTATTTGATAGATGACATTTTCGATGTTTATGGAACCCTTGATGACCTCATTCTCTTC
ACAGAAGCTGTTAATCGgtatatatgaattatatgcgtcagtgatgaaatataatcagacttgttacca
atttatgattgatcaacaacctattgcatacatacagATGGCGAAATTACTGCTATAGACCACTTACCAG
ACTATATGAAGATATGCTTCAAGGCTCTCTATGATATGACTAATGAAT TCAGCAGCAAGGICTATCIGA
AGCATGGATGGAA TTACAATCTTTGAAAATTTCGT AGTCTTTGCAATGCATTTTIGGT

CTGGGGTAAATGIGGT TCTAGTCCACATGTITTTTICICTTGGG I CAGAACATAACCAGAAAGAGTGIGG
AGTTGTTGAATGAAACTCCAGCCATTATATCGTCCTCAGCAGCAATTCTTCGACTCTGGGACGATTTA
AAGGCTGT TCCATTGAGGAGGCACGAGAAAAGACGATTAATATGATTTCAGATGAATGGAAGAAACTGA
ACAGAGAACTGCTCTCTCCAAATCCATTTCCAGCATCATTCACATTGGCTTCTCTTAATCTCGCAAGAA
TGATCCCCTTGATGTATAGCTACGATGGCAACCAATGCCTTCCATCTCTTAAAGAGTATATGAAACTGA
TGTTGTATGAGACTGTATCAATGTAAGGATCTTAATGTATGAAATAAAAGGATGCACACATAGTGACAT
Fusion BamHI1/BgllI

GCTAATCACTATAATGTGGGCATCAAAGTTGTGTGTTATGTGTAATTACTAGTTATCTGAATAAAAGAG
AAAGAGGTCATCCATATTTCTTTTCCTAAAGAAATGTCACGTGTCTTTATAATTCTTTGATGAACCAGA
TGCATTTTATTAACCAAATCCATATACATATAAATATTAATCATATATAATTAATATCAATTGGGTTAG
CAAAACAAATCTAGTCTAGGTGTGTTTTGCTAATTATTGGGGGATAGTGCAGAAAGAAATCTACGTTCT
CAATAATTCAGATAGAAAACTTAATAAAGTGAGATAATTTACAAAGCTTGCATGCCTGCAGGTCGACTC
TAGAGGATCC HindTTI1

BamH1
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Figure 1A. The Pp2-LIS’ expression cassette. The sequence of the P12 promoter and terminator fused to
the LIS’ cDNA with a synthetic intron is shown. The bold part is the LIS’ sequence; the lower case
sequence in italics represents the intron; the frames indicate the start and end of translation; the
underlined italics indicate the restriction sites of enzymes, and the underlined part shows the PCR

fragment that was amplified using the fwD and revD primers.
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Figure 1B. The physical map of the pBinplus binary vector carrying the Pp;>-LIS’ gene used for

transformation of Arabidopsis.

Figure 2. Kanamycin selection of first generation (To) of transgenic Arabidopsis thaliana lines. The green,

well developed seedlings are kanamycin resistant.

3.2 Linalool synthase transformation and expression analysis

In order to test for the presence of the LIS’ gene in kanamycin-resistant plants, DNA was
isolated, followed by PCR analysis. In this way the numbers of plants analyzed were 56, 33,
and 65 in the Ty, T4, and T, generations respectively. More than 80% of the selected,
kanamycin-resistant, plants were PCR-positive for a part (994 bp) of the linalool synthase gene.
Furthermore, no amplification was observed in untransformed seedlings from wild type plants
(Fig. 3). In the T, generation, progenies from 8 T, plants showed no segregation upon
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germina

Figure 3. PCR detection for Ty, T4, and T, generation of plants. Lane 2: positive control using plasmid
DNA as a template; lane 3: negative control using wild type Arabidopsis genomic DNA as template; lanes

4-10: Pp;-LIS’ transgenic plants yielding a 994 bp band.

Two single homozygous plants of P3s5-LIS and Ppio-LIS’ (T, generation) were selected
respectively for PCR on genomic DNA and RT-PCR on cDNA using identical primer pairs. After
induction of Pp,-LIS’ with methyl jasmonate both types of plants turned out to transcribe the
LIS gene as can be deduced from the presence of a 905 bp band in the RT-PCR experiment
(Fig. 4). Furthermore, Pp>-LIS’ plants efficiently spliced out the intron from the primary
transcript if we compare the PCR product from genomic DNA (994 bp) and cDNA (905 bp) (Fig.
4). To demonstrate correct splicing the RT-PCR product was sequenced. Transcript
sequencing revealed that the intron was present in the PCR product of genomic DNA of the
Ppi2-LIS’ plant 23 and that the 89 bp intron was correctly removed during mRNA maturation.

PCR RT-PCR PCR RT-PCR

genDMNA cDINA genDNA cDMA

4 25 23 23-1

Figure 4. Comparison of PCR and RT-PCR on genomic DNA and total RNA isolated from a P3ss-LIS
(without intron) and Ppj-LIS’ (with intron) plants after induction with methyl jasmonate. Lanes 1, 4 and 7:
DNA size marker; Lanes 2 and 5: PCR fragments using Psss-LIS and Pp2-LIS’ plant genomic DNA
templates; Lanes 3 and 6: RT-PCR fragments using P3ss-LIS and Ppi2-LIS’ cDNA . The fragment size in
lanes 2, 3 and 6 is 905 bp, and the size in lane 5 is 994 bp including the intron of 89 bp.

3.3 Linalool production induced with methyl jasmonate induction

Thirty T, generation transgenic homozygous plants were screened for linalool emission by
SPME-GC-MS analysis of CaCl, extracts obtained from Pp,-LIS’ leaves. As expected, the
control leaf samples of uninduced and methyl jasmonate induced wild-type Arabidopsis did not
produce any detectable linalool (Fig. 5B, D). Only the transgenic plants showed varying levels
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of linalool emission after induction with methyl jasmonate (among 30 transgenic plants, 10
showed linalool emission; Fig. 5C). Surprisingly, there was no detectable linalool production in
Ppi2-LIS’ transgenic plants after 24-48 hours of herbivory by second instar larvae of Plutella
xylostella (Fig. 6).

One year later, when aiming for combining Pp;-LIS’ by crossing with other genes in
Arabidopsis individuals, SPME-GC-MS analyses were carried out for plants grown from seeds
of the same batch of Pp,-LIS’ plants as used here as well for their progeny using identical
protocols, but linalool emission could not be detected from any of them.
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Figure 5. Headspace profile from CaCly-extracted and live leaves to detect linalool emission from
P3ss-LIS and Ppio-LIS’ transgenic Arabidopsis plants respectively by SPME-GC-MS. Panel A: Linalool
emission from Psss-LIS Leaves; Panel B: emission spectrum from wild type leaves; Panel C: Linalool
emission from Ppp-LIS’ CaCly-extracted leaves induced with methyl jasmonate; Panel D: emission
spectrum from wild type CaClz-extracted leaves induced with methyl jasmonate. Shown are abundances

of the masses in the range of 92.5-93.5 specific for monoterpenes on the absolute scale of panel A.
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Figure 6. Comparison of linalool expression in Ppi2-LIS’ transgenic Arabidopsis plants induced by either
methyl jasmonate (panel A) or the L2 larvae of P. xylostella (panel B). Shown are abundances of the
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3.4 Growth comparison between P355-LIS and Ppj,-LIS’ transgenic Arabidopsis

P3s55-LIS homozygous transgenic Arabidopsis (from A. Aharoni, PRI) were used as the
positive control for linalool emission. These plants exhibited a developmental delay of
approximately two weeks compared with ColO control plants. This phenomenon was not
observed in Pp-LIS’ homozygote plants (Fig. 7). Due to the delayed development and very
high linalool expression of P3ss-LIS transgenic plants, they had an obvious phenotype, of
lighter, younger looking green leaves with some small yellow spots (Fig. 7). However,

eventually they produced flowering stems and seeds.

P3ss-LIS

Figure 7. Growth retardation by constitutive expression of linalool in transgenic Arabidopsis.
Homozygous P3ss-LIS, Columbia 0 ecotype control, and Ppj2-LIS’ plants sown on the same day. All plants

shown are 6 weeks old since sowing.

4. Discussion

In recent years more and more researchers focused on metabolic engineering of terpenoids
due to their potential implication in various aspects of plant-insect interactions. Some studied
direct plant defence (Bohimann et al., 1998; Zhang et al., 2002; Aharoni et al., 2003; Beale et
al. 2006), and others worked on the effect of new components on indirect plant defence
(Aharoni et al., 2005; Kappers et al., 2005; Schnee et al., 2006; Beale et al. 2006). So far, in all
reported examples constitutive or tissue-specific promoters have been used so that the
presence of the compound is not correlated to the invading/attacking pest. However, regulated
transgene expression, whereby a promoter is specifically activated in response to pathogen
invasion or pest attack, may have distinct advantages for genetic engineering disease/pest
resistant traits in plants, by reducing the cost involved in producing the metabolites when they
are not yet required. Furthermore, coupling of a herbivore-inducible promoter to a terpenoid
synthase gene will allow biological control agents to detect the induced terpenoid only after
damage inflicted by attacking herbivores (Kappers et al., 2005). Different gene expression
patterns can be created using inducible promoters responsive to mechanical wounding,
herbivore damage, or pathogen invasion (Keil et al., 1989; Siebertz et al., 1989; Hansen et al.,
1996; Yevtushenko et al., 2004). Jasmonate family members including OPDA, dnOPDA, and
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jasmonic acid can be induced in Arabidopsis by Pieris rapae feeding (Reymond et al., 2004).
Up to now, there have been no reports on genetic engineering of monoterpene synthases with
wound-inducible promoters. Our results show that the use of the PI2 promoter from potato
resulted in methyl-jasmonate inducible linalool expression in Arabidopsis, although it failed to
yield a response to herbivory by Plutella xylostella larvae.

Several studies demonstrated that gene expression can be manipulated with
wound-inducible promoters. Most of them focused on B-glucuronidase (GUS) reporter gene
expression (Keil et al., 1989; Hansen et al., 1996; Yevtushenko et al., 2004). The promoter of
proteinase inhibitor Il in potato was proven to be both wound- and herbivore-inducible in
different plant species (Keil et al., 1989; Palm et al., 1990; Xu et al., 1993; Pena-Cortes et al.,
1995; Duan et al.,, 1996). Among them, Duan’s group reported that wound-inducible
expression of the pin2 gene driven by its own promoter resulted in high-level accumulation of
the PINII protein in transgenic rice with increased resistance to a lepidopteran, the pink stem
borer (Sesamia nonagrioides Lef). The observations reported here for Arabidopsis that linalool
expression is only observed in response to methyl jasmonate and not to herbivore damage is
therefore unexpected.

Jasmonic acid and its methyl ester, methyl jasmonate, play important roles in plant defence
as intra- and intercellular signaling molecules. They mediate the activation of gene expression
in response to wounding, elicitor treatment, and pathogen infection. Application of exogenous
methyl jasmonate can induce a pattern of gene expression very similar to mechanical
wounding, pathogen infection, and herbivore damage (Hildmann et al., 1992; Ellard-lvey et al.,
1996; McConn et al., 1997; Dicke et al., 1999; Van Dam et al., 2001; Faldt et al., 2003). Plant
defences against pathogens and insects are regulated by signaling pathways in which salicylic
acid (SA), jasmonic acid (JA), and ethylene (ET) play key roles. Comparison of transcript
profiles revealed that consistent changes induced by pathogens and insects with very different
modes of attack can show considerable overlap. The majority of the changes in JA-responsive
gene expression were attacker-specific. JA plays a dominant role in the transcriptional
reprogramming of the response of Arabidopsis to an array of attackers (De Vos et al., 2005).
MeJA can induce transcription by the P12 promoter and its response mechanism is different
from the induction by sucrose which controls its tissue-specific expression in potato tubers
(Kim et al., 1992). In our case, we successfully induced linalool production though application
of MeJA, but failed when insect feeding was applied. Possible reasons for this are: 1) MeJA is
a more powerful inducer than insect damage or the amount of JA applied was high relative to
the strength of natural induction by feeding; Both MeJA and mechanical wounding can induce
the expression of pin2-Gus systemically in transgenic rice, however (Xu et al., 1993). 2) the
damage duration and the sampling time for linalool detection were not optimal because insect
damage will be low at first and increases over time compared to one large boost of MeJA at the
start of the experiment; The induction by lepidopteran larvae of genes in both Solanaceae and
Arabidopsis occurs within 24 hours however (Jongsma et al., 1995; Sarosh et al 2007). 3)
Some unknown components in saliva of Plutella larvae might directly or indirectly suppress a
step in the JA-induced signal transduction pathway normally leading to the activation of the
Pl2-promoter considering that there is little overlap in MeJA- and Plutella-inducible genes in
some Brassicaceae (Sarosh et al 2007). A further example of this is the study of Kahl et al.
(2000) in which Manduca sexta saliva-induced ethylene suppresses JA-responsive nicotine
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accumulation, but enhances JA-responsive volatile emission. They showed that nicotine
accumulation was proportional to the amount of leaf wounding and the resulting increases in
jasmonic acid (JA) concentrations in tobacco plants. In contrast, feeding by the
nicotine-tolerant larvae of M. sexta led to large increases in volatile terpenoids, ethylene, and
accumulations of endogenous JA pools, but to similar or decreased nicotine accumulation,
which can be strongly induced by JA. The ethylene release was sufficient to explain the
attenuated nicotine response (Kahl et al., 2000). A similar situation might exist in our case.

The retardation of plant growth, observed in P355-LIS plants, was not observed in  Ppjo-LIS’
plants relative to the wild type control. Previously, growth retardation in Arabidopsis was
reported to be the result of the high constitutive expression of linalool (Aharoni et al., 2003;
Kappers et al., 2005). A possible explanation for this retarded and light green phenotype in the
transgenic lines is the depletion of the isopentenyl diphosphate (IPP) pool in the plastids,
which may lead to reductions in the levels of essential isoprenoids (Aharoni et al., 2003) or part
of the metabolic energy goes into the biosynthesis of linalool and can not be used for growth
(Herms and Mattson, 1992). Alternatively, it is possible that the levels of linalool or its
derivatives produced in these high level expressors are phytotoxic to some degree. In any
case our results show that the use of an inducible promoter can in principle overcome these
negative effects of constitutive promoters on plant phenotype.

Arabidopsis plants emit a number of different volatile organic compounds (VOCs), including
monoterpenes and sesquiterpenes from different organs (e.g. leaf, flower, stem, silique, root)
and depending on developmental or stress conditions (Van Poecke et al., 2001; Chen et al.,
2003). Several Arabidopsis terpene synthase (TPS) genes are expressed exclusively or
almost exclusively in the flowers. Among these, At1g61680 encodes a linalool synthase which
is petal- and anther-specific (Chen et al., 2003; www.arabidopsis.org). In the vegetative stage
of Arabidopsis the terpenoids myrcene, p-ionone and (3E,7E)-4,8,12-trimethyl-1,3,7,11-
tridecatetraene can be emitted in response to infestation by P. rapae caterpillars so that future
experiments aimed at inducible linalool production may profit from focusing on promoters of
genes responsible for these emissions (van Poecke et al., 2001). The introduction of
wound-inducible linalool production in Arabidopsis leaves will increase our understanding of
the biological role of inducible plant terpenoids, e.g. the effects of induced and inducible
linalool emission on herbivores and their parasitoids.

Further research on induced linalool emission in response to insect attack will be relevant for
the engineering of indirect plant defence. Compared with constitutive production, the use of
herbivore-inducible terpenoid expression will result in a more reliable cue to affect the
behaviour of the natural enemies of herbivores, will save metabolic resources for plant
development and reduce any negative phenotypes associated with the constititutive
expression of the gene.
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Combining linalool synthase gene with a Bacillus thuringiensis toxin
gene in Arabidopsis thaliana reduces oviposition by Plutella xylostella
adults and may thus reduce selection of Bt-resistant larvae

Yang, L.M., Jongsma, M.A., van Loon, J.J.A., Fang, Z.Y., Dicke, M.
Abstract

Homozygous transgenic Arabidopsis plants expressing the Bt toxin gene SN19 and the
strawberry linalool synthase gene FaNES1 (LIS plants) were crossed to wildtypes and each
other to obtain hybrid lines for these traits in different combinations. Larval feeding bioassays
showed that the expressed level of SN19 was toxic to the larvae of the diamondback moth
(DBM), Plutella xylostella, in both homozygous and hybrid plant lines. The emission of high
levels of linalool by hybrid LIS transgenic Arabidopsis did not affect the survival and
development of larvae of DBM. However, oviposition choice experiments showed that LIS
plants and LIS plants with Bt toxin were both repellent to DBM female moths to the extent that
significantly fewer eggs were laid on LIS transgenic plants compared to control plants or Bt
toxin plants without linalool. This repellence may increase the probability that potentially
resistant insects from Bt toxin plants will mate with susceptible insects colonising
non-transgenic plants that constitute refuges. Whether the combined effects of both Bt toxin
and linalool synthase on DBM will increase the efficiency of a high-dose / refuge strategy
should be further investigated.

1. Introduction

The Diamondback moth (DBM), Plutella xylostella (L.) is one of the most destructive pests of
Brassica and other crucifer crops throughout the world. DBM can live under a wide range of
climatic conditions and is cosmopolitic. Several of its biological traits contribute to problems in
controlling DBM: its short life cycle, its high fecundity, a wide range of alternative weedy hosts,
and its capacity to develop resistance to multiple insecticides (Schroeder et al., 2000). The
cost of DBM control worldwide has been estimated at approximately one billion US$ annually
(Talekar & Shelton, 1993).

Insecticide resistance in DBM is a major factor causing its pest status on cruciferous crops.
In addition, synthetic pesticides have long-term detrimental effects, leading to environmental
pollution and elimination of natural enemies such as parasitoids and predators. The use of
pesticides of biological origin has been gaining increased acceptance. A major microbial
pesticide is a toxic protein derived from the soil bacterium Bacillus thuringiensis (Bt).
Advantages of Bt toxins are their specific toxicity against target insects, lack of polluting
residues and safety to non-target organisms (Kaur, 2006). Its use is limited because of
negative attributes such as short persistence in free form and the need of the target insect to
consume Bt spores or crystals. These disadvantages have been overcome by incorporation of
toxic-protein-producing genes of B. thuringiensis into crop plants, which results in the
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expression of the toxin throughout the plant. Since the first commercial transgenic Bt-cotton
was released in 1996, many favourable accounts of the economic, environmental and health
benefits of insect resistant transgenic crops have been published (Ferry et al., 2006). Several
studies showed that Bt-transgenic Brassica plants are resistant to DBM (Ramachandran et al.,
1998; Jin et al., 2000; Cao et al.,, 2006). Bt-plants were shown to be more effective for
managing DBM than Bt-foliar sprays, because Bt-toxin concentrations can be regulated more
effectively in transgenic plants than with sprays, and Bt-Cry toxins can be programmed for
expression only in specific plant stages or structures (Sarfraz et al., 2006). However, the
sustainability and durability of pest resistance to Bt-plants continues to be discussed (Christou
et al., 2006). As adoption rates of insect-resistant crops rise globally, selection pressure,
leading to the development of insect pest resistance to transgenic insecticidal gene products,
will increase. Some laboratory studies have shown that DBM has the ability to develop
resistance to Bt-plants expressing high levels of Cry1Ac (Metz et al., 1995) and Cry1C (Zhao
et al., 2000).

Several alternative strategies have been proposed to delay the evolution and selection of
insect resistance to transgenic crops: 1) Moderate toxin dosage to ensure survival of a fraction
of susceptible insects; 2) High toxin dosage to kill all insects heterozygous for a resistance
allele; 3) Provision of a non-toxic plant refuge (Bates et al., 2005). Among these the refuge or
the high-dose/refuge strategy is currently the most popular (Roush, 1997; 1998; Could, 1998;
Shelton et al., 2000; Onstad et al., 2002; Bourguet et al., 2005; Sisterson et al., 2005). The
principle of the refuge strategy is that any resistant insects emerging from Bt toxin crops are
more likely to mate with members of the much larger number of susceptible adults emerging
from the neighbouring refuges than with each other, thereby decreasing the selection for Bt
resistance alleles. Recently, additional strategies for integrated resistance management
comprising pyramiding/stacking of genes encoding different Bt toxins have been developed as
a method for preventing development of pest resistance and for conferring higher levels of
pest control (Zhao et al., 2003). Examples include expressing insecticidal proteins from
sources other than Bt, e.g. Photorhabdus and Xenorhabdus protease inhibitors (Pls), lectins
(Ferry et al., 2006), and using novel proteins from insect biological control agents and insect
hormones to generate transgenic crops (Tortiglione et al., 2003). The next generation of
insect-resistant transgenic plants must be designed to delay or prevent the development of
resistance and thus provide more durable levels of crop protection (Ferry et al., 2006).

Plants respond to insect herbivory by synthesizing and releasing complex blends of volatiles
that are attractive to natural enemies of the herbivores (Dicke et al., 1990; Turlings et al., 1990;
Takabayashi et al., 1991; Arimura et al. 2005). Terpenes, which represent a major fraction of
plant volatiles, play a remarkable role also in insect repellence (De Moraes et al., 2001; Wang
et al., 2002; Vallat et al., 2005; Delphia et al., 2007).

Linalool (3,7-dimethyl-1,6-octadien-3-ol), a C10 monoterpene volatile, is present in the floral
fragrance of various plant families (Raguso & Pichersky, 1999) and in the blend emitted by
several plant species in response to insect herbivory (e.g. Dicke et al. 1990; Arimura et al.,
2004; Wei & Kang, 2007). As an important component of plant odors and insect pheromones,
linalool can be both attractive and repellent to insect herbivores. Attraction was documented
for insects such as tarnished plant bugs (Chinta et al., 1994), but repellence for e.g. the green
peach aphid (Myzus persicae) (Aharoni et al., 2003), thrips (Visser et al., 2007), and tobacco
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hornworm (Manduca sexta) moths (Kessler and Baldwin 2001). Several studies focused on
transgenic plants expressing linalool-synthase genes from strawberry or evening primrose
during the past years (Lucker et al., 2001; Lewinsohn et al., 2001; Lavy et al., 2002; Aharoni et
al., 2003). Previously, transgenic plants with the FaNES1 (LIS) gene from strawberry resulted
in the expression of linalool or its sesquiterpene counterpart nerolidol depending on targeting
the protein to the plastids or the cytosol/mitochondria (Aharoni et al., 2003; Kappers et al.,
2005). Transgenic LIS Arabidopsis plants expressing linalool were repellent/deterrent to M.
persicae aphids (Aharoni et al., 2003) while those expressing (3S)-(E)-nerolidol and (E)-
DMNT (4,8-dimethyl-1,3,7-nonatriene) were attractive to predatory mites, the natural enemies
of spider mites (Kappers et al., 2005).

In the current study, the Bt toxin gene SN19 and the strawberry linalool gene FaNES1 were
integrated into one plant genotype and the effect of the dual transgene on DBM larvae and
adults was investigated.

2. Materials and methods

2.1 Plant material

Arabidopsis thaliana ecotypes Columbia (Col-0, named CcCc) and Wassilewskija (WS,
named CwCw) were used as wild type control plants. Transgenic WS Arabidopsis lines
expressing the Bt gene pTC12 (modified SN19) (called BwBw) were donated by Dr. T.
Chaidamsari (PRI, The Netherlands) and transgenic Col-0 Arabidopsis lines (T2 generation)
expressing the linalool synthase gene FaNES1 (LIS, called LcLc) were obtained from Dr. A.
Aharoni (PRI, the Netherlands) and have previously been described (Chaidamsari et al., 2005;
Aharoni et al., 2003). The above-mentioned Arabidopsis plants were grown in a climate
chamber under a L8:D16 photoperiod, at 20-22°C and 60-70% r.h. until the vegetative plants
were well developed.

Brussels sprouts plants, Brassica oleracea L. var. gemmifera cv Icarus (Sluis & Groot,
Enkhuizen, The Netherlands) were grown in a greenhouse under a L16:D8 photoperiod, at
23-25°C and 60-70% r.h. until the seedlings were well developed.

2.2 Insects used

Plutella xylostella was reared on Brussels sprouts plants. This colony has been established
in the laboratory for over 200 generations and was started with material collected in the
Netherlands and since then reared continuously in the Laboratory of Entomology, Wageningen
University. Newly molted third instar larvae were used for larval feeding bioassays. Adult moths
younger than 24 hours after eclosion were kept in a cage for overnight mating, and then,
without prior oviposition experience on cabbage, were used for oviposition bioassays.

2.3 Kanamycin selection for homozygous transgenic lines

Seeds of A. thaliana were sterilized with 4% bleach, including 3 drops Tween/30ml, for 20
minutes. The seeds were rinsed 4 times with sterile MQ water and plated on agar-1/2
Murashige and Skoog (1/2 MS) medium with 300 mg/L kanamycin (HuaMei Ltd, Beijing,
China). The plates were incubated in a cold room (4 °C) for 3 days and then transferred to a
growth chamber with long-day conditions (16 h light, 2411 °C). After 1 or 2 weeks, antibiotic
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resistant green seedlings were transferred to soil and placed in the same growth chamber.
After two generations of selfing, followed by kanamycin selection (methods as mentioned
above), T; transgenic seeds were obtained, from which the individual plants without
segregation under kanamycin selection were selected as the homozygous T; plants.

2.4 Crosses between A. thaliana lines

Because the Bt transgene was present in the WS background and the LIS transgene in the
Col-0 background, the following hybrid crosses were made between WS and Col-0, LIS and
WS, and Bt and Col to eliminate the genotypic effects of the different ecotypes: WS X Col—
CwCc, BtXLIS—BwLc, LISXWS—LcCw, BtX Col—-BwCc. (Abbreviations: Cw: wild type
Wassilewskija Arabidopsis, Cc: wild type Columbia Arabidopsis, Bw: pTC12 (modified SN19)
in WS, Lc: FaNES1 in Col-0). Seventy-two T3 plants from each homozygous line were used
for making different cross combinations. Four to five T3 plants were used for each hybridization
and 20-30 flowers from each plant were used for making a manual cross by artificial pollination
with a fine tweezer between Col-0, WS, Bt, and LIS respectively. Seeds used for the
experiments were collected from at least 15 plants for each crossed line and mixed in order to
have sufficient seeds from one batch for all subsequent experiments.

2.5 Detection of linalool emission with SPME-GC-MS

The headspace of 5-6-weeks-old LcLc, BwLc and LcCw transgenic Arabidopsis plants were
analysed with SPME-GC-MS. An Arabidopsis leaf (ca. 2 cm long) was collected and placed in
a 1.5-ml screw-cap vial with 10 yl MQ water, capped and used for SPME-GC-MS analysis. A
50 ppm solution of linalool was used as the reference sample. Each day the SPME fiber was
conditioned by exposure at 270 °C for 30 min before the first analysis. The samples were
automatically extracted and injected into the GC-MS via a Combi PAL autosampler (CTC
Analytics AG). Headspace volatles were extracted by exposing a 65 pm
polydimethylsiloxane-divinyl-benzene SPME fiber (Supelco) to the vial headspace for 20 min.
The fiber was inserted into a GC8000 (Fisons Instruments) injection port and volatiles were
desorbed for 1 min at 250 °C. Chromatography was performed on an HP-5 (50 m X 0.32 mm X
1.05 pm) column with helium as carrier gas (37 KPa). The GC temperature program began at
45 °C (2 min), was then raised to 250 °C at a rate of 5 °C/min, and finally held at 250 °C for 5
min. The total run time, including oven cooling, was 60 min. The GC interface and MS source
temperatures were 260 °C and 250 °C, respectively. Mass spectra in the 35 to 400 m/z range
were recorded by an MD800 electron impact MS (Fisons Instruments) at a scanning speed of
2.8 scans/s and an ionization energy of 70 eV. The chromatographic and spectral data were
evaluated using Xcalibur software (Tikunov et al., 2005).

2.6 Larval feeding bioassay

Newly hatched larvae of P. xylostella were fed on cabbage plants until moulting to the third
instar (L3). Into Petri dishes with 1% water agar leaves from a single test plant and 5 freshly
moulted L3 larvae were introduced. The Petri dishes were sealed with Parafilm and incubated
in a climate cabinet at 25+1 °C, L16: D8. New leaves were added daily and live and dead
larvae were counted every day until day 3. The dead larvae were removed from the Petri dish.
After 5 days of feeding live larvae were weighed individually.
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2.7 Adult oviposition bioassay

A transgenic and a control plant (ca. 6 weeks old) of similar size were paired in a plastic
cylinder with a ventilated cover (Fig. 1). Hemizygote Lc plants initially developed slower but
were finally similar in size and appearance compared to wildtypes that were around one week
younger. Three to five mated female adults of P. xylostella or 5 newly eclosed adult females
plus 1 adult male were released into each cylinder. The adults were kept in cylinders for one
day and two nights (ca. 40 hours) after which the eggs laid on leaves of each plant were
counted under a stereo-microscope at 60 X magnification.

Figure 1. Photograph showing the oviposition bioassay setup, with paired plants in a transparent plastic

cylinder. Sizes of paired plants were matched to be similar to eliminate any bias from leaf surface area.

2.8 Statistical analysis

Larval mortality data were analysed using a contingency table test based on X2 distribution.
Larval weight was analysed with ANOVA. Adult oviposition data were analysed with a paired
t-test.

3. Results
3.1 Development of homozygous and crossing lines

After two generations of selfing accompanied with kanamycin selection, homozygous Bt
(BwBw) and LIS (LcLc) transgenic seeds were obtained. Ts-plants were used for hybrid
crosses to each other and to the wild types CwCw and CcCc which yielded more than 2,000

seeds per cross of CwCc, BwLc, LcCw, and BwCc respectively.

3.2 Linalool emission by transgenic linalool synthase lines

58



Chapter 4

Linalool emission could clearly be detected in the different Lc transgenic A. thaliana lines
(LcCw and BwLc); no linalool emission was recorded from the hybrid wild type A. thaliana
(CwCec) (Fig. 2).
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Figure 2. Linalool emission by undamaged plants of the hybrids LcCw (A), BwLc (B), and CwCc (C). The
results show the relative abundance of ion masses in the range 92.5-93.5 which is a mass range specific

for monoterpenes on the scale of 1A.
The homozygous LcLc line was growing at a different rate compared to the crossed lines as

shown in Fig. 3; this was probably due to the expression of the LIS gene. Plants of control
hybrid line CcCw (plant D; Fig. 3) and hybrid LcBw (plant C, Fig. 3) were similar in size and
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appearance after 5 weeks since sowing. The hybrid LcCw was a slightly smaller (plant B, Fig.
3), while the homozygous LcLc line was the smallest (plant A, Fig. 3). These homozygous
LcLc plants were 2-3 weeks retarded in growth and were not used for bioassays. The hybrid
LcCw plants were 3-6 days delayed in growth compared to the CwCc or CcCw line and LcBw
transgenic plants and in the bioassays one week older plants were used to compensate for the
developmental delay.

o [ P

Figure 3. Plant phenotype of different Arabidopsis thaliana lines sown on the same day. Homozygous
linalool synthase LcLc (A); Hybrid linalool synthase LcCw (B); Hybrid linalool syntase x Bt, LcBw (C), and
hybrid ecotypes Columbia and Wassilewskija CcCw (D).

3.3 Effect of the expression of Bt and LIS genes on larval mortality of P. xylostella

Two feeding bioassay experiments were conducted to assess the larval mortality in relation
to the expression of the Bt and LIS genes. In experiment 1, genotypes CwCc, BwLc, BwCec,
and BwBw were used. Six plants were selected from each plant line and five L3 larvae of P.
xylostella were fed with each plant. In experiment 2, besides the four genotypes used in
experiment 1 also LcCw was tested.

In experiment 1 there was no significant difference in larval mortality between BwBw, and
BwCc. The mortality of larvae feeding on BwLc, however, was somewhat lower than for larvae
feeding on the BwCc and BwBw lines (Fig. 4A) In experiment 2 the larval mortality on BwCc
was significantly higher than on BwBw and BwLc, while mortality levels on BwBw and BwlLc
were significantly higher than on LcCw and CwCc (Fig. 4B). In general, the small differences in
acute toxicity of Bt-expressing lines were not consistent across duplicate experiments and the
difference between Bt-expressing lines and the lines not expressing Bt was much larger.

After 5 days of feeding all larvae on the Bt homozygous line, and Bt hybrid lines (BwCc and
BwLc) were dead. On the control line CwCc and the hybrid LIS line LcCw most larvae reached
the 4" instar. There was no significant weight difference between larvae feeding on either the
control line or the LIS hemizygous transgenic lines (Fig. 4C).

In conclusion, the plants carrying the Bt SN19 gene were highly toxic to the larvae of P.
xylostella in both homozygous and hybrid (with half gene dosage) lines in both experiments.
The linalool synthase transgenic line LcCw was not toxic to the larvae of P. xylostella (Fig.
4A,B).
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Figure 4.

A: Larval mortality (mean + SEM) of P. xylostella after 3 days in experiment 1 on the control line (CwCc),
on the hybrid line Bt x LIS (BwLc), on the hybrid Bt x control line (BwCc), and on the homozygous Bt line
(BwBw) (contingency table test based on X? distribution , P<<0.001).

B: Larval mortality (mean + SEM) of P. xylostella after 3 days in experiment 2 on the hybrid control line
(CwCc), on the hybrid of Bt x LIS (BwLc), on the hybrid Bt x control line (BwCc), on the homozygous Bt
line (BwBw), and on the hybrid LIS x control line (LcCw) (contingency table test based on X? distribution,
P<<0.001).

C: Larval weight (mean + SEM) of P. xylostella feeding for 5 days on the control line (CwCc) and on the
hybrid LIS x control (LcCw) line. On day 5 there were no survivors on the other 3 lines. There is no
significant difference in larval weight between control line (CwCc) and hybrid of LIS and control line
(LcCw) (ANOVA, P=0.393).

Bars within a panel that are marked with different letters are significantly different (contingency table test;
0=0.05).
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3.4 Effect of the expression of LIS and Bt genes on P. xylostella oviposition

An experiment was set up to assess the effect of linalool emission on P. xylostella
oviposition preference in relation to linalool emission (Fig. 5). In the dual choice oviposition
experiments fewer eggs were laid on the LIS hybrid LcCw with 63 (37%) eggs versus 105
(63%) eggs on the control hybrid CwCc. Also the hybrid transgenic plants of Bt and LIS were
significantly less attractive for oviposition with 37 (46%) eggs on BwLc versus 44 (54%) eggs
on control plants (CwCc). By contrast, no significant differences were found for the Bt hybrid
transgenic plants compared to non-transgenic control hybrids with 78 (49%) eggs (BwCc)
versus 82 (51%) eggs (CwCc), and on Bt homozygous transgenic plants (BwBw) the number
of eggs was 98 (49%) versus 101 (51%) on the control plants (CcCc) (Fig. 5). Linalool,
resulting from expression of the linalool gene, therefore seems to be detected by adult female
P. xylostella moths and to act as a repellent, thereby reducing their oviposition on transgenic
plants in a choice situation, whereas the expression of the Bt toxin gene did not affect their
choice.

4. Discussion

The aim of our experiments was to detect whether and how the expression of the Bt gene
SN19 and the linalool synthase FaNES1 gene affected behaviour and performance of the
larvae and adults of the Diamondback moth P. xylostella. For this purpose, hybrid Arabidopsis
plants combining these traits were generated from homozygous parent lines and used for
larval feeding bioassays and oviposition preference bioassays. The larval feeding bioassay
showed that the expressed Bt gene SN19 was toxic to the larvae of DBM in both homozygous
and hemizygous dose whereas linalool emitting hybrid LIS transgenic Arabidopsis (LsCw) did
not impact the development of DBM larvae. The oviposition experiments showed for the first
time that linalool emission induced by the LIS gene was repellent to the DBM adults resulting
in significantly fewer eggs laid on LcCw and BwLc hybrid plants compared to non-transgenic
hybrid control CwCc plants in ventilated plastic cylinders. Interestingly, moth oviposition
behaviour was not affected by the presence of the Bt toxin so that Bt hybrid plants were not
deterrent relative to control hybrid plants. In conclusion, the experiments demonstrate that
hybrid lines carrying Bt and LIS genes in Arabidopsis combine toxicity to the larvae and
repellence to the adults of DBM.

Numerous studies have shown that plant volatiles play a role in attracting predators and
parasitoids to herbivores (Geervliet et al., 1994; Rdse et al., 1996; Dicke et al., 1999; Baldwin
et al., 1999; Van Poecke et al., 2004; Kappers et al., 2005). Other studies demonstrated that
plant volatiles, in contrast, can be repellent to herbivores when emission was constitutive
(Aharoni et al., 2003; Jongsma, 2004; Visser et al., 2007) and when emission was induced
(Bernasconi et al., 1998; De Moraes et al., 2001; Kessler et al., 2004). Aharoni et al (2003)
reported that transgenic Arabidopsis lines producing linalool significantly repelled/deterred M.
persicae aphids, and transgenic chrysanthemum producing linalool repelled/deterred western
flower thrips (Jongsma, 2004; Visser et al., 2007). Herbivore-induced emissions of maize
volatiles were found to repel the corn leaf aphid (Bernasconi et al., 1998), and several volatile
compounds released exclusively at night were highly repellent to female moths of Heliothis
virescens (De Moraes et al., 2001).
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Figure 5. The distribution of the number of eggs deposited by female P. xylostella moths on transgenic
and control A. thaliana plants in two-choice setups. The average total egg numbers counted in each
experiment are given between brackets. In the experiments the average absolute total egg number
produced on hybrid transgenic LIS x control plants (LcCw) was 63 (37%) and on wildtype control plants
(CwCc) 105 (63%) (P<<0.001), on hybrid transgenic Bt and LIS plants (BwLc) was 37 (46%) vs control
plants (CwCc) was 44 (54%) (P=0.0395), on Bt hybrid transgenic and control plants (BwCc) was 78 (49%)
vs control plants (CwCc) was 82 (51%) (P=0.766), and on Bt homozygous transgenic plants (BwBw) was
98 (49%) vs control plants (CcCc) was 101 (51%) (P=0.654). Asterisks indicate a significant difference
within a paired t-test: * P<0.05, ** P<0.01.

Aqueous leaf extracts from the syringa tree, Melia azedarach, induced the release of larger
quantities of volatiles from cabbage plants and resulted in attraction of Cotesia plutellae, a
specialist parasitoid of P. xylostella (Charleston et al., 2006). Interestingly, the application of
the syringa extract resulted in reduced oviposition by P. xylostella moths and in feeding
deterrence by their larvae (Charleston et al. 2005). Also, plant volatile compounds from
extracts of Chrysanthemum morifolium were demonstrated to reduce oviposition by DBM and
led to increased attraction of natural enemies to DBM (Liu et al., 2006). We show for the first
time that linalool is a specific oviposition repellent for DBM moths. Flowers of Arabidopsis
produce the monoterpenes B-myrcene, limonene, and linalool and the sesquiterpenes
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(-)-(E)-B-caryophyllene and (+)-thujopsene (Chen et al., 2003). By contrast, the leaves of
Arabidopsis produce only trace amounts of the monoterpenes limonene, and 3-myrcene, and
the homoterpene (E,E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene (TMTT) (van Poecke et al.,
2001; Aharoni et al., 2003).

Linalool emission in Arabidopsis was shown to be governed by a diurnal rhythm with high
emission rates during day time and low emission rates several hours after dusk until sunrise
(Aharoni et al., 2003). This is the case despite control of the LIS gene by the constitutive 35S
promoter. It is caused by the fact that the precursors of linalool fluctuate this way in the plastids.
Potentially, the low nocturnal emissions of linalool may affect the effectiveness of linalool to
repel P. xylostella moths. However, our data show that the lower nocturnal emissions did not
annihilate the effect on DBM oviposition, that supposedly takes place predominantly during the
scotophase but to some extent also during the light phase. Our experiments lasted for 40 h
and included a full diurnal cycle of 24 h.

Since the first Bt transgenic crops were commercialized in 1996, a number of pest insects
were reported to evolve resistance to Bt crops (Tabashinik et al., 1997; 2003; Heckel et al.,
1999; Zhao et al., 2005). DBM was the first insect to develop resistance to Bt toxins in
open-field populations (Tabashnik et al., 1997; Heckel et al., 1999; Mehlo et al., 2005). Among
the options to delay the evolution of insect resistance, the high-dose refuge strategy is one of
the strategies which seems most promising (Zhao et al., 2003; Bates et al., 2005). This
strategy assumes that resistance is recessive and is conferred by a single locus with two
alleles in three insect genotypes (RR, SS, RS), that resistance alleles are initially rare and that
there will be random mating between resistant and susceptible adults (Roush, 1994; Gould,
1998). The success of the high-dose refuge strategy is based on the optimal random mating
between susceptible moths from the refuge and any resistant survivors from the Bt crop fields.
Information regarding insect flight and oviposition behaviour is critical to establish the
separation distance between the Bt crop planting and refuge. The size of the refuge is based
on understanding the dose level expressed by the transgenic crop, the predicted genetics of
resistance inheritance, population genetics and ecology of a given target pest, and estimation
of the initial resistance allele frequency (Glaser & Matten, 2003). The size of the refuge should
be big enough to reduce mortality of less susceptible heterozygous insects but should have no
economic trade-offs (Bates et al., 2005).

Bt toxin and linalool synthase genes were integrated into Arabidopsis as a model to
investigate new methods to improve DBM control. Transgenic plants carrying both traits were
found to be toxic to the larvae and repellent to ovipositing adult female DBM. This repellence is
expected to increase the probability that potentially resistant insects from the Bt crop will mate
with susceptible insects from a refuge. This would increase the efficiency of the high-dose
refuge, thereby raising the efficiency in controlling DBM, as it would not only reduce the
population of the pest but also reduce selection pressure for resistant alleles on Bt transgenic
plants, thus finally delaying the selection of pest resistance to Bt toxins. In fact this strategy to
label Bt toxin-expressing plants with an odor flag which repels the DBM females could lead to
the selection of moths which respond to the flag more and more strongly because of the fitness
gain associated with it. If that would happen the proportion of moths that would end up in the
refuge would even increase with time. The oviposition preference of adult female herbivores is
generally associated with the relative performance of their offspring but they are often not
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identical. The diet breadth of the larvae is often wider than the range of plants acceptable as
oviposition substrate to the adult female. Natural selection will prevent the development of too
great a discrepancy between the preferences of ovipositing females and their offspring
(Schoonhoven et al., 2005). Adding a repellent to a crop which remains of good quality for the
herbivore will select for the herbivore to neglect the repellent. In contrast, the signal value of a
repellent when it represents a low quality food source, will increase selection to respond to the
repellent in avoiding this suboptimal food source. The repellence that was recorded in our
study (i) may reduce the incidence of resistant insects, when avoiding linalool expressing
plants which co-express Bt toxins is also observed in the field; (ii) may increase the probability
that potentially resistant insects from Bt toxin plants will mate with susceptible insects
colonising non-transgenic plants that constitute refuges; and (iii) may favour susceptible
insects, when avoiding linalool expressing plants provides a selective advantage, as it will
when these plants express Bt toxins. Thus, the co-expression of linalool may provide a novel
option to reduce selection of Bt-resistant larvae. This deserves further investigation that also
includes the potential effects of experience on the behaviour of the diamondback moth (Liu et
al., 2005; 2007; Zhang et al., 2007)..
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Chapter 5

Effect of constitutive emission of linalool by transgenic plants on
parasitoid attraction and survival

Yang, L.M., Dicke, M.,Jongsma, M.A., Pang, B.P., Fang, Z.Y., van Loon, J.J.A.
Abstract

Transgenic Arabidopsis plants expressing a Bt gene and a high emission level of linalool
were used in a Y-tube olfactometer and greenhouse flight-bioassay to study their effect on the
behaviour of the parasitoids Diadegma semiclausum and Cotesia glomerata. Undamaged Bt x
linalool synthase (LIS) transgenic plants were neither attractive nor repellent to the female
wasps of D. semiclausum compared with undamaged non-transgenic control plants. When LIS
plants were damaged by the larvae of Plutella xylostella or damaged mechanically they
showed a repellent effect on D. semiclausum compared with similarly-treated non-transgenic
control plants. Yet, when LIS plants were damaged by P. xylostella larvae, the plants were
more attractive to the parasitoids than undamaged LIS plants. LIS plants that were damaged
by Pieris brassicae lavae were more attractive to adult female Cotesia glomerata wasps when
compared with P. brassicae-damaged non-transgenic control plants. Experiments addressing
the actual parasitization rate of P. xylostella by D. semiclausum showed that there is no
significant difference between the parasitization rates on the transgenic plants and the
non-transgenic control plants.

1. Introduction

Plants can defend themselves against herbivores with direct and indirect defence
mechanisms. The direct defence affects herbivores directly through physical or chemical
means, such as thorns, toxins, and digestibility reducers. Indirect defence includes the
attraction of natural enemies of herbivores by emitting specific volatile compounds in response
to herbivory.

The production of toxins is one of the most important mechanisms of chemical defence in
plants (Schoonhoven et al., 2005). Moreover, in addition to toxins produced by a certain plant
species, genes from other organisms coding for toxins can be engineered into plants. Genetic
engineering of plants in insect pest control has involved insertion of genes coding for toxins
and may be characterized as the incorporation of biopesticides into classical plant breeding.
The proteinaceous ©-endotoxins produced by Bacillus thuringiensis (Bt) were already long
known to possess insecticidal activity, but in 1987 it was demonstrated for the first time to be
effective when expressed in transgenic tobacco. Since then many studies using Bt gene
transformation were successful in generating resistance to diverse insects in many crops
(Schuler et al., 1998). Transgenic plants expressing Bt toxins were first commercialized in
1996 (Bates et al., 2005) and up to now are still the only transgenic insect-resistant crops
commercially released worldwide. Among Bt genes, the crystal protein endotoxins (cry) are
utilized most commonly in different crops (Roush, 1998). SN19, a synthetic and truncated
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crylBa gene with the insertion of the domain Il-encoding part of crylla, expressed in potato
plants, was shown to yield resistance against Colorado potato beetle larvae and adults, potato
tuber moth larvae, and European corn borer larvae (Naimov et al., 2003). In order to improve
expression in transgenic dicotyledonous plants, a number of single nucleotide changes in
fragments encoding the domain Il of the hybrid cry gene SN19 have been made. Transgenic
Arabidopsis plants expressing modified SN19 were resistant to Plutella xylostella and Pieris
rapae (Chaidamsari, 2005).

Transgenic insect-resistant crops that express toxins from Bt offer significant advantages to
pest management, but are at risk of losing these advantages due to the possible evolution of
resistance in the targeted insect pests (Shelton et al., 2000; Bates et al., 2005; Zhao et al.,
2005; Tabashnik et al., 2008). Moreover, the development and behaviour of non-target
beneficial insects may be affected by the planting of Bt crops (Schuler et al., 1999).
Sustainable pest management will only be possible when negative effects on non-target
beneficial arthropods are minimized (Groot & Dicke, 2002).

Indirect plant defence is in many cases mediated by plant volatiles, which guide the
searching behaviour of predators and parasitoids to the herbivores. Emitted volatiles may
consist of preformed volatiles released immediately after damage and of volatiles that are
synthesized de novo in response to herbivory (Paré & Tumlinson, 1997; Baldwin & Preston,
1999; Bouwmeester et al., 1999; Dicke et al., 2003; D’Alessandro et al., 2006). These
herbivore-induced plant volatiles (HIPVs) can be released specifically in response to herbivore
attack, and, therefore, they are reliable cues for parasitoids and predators during searching for
herbivorous hosts or prey. However, HIPVs can affect predators or parasitoids also in negative
ways. Volatile toxic chemicals, sequestered unaltered from plants, may render herbivorous
insects toxic to predators and parasitoids (Price et al., 1980). Some plant species respond with
non-specific volatiles that are produced in response to herbivory as well as in response to
mechanical damage. Both in the case of specific and non-specific volatiles, the composition of
the blend and the amounts emitted can be used by carnivores to discriminate between
herbivore-damaged and mechanically damaged plants. Moreover, damage by different
herbivore species, or even different herbivore instars, can be distinguished by parasitoids on
the basis of herbivore-induced plant volatiles. The information content of the volatile blend
emitted by herbivore-infested plants is the most specific when production of novel compounds
occurs in response to herbivory (Dicke, 1999; van Poecke et al., 2001).

Terpenoids are known as compounds which can mediate interactions between plants and
their environment: they are involved in interactions between plants and microorganisms,
between plants and herbivorous arthropods or between plants and carnivorous arthropods
(Cseke et al., 1998; Aharoni et al., 2003; 2006; Kappers et al., 2005). Some terpenoids were
demonstrated to act as toxins, growth inhibitors, or deterrents to both microorganisms and
animals (Gershenzon & Dudareva, 2007). The terpenoid volatiles released from flowers and
fruits seem to serve as advertisements to attract pollinators and dispersal agents. Furthermore,
in many plant species terpenoid volatiles are components of the odoriferous ‘call for help’,
attracting predators and parasitoids that attack herbivores (Gershenzon & Dudareva, 2007).
Thus, terpenoids appear to affect the physiology and behaviour of a large range of organisms.
Linalool, a C10 monoterpene volatile, was proven to be either attractive (Dicke et al., 1990a;
Raguso & Pichersky, 1999; Takabayashi et al., 1995; Turlings et al., 1995; Takabayashi &
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Dicke, 1996; De Moraes et al., 1998; Baldwin & Preston, 1999; Paré & Tumlinson, 1999; Kahl
et al., 2000; Dicke & van Loon, 2000; Colazza et al., 2004; Yan & Wang, 2006; Wei & Kang,
2006) or repellent / deterrent (De Moraes et al., 2001; Koschier et al., 2002; Jongsma, 2004;
van Tol et al., 2007) to a broad spectrum of pollinators, herbivores and parasitoids.

Progress in research on the molecular mechanisms that are involved in herbivore-induced
volatile emissions has provided reason for optimism that we will soon be able to produce crop
varieties that have improved abilities to repel herbivores and to attract natural enemies of
herbivores (Aharoni et al., 2003; Kappers et al., 2005, Beale et al., 2006; Schnee et al., 2006;
Turlings & Ton, 2006). Plant genetic engineering makes it possible to transfer a foreign gene to
a crop plant to produce a volatile that can attract the natural enemy of the pest after the host
plant is wounded by insect herbivores. Several studies focused on transgenic plants
expressing linalool synthase genes from strawberry and evening primrose resulting in the
expression of linalool and its volatile and non-volatile derivatives, such as hydroxylated linalool
and linalool glycoside (Lucker et al., 2001; Lewinsohn et al., 2001; Aharoni et al., 2003;
Kappers et al., 2005). The FaNES1 (LIS) gene was isolated from strawberry (Fragraria
ananassae) and transferred to Arabidopsis thaliana and high linalool emitting transgenic plants
were obtained, whereas the leaves of wild type Arabidopsis (Col0) plants do not emit linalool
(Aharoni et al., 2003). Arabidopsis is known to produce herbivore-induced terpenoids and
other volatiles in response to the damage of caterpillars of Pieris rapae and to attract the
parasitic wasp Cotesia rubecula as a consequence (van Poecke et al., 2001). The availability
of the LIS-transgenic Arabidopsis plants provides an excellent opportunity to investigate the
effects of enhanced linalool emission on natural enemies of herbivores, such as parasitoids.
This can be used to investigate the potential of enhanced linalool emission for the
improvement of biological control.

In order to integrate plant direct and indirect defences and to explore the effects of Bt and
LIS dual transgenes on herbivores and their natural enemies, Bt toxin and linalool synthase
genes were combined in transgenic Arabidopsis plants. In the current study, LIS-transgenic
Arabidopsis plants (crossed with Bt plants or non-transgenic control plants) are used for
studying their effect on attraction of Diadegma semiclausum, a specialist parasitoid of Plutella
xylostella and Cotesia glomerata, a parasitoid of Pieris brassicae. We investigated the effects
of volatiles from undamaged, mechanically damaged and caterpillar-damaged LIS-transgenic
Arabidopsis plants on attraction of the parasitoids. In addition, possible effects on the actual
parasitization of P. xylostella larvae by the parasitoid D. semiclausum on LIS transgenic plants
was also addressed.

2. Materials and methods

2.1 Plants

Arabidopsis thaliana ecotypes Columbia-0 (Col-0) and Wassilewskija (WS) were used as
wild type control plants. Bacillus thuringiensis (pTC12: modified SN19 (Naimov et al., 2003))
transgenic A. thaliana WS (donated by Dr. T. Chaidamsari, Plant Research International (PRI),
Wageningen, The Netherlands) and T, generation plants of linalool synthase (LIS)-transgenic
A. thaliana Col-0 (obtained from Dr. A. Aharoni, PRI, Wageningen, The Netherlands) were
used as the original transgenic plants. Because homozygous LIS plants had a strongly
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reduced growth rate compared to control plants, the homozygous LIS line was crossed with
Bt-WS and with wildtype WS lines: BtxLIS (heterozygous line) and LISxWS (hemizygous line).
To avoid the possible influence of interactions between the two ecotypes, the cross WSxCol-0
was made to serve as the control line. For the method used to produce the cross for
Arabidopsis plants and for the analysis of the headspace see paragraphs 2.4 and 2.5 in
Chapter 4. The notation of the plant genotypes will follow that applied in chapter 4 consistently,
i.e. WS X Col—-CwCc, BtXLIS—>BwLc, LISXWS—LcCw. Moreover, the hemizygous LIS
plants used in the greenhouse flight-choice bioassay for Cotesia glomerata were not from an
artificial cross but originated from the segregation of the original transgenic event while the
control plants used were Col-0.

The above-mentioned A. thaliana lines (transgenic lines: BwLc, LcCw; hemizygous LIS;
control lines: CwCc and Col-0) were grown from seed in a climate chamber (20 °C, 60-70% r.h.,
L8:D16). Vegetative plants of 6-7 weeks old were used for bioassays. The plant sizes of the
control hybrid line (CwCc) and the hybrid line between Bt and LIS (BwLc) were similar, but the
hybrid line between homozygous LIS and WS wildtype plants (LcCw) was smaller. The LcCw
plants were 3-6 days delayed in growth compared to the CwCc and BwLc plants and in the
bioassays one week older plants were used to compensate for the developmental delay (See
Fig. 1 in chapter 4).

2.2 Insects

Plutella xylostella was reared on greenhouse-grown Brussels sprouts plants (Brassica
oleracea gemmifera cv. Icarus) in a climate room (21+1 °C, 50-70% r.h., L16:D8).

The parasitoid Diadegma semiclausum was reared on P. xylostella larvae feeding on
Brussels sprouts plants in a climate room (21+1 °C, 50-70% r.h., L16:D8). For bioassays, D.
semiclausum cocoons were collected and transferred to an empty cage in the same climate
room. Eclosed wasps were collected and transferred to a clean cage to mate; female : male
ratio introduced was 10:1 to 10:2. The wasps were provided with water and honey. Mated
female wasps, 5-10 days since eclosion, were used for bioassays.

Pieris brassicae was reared on Brussels sprouts plants (Brassica oleracea gemmifera cv.
Icarus) in a climate room (21+2 °C, 50-70% r.h., L16:D8).

The parasitoid Cotesia glomerata was reared on P. brassicae larvae feeding on Brussels
sprouts plants, under greenhouse conditions (2515 °C, 50-70% r.h., L16:D8). For bioassays, C.
glomerata cocoons were collected and transferred to a gauze cage in a climate room (231 °C,
50-70% r.h., L16:D8). Eclosed wasps were collected and transferred to an empty gauze cage
to allow random mating. The wasps were provided with water and honey. Mated female wasps,
5-8 days since eclosion, were used for the bioassay.

Adult wasps of D. semiclausum and C. glomerata had not been given oviposition experience
and are therefore referred to as ‘naive’ wasps.

2.3 Plant treatments

Mechanically damaged plants were obtained by making holes with a plastic tubule of 5 mm
diameter. The tubule was put on the leaf surface supported by one finger on the other side of
the leaf and then turned gently and quickly to produce a hole. Three, six, or nine holes per
plant were made respectively, 30 min before the start of the experiment. Four plants per
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treatment were used.

Plutella-damaged plants were obtained by placing different numbers (see Results section) of
P. xylostella larvae on each plant. For LcCw and CwCc plants ten 2" instar larvae were
allowed to feed for 24 hours; ten larvae were placed on the upper surface of different leaves.
For BwLc plants twenty 3" instar larvae were allowed to feed for 24 hours because the product
of the Bt (SN19) gene is highly toxic to the larvae of P. xylostella, especially to the younger
larval instars. Four plants per treatment were used.

Pieris-damaged hemizygous LIS plants were obtained by placing two 1% instar larvae on
each plant for 24 h of feeding. Twelve plants per odor source were used for a greenhouse
flight-choice bioassay.

2.4 Y-tube olfactometer bioassay

The olfactory response of D. semiclausum was observed in a Y-tube olfactometer
(Takabayashi & Dicke, 1992) (Fig. 1). This setup has previously successfully been used to
investigate the attraction of D. semiclausum (Bukovinszky et al., 2005). The setup was located
in a constant environment (22+1° C) and illuminated by 4 fluorescent tube lights (FTD 32 W/84
HF, Pope, The Netherlands) suspended 90 cm above the Y-tube olfactometer. The airflow
through the two jars connected to the B- and C- arms (Fig. 1) was 4 I/min, so 8 |/min through
the A-arm (Fig. 1; diameter 40 mm). Four plants served as odour sources in each jar. After a
single female wasp was introduced at the release point, the behaviour of the parasitoid was
observed. When the wasp crossed the “decision line” (Fig. 1) in either of the two arms and
remained beyond that line (in area 3) for at least 15 seconds, this was recorded as a response.
If the wasp remained in area 1 for 5 minutes or longer, or moved in area 2 but did not reach the
“decision line” within 10 minutes, this was recorded as “no response”. We repeated this
bioassay until observations had been made on at least 20 responding wasps, switching
treatments between arms of the Y-tube after every five trials to control for possible asymmetry
effects. We compared the numbers of wasps responding to the two odour sources with a
two-sided binomial test.

2.5 Flight choice bioassay

Cotesia glomerata two-choice flight experiments were conducted with a flight choice
bioassay setup (Steinberg et al., 1992) in a greenhouse compartment (2315 °C, r.h. 50-60%).
The setup consisted of a table in a nylon gauze tent (length 3 m, width 1 m, height 1 m), a
wooden block (length 1 m, width 1.5 m) which was put on the table, two fans which were
located at one end of the table, a gauze screen which was used to prevent that wasps landed
on the plants and a glass cylinder from which the wasps were released (Fig. 2). The distance
between the two fans was 50 cm, that between the fans and the plants was 120 cm and the
distance between the two plant odour sources was 40 cm. The distance between the midpoint
of the cylinder and the screen (standing just in front of plants) was 50 cm.

Twelve plants were used and placed in three rows to act as odour sources (12 P.
brassicae-infested hemizygous LIS transgenic plants vs 12 P. brassicae-infested
non-transgenic control (Col-0) plants). Each plant was inoculated with two newly hatched
larvae of P. brassicae. The wind speed was adjusted to 0.3 m/s in front of the screen and 0.1
m/s at the parasitoid release point, using an anemometer. The experiment was conducted
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between 11:00 - 15:00 h.

«———| Odoursources |—

decision line
<>
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> (20 cm)
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Release point

Figure 1. Schematic drawing of Y-tube olfactometer. The wasps were released from the downwind end of

the A-arm. The odour sources were connected to the B- and C-arms. Three areas were distinguished.
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Figure 2. Schematic drawing of flight behaviour assay in the greenhouse.

Five-to-eight-days old naive female C. glomerata wasps were used for the bioassay. When
the wasps landed on the screen in front of either odour source within 6 min, this response was
recorded as a response to that odour source, otherwise (i.e. landing elsewhere or taking
longer than 6 min) a "no response” was recorded. The wasps” choice behaviour was
statistically analysed with a two-sided binomial test.

2.6 Parasitisation success of D. semiclausum

Parasitisation experiments were conducted in a plastic cylinder (15 cm diameter and 25cm
high) with a ventilated cover in a climate room (21+1°C, 50-70% r.h., L16:D8). One LcCw plant
(hybrid line between LIS and control plants) or one CwCc plant (non-transgenic control line)
were placed in each cylinder. Ten 2™ instar larvae of P. xylostella were placed on each plant
one day before the experiment. A total of 16 replicate plants were used per treatment. One
8-to-10-days old, mated female D. semiclausum wasp was released into each cylinder. After
the first larva was parasitised, the parasitoid was recorded for another 10 min, after which it
was removed. The cover of the cylinders was sealed with Parafilm to avoid the escape of
larvae. The plants were watered every two days until wasp larvae egressed from larvae of P.
xylostella and spun a cocoon. The number of cocoons obtained on each transgenic or control
plant were statistically analysed using a Mann-Whitney U-test with correction for continuity.

3. Results
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3.1 Response of Diadegma semiclausum in a choice situation between undamaged BtxLIS
(BwLc transgenic line) versus undamaged WSxCol (CwCc control line)

No significant preference was found for the volatiles emitted by undamaged
Bt-and-LIS-transgenic plants (BwLc) and undamaged control plants (CwCc) in the Y-tube
olfactometer bioassay (binomial test, two-sided; P=0.42). This means that, at the emission
level produced by intact transgenic plants, linalool is neither an attractant nor a repellent for
naive females of Diadegma semiclausum (Fig. 3).

% no choice % choice

BwLc CwCc

0 20 60 40 20 0 20 40 60

Percentage of parasitoids (%)

Figure 3. Response of D. semiclausum to undamaged LIS transgenic and non-transgenic Arabidopsis in
a Y-tube olfactometer. Naive D. semiclausum females were given a choice between transgenic linalool
emitting plants and control plants not producing linalool. The left panel of the figure shows the percentage
of wasps that did not make a choice for one of the two odour sources within 5 min in area 1 or within 10
min in area 2 (Fig. 1). The white bar (left hand side) represents the percentage of wasps choosing for the
volatile blend emitted by BwLc plants. The black bar (right hand side) represents the percentage of
wasps choosing for the volatile blend emanating from CwCc plants. ns indicates that there was no
significant preference (binomial test, two-sided, P=0.42). n is the total number of wasps tested. Numbers

in the bar segements represent the number of wasps showing the indicated behaviour.

3.2 Response of D. semiclausum in a choice situation between mechanically damaged BtxLIS
(BwLc transgenic line) and mechanically damaged WSxCol (CwCc control line)

When plants were mechanically damaged by making 3 holes no significant preference was
found for either the Bt- and LIS-transgenic plants (BwLc) or the control plants (CwCc) in the
Y-tube olfactometer bioassay. When mechanically damaged by punching 6 holes D.
semiclausum females clearly preferred the control plants over the transgenic plants (binomial
test, two-sided; P<0.006). The wasps did not display a significant preference when BwlLc
transgenic plants and control plants, both damaged by making 9 holes per plant, were
compared.

The linalool synthase is expressed under the control of a constitutive promoter and thus
linalool emission rates are expected to be independent of the degree of wounding. Comparing
the data for the 3 holes and 6 holes damage levels, it is expected that larger amounts of
wound-induced volatiles are mixed with linalool in the 6 holes-treatment. This would mean that
when this blend with linalool was emitted at this elevated level, a repellent effect to D.
semiclausum occurred. However, for the 9 holes damage level, even more wound-induced
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volatiles are expected to be emitted but no significant preference was observed (Fig. 4).
Response of D. semiclausum in a choice situation between LIS transgenic plants damaged by
Plutella xylostella larvae versus undamaged LIS transgenic plants.

% no choice % choice

BwLc CwCc

9 holes (n=30)

6 holes (n=54)

=

19
3 holes (n=40) ! !
60 40 20 0 20 40 60 80
0 20 Percentage of parasitoids (%)

Figure 4. Response of D. semiclausum to mechanically damaged LIS transgenic and mechanically
damaged non-transgenic Arabidopsis in a Y-tube olfactometer. Naive D. semiclausum females were
given a choice between transgenic linalool emitting plants and control plants not producing linalool. The
left panel of the figure shows the percentage of wasps that did not make a choice for one of the two odour
sources within 5 min in area 1 or within 10 min in area 2 (Fig. 1). The white bar (left hand side) represents
the percentage of wasps choosing for the volatile blend emitted by BwLc plants. The black bar (right hand
side) represents the percentage of wasps choosing for the volatile blend emanating from CwCc plants. ns
indicates that there was no significant preference. Asterisks indicate a significant preference ** P<0.006
(binomial test, two-sided). n is the total number of wasps tested. Numbers in the bar segements

represent the number of wasps showing the indicated behaviour.

A significant preference was found for the odour emitted by both the BwLc- and the
LcCw-plants damaged by Plutella larvae compared with undamaged plants of the respective
genotypes (binomial test, two-sided; P<0.001). We therefore conclude that constitutive linalool
emission does not interfere with odour-guided host location by D. semiclausum (Fig. 5).
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Figure 5. Response of D. semiclausum to LIS-transgenic Arabidopsis plants damaged by P. xylostella
larvae and undamaged LIS-plants in a Y-tube olfactometer. Naive D. semiclausum females were given a
choice between LIS-plants damaged by Plutella larval feeding and non-damaged LIS-plants, both in
BwLc and LcCw line. The left panel of the figure shows the percentage of wasps that did not make a
choice for one of the two odour sources within 5 min in area 1 or within 10 min in area 2 (Fig. 1). The
white bar (left hand side) represents the percentage of wasps choosing for the volatile blend emitted by
LIS-plants damaged by P. xylostella. The black bar (right band side) represents the percentage of wasps
choosing for the odour from undamaged LIS-plants. Asterisks indicate a significant preference
***P<0.001 (binomial test, two-sided). n is the total number of wasps tested. Numbers in the bar

segements represent the number of wasps showing the indicated behaviour.

3.4 Response of Diadegma semiclausum in a choice situation between LIS transgenic plants
damaged by Plutella xylostella larvae and non-transgenic larval-damaged plants
A significant preference was observed for control plants (CwCc) damaged by P. xylostella
larvae over LIS transgenic plants (LcCw) damaged by the same number of larvae (binomial
test, two-sided; P<0.005). Thus, the larval-damaged linalool-emitting plants are less attractive
to naive D. semiclausum compared with larval-damaged control plants, which indicates that
there is a repellent effect of the linalool emission (Fig. 6).

% no choice % choice

LISXWS WS X Col
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0 20 40 20 0 20 40 60 80
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Figure 6. Response of D. semiclausum to P. xylostella larval damaged LIS transgenic Arabidopsis and
same larval damaged non-transgenic plants in a Y-tube olfactometer. Naive D. semiclausum females
were given a choice between Plutella larval damaged LIS plants and larval damaged control plants. The
left panel of the figure shows the percentage of wasps that did not make a choice for one of the two odour
sources within 5 min in area 1 or within 10 min in area 2 (Fig. 1). The white bar (left hand side) represents
the percentage of wasps choosing for the volatile blend emitted by LcCw plants infeasted by the larvae of
P. xylostella. The black bar (right hand side) represents the percentage of wasps choosing for the volatile
blend emanating from CwCc plants infeasted by the conspecies larvae. Asterisks indicate a significant
preference ** P<0.005 (binomial test, two-sided). n is the total number of wasps tested. Numbers in the

bar segements represent the number of wasps showing the indicated behaviour.
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3.5 Response of Cotesia glomerata in a choice situation between LIS plants and
non-transgenic plants, both damaged by Pieris brassicae larvae

Adult female Cotesia glomerata parasitoids were marginally more attracted to LIS transgenic

plants damaged by Pieris brassicae larvae than to P. brassicae-infested control plants in a
greenhouse flight bioassay (binomial test, two-sided; P=0.07; Fig. 7).

% no choice % choice
LIS Col
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Figure 7. Response of C. glomerata in a two choice flight chamber experiment in a greenhouse. Naive C.
glomerata females were given a choice between hemizygote LIS transgenic plants and control plants
(Col-0) both damaged by two P. brassicae larvae. The left panel of the figure shows the percentage of
wasps that did not make a choice for one of the two odour sources within 6 min after release. The white
left hand side bar represents the choice to P. brassicae larval damaged control plants and the black right

hand side bar represents to same larval damaged LIS plants in the right panel of the figure.

3.6 Actual parasitisation by D. semiclausum on P. xylostella larvae

When D. semiclausum parasitoids were offered plants with feeding P. xylostella larvae, there
was no significant difference in the average percentage of parasitization on the LIS transgenic
line (LcCw) and the non-transgenic line (CwCc) (Mann-Whitney U-test with correction for
continuity; U=125 > (critical value of U (16:16) = 75)). On both plant lines almost 50% of the P.
xylostella larvae yielded Diadegma cocoons (Table 1). Overall survival rates of the 10 Plutella
larvae inoculated on the plants at the start of the experiment were 47.5 % and 46.9 %
respectively.

Table 1. Results of parasitization success of Diadegma semiclausum in Plutella xylostella larvae on

hemizygous LIS transgenic plants and control plants

Plant | N* Nr of Nr of Plutella % average SE P-value
line Diadegma pupae parasitisation
cocoons
LcCw | 16 39 37 51.3 7.72
CwCc | 16 35 40 46.6 6.42 0.926

* N= the number of replicate plants. The percentage of parasitization was calculated per plant and the

average percentage calculated over the 16 plants is presented in the table.
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4. Discussion

An increasing number of studies focused on the attraction of carnivorous arthropods by plant
volatiles (e.g. Dicke et al., 1990a; 1990b; Takabayashi et al., 1994; 1995; Baldwin & Preston,
1999; Kessler & Baldwin, 2001; de Boer & Dicke, 2004; Wei & Kang, 2006). Linalool was
proven to attract predators (Takabayashi et al., 1994; Turlings et al., 1995; Takabayashi &
Dicke, 1996; Baldwin & Preston, 1999; Paré & Tumlinson, 1999; Dicke & van Loon, 2000) and
parasitoids (Takabayashi et al., 1995; Turlings et al., 1995; Takabayashi & Dicke, 1996; De
Moraes et al., 1998; Baldwin & Preston, 1999; Paré & Tumlinson, 1999; Kahl et al., 2000;
Colazza et al., 2004; Yan & Wang, 2006). Other studies showed that linalool is repellent to
sucking herbivores (Koschier et al., 2002; Jongsma, 2004) and chewing herbivores (De
Moraes et al., 2001; van Tol et al., 2007). Herbivore-induced volatiles manipulated through
genetic engineering were shown to be attractive to the natural enemies of herbivores, e.g. the
innate attraction of the predatory mite Phytoseiulus persimilis to the sesquiterpene alcohol
(3S)-(E)-nerolidol and the homoterpene (E)-4,8-dimethyl-1,3,7-nonatriene produced by
transgenic Arabidopsis overexpressing a strawberry nerolidol synthase (Kappers et al., 2005)
and the attraction after associative learning by the parasitic wasp Cotesia marginiventris to a
mixture  of  herbivore-induced  sesquiterpenes  including (E)-B-farnesene  and
(E)-a-bergamotene with transgenic Arabidopsis overexpressing a maize terpene synthase
TPS10 (Schnee et al., 2006).

In the present study, linalool, which was emitted in large amounts by LIS transgenic
Arabidopsis plants (Chapter 4), makes the plants less attractive to the parasitoid D.
semiclausum when the plants were infested with P. xylostella in comparison to larval infested
non-transgenic control plants. The plants used in the experiments here have been checked for
linalool emission through SPME-GC-MS. When plants were undamaged, D. semiclausum did
not show a preference for either LIS transgenic plants or non-transgenic control plants. So in
the latter choice situation linalool, which is constitutively emitted, did not affect D. semiclausum
behaviour. When the plants were damaged by the herbivore P. xylostella (the specific host of D.
semiclausum), LIS plants were less attractive to D. semiclausum compared with P.
xylostella-infested control plants. Also mechanically damaged LIS plants were less attractive
than mechanically-damaged control plants, although this was only recorded for one level of
mechanical damage. However, P. xylostella larval-damaged LIS transgenic plants were more
attractive to D. semiclausum compared with undamaged LIS transgenic plants. It seems that
feeding damage, especially from the host herbivore P. xylostella plays a key role in the
parasitoid’s olfactory preferences. The study by Bukovinszky et al. (2005) showed that D.
semiclausum discriminates between P. xylostella-infested and uninfested cabbage plants
based on subtle differences in the composition of odor blends from the plants.

In the parasitization experiments with D. semiclausum and P. xylostella the parasitization
rate on LIS transgenic and non-transgenic control plants was not significantly different. This
means that LIS-transgenic plants do not affect the oviposition behaviour of adult D.
semiclausum females on the plants. The attraction of D. semiclausum to LIS plants infested by
P. xylostella is meaningful for pest control on Bt-and-LIS dual transgenic plants. The target
pest, P. xylostella, can be suppressed by three approaches: 1) toxicity to larvae of P. xylostella
(effect of Bt) (Chapter 4); 2) repellence to female moths of P. xylostella (effect of LIS) (Chapter
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4); and 3) attraction of D. semiclausum, the parasitoid of P. xylostella (effect of LIS) (this
chapter). When the wasp Cotesia plutellae, a solitary endoparasitoid of P. xylostella, attacked
Bt-resistant P. xylostella larvae on transgenic plants the wasp behaviour was not influenced by
the Bt toxin, nor was the survival of her offspring that developed in the P. xylostella larvae
(Schuler et al., 1999). Carnivorous arthropods may be indirectly exposed to the Bt toxin by
feeding on herbivorous insects that have ingested the toxins from the plant. However, in target
insect herbivores, the toxins are usually bound to receptors in the midgut epithelium, after
which they most likely lose their toxicity. So, the parasitoids may not come into contact with Bt
toxins via target herbivores (Groot & Dicke, 2002). The continued ability of parasitoids to locate
and parasitize Bt-resistant target hosts on transgenic crops might even help to constrain the
spread of genes for Bt resistance in P. xylostella.

Cotesia glomerata attacks P. brassicae and the related species Pieris rapae. The
behavioural ecology and physiology of C. glomerata in host-parasitoid interactions has been
thoroughly characterized (e.g. Geervliet et al., 1996; Tagawa, 2000; van Driesche et al., 2003).
This species has also received attention as a parasitoid able to cue in on herbivore-induced
plant volatiles (Mattiacci et al., 1994; 2001). Cabbage leaves treated with P. brassicae
regurgitant and its mimic, almond beta-glucosidase, are highly attractive to the parasitic wasp
C. glomerata (Mattiacci et al., 1995). LIS-transgenic Arabidopsis plants were marginally more
attractive to C. glomerata when damaged by P. brassicae compared with P. brassicae-infested
control plants. A potential attractant effect of linalool, the product of the LIS transgene, to C.
glomerata, may be beneficial for the dual transgenic plants that harbour the Bt and LIS
transgenes by suppressing the pest with Bt toxin and attracting the natural enemy of pest with
volatile linalool emission.

In conclusion, we have shown that insertion of the LIS gene into Arabidopsis results in
different effects on attraction of different parasitoids that parasitize herbivores on
brassicaceous crops. The rate of parasitism of P. xylostella larvae by D. semiclausum was not
affected by the presence of the linalool emission caused by the LIS transgene.
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Chapter 6
General Discussion

Yang, L.M

Plant defence against insect pests plays an important role in agricultural systems. Direct
defence, having direct effects on the performance of herbivores has been exploited in
conventional breeding for host plant resistance. In recent years plant breeding for insect
resistance has been further enhanced by the adoption of genetically engineered plants with
genes conferring direct resistance (Fernandez-Cornejo & McBride, 2000; Groot & Dicke, 2002;
Babu et al., 2003; Rice, 2004; Wu & Guo, 2005; Ferry et al., 2006). Among these especially
Bacillus thuringiensis (Bt) transgenes have been commercialized and Bt crops have been
planted on a large-scale by now, reaching a world total of ca. 30 million hectares in 2007 (Zhao
et al., 2005; Ferry et al., 2006; Christou et al., 2006; James, 2007). Indirect defence, promoting
the effectiveness of natural enemies of the herbivore e.g. by the production of volatiles in
response to herbivory that can attract predators or parasitoids, has been studied widely (Dicke,
1999; Kessler & Baldwin, 2001; Schnee et al., 2002; Dicke et al., 2003; Degenhardt et al.,
2003; Schnee et al.,, 2006; D’Alessandro & Turlings, 2006; van Poecke, 2007). Indirect
defence is represented in pest management by biological control. So far, plant breeders have
not included indirect defence in breeding practices. However, there may be promising
transgenic approaches to do so (Kappers et al., 2005, Schnee et al., 2006). The incorporation
of transgenic crops in integrated approaches to pest management may be used to ensure their
long-term sustainability and maximize their environmental and human health benefits. It is
important to understand the impact of incorporating a single transgene and even more so of
combining two transgenes on pest insects and their natural enemies in the context of
integrated pest management. This thesis focused on the possibility of integrating host plant
resistance with biological control in transgenic plants.

1. Plant resistance to insects

Plant resistance to insects refers to the ability of plants to withstand or tolerate the infestation
by herbivores, where under similar growing conditions the resistant plant has a higher yield
compared with the susceptible plant. Plant genetic engineering allows to insert foreign genes
into a plant and have them functionally expressed. Two main approaches have been applied to
develop insect-resistant transgenic crops. One is relying on the adoption of non-plant genes
such as the bacterial Bt genes encoding for ®-endotoxins and the other focusses on
plant-derived genes, such as those encoding enzyme inhibitors or lectins. To date, Bt
transgenic crops are the only commercialized insect-resistant transgenic crops and they are
planted worldwide. However, as the cultivation area of transgenic crops increases, the
potential risk of insect resistance increases too. In fact, just recently the first evidence for
insect resistance to a Bt-crop in an insect herbivore has been recorded under field conditions
(Tabashnik et al. 2008).
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1.1 Transgenic Bt plants

The first examples of genetically engineered insect resistance into tobacco and tomato
plants with the expression of modified Bt toxin genes were successfully performed in the
second half of the 1980s (Barton et al., 1987; Fischhoff et al., 1987; Vaeck et al., 1987). Since
then, Bt genes have been transferred to a number of other crop species, including cotton,
maize, rice, and potato, with target pests in the Lepidoptera and Coleoptera (e.g. Huang et al.,
2002; Naimov et al., 2003).

Transgenic potato expressing SN19, a hybrid Bt gene of the two Bt genes cry1Ba and cry1la,
was shown to be resistant to Colorado potato beetle larvae and adults, potato tuber moth
larvae, and European corn borer larvae (Naimov et al., 2003). Transgenic Arabidopsis
expressing the Bt gene pTC12, which is a modified SN19 with a number of single nucleotide
changes in fragments encoding domain Ill of the gene, were demonstrated to be highly toxic to
the diamondback moth (DBM), Plutella xylostella, in subsequent plant generations
(Chaidamsari, 2005; Chapter 4). Other Bt cry genes have also been shown to confer
resistance to P. xylostella, e.g. cry1Ac, cry1Ab, cry1C (Cao et al., 2002; 2005; 2006; 2008).

Since the first Bt transgenic crop was commercialized in 1996 the planting area increased
rapidly worldwide, by 10-15% per year. Preventing the evolution of resistance by insects is
important for the sustainable use of Bt crops. A number of studies focussed on insect
resistance management among which the gene-pyramiding and high dose-refuge strategies
have been recommended most frequently (Roush, 1998; Bates et al., 2005; Zhao et al., 2005;
Ferry et al., 2006). However, both strategies have their limitations. The results of greenhouse
experiments indicated that simultaneous use of one-gene and pyramided two-gene plants will
select for DBM resistance to pyramided Bt plants more rapidly than the use of two single-gene
plants (Zhao et al., 2005). A series of factors may impact the efficiency of the high-dose refuge
strategy, for example the appropriate size, placement and management of refuges (Bates et al.,
2005). The refuge strategy is sufficient for delaying the evolution of insect resistance in most
cases but one recent study showed that in some field populations of Helicoverpa zea the
resistance alleles had increased substantially. The possible reasons for this were estimated to
be that the inheritance of resistance in H. zea is dominant and that the size of the refuge was
not large enough for the situation of a dominant resistance allele (Tabashnik et al., 2008).

For the purpose of integrating direct and indirect plant defence, | combined a linalool
synthase gene and a Bt gene in a single Arabidopsis plant and investigated the effect of the
dual transgene on both larvae and adults of P. xylostella. It was shown that Bt and LIS dual
transgenic plants negatively impact the larvae of P. xylostella by the toxin and repel the adults
by the linalool emission (Chapter 4). Combining the repellent odour with Bt toxin in a
transgenic plant may increase the probability that potentially resistant insects from Bt plants
will mate with susceptible insects on non-transgenic plants in refuges. This may reduce the
selection pressure on P. xylostella for developing resistance to the Bt toxin.

1.2 Transgenic protease-inhibitor-expressing plants

A number of studies support the general hypothesis that transgenic plants which
overexpress proteinase inhibitors (Pls), including serine Pls, have the potential to protect
plants against herbivorous insects by interfering with protein digestion, causing delayed growth,
increased mortality, and reduced fecundity (Broadway, 1994; De Leo et al., 1998; De Leo et al.,
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2001; De Leo et al., 2002; Zavala et al., 2004; Jongsma, 2004; Ferry et al., 2005; Ren & Lu,
2006). However, insects can adapt to plant protease inhibitors in different ways (Jongsma et al.,
1995; Jongsma & Bolter, 1997; Giri et al., 1998; Volpicella et al., 2001; Moon et al., 2004;
Bayés et al., 2005). Although mustard trypsin inhibitor-2 (MTI2), a serine protease inhibitor,
was reported to have a deleterious effect on P. xylostella (De Leo et al., 2001; Ferry et al.,
2005), | found that MTI2 in transgenic Arabidopsis was not active against P. xylostella (Chapter
2). This was verified for both a European and a Chinese population of P xylostella.
Biochemical investigations demonstrated that trypsins in P. xylostella’s gut are sensitive to
MTI2 both in vitro and in vivo (80% inhibition), but that the gut proteases can rapidly degrade
MTI2 as well. As a result MTI2 is ineffective. This process was specific to this inhibitor of the
host plant of DBM as it did not happen to a Pl from soybean, i.e. the soybean Kunitz trypsin
inhibitor (SKTI). Jongsma & Bolter (1997) pointed out that to understand the effects of
protease inhibitors in insects it is crucial to calculate dissociation constants for inhibitors and to
convert the in vitro assay results back to the in vivo situation. It is demonstrated that the
enzyme activity which would be completely inhibited in vivo could be largely active under dilute
in vitro assay conditions (Chapter 2). A number of early studies base their conclusions,
however, purely on the in vitro observations without calculating and mimicking the actual in
vivo situation leading to potentially false conclusions about the consequences for the insects
(e.g. Giri et al., 1998; Girard et al., 1998; Lu et al., 2006). My study shows that MTI2 is not an
effective Pl against the diamondback moth due to rapid inactivation of the inhibitor. As MTI2
originates from mustard plants that belong to the Brassicaceae family, this is likely to reflect an
adaptation of DBM to one of its host plants.

2. Plant indirect defence against herbivorous insects

Plants can defend themselves indirectly by promoting the activities of natural enemies of
herbivores through different traits, e.g. plant volatiles that help carnivores to find their
herbivorous prey. The natural enemies include predators and parasitoids of the herbivores.
However, herbivores may use the induced plant volatiles to their own benefit, e.g. to avoid
plants expressing indirect defence (De Moraes et al., 2001).

2.1 Volatiles act as infochemicals in plant defence

Plant volatiles mediate the communication between plants and the insects in their
surroundings and can strongly influence the preference and performance of insects. Several
studies showed that plant volatiles are repellent to herbivores, either by deterring oviposition of
the adult females or by repellence of the herbivorous stages (Harrewijn et al., 1995; Birkett et
al., 2000; De Moraes et al., 2001; D’ Alessandro & Turlings, 2006).

Volatiles produced by plants after herbivory are reliable cues for carnivores to locate the
herbivores. Many carnivores can discriminate between plants infested with different herbivore
species. The dominant volatiles emitted by plants are fatty acid-derivatives, terpenoids, and
phenolics (e.g. Dicke et al. 1990; van Poecke et al., 2001). Volatile emission in crops can
possibly be manipulated as a practical strategy to attract natural enemies of herbivores and
thus to control pests in an environmentally safe way. Terpenoids represent the largest and
most diverse chemical group of plant volatiles (Gershenzon & Dudareva, 2007). The majority
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of terpenoids released by induction of herbivore feeding are monoterpenes and
sesquiterpenes and many of them are emitted specifically in response to herbivore feeding, as
often the same emission can not be found in response to mechanical damage. The emission of
terpenoids may occur from various parts of the plant and is normally systemic and prolonged.
The cues that attract carnivorous arthropods are often complex mixtures of herbivore-induced
plant volatiles, making it difficult to demonstrate the role of specific compounds. Engineering
terpene emission is highly helpful to study the effect of individual terpenoid volatiles on the
behaviour of insects (Aharoni et al., 2003; Kappers et al., 2005).

2.2 Transgenic plants emitting terpenoids

Terpenoids play an important role in various aspects of plant-insect interactions. Therefore,
increasing attention can be noted for terpenoid metabolic engineering to enhance direct or
indirect plant defence (Aharoni et al., 2003; 2005; Kappers et al., 2005; Schnee et al., 2006;
Beale et al. 2006). Up to now, only constitutive or tissue-specific promoters have been used in
these researches. There have been no reports on genetic engineering of monoterpene
synthases with wound-inducible promoters. Inducible promoters can regulate gene expression
depending on chemical elicitation, mechanical wounding, herbivore damage, or pathogen
invasion. The use of inducible promoters will be more representative of the actual response of
plants to insect damage. My results present the first example to couple a wound-inducible
promoter to a terpenoid synthase. As a result methyl-jasmonate inducible linalool expression
was achieved in Arabidopsis, but remarkably, the gene failed to be expressed in response to
induction by DBM herbivory (Chapter 3). One possible reason for this could be that P,
xylostella is capable of suppressing (part of) the jasmonate-inducible pathways in
Brassicaceous plants and in this way, blocks the plant’s indirect defence. However, P.
xylostella herbivory on Brassica species is well-known to result in the induction of indirect plant
defence (Bukovinszky et al. 2005). Alternatively, P. xylostella-induced indirect defence in
Arabidopsis is not (exclusively) dependent on jasmonic acid induction. It was shown for other
herbivores that their effects on global gene transcription in Arabidopsis were not identical to
the response to jasmonic acid treatment (De Vos et al. 2005). In Arabidopsis plants with
constitutive terpenoid emission a retardation of plant growth was observed (Aharoni et al.,
2003; Kappers et al., 2005; chapter 4) but this was not observed in my plants in which the
expression of the linalool synthase was under the control of the wound-inducible promoter. So
the use of an inducible promoter can in principle overcome the negative effects of constitutive
promoters on plant phenotype. My results show that inducible linalool synthase gene
expression could be successfully developed through a transgenic approach. A next step in this
research will be to develop herbivore-inducible gene expression, e.g. inducible by herbivory by
P. xylostella.

2.3 Integration of host plant resistance and volatile emission in transgenic plants

Various Bt genes have been utilized in a number of agricultural crops at a large scale for
pest management since the first transgenic plants were constructed in the 1980s. Several
plants with terpenoid-synthase transgenes have been demonstrated to have impacts on the
behaviour of both herbivores and carnivores (Aharoni et al., 2003; Jongsma, 2004; Kappers et
al., 2005; Schnee et al., 2006). Currently, combining two Bt genes in a single crop is common
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practice and also combining a Bt gene with a protease inhibitor gene has been conducted
(Halpin, 2005; Zhao et al., 2005; Cao et al., 2008). A number of studies have been concerned
with the impacts of Bt plants on natural enemies of pests (Schuler et al., 1999; Romeis et al.,
2006). However, so far commercialization of transgenic crops has been restricted to employing
direct insect resistance genes only. In the natural situation, plants can balance the deployment
of direct and indirect defences. For example, when attacked by specialist tobacco hornworm
larvae which are adapted to nicotine, wild tobacco plants reduce their induced nicotine
production and release volatile terpenoids to attract enemies of the herbivore (Kahl et al.,
2000).

For the purpose of integration of direct and indirect plant defence in a single plant genotype,
in this study | combined in transgenic Arabidopsis for the first time two genes which are
representative for those two strategies, the Bf SN19 and the linalool synthase FaNES1 (LIS)
genes. The combination of the LIS gene encoding a biosynthetic enzyme leading to linalool
emission with the Bt gene in Arabidopsis has been helpful for investigating the effects of the
dual transgene on both herbivores and their natural enemies. The most important conclusions
in this respect will be discussed in the next paragraphs.

3. The impact of integrated transgenic plants on herbivores and carnivores

3.1 The impact of integrated transgenes on a specialist herbivore (P. xylostella)

The dual transgene combination of Bt SN19 and linalool synthase resulted in a toxic effect
on larvae of P. xylostella and a repellent effect on the oviposition by adult moths. Both the
homozygous and the hemizygous Bt transgenic plants were toxic to the larvae, while the LIS
transgene did not affect the larval survival of P. xylostella. This confirms that the toxic effect of
the dual transgenic plant is due to the Bt gene alone. The repellent effect to P. xylostella moths
of hybrid transgenic plants with Bt and LIS genes or LIS genes alone suggests that the
repellence is a function of the LIS gene rather than Bt gene (Chapter 4). It is clear that the dual
transgenes in this case result in dual effects which enhance each other: fewer herbivore
offspring with an increased mortality rate as a result of the Bt toxin.

It has been reported that the DBM is attracted to plant volatiles induced by herbivores and
shows increased oviposition on such plants (Reddy & Guerrero, 2000; Shiojiri et al., 2002). In
other studies it was observed that leaf extracts from the syringa tree (Melia azedarach L.) have
a repellent effect on oviposition behaviour of DBM under greenhouse and field conditions
(Charleston et al., 2005; Charleston et al., 2006). In the oviposition experiment | conducted,
DBM showed an avoidance of linalool emitting plants in favour of Bt transgenic and
non-transgenic control plants. However, in an agricultural setting an alternative oviposition site
needs to be available for a repellence strategy to be effective. When combining a linalool
synthase transgene with a Bt transgenic crop this will confer DBM repellence to the crop, and
therefore a refuge is necessary where DBM can oviposit to reduce selection pressure that
might lead to insensitivity to the repellent. The target pest, P. xylostella, can be suppressed by
three approaches: 1) toxicity to larvae of P. xylostella (effect of Bt) (Chapter 4); 2) repellence of
female P. xylostella moths (effect of LIS) (Chapter 4); and 3) attraction of D. semiclausum, the
parasitoid of P. xylostella (effect of LIS) (Chapter 5). Thus, the two transgenes have a set of
effects that collectively help to combat this important pest.

92



Chapter 6

3.2 The impact of the two transgenes on parasitoids

The results presented in this thesis show that LIS-transgenic Arabidopsis plants with
constitutively high emission of linalool affected the behaviour of two parasitoids. When plants
were undamaged, D. semiclausum did not show a preference for either LIS transgenic plants
or non-transgenic control plants; when plants were damaged by the herbivore P. xylostella or
mechanically damaged, LIS plants were less attractive to D. semiclausum compared with
non-transgenic control plants. However, when P. xylostella-infested LIS and LIS-with-Bt double
transgenic plants were compared with undamaged plants of the same genotype, D.
semiclausum was attracted to the former odour source. Moreover, Cotesia glomerata is more
attracted to Pieris brassicae-infested LIS transgenic plants when compared with infested
non-transgenic control plants (Chapter 5). Thus the two parasitoid species studied respond
differently to the increased emission of linalool. However, in both cases the parasitoids are
able to locate their hosts feeding on the transgenic LIS plants.

Some previous studies investigated the effect of additional volatiles on the attraction of
predators and parasitoids to host-induced or prey-induced plant volatiles (Dicke et al., 2003;
Perfecto and Vet, 2003; De Boer et al., 2004; Moayeri et al., 2007). The “additional volatiles”
could come from the constitutive emission resulting from the insertion of a foreign gene or from
neighbouring plants. The results of Perfecto and Vet (2003) demonstrated that additional
volatiles from neighbouring non-host plants could change the behaviour of the two parasitoids,
Cotesia glomerata and Cotesia rubecula. Cotesia glomerata, a parasitoid accepting a wider
range of hosts, had a reduced foraging efficiency by the presence of non-host plants, whereas
foraging efficiency of C. rubecula, with a narrower host range, was enhanced. The wasps may
be attracted to general green leaf volatiles in the damaged non-host plants that are similar to
those also released from host plants.

Several studies on transgenic plants producing novel terpenoids involved in tritrophic
interactions have been reported and the role of terpenoids in the attraction of carnivores was
demonstrated (Kappers et al., 2005; Schnee et al., 2006; Beale et al., 2006). However, no
examples of combining a terpene synthese gene with a Bt transgene and subsequently
investigating the effects on herbivores and their enemies were reported. Diadegma
semiclausum was attracted to P. xylostella-infested LIS and Bt X LIS (BwLc) transgenic plants
compared with non-infested transgenic plants of the same transgenic line in my study. This
indicates that this new approach for enhancing pest control in Bt transgenic crops, by inserting
not only toxicity to herbivores but also attraction of the natural enemies of herbivores, can
provide a new approach. The natural enemies may be especially valuable for controlling pests
which are tolerant to the Bt toxin. The study of Schuler et al. (1999) showed that the parasitoid
Cotesia plutellae could develop normally in Bt-resistant P. xylostella larvae feeding on Bt
transgenic plants (Schuler et al., 1999).

4. Future perspectives
This thesis represents the first study on integrating direct and indirect defences in a

transgenic plant. The Bt toxin gene and the linalool synthase gene were successfully
combined in a transgenic Arabidopsis genotype and several effects of the dual transgene on
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both herbivore and parasitoids were revealed. The results presented in this thesis indicate that
the double transgenic plant can impact the herbivore through toxicity and repellence, and can
impact the behaviour of parasitoids in a positive way. Both parasitoids were able to locate their
hosts in the herbivore-infested transgenic crop. It should be noted that the parasitoids used in
this thesis were naive, i.e. they had no oviposition experience. It is well-known that many
parasitoids can learn to respond to novel odours (Vet & Dicke 1992). Thus, even when the
transgenic plants are less attractive to parasitoids than wildtype plants, after finding hosts in
the transgenic crop the parasitoids may learn to respond to the novel odour blend. This
deserves investigation in the future. Thus, genes encoding Bt toxin and linalool synthase
integrated into Arabidopsis may act as a model to investigate new methods to improve the
control of the diamondback moth. Further research on induced linalool emission in response to
insect attack will be relevant for the engineering of indirect plant defence. Compared with
constitutive production, the use of herbivore-inducible terpenoid expression will result in a
more reliable cue to affect the behaviour of the natural enemies of herbivores, will save
metabolic resources for plant development and reduce any negative phenotypes associated
with the constitutive expression of the gene. On the other hand we have shown that
constitutive expression of the linalool gene has the additional benefit of repelling moths from
their host plants while it does not interfere with or even enhances, in the case of C. glomerata,
host-finding by the parasitic wasps.

This study is an initial step towards combining direct and indirect defences in a transgenic
plant and this line of research is worth to be continued. The most important aspects to be
included in future studies are 1) what are the effects of the Bt-and-LIS dual transgenic plant on
other combinations of herbivores and parasitoids? 2) what are the effects on pests that cannot
be controlled with Bt toxins, such as aphids and thrips? It is interesting to note that aphids are
repelled by Arabidopsis plants expressing the LIS transgene (Aharoni et al. 2003). 3) What are
the effects of linalool emission in terms of herbivore repellence and parasitoid attraction when
the LIS gene is under the control of an inducible promoter? 4) How does learning by
parasitoids affect the behavioural responses of parasitoids to LIS-transgenic plants? Does this
result in (further) enhanced attraction of the parastioids? 5) A next step will have to be to take
this approach to a crop species. Subsequently, studies in the field will need to be done to
investigate the effects of inserting genes mediating direct and indirect defences in commercial
crops. This will indicate whether this approach is promising and compatible with horticultural
practice.

References

Aharoni, A., Giri, A.P., Deueriein, S., Griepink, F., De Kogel, W.J., Verstappen, FW.A.,
Verhoeven, H.A., Jongsma, M.A., Schwab, W., Bouwmeester, H.J. (2003).
Terpenoid metabolism in wild-type and transgenic Arabidopsis plants. The Plant Cell 15,
2866-2884.

Aharoni, A., Jongsma, M.A., Bouwmeester, H.J. (2005). Volatile science? Metabolic
engineering of terpenoids in plants. Trends in Plant Science 10, 594-602.

Babu, R.M., Sajeena, A., Seetharaman, K., Reddy, M.S. (2003). Advances in genetically

94



Chapter 6

engineered (transgenic) plants in pest management — an overview. Crop Protection 22,
1071-1086.

Barton, K.A., Whiteley, H.R., Yang, N.S. (1987). Bacillus thuringiensis delta-endotoxin
expressed in transgenic Nicotiana tabacum provides resistance to lepidopteran insects.
Plant Physiology 85, 1103-1109.

Bates, S.L., Zhao, J., Roush, R.T., Shelton, A.M. (2005). Insect resistance management in
GM crops: past, present and future. Nature Biotechnology 23, 57-62.

Bayés, A., Comellas-Bigler, M., de la Vega, M.R., Maskos, K., Bode, W., Aviles, F.X,
Jongsma, M.A., Beekwilder, J., Vendrell, J. (2005). Structural basis of the resistance
of an insect carboxypeptidase to plant protease inhibitors. Proceedings of the National
Academy of Sciences of the United States of America 15, 16602-16607.

Beale, M.H., Birkett, M.A., Bruce, T.J.A., Chamberlain, K., Field, L.M., Huttly, A.K., Martin,
J.L., Parker, R., Phillips, A.L., Pickett, J.A., Prosser, |.M., Shewry, P.R., Smart, L.E.,
Wadhams, L.J., Woodcock, C.M., Zhang, Y.H. (2006). Aphid alarm pheromone
produced by transgenic plants affects aphid and parasitoid behaviour. Proceedings of
the National Academy of Sciences of the United States of America 103, 10509-10513.

Birkett, M.A., Campbell, C.A.M., Chamberlain, K., Guerrieri, E., Hick, A.J., Martin, J.L.,
Matthes, M., Napier, J.A., Pettersson, J., Pickett, J.A., Poppy, G.M., Pwo, E.M., Pye,
B.J., Smart, L.E., Wadhams, G.H., Wadhams, L.J., Woodcock, C.M. (2000). New
roles for cis-jasmone as an insect semiochemical and in plant defense. Proceedings of
the National Academy of Sciences of the United States of America 97, 9329-9334.

Broadway, R.M. (1994). Are insects resistant to plant proteinase? Journal of Insect Physiology
41, 107-116.

Bukovinszky, T., Gols, R. Posthumus, M.A., Vet, L.E.M., van Lenteren, J.C. (2005).
Variation in plant volatiles and attraction of the parasitoid Diadegma semiclausum
(Hellen). Journal of Chemical Ecology 31, 461-480.

Cao, J., Zhao, J.Z., Tang, J.D., Shelton, A.M. (2002). Broccoli plants with pyramided cry1Ac
and cry1C Bt genes control diamondback moths resistant to Cry1A and Cry1C proteins.
Theoretical and Applied Genetics 105, 258-264.

Cao, J., Shelton, A.M., Earle, E.D. (2005). Development of transgenic collards (Brassica
oleracea L. var. acephala) expressing a cry1Ac or cry1C Bt gene for control of the
diamondback moth. Crop Protection 24, 804-813.

Cao, J., Bates, S.L., Zhao, J.Z. (2006). Bacillus thuringiensis protein production, signal
transduction, and insect control in chemically inducible PR-1a/cry1Ab broccoli plants.
Plant Cell Reports 25, 554-560.

Cao, J., Shelton, A.M., Earle E.D. (2008). Sequential transformation to pyramid two Bt genes
in vegetables Indian mustard (Brassica juncea L.) and its potential for control of
diamondback moth larvae. Plant Cell Reports 27, 479-487.

Chaidamsari, T. (2005). Biotechnology for cocoa pod borer resistance in cocoa. PhD thesis
Wageningen University. http://library.wur.nl/wda/dissertations/dis3786.pdf

Charleston, D., Kfir, R., Vet, L.E.M., Dicke, M. (2005). Behavioural responses of
diamondback moth to botanical pesticides derived from Melia azedarach and
Azadirachta indica. Bulletin of Entomological Research 95, 457-465.

Charleston, D.S., Kfir, R. Dicke, M., Vet, L.E.M. (2006). Impact of botanical extracts derived

95



General Discussion

from Melia azedarach and Azadirachta indica on populations of Plutella xylostella and
its natural enemies: A field test of laboratory findings. Biological Control 39, 105-114.

Christou, P., Capell, T., Kohli, A., Gatehouse, J.A., Gatehouse, A.M.R. (2006). Recent
developments and future prospects in insect pest control in transgenic crops. Trends in
Plant Science 11, 302-308.

D’ Alessandro, M., Turlings, C.J. (2006). Advances and challenges in the identification of
volatiles that mediate interactions among plants and arthropods. Analyst 131, 24-32.

De Boer, J.G,, Posthumus, M.A., Dicke, M. (2004). Identification of volatiles that are used in
discrimination between plants infested with prey or nonprey herbivores by a predatory
mite. Journal of Chemical Ecology 30, 2215-2230.

De Leo, F, Bonadé-Bottino, M.A., Ceci, L.R., Gallerani, R., Jouanin, L. (1998). Opposite
effects on Spodoptera littoralis larvae of high expression level of a trypsin proteinase
inhibitor in transgenic plants. Plant Physiology 118, 997-1004.

De Leo, F, Bonadé-Bottino, M., Ceci, L.R., Gallerani, R., Jouanin, L. (2001). Effects of a
mustard trypsin inhibitor expressed in different plants on three lepidopteran pests.
Insect Biochemistry and Molecular Biology 31, 593-602.

De Leo, F., Gallerani, R. (2002). The mustard trypsin inhibitor 2 affects the fertility of
Spodoptera littoralis larvae fed on transgenic plants. Insect Biochemistry and Molecular
Biology 32, 489-496.

De Maagd, R.A., Bosch, D., Stiekema, W. (1999). Bacillus thuringiensis to toxin-mediated
insect resistance in plants. Trends in Plant Science 4, 9-13.

De Moraes, C.M., Mescher, M.C., and Tumlinson, J.H. (2001). Caterpillar-induced nocturnal
plant volatiles repel conspecific females. Nature 410, 577-580.

De Vos M., Van Oosten V.R., Van Poecke R.M.P,, Van Pelt J.A., Pozo M.J., Mueller M.J.,
Buchala A.J., Metraux J.P., Van Loon L.C., Dicke M., Pieterse, C.M.J. (2005). Signal
signature and transcriptome changes of Arabidopsis during pathogen and insect attack.
Molecular Plant-Microbe Interactions 18, 923-937.

Degenhardt, J., Gershenzon, J., Baldwin, I.T., Kessler, A. (2003). Attracting friends to feast
on foes: engineering terpene emission to make crop plants more attractive to herbivore
enemies. Current Opinion in Biotechnology 14, 169-176.

Dicke, M., van Beek, T.A., Posthumus, M.A., Ben Dom, N., van Bokhoven, H. De Groot,
A.E. (1990). Isolation and identification of volatile kairomone that affects acarine
predator-prey interactions. Involvement of host plant in its production. Journal of
Chemical Ecology 16, 381-396.

Dicke, M. (1999). Evolution of induced indirect defense of plants. In: R. Tollrian & C.D.Harvell
(eds) The Ecology and Evolution of Inducible defenses. Princeton University Press,
Princeton, New Jersey, pp. 62-88.

Dicke, M., de Boer, J.G., Hofte, M., Rocha-Granados, M.C. (2003). Mixed blends of
herbivore-induced plant volatiles and foraging success of carnivorous arthropods.
OIKOS 101, 38-48.

Fernandez-Cornejo, J., McBride, W.D. (2000). Genetically engineered crops for pest
management in U.S. agriculture. Farm-level effects. Economic Research Service/lUSDA.
Genetically Engineered Crops for Pest Management/AER-786.

Ferry, N., Jouanin, L., Ceci, L.R., Mulligan, E.A., Emami, K., Gatehouse, J.A., Gatehouse,

96



Chapter 6

A.M.R. (2005). Impact of oilseed rape expressing the insecticidal serine protease
inhibitor, mustard trypsin inhibitor-2 on the beneficial predator Pterostichus madidus.
Molecular Ecology 14, 337-349.

Ferry, N., Edwards, M.G., Gatehouse, J., Capell, T., Christou, P., Gatehouse, A.M.R.
(2006). Transgenic plants for insect pest control: a forward looking scientific perspective.
Transgenic Research 15, 13-19.

Fischoff, D.A., Bowdish, K.S., Perlak, F.J., Marrone, P.G., McCormick, S.M., Niedermeyer,
J.G.,, Dean, D.A., Kusano-Kretzmer, K., Mayer, E.J., Rochester, D.E., Rogers, S.G,,
Fraley, R.T. (1987). Insect tolerant transgenic tomato plants. Nature Biotechnology 5,
807-813.

Gershenzon J., Dudareva N. 2007. The function of terpene natural products in the natural
world. Nature Chemical Biology 3, 408-414.

Giri, A.P., Harsulkar, A.M., Deshpande, V.V., Sainani, M.N., Gupta, V.S., Ranjekar, P.K.
(1998). Chickpea defensive proteinase inhibitors can be inactivated by podborer gut
proteinases. Plant Physiology 116, 393-401.

Girard, C., Le Metayer, M., Bonade-Bottino, M., Pham-Delegue, M., Jouanin, L. (1998).
High level of resistance to proteinase inhibitors may be conferred by proteolytic
cleavage in beetle larvae. Insect Biochemistry and Molicular Biology 28, 229-237.

Groot, A.T., Dicke, M. (2002). Insect-resistant transgenic plants in a multi-trophic context. The
Plant Journal 31, 387-406.

Halpin, C. (2005). Gene stacking in transgenic plants — the challenge for 21st century plant
biotechnology. Plant Biotechnology journal 3, 141-155.

Harrewijn, P., Minks, A.K., Mllema, C. (1994/1995). Evolution of plant volatile production in
insect-plant relationships. Chemoecology 2, 55-73.

James, C. (2007). 2007 ISAAA Report on Global Status of Biotech/GM Crops
(http://www.isaaa.org/resources/publications/briefs/37/pptslides/Brief37slides.pdf)
Jongsma, M.A., Bakker, P.L., Peters, J., Bosch, D., Stiekema, W.J. (1995). Adaptation of
Spodoptera exigua larvae to plant proteinase inhibitors by induction of gut proteinase
activity insensitive to inhibition. Proceedings of the National Academy of Sciences of the

United States of America 92, 8041-8045.

Jongsma, M.A., Bolter, C. (1997). The adaptation of insects to plant protease inhibitors.
Journal of Insect Physiology 43, 885-895.

Jongsma, M.A. (2004). Novel genes for control and deterrence of sucking insect pest.
http://www.isb.vt.edu/news/2004/Nov04.pdf.

Kahl, J., Siemens, D.H., Aerts, R.J., Gabler, R., Kithnemann, F, Preston, C.A., Baldwin L.T.
(2000). Herbivore-induced ethylene suppresses a direct defense but not a putative
indirect defense again an adapted herbivore. Planta 210, 336-342.

Kappers, |.F., Aharoni, A., Van Herpen, TW.J.M., Luckerhoff, L., Dicke, M., Bouwmeester,
H.J. (2005). Genetic engineering of terpenoid metabolism attracts bodyguards to
Arabidopsis. Science 309, 2070-2072.

Kessler, A., Baldwin, I.T. (2001). Defensive function of herbivore-induced plant volatile
emissions in nature. Science 291, 2141-2144.

Lu, S.J., Pennington, J.E., Stonehouse, A.R., Mobula, M.M., Wells M.A. (2006).
Reevaluation of the role of early trypsin activity in the transcriptional activation of the

97


http://www.isaaa.org/resources/publications/briefs/37/pptslides/Brief37slides.pdf

General Discussion

late trypsin gene in the mosquito Aedes aegypti. Insect Biochemistry and Molecular
Biology 36, 336-343.

Moayeri, H.R.S., Ashouri, A., Poll, L., Enkegaard, A. (2007). Olfactory response of a
predatory mirid to herbivore induced plant volatiles: multiple herbivory vs. single
herbivory. Journal of Applied Entomology 131, 326-332.

Moon, J., Salzman, R.A., Ahn, J.E., Koiwa, H., Zhu-Salzman, K. (2004). Transcriptional
regulation in cowpea bruchid guts during adaptation to a plant defence protease
inhibitor. Insect Molecular Biology 13, 283-291.

Naimov, S., Dukiandjiev, S., de Maagd, R.A. (2003). A hybrid Bacillus thuringiensis
delta-endotoxin gives resistance against a coleopteran and a lepidopteran pest in
transgenic potato. Plant Biotechnology Journal 1, 51-57.

Perfecto, I., Vet, L.E.M. (2003). Effect of a nonhost plant on the location behavior of two
parasitoids: the tritrophic system of Cotesia spp. (Hymenoptera: Braconidae), Pieris
rapae (Lepidoptera: Pieridae), and Brassica oleracea. Environmental Entomology 32,
163-174.

Peferoen, M. (1997). Progress and prospects for field use of Bt genes in crops. Trends in
Biotechnology 15, 173-177.

Reddy, G.V.P., Guerrero, A. (2000). Behavioral responses of the diamondback moth, Plutella
xylostella, to green leaf volatiles of Brassica oleracea subsp. capitata. Journal of
Agricultural Food Chemistry 48, 6025-6029.

Reddy, G.V.P., Tobone, E., Smith, M.T. (2004). Mediation of host selection and oviposition
behavior in the diamondback moth Plutella xylostella and its predator Chrysoperla
carnea by chemical cues from cole crops. Biological Control 29, 270-277.

Ren, F, Lu, Y. (2006). Overexpression of tobacco hydroxyproline-rich glycopeptide systemin
precursor A gene in transgenic tobacco enhances resistance against Helicoverpa
armigera larvae. Plant Science 171, 286-292.

Rice, E.M. (2004). Transgenic rootworm corn: assessing potential agronomic, economic, and
environmental benefits. Plant Management Network. Published 1 March 2004.

Romeis, J., Meissle, M., Bigler, F. (2006). Transgenic crops expressing Bacillus thuringiensis
toxins and biological control. Nature Biotechnology 24, 63-71.

Roush, R.T. (1998). Two-toxin strategies for management of insecticidal transgenic crops: can
pyramiding succeed where pesticide mixtures have not? Philosophical Transactions of
the Royal Society of London, Series B-Biological Sciences 353, 1777-1786.

Schnee, C., Kéllner, T.G., Cershenzon, J., Degenhardt, J. (2002). The maize gene terpene
synthase1 encodes a sesquiterpene synthase catalyzing the formation of
(E)-B-farnesene, (E)-nerolidol, and (E,E)-farnesol after herbivore damage. Plant
Physiology 130, 2049-2060.

Schnee, C., Kéllner, T.G., Held, M., Turlings, T.C.J., Gershenzon, J., Degenhardt, J. (2006).
The products of a single maize sesquiterpene synthase form a volatile defense signal
that attracts natural enemies of maize herbivores. Proceedings of the National Academy
of Sciences of the United States of America 103, 1129-1134.

Schuler, T.H., Potting, R.P.J., Denholm, I., Poppy, G.M. (1999). Parasitoid behaviour and Bt
plants. Nature 400, 825-826.

Shiojiri, K., Takabayashi, J., Yano, S., Takafuji, A. (2002). Oviposition preferences of

98



Chapter 6

herbivores are affected by tritrophic interaction webs. Ecology Letters 5, 186-192.

Tabashnik, B.E., Gassmann, A.J., Crowder, D.W., Carriére, Y. (2008). Insect resistance to
Bt crops: evidence versus theory. Nature Biotechnology 26, 199-202.

Van Poecke, R.M.P.,, Posthumus, M.A., Dicke, M. (2001). Herbivore-induced volatile
production by Arabidopsis thaliana leads to attraction of the parasitoid Cotesia rubecula:
chemical, behavioral, and gene-expression analysis. Journal of Chemical Ecology 27,
1911-1928.

Van Poecke, R.M.P. (2007). Arabidopsis-Insect Interactions. In: Somerville CR, Meyerowitz
EM, editors. The Arabidopsis Book. Rockville, MD: American Society of Plant Biologists.
p doi:10.1199/tab.0107, www.aspb.org/publications/arabidopsis/.

Vaeck, M., Reynaerts, A., Hofte, H., Jansens, S., DeBeuckleer, M., Dean, C., Zabeau, M.,
Van Montagu, M., Leemans, J. (1987). Transgenic plants protected from insect attack.
Nature 327, 33-37.

Volpicella, M., Ceci, L.R., Gallerani, R., Jongsma, M.A., Beekwilder, J. (2001). Functional
expression on bacteriophage of the mustard trypsin inhibitor MTI-2. Biochemical and

Biophysical Research Communications 280, 813-817.

Wu, K.M., Guo, Y.Y. (2005). The evolution of cotton pest management practices in China.
Annual review of Entomology 50, 31-52.

Zavala, J.A., Patankar, A.G., Gase, K., Hui, D., Baldwin, I.T. (2004). Manipulation of
endogenous trypsin proteinase inhibitor production in Nicotiana attenuata demonstrates
their function as antiherbivore defenses. Plant Physiology 134, 1181-1190.

Zhao, J., Cao, J., Collins, H.L., Bates, S.L., Roush, R.T., Earle, E.D., Shelton, A.M. (2005).
Concurrent use of transgenic plants expressing a single and two Bacillus thuringiensis
genes speeds insect adaptation to pyramided plants. Proceedings of the National
Academy of Sciences of the United States of America 102, 8426-8430.

99


http://www.aspb.org/publications/arabidopsis/

Summary

Host plant resistance and biological control are two important components of integrated pest
management. They are usually developed in isolation. However, host plant characteristics can
decisively affect the effectiveness of biological control agents, and therefore when altering
plant characteristics in a breeding programme, the implications for biological control should be
studied as well.

Plant genetic engineering makes it possible to transfer a foreign gene to a host plant to
introduce resistance against insects or to produce a volatile which can attract the natural
enemy of the pest after the host plant is wounded by insect herbivores. In this thesis | have
modified direct and indirect defence to herbivores in Arabidopsis plants through a transgenic
approach. In order to evaluate transgenic Arabidopsis with different genes that influence direct
and indirect defence to the herbivore Plutella xylostella (diamondback moth, DBM), | studied
the following four aspects:

(1) Effect of overexpression of Mustard Trypsin Inhibitor 2 (MTI2) in transgenic Arabidopsis on
larvae of the diamondback moth, Plutella xylostella

Direct plant defence includes the production of anti-digestive compounds such as protease
inhibitors (PI1). Mustard, a brassicaceous plant, produces Mustard Trypsin Inhibitor 2 and
transgenic Arabidopsis plants expressing the gene encoding for this Pl were used in this study.
| investigated the effect of MTI2 transgenic Arabidopsis on larvae of DBM. The performance of
a Dutch and a Chinese strain of DBM was assessed. In contrast to earlier reports, we did not
find significant differences in larval mortality or development rate relative to the untransformed
control, whereas Pl-expression levels were similar or higher. This indicated that these strains
of P. xylostella are resistant to the protease inhibitor MTI2. Biochemical experiments for
understanding the mechanism of adaptation in DBM were conducted. Trypsin activity in gut
extracts from larvae feeding on either control or transgenic plants were titrated with MTI2 and
the protease inhibitor Soybean Kunitz Trypsin Inhibitor (SKTI) to assess the basis of the
insensitivity to MTI2. The specific trypsin activity per larval gut for larvae reared on MTI2 plants
was not significantly higher compared to the control, and ca. 80% of trypsin activity could be
inhibited by both inhibitors in both treatments, suggesting no specific induction of Pl-insensitive
activity in response to MTI2 in the diet. | found that a pre-incubation of MTI2 and SKTI with gut
proteases for 3 hours resulted in complete loss of inhibitory activity of MTI2, but not of SKTI, at
the concentration ratios found in planta. Gut extracts of larvae reared on control or MTI2
leaves were equally well capable of this degradation indicating that the inactivating enzymes
are constitutively expressed. In conclusion, it appears that the insensitivity of the gut enzymes
of DBM to MTI2 can be sufficiently explained by the specific inactivation of MTI2. DBM has
apparently developed MTI2 inactivation as a way to protect itself against this protease inhibitor.
This makes ecological sense as MTI2 is part of the defense of its brassicaceous host plants.

(2) Expression of a linalool synthase gene controlled by the wound-inducible potato PI2
promoter in Arabidopsis
Terpenoids are abundantly present among plant volatiles and are involved in indirect
defence in many plant species. | exploited the availability of a linalool synthase gene to
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develop transgenic herbivore-inducible linalool-producing Arabidopsis plants. The FaNES1
linalool synthase (LIS) cDNA from strawberry, with plastid targeting and a synthetic intron (LIS’)
was placed under the control of the wound-inducible Proteinase Inhibitor 2 (P12) promoter from
potato. The construct pBin-Pp,-LIS’ was transformed to Arabidopsis thaliana ecotype
Columbia 0. The expression of active linalool synthase by the Pp,-LIS’ gene construct in the
transgenic lines was confirmed by measuring linalool emission using solid phase
micro-extraction (SPME) and GC-MS measurements after induction with methyl jasmonate.
The results show that the use of the PI2 promoter from potato resulted in methyl-jasmonate
inducible linalool expression in Arabidopsis, although it failed to yield a response to herbivory
by Plutella xylostella larvae.

(3) Effects of transgenic Arabidopsis expressing a combination of Bacillus thuringiensis (Bt)
endotoxin and linalool on larvae and adults of P. xylostella

A gene encoding a Bt toxin and a gene encoding linalool synthase were integrated into
Arabidopsis as a model to investigate new methods to improve the control of DBM.
Homozygous transgenic Arabidopsis expressing the Bt toxin gene SN19 and the strawberry
linalool synthase gene FaNES1 (LIS) were crossed to wildtypes and each other to obtain
hybrid lines for these traits in different combinations. These hybrid Arabidopsis plants were
used for larval feeding and oviposition preference bioassays. The results show that the
expression of the Bt gene SN19 resulted in toxicity to the larvae of DBM in both homozygous
and hemizygous dose whereas linalool emitting LIS transgenic Arabidopsis did not impact the
development of DBM larvae. However, oviposition choice experiments showed for the first time
that linalool emission made the plant repellent to DBM females. The moths laid fewer eggs on
LIS-transgenic plants compared to non-transgenic control plants. Oviposition behaviour was
not affected by the presence of the Bt toxin, so that Bt plants were not deterrent relative to
control hybrid plants. In conclusion, the experiments demonstrate that hybrid lines carrying Bt
and LIS genes in Arabidopsis combine toxicity to the larvae and repellence to the adults of
DBM. This repellence (i) may reduce the incidence of resistant insects, when avoiding linalool
expressing plants which co-express Bt toxins is also observed in the field; (i) may increase the
probability that potentially resistant insects from Bt plants will mate with susceptible insects
colonising non-transgenic plants that constitute refuges; and (iii) may favor susceptible insects,
when avoiding linalool expressing plants provides a selective advantage, as it will when these
plants express Bt toxins. Thus, the co-expression of linalool provides a novel option to reduce
selection of Bt-resistant larvae.

(4) Effect of the combined constitutive emission of linalool and expression of Bt toxin in

transgenic Arabidopsis on parasitoid attraction and survival

Transgenic Arabidopsis plants with a high emission rate of linalool and the expression of a
Bt gene were used in a Y-tube olfactometer and greenhouse flight-bioassay to study their
effect on the behaviour of the parasitoids Diadegma semiclausum and Cotesia glomerata.
Undamaged Bt x linalool synthase (LIS) transgenic plants were neither attractive nor repellent
to the female wasps of D. semiclausum compared with undamaged non-transgenic control
plants. When LIS plants were damaged by the larvae of DBM or mechanically they showed a
repellent effect on D. semiclausum compared with similarly treated non-transgenic control
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plants. Yet, when LIS plants were damaged by DBM larvae, the plants were more attractive to
the parasitoids than undamaged LIS plants. LIS plants that were damaged by Pieris brassicae
lavae were more attractive to adult female Cotesia glomerata wasps when compared with P.
brassicae-damaged non-transgenic control plants.

Experiments addressing the actual parasitization rate of P. xylostella by D. semiclausum
showed that there is no significant difference between the parasitization rates on the
hemizygous LIS-transgenic plants and the non-transgenic control plants. In conclusion, the
data show that insertion of the LIS gene into Arabidopsis results in different effects on
attraction of different parasitoids that parasitize herbivores on brassicaceous crops. The rate of
parasitism of P. xylostella larvae by D. semiclausum was not affected by the presence of the
linalool emission caused by the LIS transgene.

Taken together my data show that a gene that mediates insect resistance and a gene that
mediates volatile production can be simultaneously expressed in a transgenic plant genotype.
The effects of the dual transgene to the DBM and two parasitoid species show that the
transgenic Arabidopsis plants developed in this project are resistant to the herbivore as a
result of the Bt-toxin gene and at the same time repel the herbivore as a result of expression of
the linalool synthase gene. The effects of transgenic linalool expression on parasitoids depend
on the species studied, but appear to be either neutral or beneficial for attraction and neutral
with regard to parasitization. Thus, genes encoding for Bt toxin and linalool synthase
integrated into Arabidopsis may act as a good model to investigate new methods to improve
the control of the diamondback moth, P. xylostella. Furthermore, these results provide
interesting options for the development of transgenic crops that interfere with the biology of
pests and enhance the effectiveness of the pest’'s natural enemies. In this way transgenic
crops that integrate host plant resistance with biological control may be developed.
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Samenvatting

Waardplantresistentie en biologische bestrijding zijn twee belangrijke bestanddelen van
geintegreerde plaagbestrijding. Ze worden veelal afzonderlijk van elkaar ontwikkeld. Echter,
waardplantkenmerken kunnen een beslissende invloed uitoefenen op de effectiviteit van
organismen die voor biologische bestrijding worden ingezet. Daarom moeten ook de gevolgen
bestudeerd worden die het veranderen van plantkenmerken in een veredelingsprogramma
kunnen hebben voor biologische bestrijding.

Genetische modificatie van planten maakt het mogelijk om een soort-vreemd gen over te
brengen naar een waardplant om resistentie tegen insecten te introduceren of om een
vluchtige stof te produceren welke de natuurlijke vijand van de plaag kan aantrekken wanneer
de waardplant door plantenetende insecten wordt aangetast. In dit proefschrift heb ik directe
en indirecte verdediging van Arabidopsis planten tegen plantenetende insecten met behulp
van een transgene benadering gemodificeerd. Teneinde de verdediging van transgene
Arabidopsis, uitgerust met verschillende genen welke directe en indirecte verdediging
beinvloeden, tegen het plantenetend insect Plutella xylostella (het koolmotje, in het Engels
‘diamondback moth’, hierna afgekort als DBM) te evalueren, heb ik de volgende vier aspecten
bestudeerd:

(1) Effect van over-expressie van Mustard Trypsin Inhibitor 2 (MTI2) in transgene
Arabidopsis op de larven van de Diamondback moth, Plutella xylostella.

Directe verdediging van planten omvat onder meer de productie van verteringsremmende
stoffen zoals protease-remmers. Mosterd, een plant die tot de Brassicaceae behoort,
produceert MTI2 en transgene Arabidopsis planten, die het gen dat codeert voor deze
protease-remmer tot expressie brachten, zijn in deze studie gebruikt. Ik heb onderzocht
welk effect MTI2-transgene Arabidopsis-planten uitoefenden op DBM-rupsen. Sterfte en
groei werden bepaald van een Nederlandse en een Chinese DBM-stam. In tegensteling
tot eerdere publicaties werden geen significante verschillen in sterfte of ontwikkeling
gevonden vergeleken met de niet-getransformeerde controle-planten, terwijl daarentegen
de expressie van de protease-remmer gelijk of hoger was. Dit liet zien dat deze stammen
resistent zijn tegen de protease-remmer MTI2. Biochemische experimenten werden
uitgevoerd om het aanpassingsmechanisme van DBM te ontrafelen. Trypsine-activiteit in
darm-extracten afkomstig van rupsen die hadden gevreten van controle - of transgene
planten werden getitreerd met MTI2 en de protease-remmer Soybean Kunitz Trypsin
Inhibitor (SKTI) om de biochemische basis van de ongevoeligheid voor MTI2 te
achterhalen. De specifieke trypsine-activiteit per rupsendarm voor rupsen die waren
opgekweekt op MTI2-planten was niet significant hoger vergeleken met de controle en ca.
80% van de trypsine-activiteit kon geremd worden door beide remmers in beide
behandelingen, hetgeen suggereert dat er geen specifieke inductie van
proteaseremmer-ongevoelige activiteit optrad als reactie op MTI2 in het voedsel. Ik vond
dat een pre-incubatie van MTI2 en SKTI met darm-proteasen gedurende 3 uur een
volledig verlies van remmende activiteit van MTI2, maar niet van SKTI, tot gevolg had bij
de concentratie-verhoudingen welke gevonden werden in planta. Darmextracten van
rupsen opgekweekt op bladeren van controle — of MTI2-planten waren in gelijke mate in
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staat om deze afbraak tot stand te brengen, hetgeen aangaf dat de inactiverende
enzymen constitutief tot expressie komen. Concluderende lijkt het erop dat de
ongevoeligheid voor MTI2 van de darm-enzymen van DBM afdoende verklaard kan
worden door de specifieke inactivatie van MTI2. DBM heeft klaarblijkelijk inactivatie van
MTI2 ontwikkeld als een manier om zich te beschermen tegen deze protease-remmer.
Vanuit ecologisch opzicht is dit functioneel aangezien MTI2 een onderdeel is van de
verdediging van de waardplanten van DBM, de Brassicaceae.

(2) Expressie in Arabidopsis van een linalool-synthase gen dat onder controle staat van
een wond-geinduceerde PI2-promotor uit aardappel

Terpenoiden zijn een belangrijke groep binnen de viuchtige plantenstoffen en spelen een
rol in de indirecte verdediging van veel plantensoorten. Ik maakte gebruik van de
beschikbaarheid van een linalool synthase-gen om transgene Arabidopsis-planten te
ontwikkelen die linalool produceerden na inductie door vraat. Het FaNES1 linalool
synthase (LIS) cDNA van aardbei, tot expressie gebracht in de chloroplasten en voorzien
van een synthetisch intron (LIS’), werd onder controle geplaatst van een door vraat
geinduceerde Protease-remmer 2 (P12) promotor afkomstig uit aardappel. Het construct
pBin-PPI2-LIS’ wered getransformeerd naar Arabidopsis thaliana ecotype Columbia 0. De
expressie van actief linalool synthase door het PPI2-LIS’ genconstruct in de transgene
lijnen werd bevestigd door de linaloolemissie te meten met behulp van ‘solid phase
micro-extraction’ (SPME) en GC-MS metingen na inductie met methyljasmonaat. De
resultaten laten zien dat de toepassing in Arabidopsis van de PI2-promotor uit aardappel,
expressie van linalool tot gevolg had, welke induceerbaar was door methyljasmonaat,
hoewel het niet lukte om een reactie te induceren met vraat door DBM-rupsen.

(3) Effecten van transgene Arabidopsis welke een combinatie van Bacillus thuringiensis
(Bt) endotoxine en linalool tot expressie brengen, op rupsen en motten van Plutella
xylostella

Een gen dat codeert voor een Bt toxine en een gen coderend voor linalool synthase

werden geintegreerd in Arabidopsis als een model om nieuwe methoden te onderzoeken

om de beheersing van DBM te verbeteren. Homozygote transgene Arabidopsis welke het

Bt toxine-gen SN19 en het linalool synthase-gen FaNES1 (LIS), afkomstig uit aardbei, tot

expressie brachten, werden gekruist met wildtypen en met elkaar om hybride lijnen voor

deze eigenschappen te verkrijgen in verschillende combinaties. Deze hybride Arabidopsis
planten werden gebruikt voor biotoetsen waarin de effecten op rupsenvraat en
eilegvoorkeur werden bestudeerd. De resultaten laten zien dat de expressie van het Bt-
gen SN19 toxiciteit voor rupsen van DBM tot gevolg had in zowel homozygote als
hemizygote dosis, terwijl daarentegen de emissie van linalool door LIS-transgene

Arabidopsis de ontwikkeling van DBM rupsen niet beinvloedde.

Eilegvoorkeur-experimenten lieten echter voor het eerst zien dat de emissie van linalool

de plant afstotend maakte voor DBM-vrouwtjes. De motten legden minder eieren op

LIS-transgene planten vergeleken met niet-transgene controleplanten. Eileggedrag werd

niet beinvloed door de aanwezigheid van het Bt toxine, zodat Bt-planten niet afstotend

waren vergeleken met hybride controleplanten. Concluderend tonen de experimenten aan
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dat hybride Arabidopsis-lijnen uitgerust met Bt- en LIS-genen toxiciteit voor DBM-rupsen
combineren met een afstotende werking op DBM-motten. De afstotende werking (1) kan
het vodérkomen van resistente insecten terugbrengen, indien de vermijding van
linalool-producerende planten welke ook Bt toxinen tot expressie brengen, ook onder
veldomstandigheden wordt waargenomen; (2) kan de waarschijnlijkheid verhogen dat
mogelijk resistente insecten afkomstig van Bt-planten zullen paren met vatbare insecten
die niet-transgene planten koloniseren welke als refugia dienst doen; en (3) kan vatbare
insecten bevoordelen, als de vermijding van linalool-producerende planten een selectief
voordeel biedt, hetgeen het geval is als deze planten Bt toxinen tot expressie brengen.
Dientengevolge biedt de co-expressie van linalool een geheel nieuwe optie om de selectie
van Bt-resistente rupsen te verminderen.

(4) Effect van de gecombineerde constitutieve expressie van linalool en Bt toxine in
transgene Arabidopsis op de aantrekking en overleving van parasitoiden
Transgene Arabidopsis planten die een hoge emissie van linalool vertoonden en een
Bt-gen tot expressie brachten, werden gebruikt in een Y-buis olfactometer en een
vlieggedrag-biotoets in een kas om hun effect op het gedrag van de parasitoiden
Diadegma semiclausum en Cotesia glomerata te bestuderen. Onbeschadigde transgene
Bt x linalool synthase (LIS) planten waren niet aantrekkelijk noch afstotend voor
vrouwelijke D. semiclausum wespen vergeleken met onbeschadigde controleplanten.
Wanneer LIS planten vraatschade ondergingen door DBM-rupsen of mechanisch
beschadigd werden, lieten ze een afstotend effect zien op D. semiclausum vergeleken met
niet-transgene controleplanten die op dezelfde manier waren behandeld. Echter, wanneer
LIS planten vraatschade ondergingen door DBM-rupsen, waren de planten aantrekkelijker
voor de parasitoiden dan onbeschadigde LIS-planten. LIS-planten die door Pieris
brassicae rupsen beschadigd werden waren aantrekkelijker voor adulte vrouwelijke
Cotesia glomerata wespen vergeleken met door P. brassicae aangevreten niet-transgene
controle-planten.
Experimenten die ten doel hadden de parasiterings-percentages van DBM door D.
semiclausum te onderzoeken lieten zien dat er geen significant verschil was tussen deze
percentages op de hemizygote LIS-transgene planten en de niet-transgene
controle-planten. De slotsom uit de gegevens is dat insertie van het LIS-gen in Arabidopsis
verschillende effecten tot gevolg heeft voor verschillende parasitoiden die plantenetende
insecten parasiteren op gewassen die tot de Brassicaceae behoren. Het
parasiteringspercentage van DBM-rupsen door D. semiclausum werd niet beinvioed door
de linaloolemissie veroorzaakt door het LIS-transgen.

Samengenomen laten mijn gegevens zien dat een gen dat resistentie veroorzaakt tegen

insecten en een gen dat de productie van een viluchtige stof bewerkstelligt tegelijkertijd tot

expressie kunnen komen in een transgeen genotype. De effecten van het tweevoudige

transgeen op DBM en de twee soorten parasitoiden tonen aan dat de transgene Arabidopsis

planten die ontwikkeld zijn in dit project resistent zijn tegen het plantenetend insect als gevolg

van het Bt toxinegen en tegelijkertijd het plantenetend insect afstoten als gevolg van de

expressie van het linalool synthase-gen. De effecten van transgene linaloolexpressie op
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parasitoiden hangt af van de bestudeerde soort, maar lijken ofwel neutraal ofwel voordelig
voor de aantrekking en neutraal met betrekking tot parasiteringspercentage. De conclusie is
gerechtvaardigd dat genen die coderen voor Bt toxine en linaloolsynthase, geintegreerd in
Arabidopsis als een goed model kunnen functioneren om nieuwe methoden te onderzoeken
ter verbetering van de beheersing van DBM, P. xylostella. Ook bieden deze resultaten
interessante opties voor de ontwikkeling van transgene gewassen die interfereren met de
biologie van plaaginsecten en de effectiviteit verhogen van natuurlijke vijanden van het
plaaginsect. Op deze wijze kunnen transgene gewassen ontwikkeld worden welke
waardplantresistentie en biologische bestrijding integreren.
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