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Stellingen

Plantensoorten met een goede directe verdediging tegen spintmijten,

maken in veel gevallen toch gebruik van indirecte verdediging.
Dit proefschrift,

Planten die zijn aangetast door spintmijten produceren in veel gevallen
de verbinding methylsalicylaat. Echter, methylsalicylaat alleen is niet
specifiek genoeg om te kunnen dienen als indicator voor spintmijt
aantasting.

Dit proefschrifi.

Gebruik van synthetische mengsels om natuurlijke mengsels na te
bootsen kan tot verkeerde conclusies leiden als deze getest worden op

biologische activiteit.
Turlings et al., 1991. J. Chem. Ecol. 17;: 2235-2251.

Subtractieve combinatie is een betere methode om synergisme tussen

twee of meer stoffen aan te tonen dan additieve combinatie.
Byers, 1992. J. Chem. Ecol. 18: 1603-1621.

Solid Phase Microextration (SPME) is geen goede methode om inzicht
te verkrijgen in de juiste natuurlijke verhoudingen van een mengsel van

stoffen.
Monnin et al., 1998. J. Chem. Ecol. 24: 473-490; Agelopoulos and Pickett, 1998. J.
Chem. Ecol. 24: 1161-1172.

De burger vindt "Maatschappelijk Verantwoord Ondernemen’ erg
belangrijk, maar als consument wil hij hiervoor niet betalen.
Dutilh et al., 2003. VMT 3: 19-21.

Ondanks alle keurmerken op producten, is de consument nog steeds het
slachtoffer van selectieve publieksvoorlichting.

‘Chemisch is gevaarlijk en natuurlijk is gezond’ is cen misvatting.

Stellingen behorend bij het proefschrift:

Plant Defence in a Tritrophic Context:
Chemical and behavioural analyses of the interactions between
spider mites, predatory mites and various plant species

Wageningen, 25 april 2003 Cindy E. M. van den Boom




Voor mijn ouders



Yoorwoord

Tijdens mijn promotic onderzoek heb ik gedurende vier jaar gewerkt aan
interacties die plaatsvinden tussen 3 verschillende niveaus van een voedselweb.
In mijn werkzaamheden bestonden dergelijke interacties ook tussen de groepen
waar ik mijn onderzoek heb uitgevoerd. Dit waren de groep fytochemie (chemie
van plantaardige stoffen), de ondersteunende groep analytische chemie
(analyseren van chemische stoffen) behorende bij de leerstoelgroep Bio-
organische Chemie en de leerstoelgroep Entomologie (insectenkunde). Door de
steun van verscheidene mensen uit deze drie groepen is dit proefschrift tot stand

gekomen.

Binnen de groep fytochemie kwam ik te werken onder de stimulerende leiding
van Teris van Beek. 1k kreeg de mogelijkheid om onder zijn toezicht tot mijn
einddoel te kunnen komen. Tot op het laatste moment heb ik prettig met hem
samengewerkt. Mijn promotor Aede de Groot heeft zich op enige afstand
uitstekend op de hoogte gehouden van mijn veortgang. Binnen de leerstoelgroep
Organische Chemie stond hij altijd open voor discussie over allerlei alledaagse
labaangelegenheden. Bij de groep analytische chemie werd ik ondersteund door
Maarten Posthumus, om met behulp van gas chromatografie in combinatie met
massa spectrometrie de belangrijke plantenstoffen te kunnen analyseren. Hem
wil ik nadrukkelijk bedanken voor de hulp die hij me hierbi) gegeven heefi.
Hiernaast heeft hij me bovendien nog enthousiast weten te maken voor de
sterrenkunde. Bij de leerstoelgroep Entomologie zorgde mijn promotor Marcel
Dicke voor een goede en enthousiaste begeleiding. Zijn kritische oog brachten

mijn artikelen op een hoger niveau.

Bij deze wil ik al mijn begeleiders nadrukkelijk bedanken voor alles wat ze voor

me gedaan hebben en klaar te staan indien het nodig was.



During the last few months of the practical research work I received help from a
foreign student named Damien Raingeard. He obtained good results on the
fractionation system. I thank him very much for his support and good

discussions.

Bij Organische chemie hebben Marijke, Elbert, Ronald, Pleun, Elly, Gabriélle en
Ingke allen een bijdrage geleverd aan het tot stand komen van mijn proefschrift.
Ter ondersteuning van mijn experimenten wil ik Herman Dijkman (Entomologie)
bedanken veor het onderhouden van de roofmijtenkweek en Henk Smid en Pieter
Kuiken voor hun goede zorgen voor de planten die in de kassen van Unifarm

opgekweekt werden.

Tevens wil ik van organische chemie alle AIO’s bedanken voor een leuke tijd
met AIO-reizen naar Zweden en de Verenigde Staten, filmavondjes,
zwemavonden en gewoon lekker koffie drinken. Ook bij entomologie werden er
regelmatig culturele avonden georganiseerd en gingen we vaak met ecen grote
groep schaatsen. Van de AIO’s wil ik vooral Frederique en Jetske bedanken voor
hun ondersteuning in de periode dat ik in Den Haag werkte. Hun enthousiasme
om artikelen op te zoeken en naar mij op te sturen, heb ik zeer gewaardeerd.
Yvonne, jij stond altijd klaar als ik een slaapplaats nodig had, als ik even mijn
frustraties af wilde reageren en om mijn leesversie in te leveren. Vele malen dank
hiervoor!! Hugo, naast een collega werd jij ook een goede vriend om mee te
zeilen als we niet met het moote weer op het lab wilden zitten. Achter op de
motor gingen we samen naar het zuiden van Belgié om naar een schitterende
zonsverduistering te kijken. Met Remco, Jetske en Eric (E) heb ik vele avonden
in de Vilaam doorgebracht om elkaar van onze wetenschappelijke avonturen op
de hoogte te houden, soms tot vervelens toe voor E. Hier kwamen vaak erg

creatieve stellingen tot stand.



Naast mijn promotieonderzoek heb ik getracht om samen met Jan, Corien, Eyke,

Marijke en Marc in het Wageningse AIO- en OIO-overleg voor cen aantal
verbeteringen te zorgen voor de AIQ’s en OIOQ’s op de universiteit. Tot mijn
verbazing hebben we het viteindelijk toch voor elkaar gekregen, dat
proefschrifien op de webside van de Wageningen Universiteit geplaatst kunnen
worden en dat de bibliotheek tegenwoordig met minder proefschriften genoegen
neemt. Het was altijd erg gezellig tijdens onze efficiénte vergaderingen. Wanneer

gaan we trouwens naar de Bahama’s?

Niet te vergeten wil ik al mijn goede vrienden bedanken voor hun onafgebroken
steun en toeverlaat tijdens mijn schrijfperiode. Een aantal vrienden belden
regelmatig om mijn vorderingen te controleren en tevens gezellig bij te kletsen.
Hiervan wil ik in het speciaal Jacques, Marijke, Pieter, Erwin, Remi en Erik L.
bedanken voor hun regelmatige telefonische ondersteuning. Met name Jacques
en Marijke hebben vele malen voor de broodnodige ontspanning gezorgd en
hebben me hierdoor behoed voor veel onnodige proefschrift stress. In het

bijzonder wil ik mijn huisgenoten bedanken voor alle gezelligheid.

Bij Stichting Milieukeur ben ik mijn collega’s dankbaar voor hun support, ook al
vroegen ze zich vaak af wat ik in godsnaam aan het doen was. In de avonduren
kon ik me bij de Atletiekvereniging ‘De Haag’ uitleven om hierna weer achter de
computer te kunnen kruipen. In het bijzonder wil ik Tudith bedanken voor haar

creatieve bijdrage voor het tot stand komen van de omslag.

Zonder mijn beide paranimfen Matthew en Remco, was dit proefschrift
waarschijnlijk niet tot stand gekomen. Allebei wil ik jullie hartelijk danken voor
jullie onvoorwaardelijke steun wanneer het in meer of mindere mate nodig was
en alle gezellige uurtjes koffie drinken. Matthew, jij stond altijd klaar als creatief
brein op muzikaal gebied, als film deskundige en als expert voor artikelen in

wetenschappelijke ‘nonsens’ bladen. Ik zal nooit vergeten dat je Olivia Newton-



John samen met me hebt gezongen. Remco, wij konden het van het begin af aan

goed met elkaar vinden. Jij hebt me ondersteund met mijn werkzaamheden op het

lab, tijdens het schaatsen, in de kroeg en indien nodig soms ook na sluitingstijd.

Mijn ouders zijn altijd in alles wat ik doe mijn steun en toeverlaat geweest. Mam,
nu krijg ik eindelijk meer tijd om gezellig met je de stad in te gaan en een terrasje
te pikken. Pap, met jouw kon ik altijd van gedachte wisselen als echte
onderzoekers onder elkaar. Nu kunnen we weer eens ongestoord de natuur in

trekken of een partijtje tennissen.

Tot slot wil ik Harry bedanken voor de goede zorgen tijdens het laatste gedeelte
van het schrijven van mijn proefschrifi. Ondanks dat je me graag veel vaker had
willen zien, wilde je ook heel graag dat ik het proefschrift af zou ronden en heb
je me gestimuleerd om door te gaan. Ik ben blij dat ik tijdens het lezen van

artikelen in de trein toch kans heb gezien je te leren kennen!

Cindy.



Toen er voor het eerst een biosfeer ontstond, hebben zich onvermijdelijk
veranderingen vertrokken in het scheikundige milieu van de aarde. Evenals de
voedingsreserves in een kippeei, verschaften de rijkelijk aanwezige organische
verbindingen waaruit het eerste leven zich heeft ontwikkeld het pasgeboren
schepsel de nodige voedingsstoffen voor de eerste fase van zijn groei. In
tegenstelling tot de situatie van het kuiken was er voor het leven echter slechts
een beperkte voorraad voedingsstoffen voorhanden buiten het ‘ei’. Zo gauw de
vitale sleutelverbindingen eenmaal schaars werden zal het nog jonge levende
wezen voor de keus zijn komen te staan om ofwel te verhongeren, ofwel te leren
zelf zijn cigen bouwstoffen samen te stellen uit de meer elementaire grondstoffen
van de omgeving, waarbij het zonlicht werd gebruikt als drijvende kracht. De
noodzaak om dit scort keuzen te maken moet zich vele malen hebben
voorgedaan en de verscheidenheid, onafhankelijkheid en weerbaarheid van de
zich uitbreidende biosfeer hebben verhaast. Het kan ook gedurende deze tijd zijn
geweest dat het idee van roofdier en prooi en van ¢en voedselketen zich voor het

eerst heeft ontwikkeld.

JE. Lovelock, 1980. Gaia; de natuur als organisme. A W. Bruna & Zoon,
Utrecht, p. 35
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Chapter 1

Introduction

Defence mechanisms

Direct and indirect defence

In general, plants face severe circumstances under which they need to survive
and reproduce. Under these strong selection conditions plants have evolved a
defence against herbivory in a direct and/or an indirect way. Selection of plants
in this evolutionary process takes place via plant fitness (Price et al., 1980; Vet,
1999). A direct way of a plant to defend itself from being eaten by herbivores is
through its morphology such as glandular and non-glandular hairs, though outer
layers and other barriers. Toxic, deterrent, antifeedant or antinutritional
compounds can kill or deter the herbivorous insect, arrest their feeding or reduce
the digestibility of the plant leaves. This contributes to the direct defence of the
plant {Karban and Baldwin, 1997). However, toxicity of compounds is selective.
Herbivores can adapt to or even use certain toxic compounds. An example of a
specialized herbivore that is adapted to feed on the leaves of Solanaceae plants is
the Heliothis subflexa. In contrast, Heliothis virescens is a generalist herbivore
that feeds on a broad range of host plants (Sheck and Gould, 1996). Besides
direct defence, plants have developed another way of defence through an
interaction with carnivores (Dicke and Vet, 1999; Sabelis et al., 1999; Vet and
Dicke, 1992), which is called indirect defence or extrinsic defence (Dicke, 1999,
Price et al., 1980). This type of defence is characterized by the promotion of the
effectiveness of natural enemies of the herbivores by offering alternative food or
shelter (Dicke, 1999; Price, 1981; Price et al., 1980; Sabelis et al., 1999). In this
way the plant can be helpful to predators or parasitoids that in turn can guard the
plant from herbivores feeding on its leaves. The interaction that involves three
levels of a foodweb is called a tritrophic interaction (Agelopoulos and Keller,
1994; Dicke, 2000; Du et al., 1996, Price, 1981; Vet and Dicke, 1992).



Chapter |

Induction of direct defence

Defence mechanisms are costly. As a consequence, some defence mechanisms
are only induced at the moment that they are needed. For example, the
production of proteinase inhibitors, oxidative enzymes and / or toxic constituents,
can be newly induced or induced in larger amounts by the plant when the plant is
attacked by herbivores or pathogens. Agrawal (1999) showed that induction of
direct plant defenses led to an increase in plant fitness compared to non-damaged
control plants. Raphanus sativus plants produced more seeds and were damaged
less after early-season infestation by larvae of Pieris rapae. Moreover, Baldwin
(1999) investigated the costs of jasmonate-induced responses and showed that
the jasmonate mediated production of nicotine benefited tobacco plants that were
subsequently attacked by herbivores. Induction of direct defence in a plént can
also occur in response to volatile signals that reach the plant through its leaves.
An example is methyl jasmonate released from sagebrush. This compound
induced direct defence by increasing the production of polyphenol oxidase in
neighbouring tobacco plants (Karban, 2001; Karban et al., 2000).

Induction of indirect defence

A sophisticated way of plant defence is the induction of volatiles after herbivore-
infestation. This is also called induced indirect defence. The plants start to emit
volatiles that differ from the volatiles of mechanically damaged leaves ina
qualitative and / or quantitative way (Dicke, 1999; Dicke and Sabelis, 1988a).
The herbivore-induced volatiles can attract predators or parasitoids that search
for their prey or hosts. Morcover, the predators or parasitoids often show no or
only a weak response towards volatiles emitted from leaves that are infested by
herbivores that are not suitable as prey or hosts (Dicke, 1999; Dicke and Sabelis,
1988a; Dicke et al., 1998). Plants infested with different herbivore species emit
volatile blends that differ in a qualitative or quantitative way. When the volatile
blend shows qualitative differences, different signal transduction pathways are

likely involved in the induction. Van Loon et al. (2000) reported that parasitoid
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Introduction

activity increases plant fitness in the system Arabidopsis thaliana - Pieris rapae
caterpillars - Cotesia rubecuia parasitoids. That attraction of parasitoids is
beneficial to the plant has also been proven for the system Zea mays -
Spodoptera littoralis larvae - Cotesia marginiventris or Campoletis sonorensis
parasitoids (Fritzsche-Hoballah and Turlings, 2001}. For predator-prey
interactions no research on plant fitness has been done yet. Only has been
investigated that leaf tissue removal in some plant specics resulted in a higher
seed production, while in other plant species this resulted in a lower seed

production (Trumble et al., 1993).

Compatibility of direct and indirect defence

Plant species and plant cultivars can exploit direct and indirect defence in various
ways. Plant genotypes that use both types of defence may have an advantage
over other genotypes. However, a more sophisticated form of defence may also
incur more costs to the plant. It is not known to what degree these two different
defence mechanisms are compatible. An example of a competitive effect
{antagonism) between direct and indirect defence has been documented for
Senecio jacobea (Vrieling et al., 1991). Some genotypes have a high level of
direct defence in the form of pyrrolizidine alkaloids, and consequently harbour
fewer aphids on their leaves. Usually, ants visited the plants to collect the
honeydew produced by these aphids. Besides, the ants also attacked caterpillars
of the specialist herbivore Tyria jacobeae (indirect defence) that is not affected
by the alkaloids in the leaves. Thus, a reduction in aphid and ant presence on
plants with a strong direct defence leads to an increase in caterpillar damage
because of a reduction in indirect defence, Also for Nicotiana attenuata a trade-
off between direct and indirect defence has been reported (Kahl et al., 2000).
When larvae of the nicotine-tolerant herbivore Manduca sexta feed on Nicotiana
attenuata these plants increase the release of volatile terpenoids, but they do not
increase the levels of nicotine, which is the plant’s direct defence that can be

exploited by M. sexta. An example that both direct and indirect defence can be
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induced simultancously in the plant is shown for tomato (Thaler et al., 2002),
However, the induced indirect defence of tomato is not very specific, as only a
few novel compounds, including methyl salicylate, are emitted compared to
those emitted in response to mechanical damage (Dicke et al., 1998). These

examples show that both defence mechanisms can be exploited by the plant.

Infochemicals

The herbivore-induced volatiles involved in a tritrophic interaction are called
infochemicals. Infochemicals are chemicals that, in the natural context, convey
information in an interaction between two individuals, evoking in the receiver a
behavioural or physiological response that is adaptive to either one of the
interactants or to both interactants (Dicke and Sabelis, 1988b). When
infochemicals mediate an interspecific interaction and are beneficial to both
emitter and receiver, they are called synomones (Dicke and Sabelis, 1988b)
(Table 1).

Table 1: Terminology of infochemicals.

In intraspecific interactions:

Pheromone: mediates an interaction whereby the benefit is to the origin-

related organism, to the receiver or to both

In interspecific interactions (allelochemicals):

Allomone: mediates an interaction whereby the benefit is to the emitter
Kairomone: mediates an interaction whereby the benefit is to the receiver
Synomone: mediates an interaction whereby the benefit is to both emitter

and receiver

Isolation and identification of infochemicals is important for a better
understanding of tritrophic interactions (Karban and Baldwin, 1997; Price, 1981,
1993; Sabelis et al., 1999). First, information about the behaviour of an insect

towards infochemical blends must be gathered. Infochemicals can be present in
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relatively large amounts that are dominant in the volatile blend, but they can also
be present in minor amounts. Insects can be sensitive towards infochemicals that
are present below the detection limit of the instrumental setup (Pickett, 1990).
The chemical information can consist of one compound, but often two or more
compounds are involved. In some synergistic interactions two or more
compounds are present that show little or no activity when individually tested,
but when tested together they are clearly bioactive. Synergistic effects are for
example found in combinations of volatile plant compounds that can attract
certain insect species (Fein et al., 1982; Ishikawa et al., 1984; Ladd, 1980;
Visser, 1986; Weissbecker et al., 2000). Also synergism between plant odours
and pheromones exists. In some cases the response of an insect can be increased
when one or more plant compounds are added to a pheromone blend (Hedin et
al., 1979; Wood, 1982). Different ratios between compounds in a pheromone
blend are also important for insect attraction (Evans, 1984). Insects can
distinguish between blends with such relative differences. They are stronger or
sometimes even only attracted to the blend with component ratios that are related
to their own species (Boo et al., 2000; Griepink, 1996). Moreover, they can
distinguish between compounds with a different chirality (Dutf et al., 2001;
Zhang et al., 1997, 2000).

Tritrophic test system

Numerous different plant-herbivore-carnivore systems exist. One of these
systems that has been investigated a lot is the system of plant-spider mite
(Tetranychus urticae)-predatory mite (Phytoseinius persimilis). Tetranychus
urticae Koch is a polyphagous spider mite. It is a major pest on field crops,
glasshouse crops, horticultural crops, ormamentals and fruit trees (Vrie et al.,,
1972). Moreover, the spider mite can easily adapt to plant varieties that have
been selected for resistance, as was shown for varieties of tomato, broccoli and
cucumber (Fry, 1989; Gould, 1979). This increases their threat as pest species

even more. Dicke et al. (1990) showed that in response to the spider mite-



Chapter 1

infestation, lima bean leaves started to produce novel volatiles compared to
mechanically damaged leaves. To explain this, it was proposed that the spider
mite’s saliva contains elicitors that can induce a cascade of signal transduction
steps in the plant. This was hypothesized because it has been shown that the
regurgitant of Pieris brassicae and of Spodoptera exigua contains respectively
the elicitors B-glucosidase and N-(17-hydroxylinolenoyl)-L-glutamine (volicitin)
{Alborn et al., 1997, Mattiacci et al., 1995; Turlings et al., 1990). These elicitors
can induce a volatile biend that is similar to the caterpillar-induced blend.
Tetranychus urticae-infested plant leaves emit volatiles that can attract the
specialist predatory mite Phytoseiulus persimilis, which exterminates spider mite

populations (Sabelis and Dicke, 1985). |

Tritrophic interaction

Predatory mite .
Phytoseiulus persimilis f’“

Herbivorous mite ‘&‘j
i

Tetranychus urticae ot i
k

Various host plant

Figure 1: A tritrophic interaction between the herbivore Tetranychus urticae, the carnivore
Phytoseiulus persimilis and various host plants. The arrows show that each organism can

have an influence an organisms that are on a different level of the food web.
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The predatory mite feeds especially on eggs but it also eats other spider mite
stages. Phytoseiulus persimilis can travel long distances by dispersing through
the air (Sabelis and Dicke, 1985) and it responds to odours that are released from
plants that are infested by spider mites. The volatile profile emitted from spider
mite-infested plants can differ qualitatively or quantitatively from the volatile
profile emitted from mechanically damaged leaves (Dicke et al., 1998). This
difference in the release of specific volatiles by the plant makes it worthwhile to
investigate the degree of sophistication among the induction of volatile profiles
from different plant species. In this thesis the tritrophic system of the spider mite
Tetranychus urticae, the predatory mite Phytoseiulus persimilis and host plant
species of the spider mite was investigated {(Figure 1). Tetranychus urticae has a
broad range of host plants and therefore, in this thesis eleven different plant

species from different families are investigated.

Thesis outline

In this thesis a better insight is obtained in the degree of direct and indirect
defence of the different test plant specics against the spider mite 7. urticae. It
was hypothesized that when a plant possesses a strong direct defence it will not
invest in a strong indirect defence and vice versa. To investigate this, different
experiments were carried out with various plant species to compare their direct
and indirect defence levels, Additionally, a more efficient and reliable
fractionation method was developed for biological identification of compounds

that show bioactivity.

The acceptance by the spider mite of several plant species was investigated as a
measure of the plant’s direct defence, which is discussed in Chapter 2. Indirect
defence, i.e. the attraction of predatory mites towards plant volatiles that are
released by spider mite-infested plant species was investigated for a number of
plant species that were already investigated with respect to the level of direct

defence (Chapter 3). It was hypothesised that plant species with a weak direct

“d
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defence would invest in the production of novel compounds. This specificity in
odour production of several plant species and the specificity of the spider mite-
induced compounds can lead to a more reliable odour source for the predatory
mites. Therefore, the production of novel compounds was analysed in the volatile
blend of spider mite-infested leaves of plant species and compared to clean or
mechanically damaged leaves (Chapter 4). The plant species that were used had
already been investigated with regard to their direct and indirect defence
{Chapter 2 and 3).

Besides information on the defence of separate plant species, also data on
defence at the level of plant families were compared. Therefore, two plant
families were chosen that were expected to differ in their degree of direct
defence. Plant species of the Fabaceae are often susceptible to a larger number of
herbivores than plants of the Solanaceae. Plants of the latter family have more
specialist herbivores feeding on their leaves. These herbivores are adapted to the
plant’s toxins, such as alkoloids {Campo and Renwick, 2000; Mullin et al., 1997;
Sheck and Gould, 1996). The results obtained from different plant species that

are members of these families were compared (see Chapter 2, 3 and 4).

Infochemicals are often part of a complex volatile mixture. Conventional
bioassays that are used to show the biological activity of a compound have
shown some disadvantages. The ratios of compounds in the blend can change due
to trapping and desorption techniques and, besides, solvent introduction into a
bioassay can disturb the insect’s response. Insects can distinguish between these
relative differences (Boo et al., 2000; Griepink, 1996). Therefore, a system to
fractionate odour mixtures was developed (Chapter 5), in which compounds can
selectively be removed from the mixture. With this method the attraction of
predatory mites was tested towards fractions of a volatile plant mixture with

compounds that are present in the same ratios as in the intact odour blend.
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Besides, the method was validated by calculation of the recoveries of reference

compounds.

In Chapter 6 the degree of direct and indirect defence for different plant species
and plant families is discussed. Additionally, the hypothesis that the degree of
direct defence of a plant will affect its degree of indirect defence and vice versa
will be discussed. Furthermare, the effectiveness of the newly developed method
that can be used to isolate and identify volatile infochemicals from a complex
blend will be described and evaluated. Besides, future perspectives will be

discussed.
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Differences among plant species in acceptance by

the spider mite Tefranychus urticae Koch

Abstract

The spider mite Tetranychus urticae Koch has a broad range of host plants.
However, the spider mite does not accept all plants to the same degree due to
differences in nutritive and toxic constituents. Other factors, such as the
induction of secondary metabolites, the morphology of a leaf surface and the
presence of natural enemies also play an important role in plant acceptance. We
compared plants from various families in their degree of acceptance by the spider
mite, to get an indication of the plant’s direct defence. Glycine max (soybean),
Humulus lupulus (hop), Laburnum anagyroides (golden chain) and Nicotiana
tabacum (tobacco) were highly accepted by the spider mites. Different glandular
hair densities among tobacco cultivars did not affect their suitability towards
spider mites significantly. Solanum melalonga (eggplant}, Robinia pseudo-acacia
(black locust), Vigna unguiculata (cowpea) and Datura stramonium (thorn apple)
were accepted by the spider mites to a lesser degree. Vitis vinifera (grapevine)
was poorly accepted by the spider mite. It might be that the food quality of the
leaves was not high enough to arrest the spider mites. Also Capsicum annuum
(sweet pepper) and especially Ginkgo biloba (ginkgo) were poorly accepted by
the spider mite, probably due to the presence and concentration of certain
secondary metabolites in the leaves. The spider mites accepted all plants
belonging to the Fabaceae for feeding, but those belonging to the Solanaceae
showed a large variation in spider mite acceptance varying from well accepted

(tobacco) to poorly accepted (sweet pepper).

This Chapter was accepied by the Journal of Applied Entomology
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Introduction

Tetranychus urticae Koch is a polyphagous, parenchyma cell feeding spider mite
with aver 200 host plant species. It is a major pest on fieid crops, glasshouse
crops, horticultural crops, omamentals and fruit trees (van de Vrie et al., 1972).
Moreover, it can easily adapt to plant varieties that have been especially selected
for resistance, as was shown for e.g. tomato, broccoli and cucumber (Fry, 1989,
Gould, 1979). This increases their threat as pest species even more, Their host
plants differ in food quality, which does not only depend on the level of primary
plant metabolites, but also on the quantity and nature of secondary metabolites.
These secondary metabolites can function as toXins, deterrents and digestibility
reducers (Rosenthal and Berenbaum, 1991). Deterrent and antifeedant effects on
spider mites were, for exampie, shown for ginkgo and tobacco (Dabrowski,
1973).

Another variation factor in food quality is the plant’s response to herbivory with
local and/or systemic induction of secondary metabolite synthesis (Karban and
Myers, 1989; Karban and Baldwin, 1997; Tollrian and Harvell, 1999). These
induced responses can be herbivore specific (Stout et al., 1994) and can lead to
reduced mite fecundity in e.g. soybean (Brown et al., 1991) or cotten (Karban
and Carey, 1984). Hildebrand et al. (1986, 1989) showed that spider mite damage
on soybean increased the lipid peroxidation level and the lipoxygenase activity,

which arg correlated to the level of resistance in soybean.

Furthermore, the morphology of the leaf surface, such as a thick cuticle or
glandular and non-glandular hairs, can have a defence function by reducing
herbivory. Glandular hairs can have an effect on the spider mite population by
entrapment of the spider mites and subsequent dehydration (Patterson et al.,
1974). An example is the negative effect of glandular hairs on the dispersal
behaviour of both T. urticae and its natural enemy Phytoseiulus persimilis on

tomato plants (van Haren et al., 1987).
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Besides the chemical value of a plant leaf and the structure of its surface, risks
from natural enemies can be of great importance to a herbivore. Some plants
offer shelter or alternative food to predators and thus create an enemy dense
environment, while other plants constitute a relatively more enemy free space
{(Dicke, 2000). To avoid an enemy dense leaf surface, herbivores may prefer an
inferior food source that is free of enemies, as has been shown for Pieris napi by
specialising on Arabis plants (Ohsaki and Sato, 1994). Moreover, Strong et al.
(1997) showed that T. urticae has special refugia on hop where its predator

Neoseiulus failacis does not occur.

Host selection by herbivores is therefore expected to be affected by the plant’s
nutritional value, the plant’s physical characteristics and the chances of
encountering carnivorous enemies on a plant (Schoonhoven et al., 1998; Bernays
and Chapman, 1994). Furthermore, spider mites are known to differentially
accept different plant species (Yano et al., 1998). We have investigated plants
that were expected to differ in types and quantities of secondary metabolites, to
compare their degree of acceptance by the spider mite, as an indication of the
plant’s direct defence. The plant species were selected on the basis of their
economical relevance and their expected level of defence against spider mites.
Soybean, hop and grapevine were selected because spider mites are a serious pest
on these plant species. This indicates that they are good host plants for the spider
mites, although some differences in susceptibility exist {Wheatley and Boethel,
1992; Leszczynski et al., 1988; Peters and Berry, 1980b; Schruft 1985).
Tetranychus urticae is the most important spider mite pest of grapevines in
European regions with a dry summer (Schruft 1985). On the other hand, we also
investigated plants that were known for their strongly deterrent and antifeedant
secondary metabolites, such as alkylphenols and terpene trilactones in ginkgo
and nicotine in tobacco (Dabrowski, 1973; Matolscy, 1988; Fu-shun et al., 1990).
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Besides the investigation of species belonging to various families, two plant
families, the Fabaceae and the Solanaceae, were examined in closer detail. The
Solanaceae comprise medicinal plants, food plants and many poisonous plants
(Hegnauer and Hegnauer, 1973). Some herbivore species have adapted to these
toxic plant components and became specialists. For example, the specialist
herbivore Colorado potato bectle (Leptinotarsa decemlineata) specializes on
Solanaceac species that are rich in alkaloids. It proved to be less sensitive to the
antifeedant effects of alkaloids than the generalist herbivore western corn
rootworm, Diabrotica virgifera (Mullin et al., 1997). Besides, literature has
shown that Manduca sexta is a specialist on Solanaceous plants (del Campo and
Renwick, 2000; Mechaber and Hildebrand, 2000). The Fabaceae also comprise
various food plants, but in contrast to the Solanaceae they have more generalist
herbivores feeding on the plant leaves. The moth species Heliothis virescens is
such a generalist herbivore, feeding on plants from at least fifieen plant families,
while another related species, Heliothis subflexa, feeds only on plants of the
Solanaceae (Sheck and Gould, 1996). Therefore, plants of the Solanaceae were
expected to have a higher degree of direct defence and to be less accepted by the

generalist spider mite 7. urticae than plants of the Fabaceae.
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Materials and methods

Plant material.

The investigated test plants, their family and cultivar name, age and mean leaf
area are shown in Table 1. The test plants were selected from five different
families, with 4 plant species taken from both the Fabaceae and the Solanaceae.
The age of each plant was determined from the day of seeding until the week of
the first experiment. The mean leaf area was calculated as the average of 10 leaf
areas, unless mentioned otherwise. The leaves were measured with an area meter
(Li-Cor LI-3100). All plants were grown at the greenhouse facility of
Wageningen University, except for the ginkgo trees (0.5 m), the black locust
trees (1-1.5 m), the grapevines (0.5-1 m) and the golden chain (fully expanded
tree of about 15 m), which all grew outdoors in Wageningen. The greenhouse
had a temperature of 20 + 2 °C, a relative humidity of 60-80 %, and a
photoperiod of L16:D8 hours. In the experiments we only used fully expanded
leaves, and in the case of soybean, cowpea and the control plant lima bean these

were fully expanded trifoliar leaves.

Spider mites.

Two-spotted spider mites, Tetranychus urficae Koch (Acari: Tetranychidae),
were reared on lima bean plants. These plants were grown in a greenhouse at a
temperature of 20-30 °C, a relative humidity of 60-80 % and a photoperiod of

L16:D8. Well-fed adult female spider mites were used in the experiments.
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Table 1: Names of plants and trees used.

Common Ape Mean leaf area
Family Genus Species name Cultivar {weeks)  +SD (cm®)
Fabaceae Glycine max soybean Gieso 5 115210
Fabaceae Laburnum  anagyroides  polden chain . 20x5°
Fabaceac Phaseolus  Iunatus lima bean 4 185 + 40
Fabaceae Robinia pseudo- black locust - 15+5°
acacia
Fabaceae Vigra unguiculata cowpea Black eye 4 160 + 25
Ginkgoaceae  Ginkgo biloba ginkgo . 155
Moraccae Humulus  lupulus hop 162 20453
Solanaceac Capsicum  annuum sweet pepper  Lambada 12 120 +20
Solanaceae Datura stramonium thorn apple 6 115+£25
Solanaceae Nicotiana  tabacum tobacco . SR1 8 125 £35
Solanaceae Nicotiana  tabacum tobacco I-35 11 40 5
Solanaceae Nicotiana  tabacum tobacco Speight 13 11 5010
Solanaceae Solanum melalonga eggplant Black beauty 8 260+ 25
Vitaceae Vitis vinifera grapevine Glorie van - 165+20
Boskoop

! Age not known, but 2 3 years

? Age calculated from the time the plant has been vegetatively propagated

¥ An average of 50 leaves was taken to calculate the average leaf size

Host plant acceptance.

Two square leaf sections of 1 cm” were placed on top of a moist filter paper in a

Petri dish. The leaf sections were excised near the main vein from a fresh leaf

and placed ventral side up. A leaf section of a test plant was placed on one side

of the Petri dish and a leaf section of lima bean was placed on the other side as a

control (trap). The leaf sections were connected via a plastic bridge (length: 5

cm, width: 1 cm, thickness: 1 mm, Figure 1A). At the beginning of every

experiment 10 spider mites were placed on the test plant leaf section in all Petri
dishes, alternately on the left or right side of the Petri dish.
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16 female adults
T. urticae

-+~
Scm
test plant lima bean
leaf section leaf section

Figure 1A: To investigate plant acceptance, 10 spider mites (7. urticae) were placed on the test
leaf disc. On the other side of the Petri dish a leaf disc of lima bean was placed, which

functioned as a trap for spider mites that migrated from the test plant section.

If the test plant was not a good host plant for the spider mites, the mites started
wandering around in search of another food source and crossed the bridge. There,
they encountered the lima bean leaf section where they could start to feed,
because lima bean is an excellent host plant for spider mites. After all mites had
been placed on the test leaves, we observed the distribution of the spider mites
over the test and control leaf in each Petri dish after 15 minutes, 1, 2 and 3 hours
to assess the migration rate of the spider mites over time. The experiments were
carried out on 4 different days with 6 Petri dishes per day, which means that 24
replicate choice experiments were made with a total number of 240 spider mites
per host plant. Drowned mites (less than 4 % of the total number of spider mites
for each plant) were excluded from the distribution calculations. To avoid a water
film between the leaf disc and the bridge, leaf sections without veins or with just

a few small veins were selected because these veins could lift the bridge.
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Because the leaf sections of ginkgo were very curly they were fixed onto wet

cotton wool with small pins.

Influence of glandular hair densities on spider mites.

The influence of the glandular hair density of the tobacco cultivar SR1 was
tested, because the stickiness of their hairs could infiuence the spider mites’
ability to move. We selected two closely related tobacco cultivars, 1-35 and
Speight 33, and used the same set-up as was used to test the host plant
acceptance by the spider mites (Figure 1A). The cultivar I-35 has a low density
of glandular hairs and the cultivar Speight 33 has a high density of glandular
hairs. With the exception of tobacco, none of the test plants that were used in our

experiments seemed to hinder the spider mites’ ability to move.

Attraction to plant odours.

To investigate whether the spider mites’ behaviour in the setup of Fig. 1A was
affected by attraction to odour from the lima bean leaf section, a two-choice
experiment was carried out. For this, a T-shaped bridge (length long side: 5 cm,
length short side: 3 cm, width: | cm, thickness: 1 mm) was connected to a lima
bean leaf section and a plastic section (Figure 1B). A spider mite was
individually placed at the bottom of the bridge and allowed to walk to the T-
junction, where it had to make a choice. Once the mite entered one of the
sections, its choice was recorded. Per day 20 mites were observed. A new lima
bean odour source was taken for every ten mites, and alternately placed at the left

or right side of the bridge. In total the test was replicated on five different days.
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2.5cm
25em
plas.tic lima bean
section leaf section
b
Adult female
T. urticae

Figure 1B: A two-choice setup to investigate odour attraction of spider mites to the lima bean
leaf section. A spider mite was placed on a T-shaped bridge and had to make a choice at the
T-junction between a lima bean leaf section and a plastic section. In total 100 spider mites

were allowed to make a choice.

Statistics.

For ¢ach spider mite distribution on a different host plant, a 95% confidence
interval was calculated using a student’s t-distribution (n = 24 Petri dishes). The
spider mite distribution on different host plants was classified in groups with
overlapping confidence intervals. Thus, a significant difference in spider mite
distribution between the groups is shown. To test whether the spider mites were
attracted to the odours of lima bean, the total number of mites arriving at each
disc was counted and subjected to a y’-test (n = 100 spider mites). To analyse
whether the distribution of spider mites on the tobacco cultivars with a high and
low density of glandular hairs was significantly different a 2*2 contingency table
was used. For this test each Petri dish was categorised on having more spider

mites on the test plant or on the control.
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Results

Host plant acceptance.
The mean distribution of the spider mites over the test plant leaf and lima bean
leaf over the 24 Petri dishes is shown in Figure 2, three hours afier the

introduction of the spider mites.

Spider mite distribution

% on test plant % on lima bean
testplant 100 75 50 25 0 25 50 75 100

soybean (F}
hop (M} ] H

golden chain (F} {{
tobacco SR1 (S) [

eggplant (S} —]

black locust {F} —
cowpea {F) —
thorn apple {S)
grapevine (V) — —i c,d
sweet pepper (S) — — d.E
ginkgo (G) [, Hle

om0y

Figure 2: Plant acceptance by the spider mite T. urticae, 3 hours afier the spider mites had been
placed on the test leaf discs. The distribution of the spider mites over the test and the contro]
leaf disc was calculated (n = 24 Petri dishes) and the mean distribution values and the 95%
confidence intervals are shown. The spider mite distribution was classified in groups with
overlapping confidence intervals, Significant differences are indicated with different letters.
The different plant families depicted in the figure are: F = Fabaceae, G = Ginkgoaceae, M =

Moraceae, S = Solanaceae and V = Vitaceae.

With soybean (99 + 1 % (mean + 95 % confidence interval)), hop (98 £ 1 %),
golden chain (98 + 1 %) and tobacco SR1 (95 £ 2 %) as test plant, more than 90
% of the spider mites had settled on the test plant leaf after three hours. Eggplant,
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black locust, cowpea and thorn apple had a lower percentage of spider mite
acceptance (74 £ 6 %. 73 £ 6 %, 65 + 6 % and 55 + 7 % respectively). Grapevine
(43 £ 7 %), sweet pepper (25 £ 5 %) and ginkgo (11 £ 3 %), showed the lowest
acceptance of the test plant by the spider mites after three hours.

Migration rate.

The percentage of the spider mites on different host plants is plotted as a function
of time in Figure 3. Soybean, hop, golden chain and tobacco had a low spider
mite migration rate. When these plant species were tested, almost all the spider
mites stayed on the test leaf during the whole period of three hours. Eggplant,
black locust, cowpea, thorn apple and ginkgo had a high initial migration raie of
the spider mites to the lima bean, but this migration stabilised after two hours
when most of the spider mites had already made a choice. Grapevine and sweet
pepper also had a high initial spider mite migration rate, but the percentages of

spider mites on the test plant were still decreasing after two hours.
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%o Spider mites
reipaining on
test plant

(7]

Test plant

-

—4— Soybean
—s— hop
- a—- golden chain
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—

—&— eggplant

L—— black locust

—a— Cowpea
—t— thorn apple
—4— grapevine

—@— SWeet pepper

—a— ginkgo

Figure 3: Spider mite acceptance of different host plants over time. The percentage of spider

mites remaining on the test plant (n = 240) is depicted.

Comparison of fobacco cultivars with different densities of glandular hairs.

The comparison of the tobacco cultivars with high and low densities of glandular

hairs is shown in Figure 4. The distribution of the spider mites on both cultivars

was in favour of the tobacco leaf sections, 91 % on I-35 and 81 % on Speight 33.

The difference between the spider mites’ distribution on both cultivars was not

significant (2*2 contingency table, P = 0.47 with Yates correction).
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Spider mite distribution
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Figure 4: The differences in plant acceptance by spider mites between two closely related
tobacco cultivars are depicted, I-35 (low density of glandular hairs) and Speight 33 (high
density of glandular hairs). The mean distribution values and the 95% confidence intervals
were calculated (n = 24 Petri dishes). The Petri dishes were categorised on having more
spider mites on the test plant or the control. A 2*2 contingency table was used to investigate
if a significant difference was present.

¥+ =P <0001, **=0.012P>0.001,*=0.052P>0.01,ns.=P > 0.05

Attraction to plant odours.

We tested the influence of odours from the lima bean leaf section. In total 44 out
of 100 spider mites tested walked to the lima bean leaf section. Thus, no
significant attraction (P > 0.05) of the spider mites to plant odour was found ata

distance of 2.5 cm from the T-junction to the leaf section.
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Discussion

Plant acceptance: comparison of plant species.

From the host plant acceptance experiments we can conclude that the plant
species vary in their degree of acceptance by the T. urticae population. Soybean,
hop, golden chain and tobacco are highly acceptable to the spider mite, because
almost one hundred percent of the spider mites stayed on the plant. Tobacco,
however, was a highly accepted host plant as well, despite of the nicotine and
other alkaloids in its leaves which are known to be toxic to spider mites in certain
concentrations (Matolcsy et al., 1988). Eggplant, black locust, cowpea and thom
apple were also accepted by the spider mite, but some migration to the lima bean
leaf took place. In the case of grapevine and sweet pepper, the majority of the
spider mites migrated. Grapevine leaves contain a lot of flavonoids, tannins and
volatile terpenes. An outbreak of spider mites on the grapevines in our
greenhouse (personal observation) suggests that it is likely that these components
are not deterring the spider mites. An explanation for this might be that the food
quality of the leaves used in the experiments was not high enough to arrest the
spider mites. For sweet pepper and most of the other investigated plants there are
no phytochemical reports on their leaf contents known to us. Ginkgo was least
accepted by the spider mite. Almost all the mites migrated to the lima bean leaf
disc. This result was expected, because the ginkgo tree has long been known for
its effective antifeedants (Major, 1967). Their leaves contain alkylphenols and
terpene trilactones, which are known to be toxic to spider mites (Dabrowski,
1973) and are effective deterrents for caterpillars (Matsumoto and Sei, 1987; Fu-
shun et al., 1990).

Plant acceptance on family level.
At the level of plant families we see a difference in spider mite acceptance
between the Fabaceae and Solanaceae. The plants of the Fabaceae were all

accepted for feeding, with soybean and golden chain as highly acceptable host
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plants for the spider mites. The plants of the Solanaceae showed a larger
variation in acceptance. On the one hand tobacco was highly accepted by the
spider mites, but on the other hand sweet pepper had a low degree of acceptance.
We hypothesised that plants of the Solanaceae were better directly defended than
plants of the Fabaceae. However, this hypothesis is not supported by our data for
the spider mite Tetranychus urticae because some species from the Solanaceae,
such as tobacco and eggplant, were highly acceptable to the spider mites. The
mechanism that explains the acceptance of the host plants investigated remains to

be investigated.

Comparison of tobacco cultivars with different densities of glandular hairs.

The differences in densities of glandular hairs on tobacco did not significantly
affect the degree of acceptance by the spider mites. However, in other
experiments we noticed a much lower survival rate when spider mites were
reared on the tobacco cultivar Speight, with a high glandular hair density, than on
cultivar I-35, with a low glandular hair density (unpublished data). This means
that the morphology can play a role in the direct defence. Sticky glandular hairs
hinder the mobility of the spider mite and the spider mite larvac may have been
poisoned by toxic components or entrapped by the sticky exudate of the
glandular hairs, as shown for several tobacco varieties by Patterson et al. (1974).
On strawberry (Luczynski et al., 1990} and tomato (Rodriguez et al., 1972) mite
survival and oviposition were also negatively correlated with the density of
(non}-glandular hairs. However, an increase in oviposition of T. urficae was
shown for hop cultivars with a higher density of ventral and glandular hairs
(Peters and Berry, 19803),

Attraction to plant odour.
The odour test shows that T. urticae was not influenced by the odour of lima
bean in the current setup, although the spider mite uses lima bean odour to find

its host plant as was shown with a much larger plant biomass of 7 lima bean
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leaves in an olfactometer test (Dicke, 1986). The size of the leaf section used in
the host plant acceptance experiments was only 1 by 1 cm” and most probably
too small to have an influence on the mites’ behaviour because we did not find a
significant attraction in the experiment with the T-bridge. Therefore, out results

are an indicator of plant acceptance and not attraction to plant species.

Plant acceptance in relation to spider mite reproduction.

Although plant acceptance gives an indication of direct plant defence, the
reproduction rate of spider mites on a host plant is important as well. Yano et al.
(1998) showed a positive correlation between the host plant acceptance of spider
mites after one day and the mean number of eggs produced by these mites in 5
days. Besides some wild herbaceous plants, they investigated the following
cultivated plants, Fragaria sp. (strawberry) from the Rosaceae, Chrysanthemum
sp. from the Asteraceae, Phaseolus lunatus and P. vulgaris, both from the
Fabaceae. Especially the spider mites on plants from the Fabaceae (P. lunatus
and P. vulgaris) showed a high plant acceptance and a high fecundity. However,
on plants where more than 50 % of the spider mites migrated to the kidney bean
leaf (P. vulgaris) after one day, the fecundity was very low or zero. This
correlation suggests that spider mites could easily reproduce on many of our test
plants, especially on soybean, hop, golden chain and tobacco. Peters and Berry
(1980b) showed that on hop varieties that differed in susceptibility the spider
mites had similar oviposition rates, but the development times increased on more
resistant cultivars. In the case of grapevine, sweet pepper and ginkgo, which
showed a spider mite migration of more than 50 % in our experiments, the
fecundity might be negatively affected. The ginkgo tree is especially known for
its strong repellent effect on herbivores. The fecundity of the spider mites is
expected to be almost zero, because they do not survive the intake of toxic
ginkgo leaf constituents (Dabrowski, 1973). Morcover, we did not succeed in
rearing spider mites on ginkgo (personal observation), while the rearing of spider

mites on other plants was successful.
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