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RESUMO

SARMENTO, Renato de Almeida, D.Sc., Universidade Federal de Vicosa, fevereiro de
2007. Defesas induzidas em plantas de tomate mediando interacdes ecologicas
entre artropodes. Orientador: Angelo Pallini Filho. Co-Orientadores: Madelaine
Venzon e Eraldo Rodrigues de Lima.

Neste estudo foi investigado o efeito das defesas induzidas diretas e indiretas de
plantas de tomate sobre caracteristicas ecologicas do acaro vermelho Tetranychus evansi
Baker & Pritchard (Acari: Tetranychidae), pelo fato desse acaro ser praga importante do
tomateiro. Também foi avaliado o efeito de defesas indiretas de plantas de tomate, tais
como a emissao de compostos volateis induzidos por herbivoria, no comportamento de
forrageamento do coccinelideo predador Cycloneda sanguinea Linnaeus (Coleoptera:
Coccinellidae), e se este predador usa pistas volateis para detectar a presenca de
predadores heteroespecificos em seus locais de alimentagdao e oviposi¢do. Foi observado
que fémeas do acaro 7. evansi foram atraidas ao invés de repelidas por volateis
provenientes de plantas de tomate infestadas com acaros da mesma espécie. Além disso,
a fecundidade de fémeas de 7. evansi em folhas de tomate que previamente receberam
dano desses acaros foi aproximadamente duas vezes maior que em folhas de plantas de
tomate limpas, enquanto a fecundidade em folhas de plantas induzidas foi similar aquela
obtida em plantas limpas. Em seguida, foi observado que a atividade de inibidores de
protease foi aproximadamente trés vezes mais baixa em folhas danificadas pelo acaro 7.
evansi do que em folhas limpas e duas vezes menor que em folhas limpas de plantas
danificadas (folhas induzidas). Contudo, quando folhas de plantas de tomate foram
danificadas pelo 4caro rajado Tetranychus urticae Koch (Acari: Tetranychidae),
observou-se um aumento expressivo dos niveis desses inibidores de protease nessas
folhas. Em seguida, observou-se que a menor taxa de oviposi¢do de fémeas de 7. evansi
em folhas de plantas de tomate que foram previamente infestadas com espécimens de 7.
urticae coincidiu com a preferéncia de fémeas de 7. evansi por plantas de tomate
infestadas por dcaros da mesma espécie, quando testada contra plantas infestadas com o
acaro rajado T. wrticae. Estes resultados indicam que o acaro 7. evansi ¢ capaz de

enfraquecer o sistema de defesa de suas plantas hospedeiras, o que explicaria a maior
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atratividade dessas plantas a 7. evansi, bem como o melhor desempenho de fémeas deste
acaro em plantas infestadas por dcaros da mesma espécie, quando comparada a plantas
limpas. Ja o desempenho inferior de fémeas de 7. evansi em folhas de plantas de tomate
que receberam danos do 4caro rajado 7. urticae, pode ter sido determinada pela baixa
qualidade nutricional de tais plantas, causada pelos altos niveis de inibidores de protease
nessas plantas. Adicionalmente, a densidade relativa de teia produzida por fémeas de 7.
evansi foi aproximadamente trés vezes menor em discos feitos de folhas de plantas que
foram previamente infestadas com acaros da mesma espécie do que em discos de folhas
de plantas que foram previamente infestadas com 7. urticae. Ja a taxa de oviposigao de
fémeas de 7. evansi foi aproximadamente duas vezes maior em discos feitos de folhas de
plantas de tomate que foram previamente infestadas com acaros da mesma espécie do que
em folhas de plantas que foram infestadas com o 4caro 7. urticae. Isso mostra que fémeas
do 4caro T. evansi possuem flexibilidade para ajustar o investimento na produgdo de ovos
vs. produgdo de teia, em funcao da qualidade de suas plantas-hospedeiras. Finalmente, foi
observado que o coccinelidio predador C. sanguinea, usa pistas volateis induzidas por
herbivoria para selecionar suas presas e também usa odores para evitar locais ocupados
pelo predador heteroespecifico Eriopis connexa Mulsant (Coleoptera: Coccinellidae),

provavelmente para evitar competi¢ao por alimento e/ou preda¢ao intra-guilda.
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ABSTRACT

SARMENTO, Renato de Almeida, D.Sc., Universidade Federal de Vigosa, February of
2007. Tomato induced defenses mediating ecological interactions among
arthropods. Adviser: Angelo Pallini Filho, Co-Advisers: Madelaine Venzon and
Eraldo Rodrigues de Lima.

In this study, we investigated the effect of tomato induced direct and indirect
defenses on ecological traits of the red spider mite Tetranychus evansi Baker & Pritchard
(Acari: Tetranychidae), given the fact that this spider mite is such a successful pest
species. It was also investigated the effect of tomato induced indirect defenses, such as
the emission of volatile compounds, on the foraging behavior of the ladybird predator
Cycloneda sanguinea Linnaeus (Coleoptera: Coccinellidae), and whether this predator
can use volatile cues to assess the presence of heterospecific predators on a given patch.
We observed that 7. evansi mites were attracted rather than repelled by the volatiles from
tomato plants infested with conspecifics. Furthermore, the fecundity of 7. evansi females
on leaves of tomato plants damaged by conspecifics was a factor 2 higher than on leaves
of clean tomato plants, whereas fecundity on induced plants was similar to that on clean
plants. Lastly, we found that the proteinase inhibitor activity was approximately 3-fold
lower in damaged leaves than in clean leaves, and 2-fold lower than in undamaged leaves
from a damaged plant. However, when tomato plantas were damaged by the two-spotted
spider mite Tetranychus urticae Koch (Acari: Tetranychidae), we found that the levels of
proteinase inhibitors in the leaves of such plants increased instaed of decreiased.
Additionally, the lower oviposition rate of 7. evansi females on leaves of tomato plants
that previously received damage by 7. urticae was matched by the preference of 7. evansi
to plants infested with conspecifics mites, when tested versus plants infested with 7.
urticae mites. These results indicate that 7. evansi is capable of weakening the defense
system of its host plant, which would explain the attractiveness of infested plants to the
mites and the higher performance on plants infested by conspecifics compared to clean
plants. We favor the possibility that the preference of 7. evansi females to plants infested
by conspecifics, when tested versus plants infested by 7. uricae was determined by the

lower nutritional quality of the plants caused by the higher levels of proteinase inhibitors
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in such plants. Furthermore, the relative web density produced by 7. evansi was a factor
3-fold lower on leaf-discs from leaves of plants that were previously damaged by
conspecifics than in leaf-discs from leaves of plants that received damage by 7. urticae.
Nevertheless, the ovipositional rate of 7. evansi females was approximately 2-fold higher
on tomato leaves that were previously damaged by conspecifics mites compared to leaves
of plants that were previously damaged by 7. urticae. We conclude that 7. evansi mites
have the flexibility to adapt their investment in eggs vs. web production depending on the
quality of their host plants. Finally, we observed that C. sanguinea can use volatile cues
to assess patch profitability and avoid patches with the heterospecific predator Eriopis
connexa Mulsant (Coleoptera: Coccinellidae), probably to avoid competition for food

and/or intraguild predation.
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Introduction and General Conclusions

Plant defense research has emerged from the fields of phytopathology and
agronomy but is now a central topic in the more general fields of plant physiology and
ecology as well. Plant defense against herbivores arthropods involve a combination of
constitutive and inducible defenses that decrease the performance of such herbivores
(Baldwin & Preston, 1999). These constitutive and inducible defenses are crucial for
resistance against non-pathogen pests such as herbivorous insects and mites (Kant, 2006).
Constitutive defenses involve those traits that are always on/in the plant and when
removed, neutralized or knocked-out make the plant more susceptible to attackers.
Examples are sticky trichomes (Eisner et al., 1998) and constitutively produced
secondary metabolites (Wittstock & Gershenzon, 2002). The defense state of a plant can
also be adjusted upon signals that are associated with attack (Agrawal, 2005). Such
adjustments involve structural reinforcements (e.g. thickening of cell walls or other
structural barriers) or increased of toxic compounds, such as nicotine in tobacco
(Steppuhn et al., 2004), glucosinolates in Arabidopsis (Thatcher et al., 2005; Grubb &
Abel, 2006) and proteinase inhibitors in several plant species such as tomato (Chen et al.,
2005). Typical induced-defense compounds can be autotoxic (Gog et al., 2005), costly to
produce (Walters & Boyle, 2005) and to function relatively late in the interaction as a
defense (Morris et al., 2006). In addition to direct defenses (that are per definition the
one-to-one type interactions between a plant and an attacker) plant can defend themselves
indirectly via the third trophic level: predators and parasitoids of herbivores (Sabelis et

al., 2001; 2006). Plant traits (constitutive or inducible) that facilitate the presence of such



natural enemies by any means are the mediators of indirect defenses. For example, plants
can provide shelter (Romero & Benson, 2005; Matos, 2006) or alternative food (Kost &
Heil, 2005) to predators thereby arresting the herbivore’s enemy. They can also produce
specific signals — volatile organic compounds — upon attack that help natural enemies in
finding their food and/or ovipositional sites (Janssen et al., 1997; Grostal & Dicke, 1999;
Gnanvossou et al., 2003).

The above implies that plants should assess the nature of its attackers in order to
mount an appropriate defense response. How specific plants can recognize particular
attackers depends highly on the particular interaction under study. Some responses are
merely wound-responses but in other cases the interaction seems to be specific
(Wasternack et al., 2006). Plant defenses can be activated by the so-called elicitors
(Hahn, 1996), which can be plant cell wall fragments that are typically generated during
the pathogen/herbivore-plant interaction, pathogen or herbivore-derived products secreted
during the interaction (e.g. saliva) (Hahn, 1996), or a conjugation of both. Only few
herbivore elicitors of plant defenses have been identified. The first was B-glucosidase, an
enzyme from Pieris brassicae regurgitant, potent in inducing the emission of volatiles
such that Cotesia glomerata was attracted (Mattiacci et al., 1995). The second was
reported by Alborn et al. (1997), and was called volicitin since also this compound
specifically induced sufficient emission of plant-volatiles to attract parasitic wasps.
Volicitin (N[17-hidroxilinolenoil]-L-glutamina) is a conjugate of a plant-derived fatty
acid to an insect gut amino acid. Later, several other fatty-acid amino-acid (FACS)
conjugates from Manduca sexta oral secretions, potent in inducing various defense

responses in Nicotina attenuate were isolated as well (Halitschke et al., 2001). How



FACS are perceived by plants is unclear although a membrane bound protein that
interacts with volicitin has been reported (Truitt et al., 2004). Alternatively, glucose
oxidase (GOX) from Spodoptera exigua saliva was found to repress the expression of
plant genes involved in defenses such of those genes involved in the production of
herbivore-induced volatiles (Bede et al., 2006). It has been proposed that this happens
when direct defenses are inadequate (Kahl et al., 2000), since in many cases it appeared
that these volatiles had the property of making the plant more attractive to predators and
parasitoids of herbivores (Pare et al., 1998; Pare & Tumlinson, 1999). The attraction of
natural enemies of a pest species is referred to as the indirect defense response (Sabelis et
al., 2001). It is believed that the direct and the indirect defense strategies act in concert
(Baldwin & Preston, 1999). However, hardly anything is known about the properties of
their interactions and their interdependence (Kant et al., 2004).

In tomato, the indirect defense response is characterized by an increase in
producing volatile compounds like monoterpenes, and a variety of sesquiterpenes,
aromatics, aldehydes, ketones, alcohols, and esters (Andersson et al., 1980; Lundgren et
al., 1985; Buttery et al., 1987; Smith et al., 1996; Ament et al., 2004). When infested with
spider mites, leaves of tomato plants start to emit more phenolic methyl salicylate
(MeSA) and homoterpene 4,8, 12-trimethyltridecal,3,7,11-tetraeno (TMTT) (Dicke et
al., 1998). However, different herbivore species can induce different volatiles
(Vercammen et al., 2001; Thaler et al., 2002). Additionally, it has been well established
that predatory mites, discriminate between prey-infested and uninfested plants on the
basis of odours (for reviews, see Janssen et al., 1997; Dicke et al., 1990; Sabelis et al.,

1999).



The direct defense response of tomato plants upon herbivory is characterized by
an increase in signaling compounds like jasmonate (JA), ethylene (Et), salicylate (SA)
and systemin, which results in local and systemic changes, such as the accumulation of
polyphenol oxidase, peroxidase (POD), chitinase, callose synthase and proteinase
inhibitors (Figure 1) (McCloud & Baldwin, 1997; Walling, 2000). Proteinase inhibitors
are proteins that inhibit digestive enzymes in the gut of arthropod herbivores, which can
reduce their growth, reproduction and consequently causing herbivore death (Green &
Ryan, 1972; Broadway & Duffey, 1986; Ryan, 1990; Gatehouse, 2002; Lawrence &
Koundal, 2002; Pompermayer et al., 2003).

However, direct defense responses of tomato plants against stylet-feeders (such as
phloem-feeding whiteflies, aphids, and mesophyll-feeding mites and thrips) and leaf-
chewing insects (such as lepidopteran larvae) appear to be different. Caterpillars
stimulate polyphenol oxidase and lipoxigenase activity, leaf miners only POD activity
(Stout et al., 1994). Also spider mites feeding on tomato plants induce the accumulation
of proteinase inhibitors, while whiteflies do not (Walling, 2000). Li et al., (2002) showed
that the two-spotted spider mite Tetranychus urticae Koch (Acari: Tetranychidae)
induces a rapid jasmonate regulated in tomato. This spider mite has been recovered from

over 900 plant species comprising 124 different plant families (Egas et al., 2003).
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Figure 1. Overview of the induced defenses response. Herbivores (such as spider mites) induce
formation of linolenic acid-derived JA (octadecanoid-signaling pathway) and chorismate-derived
SA (phenylpropanoid-signaling pathway). The peptide systemin mediates transmission of the
systemic wound signal. SA induces an NPR1-dependent signaling pathway that results in
accumulation of Pathogenesis Related-proteins (PR-proteins) and JA induces a COL1-dependent
signaling pathway that results in accumulation of (trypsin) proteinase inhibitors (TPIs). These are
direct defense. Moreover, JA stimulates expression of salicylic acid methyl transferase (SAMT)
and thereby induces conversion of SA into MeSA which is released as a volatile. Induced
volatiles (TMTT and other terpenoids are not shown) are released into the air after which natural
enemies of herbivores (such as coccinellid predators) can use these odours to locate their preys

and ovipositional sites as well. This we call the indirect defense response (Kant, 2006).



The red spider mite, Tetranychus evansi Baker & Pritchard (Acari:
Tetranychidae) has been reported as pest of several solanaceous crops, but preferring to
feed on tomato (Jeppson et al., 1975; DeMoraes & McMurtry, 1985). However, there are
no previous studies that investigated the effect of 7. evansi damage on the induction of
defense-responses, such as the acumulation of proteinase inhibitors in tomato plants.

Furthermore, 7. evansi appears to be an unfavorable prey for several species of
phytoseiid mite predators (DeMoraes & McMurtry, 1985) including commercially
available predatory mites, such as Phytoseiulus persimilis and Neoseiulus californicus
that are currently widely used to control the related 7. wurticae in glasshouse crops
(Drukker et al., 1997; Garthwaite, 2000; Escudero & Ferragut, 2005). This is partly due
to the eggs of 7. evamsi containing a feeding depressant that means predators rarely
consume a whole egg and if they do feed, they feed very slowly (DeMoraes & McMurtry,
1986). Additionally, 7. evansi mites spin a chaotically and structured web over their
colonies and these webs are hard to penetrate for most of predators (Sabelis & Bakker,

1992; Oliveira et al., 2005; Rosa et al., 2005).



Thesis overview

In this thesis, I have investigated the effect of tomato induced direct and indirect defenses
on ecological traits of the red spider mite 7. evansi (chapter 1, 2 and 3), given the fact
that this spider mite is such successful pest species. I have also investigated the effect of
tomato induced indirect defenses, such as the emission of volatile compounds on the
foraging behavior of the ladybird predator Cycloneda sanguinea, which is among the
natural enemies studied as biocontrol agents of mites and aphids in Brazil. 1 also
investigated whether this predator can use volatile cues to assess patch profitability

(chapter 4).

Chapter 1 - Herbivores weaken plant defense
In chapter 1, we first investigated the preference and performance of 7. evansi mites to
plants infested with conspecifics. To measure the induced direct defense of tomato plants,
we subsequently measured the proteinase inhibitor activity in leaves of tomato plants
damaged and induced by 7. evansi mites, as well as, in clean leaves of such plants. This
chapter formed the basis for chapters 2 and 3. In this chapter we show three aspects: first
that 7. evansi mites were attracted rather than repelled by the volatiles from tomato plants
that were infested with conspecific mites. Second, we show that the fecundity of T.
evansi females on leaves of tomato plants that were previous damaged by conspecifics
mites was a factor two times higher than on leaves of clean tomato plants, whereas
fecundity on induced plants was similar to that on clean plants. Lastly, we show that
proteinase inhibitor activity was approximately 3-fold lower in damaged leaves than in

clean leaves, and 2-fold lower than in undamaged leaves from a damaged plant. We



conclude that 7. evansi is capable of weakening the defense system of its host plant,
which would explain the attractiveness of infested plants to the mites and the higher

performance on plants infested by conspecifics compared to clean plants.

Chapter 2 - Herbivores use odours to assess host-plant quality
In chapter 2, we investigated tomato’s direct defense response to the two-spotted spider
mite Tetranychus urticae by measuring the proteinase inhibitor activity in damaged,
induced and clean tomato leaves. We subsequently evaluated the effect of the damage
caused by T. urticae on tomato plants on the fecundity of 7. evansi females. We also
investigated the preference of 7. evamsi to odours of tomato plants infested with
conspecifics vs. tomato plants infested with 7. wurticae. We conclude that the higher
performance and preference of 7. evansi females to plants that received damage by
conspecifics mites, when tested versus plants infested by 7. wurticae, both were
determined by the higher nutritional quality of the plants. We also conclude that this
higher nutritional quality was because of the lower levels of proteinase inhibitors in such

plants.

Chapter 3 - Host-plant quality mediates trade-off between oviposition and web
production of the spider mite Tetranychus evansi Baker & Pritchard (Acari:
Tetranychidae)
The silk of the web produced by spider mites, such as 7. evansi, over their colonies
consists of proteins (amino acids) that would otherwise be available for growth and

reproduction. Given this information and the observed in the previous chapters: 7. evansi



females had higher oviposition rate on leaves of plants that were previous damaged by
conspecifics mites than on leaves of plants that were previous damaged by 7. urticae,
both compared to leaves of clean plants (chapter 1 and 2). In chapter 3 we investigated
the effect of the damage caused by 7. evansi and its closely relative 7. urticae on the
investment in eggs vs. web production of 7. evansi females. We found that 7. evansi
mites have the flexibility to adapt their investment in eggs vs. web production depending

on the quality of their host plant.

Chapter 4 - Use of odours by Cycloneda sanguinea Linnaeus (Coleoptera:
Coccinellidae) to assess patch quality
In chapter 4, we investigated whether the ladybird predator C. sanguinea use volatile
cues to asses patch profitability. We conclude that C. sanguinea can use volatile cues to
assess patch profitability and avoid patches with heterospecific predators, probably to

avoid competition for food and/or intraguild predation.
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Herbivores weaken plant defense
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Abstract - Plants defend themselves against herbivores in several ways. They can
produce specific blends of volatile chemicals in response to herbivore damage which are
attractive to predators and parasitoids of the herbivores. Another type of defense is the
synthesis of high levels of proteinase inhibitor enzymes in plant leaves after herbivore
damage, which can reduce their growth and reproduction. The induced production of
volatiles by plants often coincides with increased levels of defense against herbivores. It
is therefore expected that herbivores would avoid plants that emit herbivore-induced
volatiles. We studied such a response in the red spider mite Tetranychus evansi Baker &
Pritchard (Acari: Tetranychidae), using a Y-tube olfactometer. We found that the mites
were attracted rather than repelled by volatiles from tomato plants that were attacked by
conspecifics. Further experiments showed that the fecundity of these mites on damaged
tomato leaves was a factor 2 higher than on clean tomato plants, whereas fecundity on
induced plants was similar to that on clean plants. This is in agreement with the observed
attraction to damaged plants, but both higher oviposition and attraction are at odds with

the hypothesis that herbivory induces a defense response in plants. To further investigate

this, we assessed the levels of proteinase inhibitors in damaged, induced and clean tomato
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leaves. Contrary to what is commonly reported in the literature, proteinase inhibitor
activity was approximately 3-fold lower in damaged leaves than in clean leaves, and 2-
fold lower than in undamaged leaves from a damaged plant. We conclude that 7. evansi
is capable of weakening the defense system of its host plant, which would explain the
attractiveness of infested plants to the mites and the higher performance on plants

infested by conspecifics compared to clean plants.

Key words: Tomato plants, volatiles, Tetranychus evansi, direct defense, proteinase

inhibitor
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Resumo — Plantas se defendem contra o ataque de artropodes herbivoros de varias
maneiras. Elas podem produzir volateis especificos em resposta ao dano do herbivoro, os
quais sdo atrativos aos predadores e parasitdides que se alimentam desses herbivoros. Um
outro tipo de defesa ¢ a sintese de altos niveis de inibidores de protease nas folhas das
plantas ap6s o dano causado pelo herbivoro, o que pode levar a redugdo do crescimento e
reproducdo desses herbivoros. Adicionalmente, a produ¢do de volateis pelas plantas,
induzidos por herbivoria, freqiientemente coincide com altos niveis de defesa contra
herbivoros. Assim, espera-se que herbivoros evitem plantas que emitam volateis
induzidos por herbivoria. Neste estudo, tal resposta foi testada com o acaro vermelho
Tetranychus evansi Baker & Pritchard (Acari: Tetranychidae), utilizando um olfatdmetro
de tubo em Y. Observou-se que os acaros foram atraidos ao invés de repelidos pelos
volateis provenientes de plantas de tomate infestadas com acaros da mesma espécie.
Observou-se em experimentos adicionais que a fecundidade desses acaros em folhas de
plantas de tomate previamente infestadas com &caros co-especificos foi aproximadamente
2 vezes maior que em folhas de plantas limpas, enquanto que a fecundidade em folhas
induzidas foi similar aquela em folhas limpas. Estes resultados coincidiram com a atragao
de fémeas de 7. evamsi por plantas infestadas por co-especificos. Porém, a maior
oviposi¢do e atracdo contradizem a hipodtese de que a herbivoria induz uma resposta de
defesa em plantas. Para investigar isto, foram medidos os niveis de inibidores de protease
em folhas de plantas de tomate limpas, danificadas e induzidas por 7. evansi. Ao
contrario do que ¢ comumente documentado na literatura, a atividade de inibidores de
protease em folhas de plantas de tomate danificadas pelo acaro 7. evansi foi

aproximadamente 3 vezes menor que em folhas de plantas limpas, e 2 vezes menor do
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que em folhas limpas de plantas danificadas (folhas induzidas). Isso mostra que o acaro
T. evansi € capaz de enfraquecer o sistema de defesa de suas plantas-hospedeiro, o que
explicaria a atratividade de plantas infestadas por fémeas de 7. evansi e o melhor
desempenho em plantas infestadas por co-especificos comparada com plantas limpas.

Palavras-chave: plantas de tomate, volateis, Tetranychus evansi, defesa direta, inibidor

de protease.
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Introduction

In response to herbivore damage, many plants produce a specific blend of volatile
chemicals that attract predators and parasitoids, which then attack the herbivores and
relieve the plant (Sabelis & van de Baan, 1983; Dicke et al., 1990; Turlings et al., 1990;
Vet & Dicke, 1992; Sabelis et al., 2001). Herbivore damage is also known to induce the
accumulation of high levels of chemicals within the plant tissue, which act as
biochemical defense and interfere with the performance of the herbivores (Ryan, 1990).
Examples of such chemicals are proteinase inhibitors, which are proteins that inhibit
digestive enzymes in the gut of arthropod herbivores leading to reduction of their growth
and reproduction (Ryan, 1990; Lawrence & Koundal, 2002; Pompermayer et al., 2003).

It has been suggested that host-plant preference and performance of herbivores
are positively correlated (Agrawal, 2000). Thus, ovipositing females should lay eggs on
the best possible host plant for larval survival and subsequent reproduction (Mayhew,
1997; West & Cunningham, 2002). The induced production of volatiles by plants often
coincides with increased levels of defense against herbivores (Kant et al., 2004), thus it is
expected that herbivores are attracted to clean plants instead of damaged and infested
plants. For the red spider mite Tetranychus evansi (Acari: Tetranychidae), however, it
was demonstrated that the mite prefers clean air to odours of clean tomato plants, and
odours of plants infested with conspecifics to odours of clean plants (Sarmento, 2003).
These results suggests that the mites use herbivore-induced volatiles from the damaged
plants to localize their host plants. A potential reason for the preference of 7. evansi for
plants infested by conspecifics is that damaged plants may have a weakened instead of a

stronger defense system, and the mites use herbivore-induced-volatiles as a cue indicating
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the decrease of defense. This would be contrary to the accepted notion that herbivore
damage induces defense in plants. By colonizing plants with weakened direct defense, 7.
evansi would have better performance on those plants compared to clean plants.

Another reason for the preference for infested plants could be the presence of web
produced by conspecifics. Spider mites such as 7. evansi spin a chaotically structured
web over their colonies and these webs are thought to function as defense against
predators (Saito, 1977; Sabelis & Bakker, 1992). The silk of the web is made of proteins
(Hazan et al., 1975) and its production may go at the expense of amino acids that would
otherwise be available for growth and reproduction. Therefore, an additional reason for
the preference of 7. evansi for plants infested by conspecifics and not for clean plants
could be that they can colonize webbed areas of infested plants and thus profit from web
protection without having invested on its production.

These arguments led us to hypothesize that the presence and damage caused by 7.
evansi on tomato plants play a role in the preference and performance of conspecifics and
that plants infested by conspecifics are more profitable to 7. evansi than clean plants. To
test this hypothesis, we performed three laboratory experiments. We first assessed the
preference of 7. evansi for odours of tomato plants infested with conspecifics vs. clean
air. This experiment focused on determining if the preference of 7. evansi for plants
infested by conspecifics is because of the avoidance of clean tomato plants or because
plants infested by conspecifics are more attractive to 7. evansi. Subsequently, we
assessed the fecundity of 7. evansi on damaged, induced and clean tomato leaves. Lastly,
we measured proteinase inhibitor activity on damaged, on induced and on clean tomato

leaves to measure the induced direct defense of tomato plants.
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Materials and Methods
Mite rearing and plant material

Spider mites (7. evansi) were obtained in 2002 from a natural infestation of
tomato plants (Lycopersicon esculentum Mill variety Santa Clara [-5300) in a greenhouse
at the Federal University of Vigosa. Mites were reared on tomato plants of the same
variety.

Tomato seeds were sown in a commercial substrate, composed of vermiculite and
organic fertilizer, in trays and kept inside mite-proof screen cages in a greenhouse. Plants
(21 days old) were transplanted to plastic pots (2L) that contained a mixture of soil,
bovine manure (3:1) and fertilizer (4-14-8 N-P-K). Tomato plants were further grown in
mite-proof screen cages in a greenhouse until they were 45 days old and had at least four
completely developed leaves. Plants were infested with 7. evansi by putting four small
infested tomato leaves on each plant kept inside a mite-proof screen cage in a
greenhouse. The plants were incubated in this way for one week, resulting in 300-400

adult mites on each plant.

Olfactory choice experiment

The response of T. evansi to odours of clean and infested tomato plants was
determined in two-choice tests in a Y-tube olfactometer (Sabelis & van de Baan, 1983;
Janssen et al., 1999). The olfactometer consisted of a glass tube in the form of a Y, with a
white Y-shaped metal wire in the middle to channel the mites. The base of the tube was
connected to an air pump that produced an airflow from the arms of the tube to the base.

Odour sources (consisting of a group of three plants) were placed in a tray (I x w x h =30
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x 20 x 8 cm) that was placed inside a second, water-containing tray (60 x 39 x 6). A
Plexiglas container (50 x 36 x 43 cm) was put over the plants so that it rested in the
water-containing outer tray. In this way, a water barrier was created to prevent escape of
spider mites, and the water served as an air tight seal for the container at the same time.
The containers had an air inlet and outlet (diameter 1 cm) at the opposing walls. The inlet
and outlet were covered with mite-proof gauze. The odour sources were connected to the
arms of the olfactometer with plastic tubes equipped with a valve to regulate wind speed.
The airflow through both arms of the Y-tube was measured with hot-wire anemometers,
and calibrated with the valves. When wind speeds in both arms are equal, the odours
form two neatly separated fields in the base of the Y-tube with the interface coinciding
with the metal wire (Sabelis & van de Baan, 1983). The wind speed was c. 0.45 m/s in
each arm.

Adult female 7. evansi were collected in a Petri dish (8 cm ) and kept inside a
climate box without food for 24 h (28 + 2°C relative humidity 70 +10%) before the
experiment. Mites were introduced into the olfactometer, one at a time, by disconnecting
the pump and putting the female on the metal wire at the base of the Y-tube. After the
pump was reconnected, the female started moving upwind to the junction of the wire,
where she had to choose for one of the two arms. Each individual was observed until it
had reached the end of one of the arms or for a maximum of 5 min and was then
removed. After removing each mite, the metal wire in the middle of the tube was cleaned
with a piece of cotton wool soaked in alcohol (70%) to remove any possible traces (silken
threads, faeces) left by the mite (Pallini et al., 1997). Subsequently, the wire was left to

dry before the next mite was tested. In this way, we tried to eliminate any effect of silk or

26



residues deposited on the metal wire on the behavior of the subsequent mite (Gotoh et al.,
1993). The containers with the odour sources were connected to the opposite arm of the
olfactometer after each 5 mites tested to correct for any unforeseen asymmetry in the
experimental set-up. To avoid pseudo-replication, the odour sources were changed and
the set-up was cleaned after each 20 mites tested. Four replicates were done testing the
attractiveness of mite-infested plants relative to air. Differences in fractions of mites
choosing the two odour sources were tested using the replicated goodness-of-fit test

(Sokal & Rohlf, 1995).

Spider mite fecundity

The oviposition rate of 7. evansi was measured on damaged leaves, on induced
leaves and on clean leaves. Each treatment was replicated on four different plants. Two
leaves of each plant were infested with 7. evansi. A non-drying glue (Bio-Controle®)
was applied to the petiole of these leaves to prevent mites from moving to other leaves of
the plants. These undamaged leaves were used as induced leaves. A total of four plants
were used for this treatment. On two of these plants, leaves number 1 and 3 (counted
from the oldest leaf) received mites, whereas leaves number 2 and 4 were kept clean.
This treatment was reversed on the other two plants to ensure that each treatment
(induced or damaged) was done on leaves of comparable age. For each treated plant, a
control was prepared, consisting of a clean plant of the same age as the treated plant, and
with glue applied to the same leaves, but without mites. The plants were kept inside mite-
proof screen cages in a greenhouse. Seven days after infestation with mites, leaf-discs (20

mm ) were made from the leaflet of the plants; 10 discs were taken from the leaves with
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mites (damaged) and after mites, web and eggs were removed with a thin brush. A further
10 discs were prepared from clean leaves of the infested plants (induced). To correct for
differences in age of leaves, 10 control discs were made of the leaves of the clean control
plant that corresponded to the damaged leaves as well as 10 discs that corresponded to
the induced leaves. The leaf-discs were kept individually in Petri dishes (8 cm )
containing wet cotton wool.

Because oviposition rate varies with age in spider mites (Sabelis, 1991), female
mites of similar age were used to measure oviposition. To obtain such cohorts, several
adult females were allowed to lay eggs on detached uninfested tomato leaves (on wet
cotton wool) to produce an egg-wave. The adults were removed after 24 h and the eggs
were reared to adulthood. All females used in the experiments were two days old since
the last moulting stage. One female was maintained on each leaf disc, and were kept at a
temperature of 28 + 2°C; relative humidity 70 £10%, and 14 hours of light. The
ovipositon rate was evaluated every 24 hours for a period of four days. After 48 hours,
leaf-discs were replaced by new discs made from the other leaf of the same plant that
received the same treatment. The results were analyzed using linear mixed models.
Proteinase inhibitors assays

The proteinase inhibitor activity in tomato leaves was measured in damaged
leaves, induced leaves and controls as described above. To ensure that the infestation
period of the plants and glue applied to their petiole did not affect the treatments, the
following controls were done: leaves damaged for 4 h without glue, clean leaves with

glue and clean leaves without glue. Each treatment was replicated on four different
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plants. The plants were incubated according to each treatment for one week, except for a
treatment in which leaves were damaged for 4 h only.
Protein extraction

Crude protein was extracted from leaves of tomato plants that received the above-
mentioned treatments. For each treatment, two samples of leaves of 300 mg were
collected, pooled in 15-ml tubes, directly frozen in liquid nitrogen and stored at - 80°C.
Subsequently, each sample was ground to powder in liquid nitrogen and homogenized in
1000 pl extraction buffer (0.1 M Tris-HCI buffer, pH 8.2 and 20 mM CaCl,; 1:3 w/v).
The liquid was centrifuged at 17200g for 30 min at 4°C, and the supernatant was
collected.
Measurement of trypsin inhibitory activity

A standard spectrophotometric assay was used to measure trypsin inhibitory
activity in the supernatant. A 50 pl aliquot of trypsin (4.7 x 10” M) was mixed with 50 pl
of the plant extract and 500 ul extraction buffer (0.1 M Tris-HCI buffer, pH 8.2 and 20
mM CaCl,). The mixture was incubated at room temperature for 5 min. The control for
each volume of extract tested was obtained by the addition of 500 pl extraction buffer
and 50 pul of trypsin (4.7 x 10° M). A 500 pl aliquot of the mixture (tests and controls)
was added to 500 pl extraction buffer (0.1 M Tris-HCI buffer, pH 8.2 and 20 mM CaCl,)
and 500 pl D,L-BApNA (1.2 mM). Trypsin activity was monitored for 150 seconds at
intervals of 30 seconds at 410 nm absorbance. The difference between the absorbance
measured at 150 and 60 seconds was used to determine the trypsin activity.

Measurements were done in triplicate per sample.
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The results obtained were converted to milligrams trypsin inhibited per gram of
protein according to the following equation: mg trypsin/g total protein = AB/1000CP
with A= enzyme control — absorbance at 410 nm of the extract; B = the final incubation
volume (600 pL) divided by the extract volume (50 pL) = 12; C = Trypsin factor (the
result from the activity of 1puL of Trypsin on the substrate D,L-BApNA measured at 410
nm absorbance); for Trypsin D,L-BApNA = 0.019 (Kakade et al., 1974); P(g/m| = protein
concentration of the extracts, which was calculated by measuring the absorbance of each
protein-concentration sample at 280 and 260 nm. The ratio of these two values was
determined and used to select an appropriate correction factor from a table (Warburg &
Christian, 1941). The absorbance at 280 nm was multiplied by this factor to yield the
protein concentration in mg per ml. The protein concentration obtained was then

converted to g/ml. Results were analyzed with an ANOVA followed by Tukey HSD.

Results

Olfactory choice

When given a choice between odours from tomato plants infested by conspecifics
and clean air, 7. evansi had a significant preference for tomato plants infested by
conspecifics in two out of four replicates, a preference bordering significance in one
replicate, and no preference in the fourth replicate. The replicates were not heterogeneous
(G =3.26, df = 3, p > 0.05), all replicates showed a similar trend, and the pooled results
showed a highly significant preference for tomato plants infested by conspecifics (G, =

13.16,d.f. =1, p <0.001) (Fig. 1).
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There was no significant effect of the position of the odour sources on the
preference of mites in the experiment, suggesting that asymmetries in the set-up due to

directionality of light or other factors had no effect on choice of the mites.

O Clean air
B Tomato plants infested by T. evansi

P=0.02

P =0.006

P=0.06

P=0.411

100 75 50 25 0 25 50 75 100
Percentage of 7. evansi moving to each arm
Figure 1. Choice of 7. evansi females when offered volatiles from tomato plants infested

by conspecifics (right) versus clean air (left). Each bar represents the results of
a replicate, in which 20 mites were tested.
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Spider mite fecundity

The rate of oviposition did not vary with time, but there was a significant effect of
the treatments (Fig. 2, F3 136 = 7.40, p = 0.0001). The ovipositional rate was significantly
higher on tomato leaves that had received damage by conspecifics than on clean tomato

leaves or on tomato leaves that were induced by conspecifics (Tukey HSD, p = 0.02)

(Fig. 2).
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Figure 2. Average (+ s.e.) ovipositional rate of 7. evansi on tomato leaves that were

induced by conspecific mites, induced and damaged by conspecifics, and on
clean leaves.
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Trypsin inhibitory activity

The trypsin inhibitory activity was determined in damaged, induced and clean
tomato leaves. Statistical analysis revealed a significant effect of the treatments (F;3;, =
118, p < 0.0001). Post-hoc comparisons showed that damaged leaves had the lowest
inhibitory activity, whereas clean leaves showed the highest inhibitory activity against
trypsin (Fig. 3). In damaged leaves, the inhibitory activity was approximately 2-fold

decreased compared to induced leaves and 3-fold decreased compared to clean leaves
(Fig. 3).

There was no significant difference in proteinase inhibitory activity between
leaves that were damaged for a period of four hours or of seven days (Fig. 4, T-test, p =
0.31). In addition, there was no significant difference between leaves from plants that
received glue and leaves from plants that had not received glue (Fig, 4, T-test, p = 0.12),
showing that the infestation period of the plants and the glue had no effect on induction

of proteinase inhibitors.
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Figure 3. Proteinase inhibitor activity in extracts of damaged, induced and clean tomato
leaves. The vertical bars indicate the means (+ s.e.) for each treatment.
Different letters denote significant differences among treatments (planned
comparisons).
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Figure 4. Average (+ s.e.) proteinase inhibitor activity in extracts of leaves damaged for
4 hours without glue (4 h damage), leaves damaged for 7 days without glue (7
days damage), clean leaves with glue (with glue) and clean leaves without glue
(without glue). Different letters denote significant differences among
treatments (planned comparisons).
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Discussion

Our results indicate that herbivores can use herbivore-induced volatiles to assess
the level of plant defense. The olfactory choice experiment showed that females of T.
evansi were attracted rather than repelled by volatiles from tomato plants that were
attacked by conspecifics. Additional experiments showed that the fecundity of these
mites on damaged tomato leaves was a factor 2 higher than on clean tomato leaves,
whereas fecundity on induced leaves was similar to that on clean plants. However, both
results are in disagreement with the hypothesis that herbivory induces a defense response
in plants (McCall, et al., 1994; Stout et al., 1994; Karban & Baldwin, 1997; Stout et al.,
1998; Tamayo, et al., 2000; Arimura et al., 2005). We therefore assessed the induction of
proteinase inhibitors by 7. evansi in damaged, induced and clean leaves.

Current literature supports the hypothesis that proteinase inhibitors are induced
and accumulated in above-ground tissues of various plant species, including tomato, as a
direct consequence of herbivore damage and wounding of leaves. Proteinase inhibitors
make the plant tissue less suitable for invading pests (Green & Ryan, 1972; Strassner et
al., 2002; Kant et al., 2004; Damle et al., 2005). Kant et al. (2004) demonstrated that the
direct defense system of tomato plants was activated within one day after infestation with
the two-spotted spider mite 7. urticae. They suggested that the rapid increase in
inhibitory compounds upon infestation is a specific response of the plant to the spider
mite species used in their experiments. Moreover, the magnitude of the induction of the
production of proteinase inhibitors may also depend on the amount of damage (Pearce et
al., 1993; Alarcon & Malone, 1995), the type of herbivore that is feeding (Stout et al.,

1998), or on the inducing agent that is applied (Botella et al., 1996). It is generally
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thought that this huge variation in type, distribution, and inducibility of proteinase
inhibitors among plants is tightly linked with the ecological role of PI’s in each species
(Jongsma et al., 1994). Nevertheless, the general consensus is that herbivory induces
production of PI’s.

Contrary to this consensus, our results show that the levels of PI’s in tomato
plants decreased after infestation with the phytophagous mite 7. evansi. The proteinase
inhibitor activity was approximately 3-fold lower in damaged leaves than in clean leaves,
and 2-fold lower than in induced leaves. This is the first study that shows that PI levels
decreased after the plants were damaged by herbivores. These low levels are matched by
the preference of 7. evansi for infested plants and the higher performance on leaves that
were infested with conspecifics compared to clean leaves. It suggests that the mites prefer
plants infested by conspecifics because of the reduced levels of proteinase inhibitors.

An additional explanation for the preference and the higher performance of 7.
evansi on plants infested by conspecifics is that there is a trade-off between population
growth capacity and web production by 7. evansi. To defend themselves, spider mites
spin a chaotically structured web over their colonies and these webs are hard to penetrate
for most predators (Saito, 1977; Sabelis & Bakker, 1992). The silk of this web consists of
proteins (Hazan et al., 1975) and its production may thus go at the expense of amino
acids that would otherwise be available for growth and reproduction. By colonising
plants already infested by conspecifics, the mites would not need to produce much web
because those plants already contain web. However, we measured oviposition on

damaged plant tissue after having removed the web. Unless the mites equate damage with
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the potential presence of web, we would expect the mites to produce similar amounts of
web in all treatments, and thus would have similar oviposition rates in all treatments.

We therefore conclude that the higher oviposition rate of 7. evansi on damaged
leaves is caused by its capacity to weaken the defense system of their host plant, which
would explain the attractiveness of infested plants to the mites and the higher
performance on plants infested by conspecifics compared to clean plants. This is the first
example of an herbivore that down-regulates the synthesis of plant defensive compounds.
It is an established fact that PI’s are induced in high amounts in tissues after herbivore
damage, and are involved in protection of the plants against herbivores (Ryan, 1990;
Boulter, 1993). Down-regulating the synthesis of proteinase inhibitors would allow
herbivores to overcome this plant defense. The mechanisms involved in this are a subject

of further studies.
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CHAPTER 2
Herbivores use odours to assess host-plant quality
Renato Almeida Sarmento™?, Arne Janssen®, Angelo Pallini’ and Madelaine Venzon®

'Department of Animal Biology/Entomology, Federal University of Vigosa, Brazil; *Institute for

Biodiversity and Ecosystem Dynamics, Section Population Biology, University of Amsterdam,
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Enterprise of Minas Gerais, Brazil)

Abstract - The direct defense response of plants to herbivory is characterized by the
activation of signaling cascades, which leads to the formation of specific products and
physiological changes that lower the plant quality as food for herbivorous arthrophods.
We investigated the direct defense response of tomato when attacked by the two-spotted
spider mite Tetranychus urticae by measuring the proteinase inhibitor activity in
damaged, induced and clean tomato leaves. We subsequently evaluated the effect of the
damage caused by T. uticae, on tomato plants, on the fecundity of females of the closely
related spider mite species 7. evansi. Lastly, we investigated the preference of 7. evansi
to odours of tomato plants infested with conspecific mites vs. tomato plants infested with
T. urticae. We found that the levels of proteinase inhibitors in the leaves of tomato plants
increased after infestation of the plants with the two-spotted spider mite 7. urticae and
that the lower oviposition rate of 7. evansi females on leaves of tomato plants that
previously received damage by 7. urticae was matched by the preference of 7. evansi to
plants infested with conspecifics mites when tested versus plants infested with 7. urticae
mites. We conclude that the lower performance of 7. evansi females on leaves of plants
that received damage by 7. urticae and their preference for plants infested by
conspecifics rather than plants infested by 7. urticae, are in agreement with the lower
nutritional quality of the plants caused by the higher levels of proteinase inhibitors in

plants damaged by T. urticae.

Key words: 7. evansi, proteinase inhibitors, tomato plants, plant defense, nutritional

quality.
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Resumo — As defesas diretas de plantas em resposta a herbivoria sdo caracterizadas pela
ativacao de vias metabolicas sinalizadoras, que levam a formagao de produtos especificos
e mudangas fisioldgicas que reduzem a qualidade nutricional da planta para herbivoros.
Neste trabalho, foi investigada a resposta de defesas diretas de plantas de tomate ao acaro
rajado Tetranychus urticae, pela avaliagdo da atividade de inibidores de protease em
folhas de plantas de tomate limpas, danificadas e induzidas por esse acaro. Em seguida
foi avaliado o efeito do dano causado pelo acaro 7. urticae, em plantas de tomate, na
fecundidade de fémeas de Tetranychus evansi. Por ultimo foi acessada a preferéncia de 7.
evansi aos odores provenientes de plantas de tomate infestadas por co-especificos vs.
plantas infestadas pelo acaro rajado 7. urticae. Os resultados mostraram que os niveis de
inibidores de protease em folhas de tomate aumentaram apods a infestacdo das plantas
com o acaro 7. urticae € que a menor taxa de oviposicdo de fémeas de 7. evansi em
folhas de plantas de tomate que foram previamente infestadas pelo acaro rajado T.
urticae, coincidiram com a preferéncia de 7. evansi por plantas infestadas por acaros co-
especificos, quando testados vs. plantas infestadas pelo acaro 7. urticae. Esses resultados
indicam que a performance de fémeas de 7. evansi foi inferior em folhas de plantas que
previamente receberam dano do acaro 7. urticae, bem como a preferéncia por plantas
infestadas por co-especificos, foram determinadas pela qualidade nutricional inferior das
plantas, decorrente dos niveis mais altos de inibidores de protease em plantas danificadas

pelo acaro T. urticae.

Palavras-chave: Tetranychus evansi, Tetranychus urticae, inibidor de protease, plantas

de tomate, defesa direta, qualidade nutricional
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Introduction

Plant resistance to arthropod herbivores is often mediated by a combination of
constitutive and inducible defenses that negatively affect the feeding, growth, or
reproduction of the attacking pest (Karban et al., 1997; Karban & Baldwin, 1997;
Walling, 2000). Induced defenses are characterized by changes in morphology and/or
increases in secondary metabolites or defense-associate proteins (Ament et al., 2004). If
such changes lower the food quality for herbivores, they are referred to as direct defenses.
These defenses can be activated by products in herbivore saliva or regurgitant (McCloud
& Baldwin, 1997) but also by plant products that result from herbivore damage (Pare et
al., 1998). In general, the direct defense response of plants to herbivory is characterized
by the activation of signaling pathways, which leads to the formation of specific products
and physiological changes that lower the food quality and therefore interfering with the
performance of the herbivore (Walling, 2000; Lawrence & Koundal, 2002).

In tomato, the herbivore-induced defense response is characterized by an increase
in signaling compounds like jasmonate (JA), ethylene (Et), salicilate (SA) and systemin,
which results in local and systemic changes, such as the accumulation of polyphenol
oxidase, peroxidase (POD), chitinase, callose synthase, and wound-inducible proteinase
inhibitors (WIPIs) (Walling, 2000). Proteinase inhibitors are proteins that inhibit
digestive enzymes in the gut of arthropod herbivores, which can reduce their growth and
reproduction (Green & Ryan, 1972; Broadway & Duffey, 1986; Ryan, 1990; Lawrence &
Koundal, 2002; Pompermayer et al., 2003). However, the direct defense response of
tomato plants against stylet-feeders (such as phloem-feeding whiteflies, aphids and

mesophyll-feeding mites and thrips) and leaf-chewing insects (such as lepidopteran
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larvae) appears to be different. Caterpillars stimulate polyphenol oxidase and
lipoxigenase activity, leaf miners only POD activity (Stout et al., 1994). Also spider
mites feeding on tomato plants induce the accumulation of proteinase inhibitors, while
whiteflies feeding do not (Walling, 2000; Ament et al., 2004; Kant et al., 2004).
However, the magnitude of the accumulation of proteinase inhibitors may also depend on
the type of herbivore that is feeding (Stout et al., 1998). Furthermore, it was previous
demonstrated that the levels of PI’s in tomato leaves decreased after infestation with the
red spider mite Tetranychus evansi (chapter 1).

These results led us to hypothesize that the induction of such defenses may also
vary with spider mite species. To investigate this, we assessed the direct defense response
of tomato plants to the two-spotted spider mite 7. urticae by measuring the proteinase
inhibitor activity in damaged, induced and in clean tomato leaves. Because it was
observed that the levels of proteinase inhibitors in the leaves of tomato plants increased
after infestation of the plants with 7. urticae and that the amount of proteinase inhibitors
in plant tissues is indicative of the nutritional quality of such plants (Karban et al., 1997,
Agrawal, 1999; Thaler et al., 2002), we subsequently measured the oviposition rate of 7.
evansi females on tomato leaves that were damaged and induced by 7. urticae, as well as,
on clean tomato leaves. This experiment focused on determining whether higher levels of
proteinase inhibitors in the leaves of tomato plants negatively influence the performance
of T. evansi females.

Earlier experiments showed that the lower levels of proteinase inhibitors were
matched by the higher performance and preference of 7. evansi to plants infested with

conspecifics compared to clean leaves or clean air (Sarmento, 2003; chapter 1). These
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results lead us to hypothesize that 7. evansi can use herbivore-induced volatile cues to
assess host-plant quality. To investigate this, we assessed the preference of 7. evansi to
odours of tomato plants infested with conspecifics (plants where the leaves contained
lower levels of PI’s, on which 7. evansi showed higher performance compared to clean
leaves) vs. tomato plants infested by 7. urticae (plants where the leaves contained higher

levels of PI’s, on which T. evansi showed lower performance compared to clean leaves).

Materials and Methods
Mite rearing and plant material

Tetranychus evansi was obtained in 2002 from a natural infestation of tomato
plants (Lycopersicon esculentum Mill variety Santa Clara I-5300) in a greenhouse at the
Federal University of Vigosa. The population of 7. urticae was obtained from strawberry
plants, in a greenhouse at the Federal University of Vigosa and were subsequently
transferred to tomato plants of the same variety.

Tomato seeds were sown in a commercial substrate, composed of vermiculite and
organic fertilizer, in trays and kept in mite-proof screen cages in a greenhouse. Plants (21
days old) were transplanted to plastic pots (2L) that contained a mixture of soil, bovine
manure (3:1) and fertilizer (4-14-8 N-P-K). Tomato plants were further grown in mite-
proof screen cages in a greenhouse until they were 45 days old and had at least four
completely developed leaves. Plants were infested either with 7. evansi or T. urticae by
putting four small, infested tomato leaves on each plant, inside a mite-proof screen cage
in a greenhouse. The plants were incubated in this way for one week, resulting in 300 —

400 adult mites on each plant.
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Proteinase inhibitors assays

The proteinase inhibitor activity was measured in leaves of tomato plants that
were damaged and induced by 7. urticae, and in clean leaves. Each treatment was
replicated on four different plants. Two leaves of each plant were infested with 7. urticae.
A non-drying glue (Bio-Controle®) was applied to the petiole of these leaves to prevent
mites from moving to other leaves of the plants. These undamaged leaves were used as
induced leaves. On two of these plants, leaves number 1 and 3 (counted from the oldest
leaf) received mites, whereas leaves number 2 and 4 were kept clean. This treatment was
reversed on the other two plants to ensure that each treatment (induced or damaged) was
done on leaves of comparable age. For each treated plant, a control was prepared,
consisting of a clean plant of the same age as the treated plant, and with glue applied to
the same leaves, but without mites. The plants were kept inside mite-proof screen cages

in a greenhouse. The plants were incubated according to each treatment for one week.

Protein extraction

Crude protein was extracted from leaves of tomato plants that received the above-
mentioned treatments. For each treatment, two samples of 300 mg were collected, pooled
in 15-ml tubes, directly frozen in liquid nitrogen and stored at - 80°C. Subsequently, each
sample was ground to powder in liquid nitrogen and homogenized in 1000 pl extraction
buffer (0.1 M Tris-HCI buffer, pH 8.2 and 20 mM CaCl,; 1:3 w/v). The liquid was

centrifuged at 17200g for 30 min at 4°C, and the supernatant was collected.
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Measurement of trypsin inhibitory activity

A standard spectrophotometric assay was used to measure trypsin inhibitory
activity in the supernatant. A 50 pl aliquot of trypsin (4.7 x 10” M) was mixed with 50 pl
of the plant extract and 500 pl extraction buffer (0.1 M Tris-HCI buffer, pH 8.2 and 20
mM CaCl,). The mixture was incubated at room temperature for 5 min. The control for
each volume of extract tested was obtained by the addition of 500 pl extraction buffer
and 50 pl of trypsin (4.7 x 10° M). A 500 pl aliquot of the mixture (tests and controls)
was added to 500 pl extraction buffer (0.1 M Tris-HCI buffer, pH 8.2 and 20 mM CaCl,)
and 500 pl D,L-BApNA (1.2 mM). Trypsin activity was monitored for 150 seconds at
intervals of 30 seconds at 410 nm absorbance. The difference between the absorbance
measured at 150 and 60 seconds was used to determine the trypsin activity.
Measurements were done in triplicate per sample.

The results obtained were converted to milligrams trypsin inhibited per gram of
protein according to the following equation: mg trypsin/g total protein = AB/1000CP
with A= enzyme control — absorbance at 410 nm of the extract; B = the final incubation
volume (600 pL) divided by the extract volume (50 pL) = 12; C = Trypsin factor (the
result from the activity of 1puL of Trypsin on the substrate D,L-BApNA measured at 410
nm absorbance); for Trypsin D,L-BApNA = 0.019 (Kakade et al., 1974); P(g/m| = protein
concentration of the extracts, which was calculated by measuring the absorbance of each
protein-concentration sample at 280 and 260 nm. The ratio of these two values was
determined and used to select an appropriate correction factor from a table (Warburg &

Christian, 1941). The absorbance at 280 nm was multiplied by this factor to yield the
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protein concentration in mg per ml. The protein concentration obtained was then

converted to g/ml. Results were analyzed with an ANOVA followed by Tukey HSD.

Spider mite fecundity

The oviposition rate of 7. evansi was measured on leaves damaged and induced
by T. urticae, as well as, on clean leaves as described above. Each treatment was
replicated on four different plants. Seven days after the infestation of the plants with T.
urticae, leaf-discs (20 mm @) were made from the leaflets of the plants; 10 discs were
taken from the leaves with mites (damaged) and mites, web and eggs were removed by
using a thin brush. A further 10 discs were prepared from the clean leaves of the infested
plants (induced). To correct for differences in age of leaves, 10 control discs were made
of the leaves of the clean control plant that corresponded to the damaged leaves as well as
10 discs that corresponded to the induced leaves. The leaf-discs were kept individually in
Petri dishes (8 cm () containing wet cotton wool.

Because oviposition rate varies with age in spider mites (Sabelis, 1991), female
mites of similar age were used to measure oviposition. To obtain such cohorts, several
adult females of 7. evansi were allowed to lay eggs on detached uninfested tomato leaves
(on wet cotton wool) to produce an egg-wave. The adults were removed after 24 h and
the eggs were reared to adulthood. All females used in the experiments were two days old
since the last moulting stage. One female was maintained on each leaf disc, and were
kept at a temperature of 28 + 2°C; relative humidity 70 £10%, and 14 hours of light. The

ovipositon rate was evaluated every 24 hours for a period of four days. After 48 hours,
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leaf-discs were replaced by new discs made from the other leaf of the same plant that

received the same treatment. The results were analyzed using Linear Mixed Models.

Olfactory choice experiment

The response of 7. evansi to odours of tomato plants infested by 7. urticae vs.
tomato plants infested by conspecifics was determined in two-choice tests in a Y-tube
olfactometer (Sabelis & van de Baan, 1983; Janssen et al., 1999). The olfactometer
consisted of a glass tube in the form of a Y, with a white Y-shaped metal wire in the
middle to channel the mites. The base of the tube was connected to an air pump that
produced an airflow from the arms of the tube to the base. Odour sources (each consisting
of a group of three plants) were placed in a tray (I x w x h =30 x 20 x 8 cm) that was also
placed inside a second water-containing tray (60 x 39 x 6). A Plexiglas container (50 x 36
x 43 cm) was put over the plants so that it rested in the water-containing outer tray. In
this way, a water barrier was created to prevent escape of spider mites, and the water
served as an air tight seal for the container at the same time. The containers had an air
inlet and outlet (diameter 1 cm) at opposing walls. The inlet and outlet were covered with
mite-proof gauze. The odour sources were connected to the arms of the olfactometer with
plastic tubes equipped with a valve to regulate wind speed. The airflow through both
arms of the Y-tube was measured with hot-wire anemometers, and calibrated with the
valves. When wind speeds in both arms are equal, the odours form two neatly separated
fields in the base of the Y-tube with the interface coinciding with the metal wire (Sabelis

& van de Baan, 1983). The wind speed was c. 0.45 m/s in each arm.
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Adult female 7. evansi were collected in a Petri dish (8 cm ) and kept inside a
climate box without food for 24 h (28 + 2°C relative humidity 70 +10%) before the
experiment. Mites were introduced into the olfactometer, one at a time, by disconnecting
the pump and putting the female on the metal wire at the base of the Y-tube. After the
pump was reconnected, the female started moving upwind to the junction of the wire,
where she had to choose for one of the two arms. Each individual was observed until she
had reached the end of one of the arms or for a maximum of 5 min and was then
removed. After removing each mite, the metal wire in the middle of the tube was cleaned
with a piece of cotton wool soaked in alcohol (70%) to remove any possible traces (silken
threads, faeces) left by the mite (Pallini et al., 1997). Subsequently, the wire was left to
dry before the next mite was tested. In this way, we tried to eliminate any effect of silk or
residues deposited on the metal wire on the behavior of the subsequent mite (Gotoh et al.,
1993). The containers with the odour sources were connected to the opposite arm of the
olfactometer after each 5 mites tested to correct for any unforeseen asymmetry in the
experimental set-up. To avoid pseudo-replication, the odour sources were changed and
the set-up was cleaned after each 20 mites tested. Four replicates were done testing the
attractiveness of plants infested by 7. urticae relative to plants infested by conspecifics.
Differences in fractions of mites choosing the two odour sources were tested using the

replicated goodness-of-fit test (Sokal & Rohlf, 1995).
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Results
Trypsin inhibitory activity

The trypsin inhibitory activity was determined in leaves that were damaged and
induced by T. urticae and in clean tomato leaves (controls). Statistical analysis revealed a
significant effect of the treatments (Fs ;s = 52.15, p < 0.05). Post-hoc comparisons
showed that damaged leaves had the highest inhibitory activity, whereas clean leaves
showed the lowest inhibitory activity against trypsin (Fig. 1). In damaged leaves, the
inhibitory activity was approximately 2-fold increased compared to induced clean leaves

(controls, Fig. 1).
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Figure 1. Proteinase inhibitor activity in extracts of leaves that were damaged and
induced by T. urticae and in clean tomato leaves. The vertical bars indicate
the means (+ s.e.) for each treatment. Different letters denote significant
differences among treatments (planned comparisons).
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Spider mite fecundity

The rate of oviposition did not vary with time, but there was a significant effect of
treatment (Fig. 2, F3 156 = 42.07, p < 0.001). The oviposition rate of 7. evansi was
significantly lower on leaves that previously received damage by 7. urticae than on
tomato leaves that were induced by these mites or on clean leaves (induced control and
damaged control) (Tukey HSD, p < 0.001). Furthermore, the oviposition rate of 7. evansi
was significantly lower on leaves that were induced by 7. urticae than on clean leaves

(control for damage and induced leaves) (Tukey HSD, p <0.001).
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Figure 2. Average (+ s.e.) ovipositional rate of 7. evansi on leaves that were damaged
and induced by 7. urticae and on clean tomato leaves.
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Olfactory choice

When given a choice between odours from tomato plants infested by conspecifics
and tomato plants infested by 7. urticae, T. evansi had a clear and significant preference
for tomato plants infested by conspecifics in two out of four replicates and a preference
bordering significance in the other two replicates. The replicates were not heterogeneous
(G =17.66, df =3, p > 0.05), all replicates showed a similar trend, and the pooled results
showed a highly significant preference of 7. evansi females for tomato plants infested by
conspecifics (G, = 16.79, d.f. = 1, p <0.0001).

There was no significant effect of the position of the odour sources on the
preference of mites in the experiment, suggesting that asymmetries in the set-up due to

directionality of light or other factors had no effect on choice of the mites.
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Figure 3. Choice of 7. evansi females when offered volatiles from tomato plants infested

by conspecifics (right) versus tomato plants infested by 7. urticae (left). Each
bar represents the results of a replicate, in which 20 mites were tested.
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Discussion

Our results show that herbivores can use volatile cues to assess the quality of their
host plants. It was observed that the levels of proteinase inhibitors in the leaves of tomato
plants increased after infestation of the plants with the two-spotted spider mite 7. urticae.
Furthermore, the lower oviposition rate of 7. evansi females on leaves of tomato plants
that previously received damage by 7. urticae was matched by the preference of 7. evansi
to plants infested with conspecifics mites, when tested versus plants infested with 7.
urticae mites. We previously found that the levels of proteinase inhibitors in the leaves of
tomato plants decreased after infestation of the plants with the red spider mite 7. evansi.
Additionally, these low levels of PI’s were matched by the higher performance of T.
evansi females to plants that were infested with conspecifics compared to clean plants
(chapter 1). These results show that the induction of such defenses may vary with spider
mite species. The two spotted spider mite, 7. urticae, has been recovered from over 900
plant species comprising 124 different plant families, while the red spider mite 7. evansi
has been reported as solanaceous crop pest, but preferring to feed on tomato (Jeppson et
al., 1975; DeMoraes & McMurtry, 1985; Egas et al., 2003). The non-specificity of T.
urticae mites to tomato plants could therefore have triggered the higher levels of
proteinase inhibitors in leaves of plants infested by conspecific mites.

In general, the defense response of plants to herbivory is characterized by the
activation of signaling compounds, which leads to the accumulation of specifics products
such as proteinase inhibitors that interfere with the performance of the herbivore (Green
& Ryan, 1972; Broadway & Duffey, 1986; Ryan, 1990; Lawrence & Koundal, 2002;

Pompermayer et al., 2003). Additionally, JA-regulated proteins such as proteinase
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inhibitors and polyphenol oxidases implicate as anti-feedants against herbivores
arthropods (Broadway & Duffey, 1986; Constabel et al., 1995). Therefore, the amount of
proteinase inhibitors in plant tissues is indicative of the nutritional quality of such plants
(Thaler et al., 2002). Consequently, plants containing higher levels of such proteinase
inhibitors would be less profitable to herbivores arthropods compared to plants with
lower levels of such PI’s. This would explain the preference of 7. evansi females to
plants infested with conspecifics (lower levels of PI’s) when tested versus plants
damaged by T. urticae (higher levels of PI’s).

However, it is relatively known the role of jasmonates in regulating the synthesis
of phytochemicals, such as proteinase inhibitors, that have a direct effect on spider mites.
Several lines of evidence indicate that induced defense of tomato plants against spider
mites is regulated by this octadecanoid pathway (Karban et al., 1997; Enkerli et al., 1993;
Felton et al., 1994; Duffey & Stout, 1996; Li et al., 2002; Ament et al., 2004).
Additionally, the lower performance of 7. evansi females on leaves of plants that were
previously damaged by 7. wurticae mites may be attributed to secondary metabolites
whose biosynthesis is regulated by JA (Keinanen et al., 2001; Memelink et al., 2001).
Resistance of wild tomato species to spider mites is associated with defensive
phytochemicals (e.g. methyl ketones, sesquiterpenes, and acyl sugars) that kill, repel, or
entrap the herbivores (Williams et al., 1980). However, these compounds are typically
found in secretions of glandular trichomes and generally do not accumulate to high levels

in cultivated tomato plants (Farrar & Kannedy, 1992).
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Moreover, as noted by Thaler et al., (2002), reduced egg production by spider
mites grown on jasmonic acid-treated tomato plants (plants containing high level of PI’s),
suggests a nutritional rather than toxic mechanism of resistance. Therefore, we favor the
possibility that the lower performance of 7. evansi females on leaves of plants that
received damage by 7. urticae and their preference to plants infested by conspecifics,
when tested versus plants infested by 7. wurticae, both were determined by the lower
nutritional quality of the plants caused by the higher levels of proteinase inhibitors in

such plants.
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CHAPTER 3
Host-plant quality mediates trade-off between oviposition and web production of

the spider mite Tetranychus evansi Baker & Printchard (Acari: Tetranychidae)

Renato Almeida Sarmento™”; Arne Janssen’; Angelo Pallini' and Madelaine Venzon®

'Department of Animal Biology/Entomology, Federal University of Vigosa, Brazil; *Institute for
Biodiversity and Ecosystem Dynamics, Section Population Biology, University of Amsterdam,
PO Box 94084, Amsterdam, The Netherlands; ’EPAMIG (Agriculture and Livestock Research

Enterprise of Minas Gerais, Brazil)

Abstract - To defend itself against its predators, the red spider mite 7. evansi spins a
chaotically structured web over its colonies. The silk of this web consists of proteins, and
its production may thus go at the expense of amino acids that would otherwise be
available for growth and reproduction. Given the observation that 7. evansi females had
higher oviposition rate on leaves of plants that were previously damaged by conspecific
mites than on leaves of plants that were previously damaged by the two-spotted spider
mite Tetranychus urticae Koch (Acari: Tetranychidae), both compared to leaves of clean
plants, we investigated the effect of the damage caused by 7. evansi and its close relative
T. urticae on the investment in eggs vs. web production by 7. evansi females. We found
that the ovipositional rate of 7. evansi females was approximately 2-fold higher on
tomato leaves that were previously damaged by conspecific mites compared to leaves of
plants that were previously damaged by T. urticae. Furthermore, the relative web density
produced by 7. evansi was a factor 3-fold lower on leaf-discs from leaves of plants that
were previously damaged by conspecifics than in leaf-discs from leaves of plants that
received damage by 7. urticae. We conclude that 7. evansi mites have the flexibility to
adapt their investment in eggs vs. web production depending on the quality of their host

plants.

Key words: Proteinase inhibitors, plant defense, tomato, nutritional status.
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Resumo — Para se defender do ataque de predadores, o acaro 7. evansi produz uma
grande quantidade de teia sobre suas colonias. Os fios dessa teia sdo compostos de
proteinas, o que requer um grande gasto de aminoacidos que poderiam ser usados pelos
acaros para o crescimento e reprodugdo. Adicionalmente, foi observado anteriormente
que fémeas de 7. evansi possuem maior taxa de oviposi¢do em folhas de plantas de
tomate que foram previamente danificadas por acaros co-especificos do que em folhas de
plantas que receberam dano do acaro rajado Tetranychus urticae Koch (Acari:
Tetranychidae), ambas comparadas com folhas de plantas limpas. Neste trabalho, no
entanto, foi investigado o efeito do dano causado por 7. evansi e seu parente proximo, 7.
urticae, no investimento em producao de ovos vs. produgdo de teia por f€émeas do acaro
T. evansi. Os resultados mostraram que a densidade relativa de teia produzida por fémeas
de T. evansi foi aproximadamente trés vezes menor em discos feitos de folhas de plantas
de tomate que receberam o dano de acaros co-especificos do que em discos provenientes
de plantas danificadas pelo acaro 7. urticae. Além disso, a taxa de oviposi¢do de fémeas
de T. evansi foi aproximadamente duas vezes maior em discos provenientes de plantas
danificadas por co-especificos, quando comparada a obtida em discos provenientes de
plantas danificadas pelo &caro rajado 7. urticae. Isso mostra que o acaro 7. evansi € capaz
de adaptar seu investimento na producdo de ovos vs. producdo de teia em funcdo da

qualidade das suas plantas-hospedeiro.

Palavras-chave: Inibidor de protease, defesa de planta, plantas de tomate, status

nutricional
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Introduction

Spider mites spend much time feeding on the leaf parenchyma, they are sluggish
and therefore easy victims for much more agile predatory mites. To defend themselves
against these enemies, they hide themselves in a web of self-produced silken threads
(Sabelis & Bakker, 1992). Predatory mites can overcome this barrier by specialized
behaviour and by morphological adaptations of their dorsal setae that help them to
minimize body contact with silken threads in a web, thereby lowering the chance to get
stuck in the web (Sabelis & Bakker, 1992; Sabelis et al., 1994). Species of spider mites
differ in the amount of silk produced and in the structure of the web (Saito, 1977; Gerson,
1985). Additionally, there is a strong positive relationship between the capacity for
population increase, the degree of local population aggregation and the investment in silk
production across species of spider mites (Sabelis, 1991; Sabelis & Janssen, 1994). On
one hand of the continuum, slowly reproducing spider mite species spin little silk. On the
other hand, there are prolific spider mite species that spin a profuse, chaotically
structured web over their colonies. For example, the red spider mite Tetranychus evansi
(Acari: Tetranychidae) is known for its extreme investment in silk production (Baker &
Pritchard, 1960; DeMoraes et al., 1987).

Tetranychus evansi was originally described from specimens collected on
Mauritius in 1960 (Baker & Pritchard, 1960; DeMoraes & McMurtry, 1986). It has since
been reported in the USA and Brazil (Bolland et al., 1998), and more recently in eastern
and southern Africa (Knapp et al., 2003), Spain and Portugal (Ferragut & Escudero,
1999; Bolland & Vala, 2000). It has been reported as pest of several solanaceous crops,

such as tomato (Jeppson et al., 1975; Moraes & McMurtry, 1985). The chaotic web with
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which 7. evansi cover their colonies is hard to penetrate for most predators (Oliveira et
al., 2005; Rosa et al., 2005), and 7. evansi has therefore become a major pest (Maluf et
al., 2001; Rosa et al., 2005; Oliveira et al., 2005).

The positive correlation across-species between population growth capacity and
silk production in the spider mites is counterintuitive, because the two traits are expected
to be subject to a trade-off. This is because the silk of the web produced by spider mites
consists of proteins (Hazan et al., 1975) and its production may thus go at the expense of
amino acids that would otherwise be available for growth and reproduction. Preliminary
experiments with the closely related of 7. evansi, the two-spotted spider mite 7. urticae,
have shown that selected lines with increased investment in silk also incur a cost in terms
of lower egg production (Sabelis, unpublished data). Additionally, previous experiments
showed that 7. evansi had higher oviposition rate on leaves of plants that were previous
damaged by conspecific mites than on leaves of plants that were previous damaged by the
two-spotted spider mite 7. urticae, both compared to leaves of clean plants (chapter 1 and
2). Therefore, if 7. evansi is subject to a trade-off between population growth and silk
production, we would expect females of these mites to produce less web on plants where
they had higher oviposition rate (plants damaged by conspecifics) than on plants where
they had lower oviposition (plants damaged by 7. urticae). To investigate such a trade-
off, we evaluated the effect of the damage caused by 7. evansi and the closely related 7.
urticae on the production of web and eggs by 7. evansi. Specifically, we measured the
oviposition rate and the relative density of the web produced by 7. evansi females on
leaf-discs from leaves of tomato plants that were previously damaged by conspecifics, on

leaves of plants previously damaged by 7. wurticae and on leaves of clean plants
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(controls).
Materials and Methods
Mite rearing and plant material

Tetranychus evansi was obtained in 2002 from a natural infestation of tomato
plants (Lycopersicon esculentum Mill variety Santa Clara [-5300) in a greenhouse at the
Federal University of Vigosa. The population of 7. urticae was obtained from strawberry
plants in a greenhouse at the Federal University of Vicosa and were subsequently
transferred to tomato plants of the same variety.

Tomato seeds were sown in a commercial substrate, composed of vermiculite and
organic fertilizer, in trays and kept in mite-proof screen cages in a greenhouse. Plants (21
days old) were transplanted to plastic pots (2L) that contained a mixture of soil, bovine
manure (3:1) and fertilizer (4-14-8 N-P-K). Tomato plants were further grown in mite-
proof screen cages in a greenhouse until they were 45 days old and had at least four
completely developed leaves. Plants were infested with either 7. evansi or T. urticae by
putting four small, infested tomato leaves on each plant, inside a mite-proof screen cage
in a greenhouse. The plants were incubated in this way for one week, resulting in 300 —

400 adult mites on each plant. Subsequently, the plants were used in the experiments.

Experimental set up

Egg production and the relative web density of 7. evansi females were measured
on leaves of plants that were previously damaged by 7. urticae, on leaves of plants
damaged by T. evansi and on leaves of clean plants. Each treatment was replicated on

four different plants. The plants were kept in mite-proof screen cages in a greenhouse.
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Seven days after infestation with mites, leaf-discs (@ = 1 cm) were made from the leaflets
of the plants; five discs were taken from the leaves of each plant. For the treatments
where the plants were previously infested with 7. evansi or T. urticae, the discs were
made after the mites, the web and eggs produced by the mites were removed using a fine
brush. The leaf-discs were kept in group of 15 in trays (30 x 20 cm) containing foam
covered with wet cotton wool and filled with water to prevent the mites from escaping

from the discs.

Egg production and relative web density

Tetranychus evansi females of similar age were used to measure oviposition and
web production. To obtain such cohorts, several adult females were allowed to lay eggs
on detached uninfested tomato leaves on wet cotton wool, inside a tray. The adults were
removed after 24 h and the eggs were reared until adulthood. Subsequently, 2-day-old
mated females of this cohort were maintained individually on a tomato leaf disc (0 =1
cm), inside a climate box (28 + 2°C; relative humidity 70 +10%), for a period of four
days. Subsequently the eggs produced were counted and the relative web density was

estimated. The results were analyzed using Generalyzed Linear Models (g.l.m.).

Web quantification

The relative web density was measured by using red soil particles (@ = 0.177
mm). By using a thin brush, the particles were sprinkled over the whole leaf-disc,
covering the whole webbed area. Subsequently, the number of particles on the leaf and

the number of grains in the web was quantified and the relative web density was
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calculated as the fraction of soil particles that was caught in the web. The results were
analyzed using generalized linear models (g.l.m.) with a binomial error distribution (R

Development Core Team, 2006).

Results
Oviposition rate

There was a significant effect of the treatment on the rate of oviposition of 7.
evansi (Fig. 1, F» 10 = 18.76, p < 0.001). The oviposition rate was significantly higher on
tomato leaves that previously received damage by conspecifics than on leaves that were
previously damaged by 7. urticae or on clean tomato leaves (Tukey HSD, p < 0.05) (Fig.
1). Furthermore, the oviposition rate of 7. evansi was significantly lower on leaves that
were previously damaged by 7. urticae than on clean leaves (control) (Tukey HSD, p <

0.01).

Relative web production

There was high variation in web production among replicates, which might have
been caused by heterogeneity in the plant material (Tukey HSD, p < 0.01). Nevertheless,
there was a significant effect of treatment on the web production of 7. evansi (Fig. 2, F,,
48 = 14.22 p < 0.001). The relative web density was a factor 3-fold higher on leaf discs
from leaves of plants that were previously damaged by 7. urticae than on leaf-discs from
leaves of plants that had received damage by 7. evansi (Tukey HSD, p < 0.05). The web
density on clean leaf discs did not differ to that on leaves of plants that received damage

by T. evansi or T. urticae.
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Figure 1. Average (+ s.e.) oviposition rate of 7. evansi on tomato leaf discs that were
previously infested with conspecific mites, with the heterospecific two-spotted
spider mite 7. urticae, and on clean leaves.
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Figure 2. Average (+ s.e.) relative web density of 7. evansi on tomato leaf-discs that
were previously infested with conspecific mites, with the heterospecific two-
spotted spider mite 7. urticae, and on clean leaves.
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Discussion

Our results show that 7. evansi mites have the flexibility to adapt their investment
in eggs vs. web production depending on the quality of the host plant. The oviposition
rate of 7. evansi was approximately 2-fold higher on tomato leaves that were previously
damaged by conspecific mites compared to leaves that were previously damaged by 7.
urticae. Furthermore, the relative web density produced by 7. evansi was a factor three
times lower on leaf-discs from leaves of plants that were previously damaged by
conspecifics than on leaf-discs from leaves of plants that received damage by T. urticae.
This suggests that spider mites that invest resources in indirect defence such as the
production of web, allocate fewer resources to population growth, such as egg
production.

It was previously observed that the higher performance of 7. evansi on leaves that
were damaged by conspecifics was matched by lower levels of proteinase inhibitors in
the leaves, compared to clean leaves (chapter 1). In contrast, the lower performance of 7.
evansi females on leaves that previously received damage by 7. urticae was accompanied
by higher levels of proteinase inhibitors in the plants compared to the controls (chapter
2). Proteinase inhibitors are proteins associated with plant defence that are induced by
herbivore damage and accumulate in above-ground plant tissues. They render the plant
tissue less suitable for invading pests (Green & Ryan, 1972; Strassner et al., 2002; Kant
et al., 2004; Damle et al., 2005). The amount of proteinase inhibitors in plant tissues is
indicative of the nutritional quality of such plants (Thaler et al., 2002). Thus, one
interpretation of these results is that 7. evansi is capable of adjusting silk investment

levels to host plant quality and as a consequence to the costs of investment in defense, for
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instance the production of web, the mites would allocate fewer resources to population
growth, such as the production of eggs. Moreover, we favour the possibility that this
flexibility in web and egg production by 7. evansi, varying with host plant quality might
be linked with the trade-off between population growth capacity and web production.

To defend their colonies against predators, spider mites, such as 7. evansi, spin a
chaotically structured web over them and these webs are hard to penetrate for many
species of predator (Saito, 1977; Sabelis & Bakker, 1992; Rosa et al., 2005). The silk of
this web consists of proteins (Hazan et al., 1975) and its production may thus go at the
expense of amino acids that would otherwise be available for growth and reproduction.
Thus, spider mites that strongly invest in silk production should pay off the costs caused
by the higher production of web in terms of lower egg production. Furthermore, across-
species patterns represent different optima for different environments, which indicates
that 7. evansi has to coordinate different life history strategies of reproductive allocation
(egg production) with defence strategies (web production), and that this strategies may
depend on either the nutritional status of their host plants or the presence of
heterospecific competitors on such plants, or even a combination of both.

We have observed that the two-spotted spider mite 7. urticae is not capable to
overcome the web produced by 7. evansi mites (Sarmento, pers. obs.). Hence, an
additional explanation for the higher investment in web production in plants that were
damaged by T. urticae could be that T. evansi equates cues related to the damage caused
by heterospecifics competitors (7. urticae) with the potential presence of such
competitors, and therefore produces more web on those plants in order to reduce

competition with 7. urticae. Hence, T. evansi mites may not only invest more in
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production of web to defend their colonies against predators, but also to protect them
against heterospecifics competitors. Our results indicate that there is a trade-off between
reproduction (egg production) and silk production by 7. evansi mites, and that this trade-
off is orchestrated by the quality of their host plants. Further experiments are underway to

investigate this.
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CHAPTER 4
Use of odours by Cycloneda sanguinea Linnaeus (Coleoptera: Coccinellidae) to
assess patch quality
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Abstract - Adult ladybirds are likely to encounter different species of prey when
foraging for oviposition sites. Optimal oviposition theory predicts that females should lay
eggs in those sites that are the most suitable for offspring development. Therefore, factors
which directly affect offspring mortality, such as the presence of predators and food, are
expected to play an important role in the assessment of patch profitability by ladybird
predators. By using a Y-tube olfactometer, we tested whether the ladybird predator
Cycloneda sanguinea Linnaeus (Coleoptera: Coccinellidae) can use volatile cues to asses
patch profitability and avoid predator-rich patches. We assessed the foraging behaviour
of C. sanguinea in response to odours associated with tomato plants infested with a
superior prey, Macrosiphum euphorbiae Thomas (Hemiptera: Aphididae) and with a
inferior prey, Tetranychus evansi Baker and Pritchard (Acari: Tetranychidae), in the
presence or not of the heteroespecific predator, Eriopis connexa Mulsant (Coleoptera:

Coccinellidae). Females of C. sanguinea significantly preferred plants infested by M.

euphorbiae to plants infested by 7. evansi and avoided odours emanating from plants on
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which E. connexa females were present. Our results show that C. sanguinea use volatile
cues to asses patch profitability and to avoid patches with heterospecific competitor or
intraguild predator.

Key words: Infochemicals, Eriopis connexa, aphids, mites, food competition, intraguild

predation.
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Resumo - Predadores coccinelideos encontram freqiientemente diferentes tipos de presas
quando estdo forrageando por locais de oviposi¢do. A teoria da oviposi¢ao 6tima prediz
que fémeas de coccinelideos deveriam depositar seus ovos naqueles locais mais
apropriados para o desenvolvimento de sua prole. Desta forma, os fatores que afetam
diretamente a sobrevivéncia da prole, como a presenca de alimento e predadores, devem
desempenhar um importante papel na avaliacdo da qualidade de locais para oviposicao
por esses predadores. Este trabalho testou se o predador Cycloneda sanguinea Linnaeus
(Coleoptera: Coccinellidae) usa pistas volateis para acessar a qualidade de locais para
oviposi¢do, bem como a presenca de predadores heteroespecificos nesses locais. Em um
olfatometro de tubo em Y, foi avaliado o comportamento de forrageamento de C.
sanguinea em resposta aos odores associados com plantas onde outro predador
generalista estava presente, Eriopis connexa Mulsant (Coleoptera: Coccinellidae) bem
como as presas Tetranychus evansi Baker & Printchard (Acari: Tetranychidae) ou
Macrosiphum euphorbiae Thomas (Hemiptera: Aphididae). Os resultados mostraram que
fémeas de C. sanguinea foram atraidas por volateis de plantas de tomate que infestadas
com 7. evansi. Além disso, C. sanguinea preferiu significativamente odores de plantas
infestadas com M. euphorbiae a odores provenientes de plantas infestadas com 7. evansi
e evitaram odores emanados de plantas em que fémeas de E. connexa estavam presentes.
Os resultados obtidos neste trabalho mostram que C. sanguinea usa pistas volateis para
evitar locais onde predadores heteroespecificos estdo presentes, provavelmente para
evitar competi¢ao por alimento ou predacao intra-guilda.

Palavras-chave: Volateis, coccinelideos, afideos, acaros, competi¢cao por alimento,

predacdo intra-guilda.
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Introduction

The assessment of patch quality by female insects is assumed to be an important
step in their foraging process (Dixon, 1959; Gutierrez et al., 1984; Dixon, 2000). Factors
which directly affect offspring mortality (e.g., presence of predators and food) are
expected to play an important role in the assessment of patch suitability by insect
females, and it is likely to drive the evolution of the oviposition behaviour (Hemptinne et
al., 1993; Fréchette et al., 2003; Rieger et al., 2004). Furthermore, foraging theory
developed for invertebrate predators, and ladybirds in particular, indicates that if the
females are to maximize their fitness, they should be reluctant to lay eggs close to those
places that are less suitable for the development of their offspring (Mangel, 1987;
Hemptinne et al., 1992; Hodek, 1993; Kindlmann & Dixon, 1993; Frechetté et al., 2006).
This should be so since neonate have a limited dispersion capacity and need to quickly
find a meal (Kindlmann & Dixon, 1993; Tschanz et al., 2005).

However, enemy-free patches can be also as important as the presence and the
quality of food in the patches (Mangel, 1989; Ruzicka, 2001ab; Griffin & Yeargan,
2002ab; Frechett¢ et al., 2003, 2006). The patch dynamics and enemy-free space
hypotheses are not mutually exclusive, and may provide complementary explanations
(Frechetté et al., 2006). Therefore, females are expected to assess the general quality of
prey for choosing an optimal ovipositional site, and consequently maximize their fitness
(Stephens & Krebs, 1986; Hodek, 1993; Doumbia et al., 1998; Tschanz et al., 2005).
However, when searching for a more suitable ovipositing patch, some predators are
capable to assess not only the presence and quality of prey, but also the presence of

competitors and intraguild predators (Obata, 1997; Ruzicka, 1994, 1996, 2001b, 2003,
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2006; Li et al., 1997; Yasuda et al., 2000). This assessment occurs not only when they
face a competitor or predator, but also when they detect cues associated with the presence
of such competitors or predators (Obata, 1986; Sengonca & Liu, 1994; Janssen et al.,
1997; Ruzicka & Havelka, 1998; Ruzicka, 2001a; Grostal & Dicke, 1999; Hemptinne &
Dixon, 2000; Al Abassi et al., 2001; Ninkovic et al., 2001; Hemptinne et al., 2001;
Ninkovic & Pettersson, 2003; Pettersson et al., 2005).

The ladybird predator Cycloneda sanguinea L. (Coleoptera: Coccinellidae) has
generalist feeding habits and it is among the potential natural enemies studied as
biocontrol agents of Macrosiphum euphorbiae Thomas (Hemiptera: Aphididae) and
Tetranychus evansi Baker & Pritchard (Acari: Tetranychidae), which are important pests
of tomato plants in Brazil (Flechtmann, 1983; Maluf et al., 2001; Eichler & Reis, 1976;
Cardoso & Lazzari, 2003). Although C. sanguinea can consume different prey types,
there are indications that the predator has higher fitness when fed with aphids
(Vandenberg & Gordon, 1988; Isikber & Copland, 2002). It is able to complete its
biological cycle when fed only on M. euphorbiae, but not when fed only on 7. evansi
mites (Oliveira et al., 2005).

The co-occurrence of C. sanguinea and other coccinellid predators such as
Eriopis connexa Mulsant (Coleoptera: Coccinellidae) in different crops, tomato included,
has been described (Barbosa & Franga, 1981; Gassen, 1986; Hohmann, 1989;
Grutzmacher & Link, 2000; Resende et al., 2006). Moreover, E. connexa was shown to
efficiently prey on 7. evansi and on M. euphorbiae (Sarmento et al., 2007). The
simultaneous occurrence of predators, such as C. sanguinea and E. connexa, on a patch

may impose oviposition of one or both species in a non optimal patch (Yasuda et al.,

87



1999; Griffin & Yeargan, 2002ab). Therefore, besides competition for patch rich prey,
predators may also face intraguild predation (Magalhaes et al., 2005; Ruzicka, 2006).

In this study we investigated whether C. sanguinea can use volatile cues to asses
patch suitability and to avoid patches housing heterospecific predators. Previous
experiments showed that C. sanguinea prefer odours of tomato plants infested either by
M. euphorbiae or T. evansi, when clean plants were offered as alternative. The predator
avoided odours from clean plants, when tested versus clean air (Sarmento, 2003). For this
reason, we first assessed the preference of C. sanguinea to odours of tomato plants
infested with 7. evansi vs. clean air. This experiment focused on determining if the
preference of C. sanguinea to plants infested by these herbivores is because of the
avoidance of clean tomato plants or because plants infested by herbivores are more
attractive to C. sanguinea. Subsequently, we investigated the preference of C. sanguinea
for odours from tomato plants infested with 7. evansi or with M. euphorbiae. Lastly, we
assess the capacity of C. sanguinea to use odours to detect the presence of the
heterospecific predator E. connexa. We also tested whether the prey preference of C.

sanguinea would change with E. connexa presence.

2. Material and Methods
Arthropod rearing and plant material

Spider mites (7. evansi) were obtained in 2002 from a natural infestation of
tomato plants in experimental greenhouse conditions. Predators (C. sanguinea and E.
connexa) and aphids (M. euphorbiae) were collected from tomato plants cultivated in
experimental fields. Each species of predator (C. sanguinea and E. connexa) was reared

separately in the laboratory in transparent plastic tubes (2.0 cm @ x 10 cm high)
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containing a piece of wet cotton wool as water source, and they were fed with both diets
(M. euphorbiae and T. evansi) on tomato leaves. The eggs deposited on the walls of the
tubes were collected daily and transferred to Petri dishes (5.0 cm @ x 1.5 cm high), where
they were kept until eclosion of larvae. Subsequently, larvae were kept individually in
Petri dishes and fed with M. euphorbiae and T. evansi until adulthood. Cultures were kept
inside a climate box at 25 + 1°C; relative humidity 70 +10%, and 12 hours light.

Tomato seeds (Lycopersicon esculentum Mill variety Santa Clara [-5300) were
sown in trays in a commercial substrate, composed of vermiculite and organic fertilizer
and kept in mite-proof screen cages in a greenhouse. Plants of 21 days old were
transplanted to plastic pots (2L) that contained a mixture of soil, bovine manure (3:1) and
fertilizer (4-14-8 N-P-K). Tomato plants were further grown in mite-proof screen cages
in a greenhouse until they were 45 days old and had at least four completely developed
leaves. Herbivores were reared in the greenhouse on tomato plants placed in mite-proof
screen cages (1.0 x 1.0 x 0.5 m) with a wooden frame. Tomato plants infested by T.
evansi were obtained by placing four small infested leaves on each plant, which were
placed inside a mite-proof screen cage in a greenhouse. To obtain aphid infested plants,
four small tomato leaves infested with M. euphorbiae were put on each plant. The plants
were incubated in this way for one week, resulting in 300 — 400 adult mites per plant and

150-180 aphids per plant.
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Olfactometer experiments

The response of C. sanguinea to odour sources was determined in two-choice
tests by using a Y-tube olfactometer (Sabelis & van de Baan, 1983; Janssen et al., 1999).
The olfactometer consisted of a glass tube in the form of a Y. The base of the tube was
connected to an air pump that produced an airflow from the arms of the tube to the base.
The airflow through both arms of the Y-tube was measured with hot-wire anemometers,
and calibrated with valves between the air outlet of the containers of the odour sources
and the arms of the olfactometer. When wind speeds in both arms are equal, the odours
form two neatly separated fields in the base of the Y-tube (Sabelis & van de Baan, 1983).
Pilot experiments showed that the best wind speed to assess the foraging behaviour of C.
sanguinea in a Y -tube olfactometer is 0.45 m/s. Therefore, the wind speed in each arm of
the Y-tube was calibrated to c. 0.45 m/s. Each odour source consisted of three tomato
plants either occupied or not by herbivores or heterospecific predators. The odour sources
were placed in a tray (1 x w x h =30 x 20 x 8 cm) that was placed inside a second water-
containing tray (60 x 39 x 6). A plexiglas container (50 x 36 x 43 cm) was put over the
plants so that it rested in the water-containing outer tray. In this way, a water barrier was
created to prevent escape of arthropods, and the water served as an air tight seal for the
container at the same time. The containers had an air inlet and outlet (diameter 1 cm) at
opposing walls. The inlet and outlet were covered with mite-proof gauze.

Adult females of C. sanguinea were used in the experiments because this stage is
responsible for finding suitable food and ovipositional sites for the development of their
offspring (Hemptinne et al., 1992; Kindlmann & Dixon, 1993). Two days-old mated

females of C. sanguinea were starved for 24 h before the experiments. They were tested
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individually in the olfactometer by introducing them one at a time on the base of the tube
after disconnecting the pump. After the pump was reconnected, the female started
moving upwind to the junction of the tube, where she had to choose for one of the two
arms. It was observed that each female spent some time walking in circles inside each
arm of the tube, perceiving each of the odour sources and making a choice subsquently.
Each female was observed from the time that she left the tube until she either reached the
end of one arm or for a maximum of 5 min. When the female spent more than 5 min
without reaching the end of the arms, it was scored as having made no choice. The
percentage of predators that did not make a choice in each replicate was very low (1-2
%), and these predators were not included in the analyses. Each replicate experiment was
continued until 20 females had responded to any of the odour sources. After five
responses, the Y-tube was cleaned with alcohol (70%) and left to dry for 5 min.
Subsequently, the odour sources were switched to the opposite arm of the olfactometer to
correct for any unforeseen asymmetry in the experimental set-up.

Three replicate experiments were done using different sets of plants and insects
for each experiment. The following comparisons were tested: (i) Clean air vs. tomato
plants infested by 7. evansi; (i1) tomato plants infested by M. euphorbiae vs. tomato
plants infested by 7. evansi; (iii) tomato plants infested by M. euphorbiae vs. tomato
plants infested by M. euphorbiae + E. connexa (5 adult females per plant); and (iv)
tomato plants infested by 7. evansi vs. tomato plants infested by M. euphorbiae + E.
connexa (5 adult females per plant). Differences in numbers of C. sanguinea females

choosing the odour sources were tested using a g-test with expected fractions of 0.5 for
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each odour source. Pooled results were tested with a replicated goodness-of-fit test (Sokal

& Rohlf, 1995).

Results
Identification of host plants

In one replicate, C. sanguinea females showed a significant preference to odours
from plants infested by 7. evansi when clean air was given as alternative (P = 0.02)
(Figure 1A). The other two replicates, showed the same trend, but the preference was not
significant (Figure 1A). However, the replicates were not heterogeneous (Gy = 0.47, d.f.
=2, P = 0.787) and the pooled results showed a significant preference of C. sanguinea
towards odours from plants infested with 7. evansi (Gp =9.87, d.f. =1, P <0.001, Figure
1A). The same phenomenon was observed in previous experiments, where C. sanguinea
females were more attracted to odours of tomato plants infested by M. euphorbiae when

offered clean air as alternative (Sarmento, 2003).

Suitability of patches

Cycloneda sanguinea significantly preferred odours from plants infested with M.
euphorbiae to plants infested by 7. evansi (Figure 1B). There were no significant
differences between replicates (Gy = 1.63, d.f. = 2, P = 0.436). There was significant
preference for plants infested by M. euphorbiae in all replicates, resulting in a highly
significant overall preference of C. sanguinea towards odours from those plants (Gp = 26,
d.f.=1, P <0.0001, Figure 1B).

When given a choice between odours from plants infested with M. euphorbiae vs.
plants infested with M. euphorbiae plus the heterospecific predator E. connexa, C.

sanguinea preferred odours of plants without E. connexa (Figure 1C). The overall results
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showed a significant preference of C. sanguinea toward odours from plants infested with
M. euphorbiae (Gp = 29.11, d.f. = 1, P < 0. 0001, Figure 1C), and all replicates were
similar (Gg=0.23, d.f. =2, P = 0.889).

When C. sanguinea was offered a choice between odours from plants infested
with 7. evansi vs. plants infested with M. euphorbiae plus E. connexa, C. sanguinea had a
clear and significant preference for odours of plants infested with 7. evansi in all
replicates (Figure 1D). Overall, a highly significant preference was found (Gp = 26, d.f. =
1, P <0.0001, Figure 1D), and a trend that was homogeneous in all three replicates (Gy =

0.85,d.f.=2,P=0.651).
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Figure 1. Choice of Cycloneda sanguinea females when offered odours of tomato plants
infested by Tetranychus evansi versus clean air (A); tomato plants infested by
Macrosiphum euphorbiae versus plants infested by Tetranychus evansi (B);
tomato plants infested by Macrosiphum euphorbiae versus volatiles of tomato
plants infested by Macrosiphum euphorbiae + Eriopis connexa (C) and
volatiles of tomato plants infested by Tetranychus evansi versus volatiles of
tomato plants infested by Macrosiphum euphorbiae + Eriopis connexa (D).
Each bar represents the result of one replicate, in which 20 insects were tested.
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Discussion

Our results indicate that C. sanguinea can use volatile cues to asses patch quality.
Olfactory choice experiments showed that females of C. sanguinea were attracted to
volatiles of tomato plants that were attacked by 7. evansi. This is in accordance to some
previous results with other predator species that are likely to use volatile cues to localize
prey habitats (Tumlinson et al., 1992; Zhu et al., 1999; Al Abassi, 2000). We also show
that C. sanguinea was capable of discriminating between odours of plants with different
prey types and significantly preferred plants infested by its superior prey M. euphorbiae
to plants infested by its inferior prey 7. evansi. According to Oliveira et al. (2005), C.
sanguinea females were not able to complete their biological cycle when fed only on T.
evansi diet, but successfully completed its biological cycle when fed only on M.
euphorbiae diet. Experiments carried out with E. connexa females showed that the
predator had much more reserve metabolites in their fat body cells when fed with Myzus
persicae (Sulzer) (Hemiptera: Aphididae) than when fed with 7. evansi mites (Sarmento
et al., 2004). Besides the inferior nutritional quality of 7. evansi, the presence of the web
produced by 7. evansi mites on the plants may diminish predation rate of ladybirds in
patches constituted only by these mites (Oliveira et al., 2005, Sarmento et al., 2007).

Cycloneda sanguinea avoided odours emanating from plants infested by M.
euphorbiae housing the heterospecific predator E. connexa and preferred plants with the
aphid only. Furthermore, C. sanguinea significantly preferred plants infested by the
inferior prey 7. evansi to plants with the superior prey M. euphorbiae plus E. connexa.
Thus, not only food quality orchestrates the assessment of patches by C. sanguinea, but

also the presence of heterospecific predators. Intraguild predation is a widespread feeding
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behaviour frequently observed in aphidophagous guilds and may play a role on patch
choice of ladybirds (Polis et al., 1989; Yasuda & Ohnuma, 1999; Yasuda et al., 2000;
Burgio et al., 2002; De Clercq et al., 2003; Arim & Marquet, 2004).

It is not clear from our experiments the nature of the volatile used by C. sanguinea
to perceive the presence of E. connexa on infested plants. Janssen et al. (1997) showed
that the predatory mite Phytoseiulus persimilis avoided odours emanating from bean
plants infested by its prey, the spider mite Tetranychus urticae, plus conspecifics
predators. These authors suggested that P. persimilis can use volatiles (alarm
pheromones) produced by adult preys in response to the presence of conspecific
predators, to avoid such places. Results from Zhu et al. (1999) and Al Abassi et al. (2000)
suggest that some ladybirds are attracted to (E)-pB-farnesene, an aphid’s alarm pheromone.
So, it is possibly that the presence of E. connexa on the plants and its feeding on aphids
could have elicited the production of alarm pheromones by the aphids, and C. sanguinea
may have used such volatiles to avoid plants housing E. connexa.

The avoidance of patch occupied by  conspecific/heterospecific
competitors/predators has been widely observed in many aphidophagous species
(Ruzicka, 1994, 1996, 1997, 1998, 2001a). Furthermore, the enemy-free space hypothesis
suggests that the presence of natural enemies may be as important (or more important) as
food quality in shaping oviposition behaviour (Hodek, 1993; Frechetté et al., 2006).
Natural selection could thus have favored the preference for oviposition sites that are free
of enemies over those of high food quality. This hypothesis was originally developed to
account for oviposition preferences of phytophagous insects, but as Sadeghi & Gilbert

(1999) pointed out, selection pressures affecting oviposition in predators and
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phytophagous insects are likely to be similar. We therefore, favor the possibility that C.
sanguinea can use volatile cues to assess patch profitability and avoid patches with E.
connexa, avoiding thus competition for food and/or intraguild predation. However,

further experiments at different time scales are underway to investigate this.
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