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Chapter 1

Introduction

Plants are constantly releasing a wide spectrum of volatile organic compounds (VOCs)
into the atmosphere, which result from numerous physiological processes, and which
play key roles in mediating interactions between plants and their associated community
members. Over 1000 of these low molecular weight volatile compounds are known
(Dudareva ez al., 2004), with a portion being constitutively emitted by healthy plants,
while others are released or synthesized ‘de novo’ only after damage or stress (Pare &
Tumlinson, 1999). These volatiles play a role in reproduction by attracting pollinators
or seed dispersers (Pichersky & Gershenzon, 2002) and have a role in defense against
many aggressors, especially when induced in response to stress. Plant VOC emissions
can be modified substantially in response to stresses imposed by their environment and
organisms within that environment. These induced volatile chemical products can confer
protection against abiotic stress (Loreto & Schnitzler, 2010), have repellent effects on
herbivorous insects (Unsicker e al., 2009) and a microbicidal effect on plant pathogens
(Croft ez al., 1993), can be exploited as cues by herbivores to locate suitable host plants
for feeding and reproduction (Bruce ¢ a/., 2005), and herbivore-induced plant volatiles
can be used by natural enemies of the herbivores, such as parasitoid wasps or predators,
as foraging cues to locate host herbivore-infested plants (Vet & Dicke, 1992; Dicke,
1999).

However, natural situations are infinitely more complex than what is often studied in
lab-based systems. Multiple herbivores can co-occur on the same plant, and can be
separated spatially or temporally, while plant pathogens represent another class of
ubiquitous attackers. There has been increasing focus on the effects of multiple stress
on the performance and preference of associated insect community members, notably
in the Brassicaceae (Stam ¢ a/., 2014), yet induced VOC emissions have been extensively
studied primarily in response to individual abiotic or biotic stress, with little known of the
mechanisms of VOC induction during dual stress. However, as the effects of multiple
stress are expressed at the molecular level, it is expected that plant defense responses
can be affected at other levels as well, such as induced volatile production, and lead to

changes in plant interactions with their community members (Dicke ez a/., 2009).

Plant interactions with attacking herbivores and pathogens are regulated by a complex
regulatory network mediated by phytohormones. While many phytohormones are
involved, it is well established that the salicylic acid (SA), jasmonic acid (JA) and ethylene
(ET) signaling pathways play key roles in modulating plant defense responses, affecting

gene transcription and biosynthesis of volatile and non-volatile metabolites (Howe &
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General Introduction

Jander, 2008; Grant & Jones, 2009; Pieterse e al., 2012). However, there is crosstalk
between these signaling pathways, with simultancous or sequential induction of multiple
pathways leading to antagonistic or synergistic interactions (Pieterse ¢f al., 2012). This
regulatory mechanism allows plants to fine tune their defense response to pathogen or
herbivore attack (Koornneef & Pieterse, 2008; Verhage ez al., 2010). Crosstalk has been
especially well documented for the SA and JA defense signaling pathways, which are often
mutually antagonistic, with induction of the SA signaling pathway having particulatly
strong inhibitory effects on subsequent JA signaling pathway induction (Stout ez a/., 2000;
Koornneef & Pieterse, 2008).

Community response

e
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Figure 1. The A-BIO-VOC project’s multidisciplinary approach to study the ecology of plant volatiles in
response to biotic and abiotic stress, with this thesis having an emphasis on the impact of dual biotic-attack
situations.

It is in this context of crosstalk that this thesis was carried out, as part of the project
“Induction of plant VOC emission by biotic and abiotic stresses and consequences
for community ecology: a multidisciplinary approach” (A-BIO-VOC), part of the
collaborative European research program HuroVOL. This EU-wide project aimed to
unravel the effects of dual attack by biotic and abiotic stresses on the induction and
production of VOCs, and took a multidisciplinary approach to the ecology of plant
volatiles and this at several levels of biological integration. This was achieved by
investigating the interactions of biotic and/or abiotic challengers on gene expression,

plant chemistry (metabolomics and plant volatiles) as well as studying the effects on
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Chapter 1

higher trophic levels (Fig. 1). As a contribution to the A-BIO-VOC project, the aim of
this thesis was to unravel the effects of interacting biotic stresses — both insect herbivores
and plant pathogens — on induced plant volatile blends, and their subsequent effects on
parasitoid foraging. Moreover, this approach was completed with an analysis of the plant

metabolome after one specific dual attack scenario.

Research Obijectives

The main objective of this thesis was to investigate how biotic stresses interact to affect
plant chemistry, particularly in the process of plant volatile induction and emission, and
the effects these interactions have on the third trophic level. To achieve this, I focused
on several aspects. A first aim was to determine if dual infestation with attackers that
theoretically induce opposing defense signaling pathways had an impact on volatile-
mediated foraging, by investigating the impact of various secondary, non-host attackers.
As herbivore density appeared as an important factor, I then investigated the impact
of herbivore density on plant metabolism (volatile and non-volatile) and on different
members of the third trophic level. Finally, I explored if plant pathogen challenge exerts

the same force as non-host herbivores in modifying tritrophic interactions.

Study system

I used a naturally occurring study system consisting of the brassicaceous plant Brassica
nigra and some of its associated community members (Fig. 2), which are described in detail
below. The biotic stressors used in this thesis were selected on the basis of the defense
signaling pathways they are commonly thought to induce. It is against the crosstalk
background described previously that the research contained in this thesis was carried
out; while Pieris brassicae caterpillar feeding is primarily activating JA-mediated defenses, all
the secondary attackers (P. brassicae eggs, Brevicoryne brassicae aphids, Xanthomonas campestris
bacterial pathogens) were chosen because they induce the SA signaling pathway (Ton
et al., 2002; Kusnierczyk ez al., 2008; Bruessow ez al., 2010), though to varying degrees.
In the context of dual attack, prioritization of one pathway over another, via crosstalk,

would be expected to have a strong effect on subsequent plant responses.

Plant

Black mustard, or Brassica nigra, is an annual weedy brassicaceous plant, which occurs
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General Introduction

naturally in the Netherlands, where it usually is present from May to October, in large
stands. As a member of the Brassicaceae, B. nigra contains high levels of glucosinolates,
which are important defensive secondary compounds conferring protection against many
generalist herbivores (Hopkins e a/, 2009). It is therefore primarily attacked by specialist
herbivores, which have developed adaptations to excrete or even sequester glucosinolates
(Rask et al., 2000; Wittstock ez al., 2004; Winde & Wittstock, 2011). Breakdown products
of glucosinolates such as isothiocyanates and nitriles are also found in the volatile blends
emitted by damaged plants (Geervliet ez al, 1997; Gols ez al., 2009) and can play a role in
the attraction of parasitoids of herbivores specialized on brassicaceous plants (Bradburne
& Mithen, 2000; Mumm ¢ a/., 2008).

Parasitoid wasps

Cotesia Trichogranmma Diaeretiella
Llomerata brassicae rapae

- ;"‘r1' Y

Herbivore and phytopathogen attackers

Preris Brevicoryne Aanthomonas
brassicae brassicae campesuis

pV. campestris
pV. Zncanae

Lrassica nigra

eggs

Figure 2. The tritrophic system used in this thesis. Brassica nigra plants in the vegetative stage were
attacked by several organisms, both insect herbivores and plant pathogens. The parasitoid species used
parasitize the caterpillars (Cotesia glomerata) or the eggs (Trichogramma brassicae) of Pieris brassicae, or Brevicoryne
brassicae aphids (Diaeretiella rapae). Photos credited to bugsinthepicture.com, and more specifically Nina
Fatouros (T. brassicae and D. rapae), Hans Smid (C. glomerata) and Tibor Bukovinszky (P. brassicae eggs).

Insect herbivores

For the insect herbivores, the work in this thesis focused on two species which frequently

co-occur on brassicaceous plant species in nature. Caterpillars of the large cabbage
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Chapter 1

white butterfly, P. brassicae, and cabbage aphids, B. brassicae, are both specialist herbivore
species of brassicaceous plants, including B. #igra. Butterflies of P. brassicae lay eggs in large
clutches (30-100 eggs), and caterpillars feed gregariously during the first four of the five
larval stages. As voracious feeders, P. brassicae caterpillars pose a major threat to plants
as they are capable of entirely defoliating them. The egg stage was also chosen to be
included as it has been shown that egg deposition can be sensed by the plant, triggering
defense responses (Bruessow ¢ al., 2010) and affecting both plant volatile emission and

the foraging behavior of the larval parasitoid of P. brassicae, Cotesia glomerata (Fatouros et
al., 2012; Pashalidou ef al., 2014).

Plant pathogen

The bacterial pathogen Xanthomonas campestris pv. campestris, commonly known as black
rot, is one of the major, and most devastating pathogens to infect brassicaceous crops,
causing substantial economic losses worldwide. The bacteria develops optimally in warm
(25-30°C) humid (80-100%) conditions, though infected plants can remain symptomless
under 18°C. Plants of any age, including seedlings, are infected via natural openings, such
as hydathodes, or to a lesser extent, stomata, or through wounds on the leaves or roots.
Initial symptoms are characterized by small v-shaped chlorotic to necrotic lesions on the
leaf margins, which gradually spread inwards (Fig, 2). Veins turn black as the pathogen
spreads through the vascular tissue and once the stem is attained, the bacteria then spread

to other portions of the plant, potentially leading to its complete demise.

Typically, plants of the Rhine population of B. nigra used in this study display moderate
disease symptoms, i.e. yellowing and necrosis around the infiltration sites, with little spread
to other parts of the plant, which indicates a degree of tolerance to the specific strain
used. Spreading to other portions of the plant, if any, becomes evident 5-8 days post
infection. However, the presence and severity of disease symptoms is also dependent on
pathovar used. In this thesis two pathovars were included (Chapter 5), the common X.
campestris pv. campestris described above, and X. campestris pv. incanae, which is also specific

to brassicaceous plants.

Plant interactions with pathogenic microbes can be of one of two types: either compatible,
where a pathogen successtully invades a host plant, or incompatible, where the pathogen
fails to infect the plant. Xanthononas campestris pv. campestris is considered to be virulent on
B. nigra as it leads to symptom development, while X. campestris pv. incanae is considered
avirulent on B. #igra, i.c. the plants successfully defend themselves, which is manifested by

the presence of hypersensitive response lesions (cell death at the site of pathogen entry
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General Introduction

which aims to inhibit further colonization of the plant tissues) at the site of infiltration.

Parasitoid wasps

The behavior of three different parasitoid species was studied in this thesis, that either
parasitized the B. brassicae aphids, or the egg or larval stages of P. brassicae. Diaeretiella rapae
is a generalist aphid parasitoid, however it is the main primary solitary endoparasitoid of
B. brassicae (Blande et al., 2004; Bukovinszky ef al, 2008) Wasps lay a single egg into an
aphid and the parasitoid larvae develops inside the aphid, eventually killing it and turning
the aphid corpse into a mummy. Cotesia glomerata is a gregarious larval endoparasitoid,
with their main host being P. brassicae caterpillars. Females lay between 10 and 40 eggs
within each host caterpillar, generally young first or second instar caterpillars, while
allowing the host to continue to develop normally after being parasitized (=koinobiont
host interaction). Parasitoid larvae emerge from the host just prior to pupation, and spin
their cocoons in close proximity to their dying host. Trichogramma brassicae is a minute
wasp species, parasitizing the eggs of various lepidopteran species, including P. brassicae.
Females lay one or more eggs inside the host egg, and as the larvae develops, the egg dies

and turns black.

Thesis outline

In Chapter 2, the influence of attack by insect hetbivores and/or phytopathogens on
defense signaling pathways and induced plant volatiles is reviewed and discussed. While
herbivore-induced plant volatiles are well studied, only limited knowledge is available on
the induction of plant volatiles by more than one attacker, and these studies are often
restricted to investigating the effects of multiple insect herbivores on volatile-mediated
foraging behavior of single parasitoid species. In addition to herbivory, plant pathogens
represent a major and omnipresent threat to plants, yet the effect of these on plant
volatiles and their ensuing utilization by organisms associated with these plants, such as
natural enemies of the insect herbivores, has been largely ovetlooked. In this chapter
I bring together the evidence demonstrating the strong impact that insect herbivores,
plant pathogens or a combination of the two can exert on plant volatile emissions and
tritrophic interactions, and underline the commonalities that may exist between herbivore-

and pathogen-induced volatile blends.

Chapter 3 investigates the effects of three different non-host attackers, alone or in

combination with P. brassicae host caterpillars, on the foraging behavior of C. glomerata
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parasitoid wasps. Here, I investigated the attraction of C. glomerata to plant volatiles
when the plant is challenged by insect herbivores or a phytopathogen, both alone and
in combination with the parasitoids’ caterpillar hosts. In addition to behavioral studies, 1
chemically analyzed the volatile blends emitted by plants infested by single or combinations
of attacker species to determine how dual attack modified the blends, and to link changes
in the blend to the observed parasitoid behavior. As the non-host attackers (eggs, aphids
or pathogen infection) and host attackers (caterpillars) theoretically induce plant defenses
via opposing defense signaling pathways, we expected the resulting ‘crosstalk’ to impact
on volatile-mediated foraging.

In Chapter 4, a complementary approach to Chapter 3 is taken by investigating the
behavioral response of three different parasitoid species to volatiles emitted by plants
dually challenged by host and non-host herbivores. Here the effects of dual infestation
with B. brassicae aphids and P. brassicae eggs or caterpillars on induced volatiles and respective
parasitoid (D. rapae, I brassicae and C. glomerata) foraging was studied more closely. More
specifically, I assessed if the effects of dual herbivory were comparable across the three
different parasitoid species, and investigated the importance of aphid density during dual
attack.

Chapter 5 delves deeper into the effects of plant pathogen infection on tritrophic
interactions. I further addressed the impact of pathogens by comparing the effect of both
a virulent (disease causing) and an avirulent (plant resistance) X. campestris strain on host-
induced volatiles and wasp foraging, as plant-pathogen compatibility is known to lead to
different plant responses. I used caterpillars of P. brassicae as hosts and C. glomerata wasps

as the focal interaction.

Chapter 6 provides a detailed look at the metabolome of B. 7zgra plants challenged by P.
brassicae caterpillars and two densities of B. brassicae aphids, in order to investigate if the
density-dependent effects found in earlier chapters were also present at the sub-cellular
level. The metabolome was analyzed from a global perspective, assessing changes in both
the local, infested leaves and the adjacent systemic leaves, and effects in both primary and

secondary metabolism were explored.

Finally, in Chapter 7, the findings of this thesis are integrated and discussed, with a focus
on the key aspects to consider in research on plant responses to multiple attack, and
present an outline of the future directions that may allow a greater understanding of the
role of plant volatiles in the foraging behavior of natural enemies under more realistic

multiple attack scenatios.
p
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Chapter 2

ABSTRACT

n their natural environment plants are faced with a multitude of attackers, of

which insect herbivores and plant pathogens are an important component.

In response to these attacks, plants release volatile organic compounds

(VOCs), which play an important role in the communication between plants and

the associated community members, such as other herbivores, phytopathogens
and the natural enemies of herbivores. While numerous studies have focused on
either plant-pathogen or plant-insect interactions, less is known of interactions
where these two sets of interactions co-occur. Depending on the mode of attack
of the pathogen (necrotroph vs. biotroph) or herbivore (chewing vs. piercing-
sucking) they will activate different defense pathways in the plant in which the
phytohormones salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) play
key roles. As these pathways can crosstalk, pathogen infection can interfere in
a plant’s defense response to herbivory, and vice versa. Infestation of a plant
with organisms inducing SA signaling prior to - or simultancously with- attack by
organisms that induce the JA pathway often suppresses JA signaling. However,
the impact of this signaling pathway crosstalk on VOC induction is not clear
cut, as there is high variability in the effects on volatile emissions, ranging from
suppression to enhanced emission. The effects of the modified volatile blends
on the foraging success of carnivorous natural enemies of herbivorous insects
have started to be investigated. Foraging success of natural enemies generally
withstands this modification of the host-induced VOC blend, but the presence
or absence of key compounds is an important determinant of the response of
certain carnivores. Further studies incorporating plant-insect and plant-pathogen
interactions at different levels of biological integration will provide valuable
insight in how plants integrate signals from different suites of attacking organisms

into an adaptive defense response.

Keywords: tripartite interactions, tritrophic interactions, signal-transduction,

phytohormones, species interactions, natural enemies, plant volatiles
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Single and dual attack by insect herbivores and phytopathogens

Introduction

In nature, plants are members of complex communities and they interact with a wide
range of organisms, both beneficial and deleterious. Among these are a plethora of
attackers, including herbivorous arthropods and plant pathogens. Half of the estimated
6 million insect species are herbivorous (Schoonhoven ez a/., 2005) and while the diversity
of plant pathogenic microbes has not been quantified, they are an equally major threat
to plants (Strange & Scott, 2005). Faced with this multitude of enemies, it should come
as no surprise that plants have evolved sophisticated defense strategies that allow them
to recognize herbivores or pathogens (Mithéfer & Boland, 2008) and then implement
an often tailor-made defense response. When a plant is under attack, a wide range of
responses are initiated, including physical and chemical defenses (Walters, 2011). The
latter of these include the production of secondary metabolites (Iason ez al., 2012) of
which the emission of volatile organic compounds (VOCs) are an important component
(Heil, 2008; Dicke & Baldwin, 2010; Hare, 2011).

VOCs are highly diverse and are of strong ecological importance as they contribute
to shaping the assemblage of, and interactions between, the organisms within a plant’s
community (Poelman ez al., 2008b). VOCs induced by herbivory attract natural enemies
of herbivores, which may confer protection to the plant (Kessler & Baldwin, 2001; Dicke
& Baldwin, 2010). Induced volatiles can have repellent effects on herbivores (Delphia e#
al., 2007; Bleeker ez al., 2009) and inhibit pathogen colonization (Brown ez al., 1995). In
addition, they are involved in information transfer between and within plants, through
the airborne transport of signals which lead to the priming or expression of defenses
in neighboring plants or in distal parts of the emitting plant (Engelberth e al, 2004;
Kessler ¢t al., 2006; Frost et al., 2008). These VOCs, however, can be a double-edged
sword as they can also be used by herbivores as host-plant location cues (Bolter ¢f al,
1997). For instance, in Nicotiana attennata, the same volatile chemical signals are exploited
by both herbivores and carnivores for host location (Halitschke ez a/, 2008) underlining
the complexity in the interactions mediated by VOCs (Dicke & Baldwin, 2010).

While induced VOC:s are receiving increasing attention, especially their role in mediating
tritrophic interactions, the study of VOCs in a multiple attack situation, notably with
pathogens and herbivores, has been largely unexplored. In nature, plants are often
confronted with simultaneous or sequential attack, yet even until recently research was
largely conducted on study systems comprising of single plant-attacker combinations
(Dicke et al., 2009). Rapid advances in our knowledge on the underlying mechanisms

of plant defenses have shown that the interactions under a multiple attack scenario
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Chapter 2

are complex (Pieterse ez al., 2012). At least three phytohormones, i.e. salicylic acid (SA),
jasmonic acid (JA) and ethylene (ET), play key regulatory roles in the interconnecting
signal-transduction pathways which mediate induced defenses in response to herbivore
and pathogen infestation. Crosstalk between these pathways can mold the final defense
response, including VOC production, when challenged by different attacker species.
Induced responses of plants to pathogens and herbivores were long treated as two separate
fields, and the two areas of study have evolved largely independently of one another until
quite recently (Pieterse & Dicke, 2007). In this review, we will give an overview of (1) the
existing literature on crosstalk between signaling pathways affected by insect herbivore
and pathogen attack, (2) the effect of pathway crosstalk on plant VOC emission, and (3)
the effects of these emissions on community members at higher trophic levels. Finally, we
will provide an outlook to the future by focusing on the integration of studies on plant-

pathogen and plant-insect interactions.

Signal-transduction pathways regulating induced plant defenses

At the crux of a plant’s interactions with attacking pathogens and insect herbivores lays
a complex interconnecting signaling network regulated by phytohormones. These are
crucial not only for regulating plant growth, development and reproduction, but also for
induced defenses, including the production of VOCs. It has been well established that
SA, JA and ET play pivotal roles in the regulation of the signal-transduction pathways
that lead to the activation of different sets of defense-related genes (von Dahl & Baldwin,
2007; Howe & Jander, 2008; Robert-Seilaniantz e al., 2011; Pieterse ef al., 2012). While
the common division is that pathogens induce SA and herbivores activate JA-mediated
defenses, the reality is much more complex. For example, SA is generally thought to
mediate defenses against piercing-sucking insects and pathogens which are biotrophic
for all or part of their lifecycle, while JA/ET induction is usually associated with chewing
insect herbivores and necrotrophic pathogens (Glazebrook, 2005; Pieterse & Dicke, 2007;
Spoel ez al., 2007). Moreover, defenses against herbivores and necrotrophs are seemingly
regulated by two distinct and antagonistic branches of the JA signaling pathway (Kazan
& Manners, 2008; Verhage ez al., 2011) (Fig. 1). In addition, plant-attacker combinations
of organisms inducing the same general pathways generate different dynamics of SA, JA
and ET production and, consequently, different transcriptomic responses (De Vos ¢z al.,
2005). This unique ‘signal signature’ induced by an attack results in major differences in
the expression levels and timing of the different gene sets, contributing to the specificity

of a plant’s induced response which is likely to have important consequences for the
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Single and dual attack by insect herbivores and phytopathogens

volatile blends induced by the signal-transduction pathways.

In nature, plants often face multiple attackers and they need to be able to adapt to their
ever-changing environment. There is increasing evidence that signaling pathways cross-
communicate with each other, and it is clear that this crosstalk is a powerful regulatory
mechanism that allows plants to fine-tune their final defense response in reaction to
pathogen or herbivore attack (Koornneef & Pieterse, 2008; Grant & Jones, 2009;
Verhage e al., 2010). The outcome of crosstalk between different signal-transduction
pathways can be antagonistic or synergistic and the interaction between the SA and JA
signal-transduction pathways is one of the best studied examples, with much evidence
that they are often mutually antagonistic (Stout ¢ al, 2006; Koornneef ez al, 2008;
Koornneef & Pieterse, 2008). SA has an especially strong effect, in that its accumulation
inhibits JA biosynthesis and signaling when it is induced prior to or concomitantly with
JA. In Arabidopsis, infection by the hemi-biotroph Pseudononas syringae leads to greater
susceptibility to the nectrotroph A/ternaria brassicicola, through impairment of JA-mediated
defenses (Spoel ¢z al., 2007). ET is involved in crosstalk with both of these pathways, as it
acts synergistically with JA in activating defense-related genes (Penninckx ¢# /., 1998)1998
and can heighten a plant’s sensitivity to SA, leading to enhanced SA-mediated defenses
(De Vos et al., 2006). Other phytohormones, such as abscisic acid, auxins, cytokinins,
brassinosteroids and gibberellins appear to play a much larger role in shaping defense-
related signaling than previously thought, although for some the exact mechanisms of
their involvement in the backbone SA-JA-ET network still needs to be further explored
(Exb et al., 2011a; Robert-Seilaniantz ez al., 2011; Pieterse e al., 2012; Giron et al., 2013).
In the context of multiple attackers, prioritization of one pathway over another can have
strong consequences in terms of defense expression. Order of attack becomes important
as the initial attack may compromise a plant’s induced responses to secondary challengers,
driving community-wide effects (Bruinsma & Dicke, 2008; Poelman e a/., 2008b). At the
molecular level, it has also been demonstrated that timing of induction is a major factor
determining JA and SA signaling (Thaler ez o/, 2002; Koornneef ez al., 2008).

Interestingly, dose-dependent effects have been suggested to influence JA-SA crosstalk.
Low concentrations of both exogenous SA and JA enhance the expression of defense-
related genes, leading to a synergistic effect. However, at higher concentrations or
prolonged treatment duration this effect disappears, indicating that there may be threshold
levels for defense trade-offs (Mur e# al., 2000; Kazan & Manners, 2008). Recent studies
show an important modulatory role of ET in crosstalk in that when JA/ET is induced
first, the ET burst renders JA-dependent defenses insensitive to SA-mediated suppression
(Diezel et al., 2009; Leon-Reyes et al., 2010). Herbivores and pathogens have evolved
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ways of manipulating hormonal crosstalk to their own advantage, and so can change the
outcome of defense. A well-known example is P. syringae which produces coronatine, a
JA analogue that suppresses SA-dependent defenses, rendering plants more susceptible
to the pathogen (Nomura ez al., 2005). More recently, similar hijacking mechanisms were
found for a necrotrophic fungus, Botrytis cinerea (E1 Oirdi ez al., 2011). Similar decoy tactics
exist among insects, such as in the case of Bewisia tabaci nymphs that promote their own
development as well as spider mite reproduction by down-regulating JA defenses via SA
induction (Zarate et al., 2007; Zhang et al., 2009). The spider mite Tetranychus evansi takes
this one step further by not only preventing defense induction, but also suppressing the
constitutive plant defenses, which enhances the performance of conspecifics (Sarmento
et al., 2011).

Single species herbivory

When a plant is attacked by an herbivore, this induces the emission of a specific blend of
volatile compounds, known as herbivore-induced plant volatiles (HIPV) (Fig. 1). HIPV
are complex blends that can be composed of up to several hundred individual compounds
(Pichersky & Gershenzon, 2002; Dudareva ez al., 20006; Pichersky ez al., 20006). These volatile
blends are generally dominated by two major classes of compounds: terpenoids and fatty
acid derived green leaf volatiles (GLV) (Arimura ¢f a/, 2009; Mumm & Dicke, 2010).
Some compounds, primarily GLV, are mainly released immediately upon wounding while
others, including terpenoids, are synthesized ‘de novo’ and released from several hours up
to several days after attack (Paré & Tumlinson, 1997; Tutlings ¢ a/,, 1998). Many HIPV
are not induced by mechanically damaging tissues alone, and in many cases they will be
emitted both locally from damaged leaves and systemically from undamaged plant tissues.
Some compounds may already be produced by undamaged plants and are simply emitted
in greater quantities or different ratios after herbivory (Holopainen, 2004). HIPV blends
can vary quantitatively and qualitatively, depending on the plant species (Takabayashi ez
al., 1991; van Poecke & Dicke, 2004), plant genotype (Degen ef al., 2004; Kappers et al.,
2011), herbivore species (De Moraes ¢z al., 1998) and even the developmental stage of
herbivores (Takabayashi e a/, 1995).

Dispatities in volatile responses to different herbivore species can be in part explained
by differences in the damage inflicted by insects of contrasting feeding guilds, due to
the distinctive signaling pathways that they induce (Leitner ¢7 @/, 2005). However, as
even insects of the same guild can induce different HIPV blends, variation in volatile

profiles can also be attributed to the composition of elicitors present in oral secretions
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of herbivores (Halitschke ez @/, 2003; Tumlinson & Engelberth, 2008). Application of
oral secretions, or of elicitors present in herbivore regurgitant, to wounded leaf tissue can
mimic the effects of herbivory and activate the signal-transduction pathways, leading to
the biosynthesis and emission of HIPV (Tutrlings ez a/., 1990; Mattiacci ¢ al., 1995; Alborn
et al., 1997; Bonaventure ez al., 2011).

——> Attraction

== Increased attraction
—3> No attraction

<+—— Repellence/inhibition

carnivores

pathogens

herbivores

leaf
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Other factors influencing VOC emissions
Sequence of attack

Timing of attack
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Spatial distribution on plant
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Figure 1. Overview of the effects of single and multiple attack of plants on VOC emission, including
subcellular mechanisms such as phytohormone-mediated signal-transduction and effects on interactions
with microbial and insect species.
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Further complicating matters is that larval feeding is usually preceded by oviposition,
which is a fact that has been long neglected in studies on HIPV. Insect egg deposition
can also lead to the induction of volatile emission, which then mediates the attraction of
egg parasitoids (Hilker ez a/, 2002; Mumm e al., 2003; Fatouros ez al., 2008; Tamiru ¢f al.,
2011). In the pine and elm systems, elicitation of volatiles attractive to the parasitoids was
shown to be a response to compounds in the oviduct secretions coating the eggs, which
then come in contact with leaf tissue during oviposition (Meiners & Hilker, 1997; Hilker e
al., 2002). In other cases, egg parasitoids respond to volatiles that are only induced by the
combination of both feeding damage and oviposition, as oviposition or feeding alone were
not attractive to parasitoids (Colazza et al., 2004a; Colazza et al., 2004b). The presence of
both feeding damage and eggs can also have a synergistic effect on the emissions of certain
compounds (Conti ¢f al., 2008). However, Bruessow ez a/. (2010) found, unexpectedly, that
egg deposition by Pieris brassicae butterflies leads to the local accumulation of SA, which
then suppresses expression of caterpillar-induced JA-dependent defense genes. This
crosstalk can have important consequences for plant defense, and there is evidence that
HIPV emissions normally induced by subsequent caterpillar herbivory can be suppressed
(Penaflor e al., 2011). From a mechanistic perspective, looking at different stages of the
plant-herbivore interaction independently is a suitable approach. However, these studies
demonstrate that it is imperative to investigate the sequence of events as they occur in
nature, with eggs first, in order to have an accurate overview from an ecological point of

view.

Multiple herbivory

There are an increasing number of studies which investigate the dynamics of plant-insect
interactions under multiple attack. However, many of these focus primarily on how direct
defenses mediate interactions between herbivores (Rodriguez-Saona ef al, 2005; Kaplan
& Denno, 2007). Knowing that there is potential for crosstalk between the SA and JA
signaling pathways in particular, it is likely that interactions between attackers of different
feeding guilds can also affect induction of indirect plant defenses. Attack by an SA-
pathway-inducing herbivore can be expected to modify or attenuate the volatile response

toward a subsequent JA-pathway-inducing herbivore, and vice-versa.

What is clear from the literature to date is that the effect of dual herbivory on HIPV
emissions is difficult to predict and highly variable. Considering feeding guilds alone is
not enough to make predictions, as the same combination of herbivore species may have

drastically diverging effects on ensuing VOC emissions in different plant species (De
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Boer ez al., 2008). Multiple herbivory by insects of different feeding guilds can result in
a few specific compounds being emitted in significantly higher or lower amounts than
by attack by one herbivore only, with an overall volatile profile similar to what is induced
in singly damaged plants (Rodriguez-Saona ez al., 2003; Delphia ez al., 2007; Zhang ef al.,
2009). In other instances, total emission rates are affected. Dual herbivory involving
different feeding guilds can lead to the majority of compounds being emitted in greater
amounts than during single species herbivory (Moayeri ¢ al., 2007; Hare & Sun, 2011)
and HIPV emissions may also increase to levels higher than the expected additive effect
of the two herbivores, indicating a synergistic effect on induction (De Boer ¢z al, 2008).
Total emissions can also be suppressed, as was demonstrated in cotton plants infested by
piercing silverleaf whiteflies (B. fabaci) and chewing Spodoptera exigna caterpillars, where
HIPV emissions in response to dual herbivory were reduced by 60% in comparison
to caterpillar feeding alone (Rodriguez-Saona e# al, 2003). Finally, in still other cases,
damage by a phloem feeder did not lead to any measurable effects on HIPV emissions
induced by caterpillars (Etb ez al, 2010). Moreover, changes in HIPV emissions are not
limited to those brought about by two folivorous herbivores, but also by combinations
of shoot and root herbivory, which can also lead to altered patterns of emission in one
ot both spheres (Rasmann & Turlings, 2007; Soler ez al., 2007; Pierre et al., 2011).

One trend that emerges from the literature is that when an herbivore, usually a phloem
feeder, induces low HIPV emissions, volatile emission elicited by a co-attacking chewing
herbivore can be negatively affected (Rodriguez-Saona e# al., 2005; Zhang et al., 2009;
Schwartzberg ez al., 2011). Although not a phloem feeder, maggots of the gall-inducing
tephritid fly, Eurosta solidaginis attacking Solidago altissima, had similar effects, in that they
dampened total HIPV production normally induced by Heliothis virescens caterpillars.
Interestingly, two other herbivores that did not induce HIPV, ie. Gunorimoschema
gallaesolidaginis (galling moth) and Philaenus spumarius (piercing-sucking insect), failed to
have the same suppressive effect on H. virescens-induced volatiles. However, researchers
were unable to clearly establish the role of the primary defense-related phytohormones,
in part due to high variability within the dataset (Tooker ez a/., 2008).

Of all the multiple herbivory studies specifically addressing HIPV, few have simultaneously
investigated the phytohormonal basis for the observed changes in HIPV production.
Zhang ¢t al. (2009) observed that whitefly (B. fabaci) infestation negatively affected the
emission of a spider-mite (Tetranychus urticae) induced monoterpene and this interference
was positively damage-dependent. JA levels in dually infested leaves were significantly
lower compared to levels in leaves infested with T #rticae only, and two JA-regulated genes

involved in induced defense signaling and the terpenoid’s biosynthesis showed reduced
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expression levels. Application of exogenous SA mimicked these results, indicating that
the interference of B. fabaci in volatile emission may be mediated by the SA signaling
pathway. In another study, attack by the phloem feeder Euscelidins variegatus did not alter
the volatile blend induced by Spodoptera littoralis caterpillars, suggesting an absence of
negative crosstalk in this system (Erb ¢f @/, 2010). Although no phytohormonal analyses
have been made in the latter study, transcriptional data supports this suggestion, as
it showed that contrary to many phloem feeders, E. variggatus induced the same JA
biosynthetic genes as . /Jittoralis. However, it remains to be investigated whether the

effect is dependent on the amount of damage.

VOC induction by pathogens

Plant pathogens are also capable of inducing plant volatiles, although this has been far less
studied than induction by herbivorous insects (Fig. 1). As with herbivores, the induced
VOC blend can exhibit attacker specificity, with different strains of a same pathogen
inducing quantitatively and qualitatively differing VOC blends (Huang ez 4/, 2003). In
comparison to HIPV, the ecological function of pathogen-induced plant volatiles is
not very clear yet, though it is thought that they may function as an additional defense
mechanism against pathogen attack. Volatile emission from infected plants has been found
to correlate with a hypersensitive response (local cell death in the region surrounding the
infection site) in the plant (Croft ez al, 1993; Huang ez al., 2003). Furthermore, several
pathogen-induced volatile compounds have been shown to severely inhibit pathogen
growth. Such antimicrobial activity was shown for compounds such as (Z)-3-hexenol
and (E)-2-hexenal (Croft ez al, 1993) as well as for methyl salicylate (MeSA) and linalool
(Shulaev et al, 1997; Cardoza et al, 2002), which are compounds that are also often

emitted in response to herbivory.

The mechanisms underlying volatile production by plants in response to pathogen
infection are not well studied, particulatly in relation to the phytohormonal signaling
pathways. Several microbial elicitors of VOC induction have been identified, and
interestingly it appears that some pathogens induce similar patterns of VOCs as those
induced by herbivory. One example of this is cellulysin, derived from the fungus
Trichoderma viridae, which was found to induce volatiles via the JA signaling pathway (Piel
et al., 1997). Interestingly, alamethicin, isolated from the same fungus, induced only a
few volatile compounds; two homoterpenes, whose biosynthesis is dependent on the JA

signaling pathway, and MeSA (Engelberth ¢z4/, 2001). The implication of phytohormones
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in volatile induction is not so straightforward, as was recently shown. High accumulation
of JA does not systematically lead to VOC induction. The application of two microbial
elicitors, 3-(1,3)-8-(1,6)-glucans and N,IN',N",N"""-tetra acetylchitotetraose, both give rise
to an accumulation of JA 8-fold higher than levels observed during herbivory. Despite
high JA levels, only the elicitor 3-(1,3)-8-(1,6)-glucans led to substantial VOC induction
(Leitner ez a/. 2008). This indicates that induction of the JA signaling cascade is not solely
involved in triggering volatile induction in this plant species and that other mechanisms,
yet to be determined, are likely to be implicated as well. As phytopathogen infection
may result in specific plant responses in terms of VOC emissions, the influence of
phytopathogens, alone or in combination with an insect herbivore, on VOC induction
in plants, as well as the unravelling of the underlying signaling pathways, deserve more

attention.

Induced plant VOCs in interactions between phytopathogens and insect
herbivores

A number of studies have examined indirect plant-mediated interactions between
pathogens and herbivores, primarily in terms of attacker performance. The outcome of
such interactions is dependent on the plant, herbivore and pathogen species involved.
Pathogen infection may have either beneficial, neutral or detrimental effects on herbivore
performance, and likewise herbivory may affect pathogen growth (for a comprehensive
overview see Rostas ez al.,, 2003). However, despite abundant literature, crosstalk effects
between phytohormonal signaling pathways and the impact of pathogens on plant

volatile emissions remain largely unexplored.

Plant volatiles induced by pathogen infection alone can influence interactions between
a plant and its herbivores. These volatile emissions can make the plant more attractive
to herbivores (Piesik ¢z a/, 2011) and can also be used by female insects to discriminate
against infected plants for oviposition (Déttetl ¢f al, 2009; Tasin ez al., 2012) and even
differentiate between VOC profiles induced by two different pathogenic fungi (Johne e#
al., 2008).

The very limited number of studies that have examined plant responses to dual stresses
showed that co-occurring attack by a pathogen and an herbivore affects the plant’s VOC
emissions in response to herbivory, and effects are consistent with expectations in the
light of knowledge of undertlying phytohormonal signal-transduction. Concomitant

attack by a hemibiotrophic fungus, Setosphaeria turcica, and a leaf chewing herbivore, .
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excigna, resulted in strongly suppressed volatile emissions in comparison to herbivory
alone (Rostas ¢z al., 2006). Classically categorized as a necrotroph, recent work suggests
that §. #urica s in fact a hemibiotroph (Chung ez a/., 2010), and the plant defense response
to the fungus in the early infection stages appears to be SA and ET pathway regulated
(Exb ez al., 2009). In light of this, the reduced volatile emissions may be an effect of
crosstalk with herbivore-induced JA-dependent defenses. A similarly attenuated volatile
emission (60% reduction) was reported for dual attack by a leaf chewer and a phloem
feeder (Rodriguez-Saona ez al, 2003), and it is generally accepted that phloem feeders
and (hemi-) biotrophic pathogens elicit similar responses in the plant (Walling, 2000).
In contrast, infection of peanut plants by the necrotrophic pathogen Sclerotiun rolfsii,
thought to primarily induce JA, had no negative effect on VOC emissions in response
to herbivory by S.exigna caterpillars. Along with pathogen-induced volatiles, the plants
emitted all the compounds that are produced in response to S. exigra herbivory alone,
often in greater amounts (Cardoza ef al, 2002). Dual induction of the JA signal-
transduction pathway may explain the enhanced VOC emissions. Cardoza e a/. (2003a)
later showed for this system that dually challenged plants had significantly higher levels
of JA than the expected additive effect of the individual attackers. The nature of the
interaction between a plant and pathogen strain can add a further layer of complexity
to the outcome of the plant-pathogen-insect interaction. A plant’s volatile response to
herbivory can substantially differ if the co-occurting strain of Xanthomonas campestris
has cither a compatible (infection) or incompatible (plant resistance) interaction with
the plant. Compared to herbivory alone, co-attack by a compatible strain enhanced
VOC emissions, while infection with an incompatible strain led to the suppression of

herbivore-induced compounds (Cardoza & Tumlinson, 2000).

Volatile emissions can also be manipulated by pathogens to their own benefit, namely
the attraction of insect vectors in order to ensure dispersal to other host plants. This
is commonly the case with viruses, which can alter plant volatile emissions resulting in
attraction of aphid vectors to plants which may even be of suboptimal quality for them
(Fereres & Moreno, 2009; Bosque-Pérez & Eigenbrode, 2011), or decrease the attraction
of non-vectoring herbivores (van Molken ¢ a/., 2012). Virus infection can lead to elevated
levels of the same volatile blend produced by healthy plants (Eigenbrode ez al, 2002;
Mauck ez al., 2010) which can make infected plants more attractive to herbivores. Such
manipulation of plant volatiles is not restricted to viruses. Both bacterial (Mayer ¢ al.,
2008) and fungal pathogens (McLeod ¢ a/., 2005) can induce changes in their host plant’s
volatile emissions that result in the attraction of insect vectors, which will then carry the

pathogen to new host plants.
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Effects of VOCs on the natural enemies of herbivores

Many of the studies on HIPV in the context of tritrophic interactions were conducted
with one plant, herbivore and carnivorous species. However, even in these simple
systems, it is apparent that there exists a large amount of variation in HIPV induction
between organisms and study systems. Moreover, our knowledge on the mechanisms of
defense induction indicates that simultaneous or sequential attack by different herbivore
species, particulatly when they belong to different feeding guilds, can have important
consequences for the ecological dynamics of a tritrophic system (for a review see
Poelman ef al., 2008b; Dicke ef al., 2009). It is widely recognized that carnivorous insects
exploit plant volatiles that are produced in response to feeding damage as a navigational
system for prey/host location, and much attention has been given to the roles of induced
VOCs in mediating tritrophic interactions (Sabelis & Van De Baan, 1983; Tutlings ¢f al.,
1995; Heil, 2008; Dicke & Baldwin, 2010; Reddy, 2012).

The effects of multiple attack on natural enemies foraging success can be positive,
negative or neutral. For instance, when two organisms inducing the JA signaling pathway
co-occur on a plant, natural enemies often become more attracted to such plants (Shiojiri
et al., 2001; De Boer ¢f al., 2008), also when the second attacker is a pathogen (Cardoza
et al., 2003b). However, this may depend on the natural enemy species. Shiojiri ez al.
(2001) showed that herbivory by Plutella xylostella and Pieris rapae caterpillars enhanced
attraction of the parasitoid Cozesia glomerata even though it can only parasitize one of the
lepidopterans, while C. plutellae preferred VOCs of plants infested with only its host. On
dually infested plants this then translates into increased C. glomerata parasitism rates, and
a decrease for C. plutellae, than on plants with only their respective hosts (Shiojiti e7 al.,
2002). Some studies have also examined effects on the third trophic level when both
the JA and SA signal-transduction pathways are assumed to be induced, by combinations
of herbivores and/or pathogens. While in one case attack by two herbivore species
respectively affecting JA and SA signaling led to a decrease in carnivore attraction
compared to single-species herbivory (Zhang ez al, 2009), in all other cases carnivores
were either equally attracted to, or preferred dually damaged plants over plants damaged
by the host herbivore alone, for both dual attack by two herbivores (Moayeri ez al., 2007;
Erb et al, 2010) and a combination of herbivore and pathogen (Rostas ez al., 2000).
Interactions between the two primary signal-transduction pathways may play a role in the
changes in VOC emissions in response to dual attacker events. This in turn may affect
the response of natural enemies depending on the blend characteristics a species uses in

VOC-mediated foraging behavior.
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While higher levels of VOC emissions can increase the attraction of natural enemies
in both single and multiple attack scenarios, changes in levels of specific compounds
after dual attack can have serious implications for foraging decisions. Absence of a key
compound can lead to a greatly diminished response of a predator. Predatory mites
showed a strongly diminished response to plants infested by spider mites and non-prey
whiteflies (Zhang ez a/. 2009). Dually damaged plants were shown to have reduced levels
of (E)-B-ocimene emission, which is a compound known to be attractive to the predator
(Dicke et al., 1990). Supplementing the blend from spider-mite plus whitefly infested
plants with this compound restored predator attraction, demonstrating its importance
for locating prey by the predators (Zhang ez al., 2009). The reduction in (FE)-8-ocimene
emission in response to whitefly infestation correlated with reduced JA titre and reduced
transcription of the JA-regulated gene encoding for the enzyme ocimene synthase that
is crucial for in (E)-B-ocimene production (Zhang ez a/. 2009). Likewise, a sharp decrease
in overall volatile emissions may not have any consequences for parasitoid attraction if
the compounds involved in attraction remain relatively unaffected in their emission rates
(Rostas et al., 20006). Thus, in order to understand the consequences of dual infestation
on the behavioral responses of carnivorous insects, knowledge of the underlying

mechanisms is crucial.

Conclusions and future perspectives

In natural systems, co-occurring attack by herbivorous insects and phytopathogens is
frequent, and there is a tendency to increase the complexity of the studies investigating
plant defense in order to more realistically reflect natural conditions. Yet, while plant-
mediated effects of plant pathogens on insect herbivores, and vice versa, have been
examined in some detail, e.g; in terms of attacker performance, their combined effects
on underlying signal-transduction networks and induced volatile responses have only
rarely been considered. Recent studies show that including another insect attacker greatly
increases the complexity of interactions between the plant and its attackers, both in
terms of direct and indirect plant-mediated defenses (Dicke ¢# a/. 2009), so the inclusion
of phytopathogens into the system can be expected to have similar effects. The very
limited research on the subject so far indicates that not only are phytopathogens capable
of inducing plant volatiles, sometimes similatly to the response to herbivory, they can
also have an influence on host-plant searching behavior of herbivores, and also on
insects of the third trophic level which often rely on volatile cues for locating their

herbivorous victims. This topic warrants further research, as the combination of plant-
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insect and plant-pathogen interactions into one system will provide important insight
into how plants prioritize and integrate signals coming from different suites of attacking

organisms.

Our knowledge of VOC induction under multiple attack is still too limited to be able
to draw solid conclusions about how plants determine VOC induction patterns, Even
in the more intensively studied area of HIPV it is apparent that the knowledge of what
happens during single herbivory is not sufficient to predict a plant’s responses when
facing multiple herbivores (Dicke ¢# a/, 2009). Dual attack appears to lead to high
variability in the effects on VOC emission; several factors influencing signal-transduction
networks and subsequent VOC induction (below) must be taken into consideration in

order to reveal emerging patterns.

Attacker identity. Different combinations of attacking organisms may induce
different signaling pathways, so the final plant defenses will be highly dependent on the
combination used. Induction with two organisms that induce the same defense pathways

will have different effects than two organisms inducing different pathways.

Severity of attack. Plant responses to herbivory, both in single and in multiple herbivore
attack are dependent on the amount of damage inflicted by attacking herbivores
(Geervliet ez al., 1998; Zhang et al., 2009). It is likely that the severity of pathogen infection

also exhibits dose-dependent effects on volatile emissions.

Sequence of attack. The order in which organisms attack can be an important
determinant of the plant’s response (Viswanathan ez al, 2007; Etb ef al., 2011b), and
SA-mediated induction prior to - or simultaneously with - JA-mediated induction is
most often researched. Though the inhibitive effects of SA on JA are stronger than the
contrary (Koornneef ez al., 2008), the effect of reverse induction on volatile induction

still warrants investigation.

Timing of attack. Induction of the signal-transduction pathways occurs with a specific
temporal pattern, and so a second attacker will have a certain timeframe during which it
can have the greatest impact on the defense signaling network and subsequent volatile
induction. Of particular interest is the case of hemi-biotrophic pathogens, which are
biotrophs in the initial stages of infection, and then adopt a necrotrophic lifestyle, each
theoretically inducing different signal-transduction pathways in the plant. Knowing this,
how is crosstalk and volatile induction affected if an herbivore subsequently arrives in

either the biotrophic or nectrotrophic phase?
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Abiotic conditions. Changes in environmental conditions hold great potential to
alter induced volatile emissions, both in terms of composition and quantity. Factors
such as light, temperature, humidity, soil moisture, nutrient availability and ozone can
all affect HIPV emission (Gouinguené & Turlings, 2002; Holopainen & Gershenzon,
2010; Loreto & Schnitzler, 2010). Such factors should be considered as they can have

significant effects on volatile blend characteristics.

Other phytohormones. Recent research in plant-pathogen interactions indicates that
several other phytohormones play a larger role in modulating plant defense than previously
thought. Among many examples, auxin appears to disrupt biosynthesis of SA and to
modify JA signaling, abscisic acid can antagonize JA-ET signaling (Pineda ez al., 2012),
and brassinosteriods can lead to increased plant resistance towards biotrophic pathogens
(Robert-Seilaniantz e# al., 2011). It is clear that research on subcellular mechanisms of
plant defense should look further than the classic trio of SA, JA and ET, and the impact

other phytohormones may have on volatile induction is not yet known.

A more holistic approach is needed in the study of the ecology of induced plant volatiles
during multiple attack, by integrating research approaches from the molecular to the
ecological level, in order to gain a more comprehensive view of the mechanisms involved
throughout the different levels of biological organization. More specifically, issues to
address are how multiple attack affects the signal-transduction network, and how these
changes then affect biosynthesis of volatiles compounds, as well as their emission
patterns. And finally, how does variation in emission patterns affect the members of the
third trophic level that depend on VOCs for e.g. host or prey location. However most of
the knowledge on the mechanisms was gained from the model plant Arabidopsis thaliana.
There is a need to use current knowledge gained from this system as a starting point
for investigating ecologically relevant model systems. Moreover, research needs to be
conducted out in the field as well as in the laboratory, as VOC emission patterns obtained
under laboratory conditions may be different from patterns observed when a study
system is in a natural environment, where various biotic and abiotic factors can have a
strong influence on the emission of compounds (Kigathi e a/., 2009). Only by combining
both approaches can we have a better understanding of the ecological functions of plant

volatiles.

Plants are members of complex communities. Initial attack by one of the community
members may have long term effects on community dynamics (Van Zandt & Agrawal,
2004; Poelman et al., 2008a; Poelman ez a/., 2010). In order to understand such community

dynamics and the underlying processes that shape them, it is important to understand
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how community members modify the expressed plant phenotype. An important
component of the plant phenotype consists of its emission of VOCs as the VOC blend
provides phenotypic information at a distance of the plant. This VOC-aspect of the plant
phenotype mediates interactions with various community members (Dicke & Baldwin,
2010). So far, induced plant volatiles have been especially investigated in the context of
plant-arthropod interactions. However, first evidence shows that plant pathogens can
have important impacts on induced plant volatiles as well and, therefore, integrating
plant-arthropod and plant-pathogen interactions into studies on the effects of HIPV on
community dynamics of plants and their attackers and members of higher trophic levels
will be an important next step. This integrative approach is likely to unravel new insights

into the community ecology of plant-based communities.
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ABSTRACT

lants respond to herbivory with the emission of plant volatiles, which
can be used by the herbivores’ natural enemies to locate their hosts or

prey. In nature, plants are often simultaneously confronted with insect

herbivores and phytopathogens, potentially interfering with the attraction of the
herbivores” enemies as a result of modifications of the induced volatile blend.
Here we investigated parasitoid (Cofesia glomerata) attraction to volatiles of plants
challenged by different attackers, either alone or in combination with Pieris
brassicae caterpillars, hosts of C. glomerata. We used a natural system consisting
of Brassica nigra plants, eggs and larvae of P. brassicae, Brevicoryne brassicae aphids
and the bacterial phytopathogen Xanthomonas campestris pv. campestris. In all cases,
parasitoids successfully located host-infested plants, and wasp foraging behavior
was unaffected by the simultaneous presence of a non-host attacker or host eggs.
Analysis of the volatile emissions showed that the volatile blends of caterpillar-
infested treatments were different from those without caterpillars. Furthermore,
dually attacked plants could not be separated from those with only caterpillars,
regardless of non-hostidentity, supporting the behavioral data. Our results suggest
that, in this system, indirect plant defenses may be more resistant to interference
than is generally assumed, with volatiles induced during dual attack remaining

reliable indicators of host presence for parasitoids.

Keywords: Pieris brassicae, Cotesia glomerata, tritrophic interactions, HIPV, indirect

defense



Effects of several dual attack scenarios on VOC-mediated foraging

Introduction

It is well known that insect herbivory changes the emission of plant volatiles, which
are important cues in the foraging behavior of the natural enemies of these herbivores.
These volatiles play key ecological roles in structuring associated insect communities
as they do not only influence the behavior of the natural enemies but also that of the
herbivores and even insects at the fourth trophic level (Vet & Dicke, 1992; Dicke, 1999;
Turlings & Wackers, 2004; Dicke & Baldwin, 2010; Fatouros ez al, 2012; Poelman ef
al., 2012). Most studies demonstrating the attraction of natural enemies to herbivore-
induced plant volatiles (HIPV) have done this when the plant is attacked by single
herbivore species. However, in nature, complex tritrophic interactions with simultaneous
or sequential attack is the norm. Interplay between attackers can have strong implications
for the interaction between plants and natural enemies of their associated herbivores, via
modifications of the emitted volatile blend (Dicke ez a/., 2009; Ponzio ¢f al., 2013).

While the direct effects of multiple attack on herbivore life-history parameters and
behavior have been investigated in detail (For reviews see Denno e# a/, 1995; Kaplan &
Denno, 2007; Stam ez al., 2014), to date comparatively fewer studies have investigated
HIPVs and the ensuing effects on tritrophic interactions in the context of multiple
herbivore attack (Shiojiti ez 2/, 2001; Rodriguez-Saona ez al., 2003; Zhang ¢t al., 2009; Erb
¢t al., 2010; Hare & Sun, 2011). Insects are not the sole organisms to attack plants; plant
pathogens also commonly infect plants, yet little attention has been paid to the effects
of plant pathogen infection on tritrophic interactions despite the strong prevalence of
pathogens in natural systems, frequently co-occurring with herbivory (Tack & Dicke,
2013). Until recently, research on plant-insect and plant-pathogen interactions have
developed largely independently from one another, though plant defense against both
is regulated by the same general mechanisms (Pieterse & Dicke, 2007; Ballhorn, 2011;
Pieterse ¢ al., 2012). Interestingly, not only are pathogens capable of inducing volatile
emissions in plants (Croft e al, 1993; Doughty ¢# al., 1996; Huang ef al., 2003), some
also induce compounds which are often associated with herbivory, such as the green
leaf volatiles (Z)-3-hexenol and (FE)-2-hexenal (Croft et al, 1993). 1t appears that as
with multiple insect herbivory, concomitant challenge by a pathogen and herbivore can
affect HIPV composition and emission rates (Ponzio 7 al., 2013). In maize, for instance,
plants simultaneously challenged by the fungus Setosphaeria turcica and Spodoptera littoralis
caterpillars had total volatile emission rates neatly 50% lower than with herbivory alone,
yet the host searching behavior of two parasitic wasp species was not affected (Rostas ez

al., 2000). Meanwhile, in peanut plants, dual infestation with a pathogen and a herbivore
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led to enhanced wasp attraction (Cardoza ef al., 2003b). It is apparent that the potential
effects of pathogen infection on HIPV emissions have long been underestimated, and

warrant further attention.

At the molecular level, defense against different attacking organisms is modulated by the
activation of different signaling pathways. It is generally accepted that phloem-feeding
herbivores and biotrophic pathogens primarily induce the salicylic acid (SA) signaling
pathway, while leaf-chewing herbivores and necrotrophic pathogens usually trigger the
jasmonic acid (JA) and ethylene (ET) signaling pathways (Glazebrook, 2005; Pieterse &
Dicke, 2007; Pieterse ez al., 2012). These different phytohormones have been shown to
also be involved in the induction of plant volatiles (van Poecke & Dicke, 2004). However,
crosstalk can occur between these pathways, where induction of one pathway can have
positive or negative regulatory effects on other pathways, and this is particularly the case
between the SA and JA pathways (Koornneef & Pieterse, 2008; Spoel & Dong, 2008;
Pieterse ¢t al., 2012; Thaler e al., 2012). Multiple attack may lead to quantitative and/or
qualitative changes in the emitted volatile blend compared to the single attack situation,
particularly when the challengers induce opposing signaling pathways. Consequently,
herbivore finding by carnivorous natural enemies may be compromised if multiple
attack leads to significant alterations of the plant volatile blend characteristics induced by
their herbivorous victim. As a result the blend may no longer be a reliable indicator of
host presence, though still little is known about the specificity of individual compounds
or mixtures of compounds that are important in foraging behavior of natural enemies
(Gols et al., 2011). The importance of specific compounds was clearly demonstrated
in Lima bean plants, where simultaneous attack by spider mites (Tefranychus urticae) and
whiteflies (Bemisia tabaci) reduced emissions of only a few compounds, especially (E)-§3-
ocimene, compared to plants with only spider mites. As a result, the attraction of the
spider-mite predator Phytoseinlus persimilis was negatively affected, which could be restored
by complementing the blend with (E)-$-ocimene. (Zhang ez al., 2009).

The aim of the present study was to investigate the attraction of a parasitoid to plant
volatiles induced by its natural herbivorous host as well as other plant attackers which are
known to activate different signaling pathways. To date, studies investigating parasitoid
foraging under multiple attack scenarios have largely done so using only one non-
host attacker. Here we investigated the effects of several non-host attackers using a
natural system consisting of the wild annual crucifer, Brassica nigra L. (Brassicaceae) and
some of its naturally associated attackers: eggs and larvae of the large cabbage white
butterfly (Pieris brassicae L. Lepidoptera, Pieridae), the cabbage aphid (Brevicoryne brassicae
L., Hemiptera, Aphididae) and the necrotrophic bacterial phytopathogen, Xanthomonas
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campestris pv. campestyis (hereafter referred to as X. campestris). These attackers were selected
based on the defense signaling pathways they induce. While plant defenses against leat-
chewing caterpillars are induced via the JA-signaling pathway, eggs and aphids are known
to primarily induce the SA-signaling pathway (Bruessow ez a/, 2010; Giordanengo ef al.,
2010), and the Xanthomonas pathogen is thought to induce defenses via all three of the
primary pathways (Ton ef al, 2002). Different attackers were introduced on the plant
under single and dual attack scenatios, with the latter scenarios focused more specifically
on the systemic effects of the initial inducer. The focal interaction studied here is that
between the larval endoparasitoid wasp Cotesia glomerata 1. (Hymenoptera, Braconidac)
and its preferred host in the Netherlands, eatly developmental stages of P. brassicae

caterpillars.

The effects on the attraction of naive C. glomerata to plant volatiles under various attack
scenarios was investigated and the volatiles emitted by the plants were collected and
identified to reveal the underlying chemical basis of the effects on wasp behavior. Due
to the inherently different nature of the three initial attackers, we expected them to lead
to significant effects on the volatile profiles emitted by the infested plants, as well as on

the degree of parasitoid attraction.

Materials and Methods

Plant and insect material

Seeds from black mustard plants (B. nzgra) were collected from a local population
growing along the Rhine river in Wageningen (the Netherlands). Plants were grown in a
greenhouse at 22 £ 2 °C, 60-70% r.h., 16:8 light:dark regime. Four to five week old plants
were used for all experiments. The herbivores, P. brassicae and B. brassicae, were reared on
Brussels sprout plants (Brassica oleracea var. gemmifera cv. Cyrus) in a climate-controlled
room or greenhouse at 22 + 2 °C, r.h 60-70% and a photopetiod of L:D of 16:8 h. The
parasitoid, C. glomerata, was reared on P. brassicae under similar conditions. Fresh cocoons
of C. glomerata were placed in a 30 x 30 x 30 cm cage (Bugdorm, Taiwan) supplied with
a 6% sucrose solution and honey. The cage with wasps was kept in a climate-controlled
cabinet at 21  1°C and a light-dark regime of 16:8 h. Adults were allowed to mate and
were 3 to 7 days old when used in the wind tunnel bioassays (see below). Only adult
females were used and they had no previous experience with hosts, host products or

plants (i.e. they are considered naive). Individuals were only used once.
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Plant treatments

Plants were incubated under similar conditions as the insect rearing in a climate-controlled
environment and were maintained in 35 x 35 x 60 cm mesh cages (Vermandel, the
Netherlands), one treatment per cage. For treatments involving X. campestris, as well as
for their associated pathogen-free treatments, the cages were covered with a clear plastic
sheet for the first 24 h in order to insure sufficiently high humidity (minimum 80% RH)

for optimal pathogen development. The following 10 different treatments were used:

1) healthy uninfested control plants (C),

2) plants infested with 20 newly hatched P. brassicae larvae (P),

3) plants infested with 50 B. brassicae aphid nymphs (A50),

4) plants infested with 100 B. brassicae aphid nymphs (A100),

5) plants infested with 50 P. brassicae eggs (E),

0) plants inoculated with X. campestris (X),

7) plants infested with 50 B. brassicae aphid nymphs and 20 newly hatched P. brassicae (AP50),
8) plants infested with 100 B. brassicae aphid nymphs and 20 newly hatched P. brassicae (AP100),
9) plants infested with 50 P. brassicae eggs and 20 newly hatched P. brassicae (EP),

10) plants inoculated with X. campestris and 20 newly hatched P. brassicae (XP).

The induction of plant volatiles in response to eggs, aphids or pathogens generally takes
longer than the induction of volatiles in response to caterpillar feeding (De Vos ¢ al.,
2005; Bruessow ez al., 2010). Therefore, plants treated with eggs, aphids or the pathogen
were incubated for 72h, whereas caterpillars were introduced for the final 24 h before
testing in the wind tunnel (see below). The initial egg, aphid or pathogen challengers
were applied on the youngest fully developed leaf, whereas P. brassicae were introduced
onto the younger adjacent leaf in dual-infestation treatments or a leaf of similar age in
treatments with only caterpillar damage. For the treatments including P. brassicae eggs,
oviposition was contained to the youngest fully expanded leaf by covering the plant with
a zippered mesh bag that allowed only the selected leaf to protrude. Plants were then
placed in a cage containing over 100 P. brassicae adults, and were removed once 1-2 egg
clutches (about 50 eggs) were laid. Any extra eggs were immediately removed with a fine
brush. For treatments involving B. brassicae aphids, first and second instar nymphs were

used, to insure that no reproduction would occur during the induction period.

All XU campestris cultures were started from an initial culture obtained from the Plant-
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Microbe Interactions group of Utrecht University (the Netherlands) that was stored at
-80°C in 50% glycerol. Inoculum was obtained by incubating 250 ul of the frozen stock
in 50-ml erlenmeyer flasks containing 30 ml of Difco Nutrient Broth. The flask was
sealed by a cotton wool plug and aluminum foil and then placed in a shaker at 28 °C, 180
rpm for 18 h. The broth was then transferred to 50-ml tubes, and centrifuged at 3000 x
g for 10 min. The bacterial cells were resuspended in a 10 mM MgSO, buffer solution
and adjusted to a final density of 10" CFU/ml by measuring the absorbance with a
spectrophotometer set at 600 nm. Plants were inoculated by infiltrating a zone of circa
2 cm? with a needleless syringe, on the abaxial side of the youngest fully expanded leaf.
Control and P. brassicae infested plants were infiltrated in a similar manner with buffer

solution only.

For each of the 4 treatments (treatments 7-10) involving dual attack, plants were first
induced in the same manner as the treatments with one attacker (as described above)
and then 48 h after applying the first challenger, 20 freshly emerged first instar P. brassicae
caterpillars were placed on the systemic leaf directly above, and allowed to feed for a
further 24 h.

Wind tunnel assays

Dual choice tests were carried out in a wind tunnel as previously described by Geervliet,
Vet & Dicke (1994), at 25 °C, 60% tr.h. and with a wind speed of 10 cm s'. Each
of the single and dual infestation treatments were tested against a control plant, with
dually infested plants additionally being tested against a P. brassicae-infested plant. The
plants were placed in the tunnel 30 minutes prior to the bioassay in order to allow the
dissipation of any volatiles resulting from mechanical damage during handling, Thirty
minutes before the bioassay, naive female C. glomerata wasps were isolated in glass vials
sealed with cotton wool. Just before release in the wind tunnel, the wasps were sensitized
by offering them a Brussels sprout leaf on which P. brassicae caterpillars had previously
fed, with the caterpillars and their products removed. This procedure enhances the
females’ motivation to forage without affecting odor preference (Geervliet ¢z al., 1994).
Groups of 5 vials were placed on the release platform, 70 cm downwind from the two
plants. Wasps were given 15 minutes to respond, i.e. land on a plant. Non-responding
wasps were recorded, however they were excluded from the choice statistical analysis.
In total, 10 to 20 wasps were released per plant replicate, in order to obtain a minimum
of 7 responding wasps. Each wasp was only used once. The position of the plants

was swapped each time a new group was released. A total of 10 replicates with newly
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prepared plants were tested for each treatment pair. The bioassays were performed in
blocks, with the identity of the first attacker (eggs, aphids or pathogen) as the block factor.

Test combinations were randomized within each block.

Collection of volatiles and headspace analysis

Plant volatiles were collected in order to investigate if differences in volatile profiles could
explain the observed parasitoid behavior. For each treatment, 10 replicates were sampled.
All insects remained on the plants during volatile trapping. The volatiles of the plants
involving inoculation with X. campestris, along with the associated control and P. brassicae
damaged plants, were collected and analyzed separately at a later date. In order to prevent
any contribution from the collection set-up to the plant volatile profile and to make
necessary corrections, air from empty jars were sampled at regular intervals. Pots were
wrapped using aluminum foil and plants were placed in 30 1 glass jars 30 min before
trapping commenced. Compressed air was filtered through activated charcoal before
entering the glass jar with the plant and volatiles were collected by drawing air out of the
jars via an external pump through a stainless steel cartridge filled with 200 mg Tenax TA
(20/35 mesh; CAMSCO, Houston, TX, USA) at a rate of 300 ml min™ for 2 h. The aerial
portion of each plant was weighed immediately after volatile trapping. The Tenax TA
filled cartridges with the trapped headspace samples were dry-purged for 15 min under a

nitrogen (N) flow at 50 ml min " and stored at ambient temperature.

Headspace samples were analyzed with a Thermo Trace GC Ultra (Thermo Fisher
Scientific, Waltham, MA, USA) connected to a Thermo Trace DSQ (Thermo Fisher
Scientific) quadruple mass spectrometer. Volatiles were desorbed from the sampling
cartridges using a thermal desorption system (Ultra 50:50, Markes, Llantrisant, UK) at
250 °C for 10 min with a helium flow of 20 ml min™. Analytes were focused at 10 °C
on a thermally cooled solvent trap (Unity, Markes) during the entire desorption time and
then the temperature of the cold trap was raised through ballistic heating at 40 °C s™ to
280 °C, which was then kept for 10 min, while the volatiles were transferred in splitless
mode to a ZB-5MSi analytical column (30 m, 0.25 mm id., 1.0 um film thickness,
(Phenomenex, Torrence, CA, USA)). The GC was held at an initial temperature of 40 °C
and was immediately raised at 5 °C min™ to 280 °C and was held for 4 min under a
constant column flow of 1 ml min™". The column effluent was ionized by electron impact
ionization at 70 eV. Mass spectra were acquired by scanning from 35-400 m/z with a
scan rate of 4.70 scans s™!. MS transfer line and ion source were set at 275 and 250 °C,

respectively. Tentative identifications of compounds were made by comparison of mass
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spectra with the mass spectral databases in libraries of NIST 2005 and the Wageningen
Mass Spectral Libraries Database of Natural Products. Experimentally calculated linear
retention indices (LRI) were also used as additional criterion to identify the compounds.
Relative quantification (peak areas of individual compounds) was obtained using a single
(target) ion, in selected ion monitoring (SIM) mode. The individual peak areas of each
compound, divided by the fresh plant weight, were further used in the statistical analysis.

Statistical analysis

To investigate whether parasitoid preferences and response rates differed when
various combinations of plant treatments were offered, the data were analyzed using
logistic regression in SAS version 9.2 with plant treatment as a fixed factor. In case of
overdispersion, we corrected for this by allowing the variance functions of the binomial
distribution to have a multiplicative overdispersion factor. In the comparison with control
plants, the number of wasps choosing the attacker-infested plants out of the total number
of responding wasps was entered as the response variable. In the analysis of dual versus
single attack, the number of wasps choosing the dually infested plant out of the total
number of responding wasps was entered as the response variable. A similar approach
was used to determine differences in overall response rates. Each bioassay with one set
of plants served as a replicate. To determine within each compatison whether there was

a significant preference for one of the offered plant treatments, we tested H,: logit=0.

The volatile emission patterns, quantified as peak areas divided by the fresh mass of
the plant, were analyzed through multivariate data analysis using PSL-DA (projection to
latent structures discriminant analysis). This projection method determines if samples
belonging to the different treatment groups can be separated on the basis of quantitative
and qualitative differences in their volatile blends. To do this, a Y-data matrix of dummy
variables are included, assigning a sample to its respective class. The PLS-DA extension in
the SIMCA-P+ 12.0 software program (Umetrics AB, Umed, Sweden) then approximates
the point ‘swarm’ in X (matrix with volatile compounds) and Y in PLS components in
such a way that the maximum covariation between the components in X and Y is achieved.
The results of the analysis are visualized in score plots, which reveal the sample structure
according to model components, and loading plots, which display the contribution of the
variables to these components as well as the relationships among the variables. Data were
log-transformed, mean-centered and scaled to unit variance before they were subjected
to the analysis. Compounds were excluded if they were present in less than half of the

samples in only one of the treatments.
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Results

Host-infested plants remain attractive to wasps even in the presence of non-hosts

Inthe experimentwith P. brassicaeeggs as the first treatment, in all cases the wasps significantly
preferred the volatiles from the egg-infested plant when offered against volatiles from a
clean control plant though the strength of the preference differed between the treatments
(GLM, %*=36.14, P <0.0001, Fig. 1a). Wasp preference for an infested plant was stronger
if the caterpillar host was present, both in a single and dual attack situation, compared
to plants with eggs alone. In the experimental block with aphids (Fig 1b), here too wasp
preference significantly varied among treatments (GLM, ¥*=153.73, P <0.0001) and the
behavioral choices were aphid density-dependent when offered against control plants. At
a density of 50 aphids wasps did not discriminate between aphid-infested and control
plants, while plants with 100 aphids were avoided by the wasps. However, when plants
were dually infested with aphids and caterpillars the density-dependent effect disappeared,
with wasps significantly preferring volatiles from plants infested with caterpillars plus 50
or 100 aphids over healthy control plants (Fig. 1b). The strength of the preference was
similar to when they were offered a caterpillar-infested plant against a control plant. In the
bioassays using X. campestris, allinduced plants were attractive to the parasitoids when tested
against control plants, though the strength of the preference depended on the treatment
(GLM, %*=10.18, P =0.0062); the preference for plants induced with only the pathogen
was weaker compared to when plants contained caterpillar hosts (Fig. 1¢). To test for more
subtle effects of the non-host attacker on parasitoid attraction to caterpillar-induced plant
volatiles, dually challenged plants were also tested against plants with caterpillar hosts only
(Fig. 1d). There were no significant differences between the different tested treatment
combinations (GLM, y*=6.29, P =0.0981). However, wasps wete significantly more
attracted to volatiles from plants dually challenged by X. campestris and hosts, which was
not the case for the other treatment combinations (with eggs or aphids as second attacker)

where wasp preference was not different from a 50:50 distribution.

Despite the observed differences in preference, when response rates of the wasps were
analyzed (i.e. the proportion of released wasps that landed on a plant), no effect of
treatment was found between treatment pairs, with the exception of the experimental
block using aphids as the initial attacker (GLM, ¥*=17.92, P =0.0013, Fig.1b). Here,
infestation with aphids alone had an effect on the response rates. Plants infested with 50
aphids tested against healthy plants resulted in a response rate that was significantly lower

than in any of the other treatment combinations that included caterpillars. However,
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plants infested with 100 aphids and tested against healthy plants had wasp response rates
that were not significantly different from any of the other treatments.
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Figure 1. Choice of C. glomerata wasps in a two-choice setup in a wind tunnel (percentage (+SE, n=10)
of wasps to treatment indicated on Y-axis) when the alternative odor source is a clean control plant (for
(a), (b) and (c)) or a caterpillar infested plant (d). Significant differences between treatments (P < 0.05)
are indicated with different letters. Treated plants were challenged with: 20 P. brassicae caterpillars (P); 50 P.
brassicae eggs (E); 50 (A50) or 100 (A100) B. brevicoryne aphids; Xanthomonas pathogen (X); caterpillars and
P. brassicae eggs (EP); caterpillars with 50 (AP50) or 100 (AP100) aphids; caterpillars and pathogen (XP).
Asterisks indicate a preference which is significantly different from a 50:50 distribution within a choice test
(FP =005 %P <0.01; ¥+ P < 0.001; ns is not significantly different.

Headspace analysis in the different attack scenarios

A total of 48 different volatile compounds were detected across all treatments in the
headspace of the egg and aphid experiments (Table 1), and 45 compounds in the
experiment with X. campestris as the initial attacker (Table 2). Overall, all plants emit
the same compounds, but in different proportions. Thus, the composition of the blend
varies according to the treatment.
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Table 2. Volatile emissions® by Brassica nigra plants from uninfested plants (C) and in response to
Xanthomonas campestris pv. campestris (X), Pieris brassicae caterpillar feeding (P), X .campestris and caterpillars (XP)

Treatment— C X P XP
ID®

Compound | (IN=11) (N=8) (IN=11) (N=10)
Ketones
1 2-Butanone 11.0 £3.27 17.9 £6.0° 17.5 +4.37 15.1 £4.8¢
4 3-Methyl-2-butanone 72%18 12.4 £3.6 152 £3.1 18.6 £4.8
6 3-Pentanone 6.59 +£0.70 11.7 £1.5 10.2 £1.8 16.9 £2.6
9 3-Methyl-2-pentanone 0.09 £0.10* 1.86 £0.80 ° 0.1+0.1" 1.7£1.0*
Alcohols
5 1-Penten-3-ol 39.1 +4.4 102.5 £14.9 88£33 149 £41
11 (Z)-3-Hexen-1-ol 9.1 +2.1 384 +129 62 £45 77 £30
27 1-Decanol 91+£21 1 10.1 £2.9°¢ 18.1 £3.7 11.7 £1.5
39 1-Dodecanol 36.1 £2.9 52.219.5 427 +4.6 5145
Esters
15 Hexyl acetate 25.0 %22 37.6 £6.9 272122 322135
16 (7)-3-Hexen-1-ol, acetate 21.0 £3.9 272199 383 +8.4 68 123
28 cis-2-tert-Butylcyclohexyl acetate 50+1.1 8.44 +1.30 6.44 £0.90 6.70 £1.10
N and/or S containing compounds
2 2-Butenenitrile ND 1.7 2047 6.3 +£1.8 8.7 129
3 3-Butenenitrile 1.39 £0.90 9.1£1.0 39.6 £13.9 52 £20
7 2-Methylbutanenitrile 12.7 £4.9 20.6 £13.9 15.5£54 47 £28
8 Dimethyl disulfide 8.25 +1.20 18.1 £2.8 10.6 £2.7 15.5£5.3
12 Allyl isothiocyanate 85£21 1 284 £87 414£143 283 £42
Aldehydes
10 (E)-2-Hexenal 1.31 £0.20 2.99 £1.40 43123 3.37 £0.80
13 (E)-4-Oxo-2-hexenal 8.6 +2.3 11.4 +4.17 23.2+12.6 18.1 £6.9
19 Dihydromyrcenol 21.0 £5.9 21.0 £3.6 29.9 £5.4 17.1 £3.9
Terpenoids
14 Myrcene 8.1x1.4 154 £3.7 8.70 £1.10 8.8 1.6
17 8-Phellandrene 3.25 +0.80 714257 3.20 £0.70 412 £1.10
18 1,8-Cineole 1.11 £0.30 1.64 £0.50 7 1.22 £0.20 1.04 £0.30 ®
20 y-Terpinene 1.04 £0.20° 241 £1.107 1.14 £0.20 1.35+£0.40 °
21 (E)-DMNT © ND 1.7 £1.7" 73 £32 54.4 £9.7
22 Menthone 24 %04 2.91 +0.7 25103 2.86 £0.70
23 Isomenthone 0.57 £0.20 ® 0.59 £0.20 * 0.63 £0.20° 0.92£0.307
24 Menthol 11.7 £1.8 13.8 £2.1 13.38 £1.40 15.6 £3.5
30 7-a-H-Silphiperfol-5-ene 84 £25 1 50 15 66 18 73 £26
31 Presilphiperfol-7-ene 72132°% 324 %1107 48+1.0" 59122
33 7-8-H-Silphiperfol-5-ene 19.6 £5.9°% 10.9 £3.5 17.8 £6.0 1 20.9 £83°
34 Asterisca-3(15),6-diene 1.19 £0.20 1.53 £0.40 1.16 £0.20 1.77 £0.40
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Treatment— C X P XP
ID*

Compound | (N=11) (N=8) (N=11) (N=10)
35 Silphiperfol-6-ene 15.0 +4.7°8 4.84 +1.307 12.2 +4.8 10 13.5 +5.27
36 7-epi-a-Cedrene 32+1.07 591293 6.1+1.9° 15.1 £9.27
37 o-Barbatene 2.07 £0.40 1 3.45£0.807 2.97 £0.70 5.26 £1.40
38 B-Caryophyllene 277 £1.0 1 1.65 £0.30 2.78 £1.10 5.6 123
40 o-Humulene 45+1.7°% 0.56 £0.20 * 2.49 £1.20° 33%1.08
41 (E,E)-o-Farnesene 39+1.84 ND 5.7 +2.4°¢ 54+22°
42 o-Amorphene 1.81 £0.20 2.48 +0.70 1.84 +0.30 1 2.25 £0.30
43 (E,E)-TMTT ¢ 0.36 £0.40 ! 347 £1.40* 21.2+12.18 13.1 £3.4
44 Unknown sesquiterpene 158 +3.5 223 16.5 22.50%3.8 204 £3.6
45 Unknown sesquiterpene 2.53 £1.10 3.0 1.5 1.48 £0.50 5.0%2.1
unknown
25 Unknown compound 26.6 £5.2 34.6 +11.5 30.6 +4.0 209 £2.8
26 Unknown compound 25.4 +4.9 32.9 +10.6 29.5 4.0 21.0 £2.8
29 Unknown compound 15.39 £1.20 19.9 £3.4 18.5+1.9 16.20 £1.20
32 Unknown compound 2.01 £0.10 2.99 +0.50 2.34 £0.20 2.86 £0.30
46 total 557.84 +44.3 920.92 £120.9  1211.23 £189.9  1206.44 £249.9

* Volatile emissions are given as mean peak area ZSE/g fresh weight of foliage divided by 10* with the

number of samples between brackets.

> ID cotresponds with the numbers presented in Fig, 2b and 3b.

¢(E)-DMNT= (E)-4,8-Dimethylnona-1,3,7-triene

4(E,E)-TMTT= 4,8,12-Trimethyl-1,3,7,11-tridecatetraene

Numbers in superscript following emission quantities give the number of samples in which the
compound was detected, if it was not found in all samples.

A PLS-DA including the samples with both aphid densities, P. brassicae eggs, their

associated dually infested treatments as well as control and P. brassicae-infested plants

resulted in a model with one significant principal component (PC) (Fig. 2a). This PC

separated the volatile blends of plants based on the presence or absence of caterpillars,

irrespective of the presence of a second attacker. When additional PLS-DAs were

conducted while excluding either the treatments containing eggs or the treatments

having aphids, no additional significant PCs were found, despite the observed

behavioral differences. Samples with different aphid densities could not be further

separated. Additional pairwise comparisons of the samples treated with caterpillars

52



Effects of several dual attack scenarios on VOC-mediated foraging

alone and two attacker species did not result in separation of the samples in any of
the comparisons. Similarly, pairwise comparisons of samples collected from control
plants and plants treated with eggs or aphids could not be separated based on the
volatiles these plants emitted (data not shown.) Examination of the loading plot shows
that a group of seven compounds contributed the most to explaining the variation
in the model (Fig. 2b). These are (E)-4,8-dimethylnona-1,3,7-triene ((E)-DMNT),
2-butenenitrile, 3-butenenitrile, 2-methylbutanenitrile, (E,E)-o-farnesene, (E,E)-4,8,12-
trimethyl-1,3,7,11-tridecatetraene ((E,F5)-TMTT) and allyl isothiocyanate.
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Figure 2. PLS-DA (Projection to Latent Structures Discriminant Analysis) comparison of the volatile
compounds emitted by B. nigra plants sampled after 72 h. (a) Score plot of the samples, with the percentage
of explained variation in parentheses. Plants were infested with P. brassicae eggs alone (E), eggs and P.
brassicae caterpillars (EP), 50 B. brassicae aphids (A50), 50 aphids and caterpillars (AP50), 100 aphids (A100),
100 aphids and caterpillars (AP100), caterpillars (P) or were healthy control plants (C). The PLS-DA
resulted in a model with one significant component: RZX=0.103 R?Y=0.11 0*=0.092 (the second axis is
shown for representational purposes). The ellipse defines the Hotelling’s T? confidence region, which is a
multivariate generalization of the Students ~test and gives a 95% confidence interval for the observations.
(b) Loading plot of the first two components of the PLS-DA, showing the contribution of each of the
compounds towards the model. Numbers refer to the volatile compounds listed in Table 1.
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When the samples from the pathogen experiment were analyzed, here also the resulting
model had one significant PC, separating samples of control plants from those that
were induced (Fig. 3a). Excluding the control samples resulted in a new significant PC,
separating samples infected with only X. campestris from samples infested with P. brassicae
caterpillars, both alone and in combination with X. campestris (Supporting Information
Fig. S1). Pairwise comparison of caterpillar-infested and dually treated samples yielded
no additional PCs though there is a clear tendency towards separation of the volatile
profiles emitted by each treatment (data not shown) For this model, seven compounds
most strongly contribute to explaining the differences between the treatments (Fig, 3b).
These are (E)-DMNT, 2-butenenitrile, 3-butenenitrile, 1-penten-3-ol, (E,E)-TMTT, (£)-

3-hexen-1-ol, and 3-pentanone.
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Figure 3. PLS-DA comparison of the volatile compounds emitted by individual B. #igra plants sampled
after 72 h. (a) Score plot of the samples, with the percentage of explained vatiation in parentheses. Plants
were infested with P. brassicae caterpillars (P), infected with Xanthomonas pathogen (X) pathogen and cat-
erpillars (XP) or were healthy controls plants (C). The PLS-DA resulted in a model with one significant
component: RZX=0.198 R?Y=0.239 0*=0.194 (the second axis is shown for representational purposes). The
ellipse defines the Hotelling’s T? confidence region (95%). (b) Loading plot of the first two components of
the PLS-DA, showing the contribution of each of the compounds towards the model. Numbers refer to the
volatile compounds listed in Table 2.
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Discussion

In this study we investigated how the presence of a second, non-host, attacker may affect
the attractiveness of the volatile blend for the parasitoid C. glomerata. The behavior of
C. glomerata is well studied, particularly their ability to distinguish between volatiles from
host-infested and clean plants, both on cultivated and wild plant populations (Mattiacci
et al., 1994; Mattiacci & Dicke, 1995; Geervliet ¢/ al., 1996; Gols e al., 2008; Gols e/ al.,
2009). We found that wasps responded to volatiles of host-infested plants, irrespective
of the presence of a second attacker, and with the exception of plants dually challenged
with X. campestris, they did not distinguish between dually infested plants and plants
infested with only P. brassicae caterpillars. For the treatments involving P. brassicae eggs,
such results were not unexpected, as egg-laden B. #igra plants are known to be attractive
to C. glomerata (Fatouros et al., 2012), though the wasps can only parasitize the early larval
stages. Therefore, in this system, the simultaneous presence of egg and larval stages on
a plant was not expected to negatively affect parasitoid foraging behavior. Conversely,
aphid infestation, particularly at the higher density of 100 aphids, was expected to lead
to interference with the volatiles induced by caterpillars on the basis of the opposing
signaling pathways induced by phloem-feeding insects and caterpillars (Pieterse ez af,
2012; Zhang et al., 2013). Contrary to the other two initial attackers -aphids or P. brassicae
eggs- which are thought to primarily induce the salicylate signaling pathway, Xanthomonas
campestris has been shown to induce a combination of salicylic acid, jasmonic acid and
ethylene-dependent responses (Ton ¢7 al., 2002). Therefore, the plant volatile response,
as well as wasp behavior, were expected to be markedly different for the experiment
including this attacker. Indeed, unlike for the other attacker combinations, plants
challenged by both the bacteria and caterpillars were more attractive to the wasps than

caterpillar-infested plants.

In the case of single infestation, the effects on wasp behavior were divergent. In the
case of aphid infestation, the behavioral response was dependent on aphid density.
Volatiles from plants infested with 50 aphids and from uninfested control plants were
not discriminated, while volatiles from plants with 100 aphids were less attractive to
the wasps than those from uninfested control plants. The higher response rate seen at
the higher aphid density indicates that the wasps were actively seeking to avoid such
plants. These density-dependent effects completely disappear once caterpillars are also
involved. On the contrary, egg-infested and, remarkably, pathogen-infected plants
proved to be attractive to wasps when presented against uninfested control plants.

This attraction to Xanthomonas-infected plants may be due to the induction of the JA-
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pathway by the pathogen, leading to the emission of compounds also emitted during
caterpillar feeding. Only a few studies document the effects of pathogen infection on
tritrophic interactions, and only one has investigated how natural enemies may perceive
pathogen infection alone. Rostds et al. (2000) found that plants infected with only the
necrotrophic fungus Setosphaeria turcica were not attractive to two parasitic wasp species,
though co-infestation with the wasp’s lepidopteran host restored their preference to
levels comparable to those of plants which were infested with hosts only. This was
despite the fact that dually challenged plants had total volatile emission rates 47% lower

than plants with herbivores only, though the blends were qualitatively similar.

Chemical data supported to a large extent the outcome of the behavioral tests in those
situations where hosts were present. Volatile profiles of all treatments with caterpillars
were similar to each other, and separated from the volatile profiles of the caterpillar-free
treatments. This supports the behavioral results, where wasps can reliably detect host-
infested plants both in single and dual attack scenarios. The volatile profiles of dually
and caterpillar-infested plants could not be segregated in the multivariate space, even ata
finer level by comparing treatments pairwise. This effect was the same for all three initial
attacker species used, despite them being taxonomically very dissimilar organisms. The
introduction of host caterpillars overruled any effects on volatile emission that the first
attacker alone may have had. In a study involving a different pathovar of X. campestris (X.
campestris pv. vesicatoria), similar effects were found. Here, bell pepper (Capsicunr annunnz)
plants infected with a compatible strain (i.e. exposure of plants to this strain results in
successful infection) in combination with Spodoptera exigua caterpillar herbivory emitted
a similar volatile profile to plants having only caterpillars (Cardoza & Tumlinson, 2000).
As to dual infestation with aphids, in broad bean (Iicia faba), simultaneous pea aphid
(Acyrthosiphon pisum) infestation suppressed emissions of some compounds normally
induced by S. exigna caterpillars (Schwartzberg ez al., 2011). However, this latter study
(Schwartzberg ez al., 2011) investigated effects on volatile emissions on a compound by
compound basis, rather than assessing whole blend characteristics. Yet it is interesting
to note that in the pairwise comparisons of the present study, the profiles of caterpillat-
infested plants and plants challenged by X. campestris and caterpillars showed a marked
tendency towards separation. There was likely no full separation because of the large
amount of variation between samples, likely due to the use of a wild plant species in
this study, which presents much more natural variation than in a homogeneous cultivar.
This tendency towards separation is interesting, as in the behavioral assays it was also
the only treatment combination where wasps showed a significant preference between

singly and dually infested plants: in this case, preference for dually challenged plants.
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Taking these observations together, along with the fact that plants infected with X.
campestris alone are attractive to wasps indicates that X. campestris infection has an effect
on the caterpillar-induced volatile blend. For the parasitoids, the attractiveness of X.
campestris-induced volatiles may be problematic, as they would waste their time searching

for caterpillar hosts on these plants.

With regards to plants damaged by only one of the attackers, we found no significant
differences in volatile profiles between plants having different aphid densities, despite
the divergent effects on wasp behavior. Though the multivariate data analysis did not
segregate the volatile blends by treatment, wasps may be picking up on subtle changes
in the blend characteristics that current GC-MS technology is not sensitive enough to
detect, or alternatively, only the specific subset of volatiles used by the wasps is different
between treatments. However, our results are similar to what has previously been found
in cultivated B. oleracea using the same aphid, lepidopteran and parasitoid species, also
looking at the systemic effects of aphid induction (Soler ez al, 2012b). Though of a
longer induction period than in this study, volatile profiles of single and dually infested
plants could not be separated in the multivariate space, and likewise wasps did not

differentiate between the two treatments, and this also at two different aphid densities.

When a plant is challenged by two attackers, multiple spatial and temporal effects
may affect the level of impact that these antagonists may have on plant-mediated
interactions with natural enemies (Dicke e# a/., 2009). The effect of multiple attack may
be dependent on such factors as order of arrival, density or spatial distribution on the
plant. The spatial distribution of the attackers on the plant may be a crucial factor in
determining the presence or absence of interference in indirect defenses. While our
study examined the systemic effects of the initial inducer by placing caterpillars on
a leaf above the initial inducer, research tends to point to stronger effects at a local
level, where signaling pathway crosstalk becomes apparent. Application of P. brassicae
egg extract on Arabidopsis leaves has been shown to lead to a local accumulation of
SA, which then led to the suppression of caterpillar-induced JA pathway-dependent
genes, yet this effect was not found in the distal plant tissues (Bruessow ez af., 2010).
Likewise, aphids have stronger effects locally than systemically, as in Arabidopsis, SA-
pathway associated genes were shown to be primarily expressed in the infested leaves
(Moran & Thompson, 2001; De Vos ez al., 2005). Such a localized response to SA-
inducing organisms may be a more general mechanism, as has also been demonstrated
with pathogen infection, where defense trade-offs only occur when the biotrophic and

necrotrophic pathogens infect the same leaf (Spoel ez al., 2007).
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Nevertheless, the somewhat limited number of available studies on volatile emissions
and natural enemy attraction in the context of dual attack show that it is quite common
for the third trophic level to not be negatively affected by the presence of a non-host.
De Rijk, Dicke & Poelman (2013) found that, out of 20 studies investigating carnivore
preference when offered host-infested plants against plants infested with hosts and a
non-host, only in 6 cases did the simultaneous presence of a non-host have a negative
effect (for instance Rasmann & Turlings, 2007; Zhang ¢f al., 2009; Zhang ez al., 2013).
In the majority of cases, when such dually challenged plants are offered against a plant
with hosts only, enemies are frequently unaffected by, or even prefer dually infested
plants both when the non-host is another herbivore (Moayeti ez al., 2007; De Boer ez
al., 2008; Erb et al., 2010; Bukovinszky ez al., 2012) or a plant pathogen (Cardoza ef al.,
2003b; Rostas ez al., 20006). This, in combination with our results, suggests that overall
the tritrophic cue appears quite robust, despite the potential for interference of the

second attacker in the volatile composition.

The ecology of C. glomerata may also provide some further explanation. In the
Netherlands the main lepidopteran hosts of this wasp, P. brassicae and P. rapae feed on
a wide range of brassicaceous plants, both wild and cultivated (Fei ez a/., 2014). Having
several generations per year, they will be present on different host plants as the growth
season progresses. It is, therefore, crucial for the parasitoids to be able to perceive
host-induced plant volatiles from a wide range of plants (Gols ez al., 2012), and so
they are likely responding to more general volatile cues and may not be so sensitive
to small changes in the volatile blend during multiple attack, as observed in our study.
Previous work with C. glomerata shows that they may not differentiate when having to
choose between volatiles of plants with only hosts and plants also infested with a non-
host caterpillars (Shiojiti ez al., 2000; Vos et al., 2001) or even root herbivores (Soler ez
al., 2007). However, C. glomerata has also been shown to discriminate between subtle
differences in volatiles blends, for example between host-infested plants originating
from different populations (Gols ez al., 2009).

In summary, we have shown that C. glomerata wasps are attracted to those plants that
harbor their caterpillar host, regardless of the presence, or identity, of a non-host
attacker infesting the plant prior to the arrival of caterpillars. Furthermore, plant volatile
data support these results as the profiles of all treatments infested with caterpillars
separate from those without, also irrespectively of initial attacker identity during dual
attack. Together, our data strongly indicate that the host-induced volatile signal in B.
nigra that attracts C. glomerata is robust and resists interference by non-host attackers,

despite the induction of opposing defense signaling pathways by two of the studied
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additional attackers. However, volatiles emitted by plants induced by non-hosts are also
attractive to C. glomerata. As natural selection is predicted to act strongly on host-finding
efficiency in parasitoids, the results of this study and others suggest that volatile-
mediated foraging should be labile when the volatile signal is not a reliable indicator
of the attacking species or when the wasp is not able to distinguish subtle differences
in volatile blends. Alternatively, wasps do not only rely on these plant volatiles, but also
use other cues, such as host-related products and visual cues during foraging, which in
combination guide the wasps to their hosts. This gives valuable insight in how a plant
species reacts to different naturally encountered aggressors, and points to a lack of

specificity in the defense response.
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Figure S1. PLS-DA comparison of the volatile compounds emitted by individual B. #igra plants sampled
after 72 h. (a) Score plot of the samples, with the percentage of explained variation in parentheses. Plants
were infested with P. brassicae caterpillars (P), infected with Xanthomonas pathogen (X) or pathogen and
caterpillars (XP). The PLS-DA resulted in a model with one significant component: R*X=0.125 R*Y=0.329
Q?=0.145 (the second axis is shown for representational purposes). The ellipse defines the Hotelling’s
T? confidence region (95%). (b) Loading plot of the first two components of the PLS-DA, showing the
contribution of each of the compounds towards the model. Numbers refer to the volatile compounds

listed in Table 2.
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Chapter 4

ABSTRACT

nfochemicals play an important role in structuring intra- and interspecific
interactions. Many parasitoid wasp species rely on herbivory or oviposition-
induced plant volatiles (HIPVs/OIPVs) to locate their herbivorous hosts,

and must cope with variation in the volatile blends due to factors such as plant/
host species, herbivore density or attack by several herbivores. However, little is
known about how dual herbivory or changes in herbivore density affect multiple
parasitoid species, each attacking a different herbivore, in the same system.
In a natural system, we investigated the effect of dual attack on the ability of
three parasitoid species to differentiate between volatiles induced by hosts and

those induced by a combination of hosts and non-hosts. Black mustard, Brassica

nigra, plants were infested with eggs or caterpillars of Pieris brassicae, alone or in
combination with different densities of Brevicoryne brassicae aphids. We determined
the ability of three different parasitoid species that parasitize either P. brassicae
eggs (Trichogramma brassicae), caterpillars (Cotesia glomerata) or B. brassicae aphids
(Diaeretiella rapae) to discriminate between the induced volatiles, and analyzed
the plant volatile blends. Dual infestation did not affect the parasitoid species
equally and aphid infestation altered, in a density-dependent manner, the volatile-
mediated foraging of all three parasitoid species. Chemical analyses of the volatile
blends revealed nonlinear emission patterns in relation to aphid density in both
plants attacked by aphids alone and in plants attacked by a combination of aphids
and caterpillars. Simple correlations between behavior and volatile emissions
in pairwise comparisons suggest the importance of certain volatiles explaining
attraction, whereas dose-response type analyses reveal that these simple correlation

analyses provide an incomplete picture.

Keywords: herbivore-induced plant volatiles, indirect defense, multiple attack,

multitrophic interactions, oviposition-induced plant volatiles.
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Introduction

Chemical cues are an important source of information for individuals and mediate
ecological interactions, whether within or between species, across the taxonomic
spectrum, covering organisms such as microorganisms, plants, insects and mammals.
(Hildebrand, 1995; Dicke & Grostal, 2001; Cardé & Millar, 2004) Within a species, these
chemical cues can indicate kinship, location, health status, fertility (via sex pheromones),
territory, or inform others of danger (alarm pheromones). However, these chemical cues
can be exploited by members of a different species, for instance to locate prey (Wyatt,
2003). This makes chemical information an important element in structuring individual
behavior and the interactions between community members (Vet, 1996; Stam ¢ al., 2014).
Volatile chemicals emitted by plants have a wide range of functions, such as plant-to-
plant signals, defense chemicals or pollinator attractants (Holopainen, 2004; Pefiuelas &
Llusia, 2004; Heil & Karban, 2010), and so a volatile blend can have different meanings

for different organisms.

For insects, these volatiles may indicate a suitable food source, an oviposition site, the
presence of herbivorous prey or hosts, or they may be used by pollinators to locate
flowering plants (Vet & Dicke, 1992; Pichersky & Gershenzon, 2002; Bruce ez al., 2005;
Lucas-Barbosa ¢f al, 2011). Parasitoid wasp species that attack insect herbivores rely
on herbivore or oviposition-induced plant volatiles (HIPVs/OIPVs) to locate host-
infested plants (Mumm & Dicke, 2010; Hilker & Fatouros, 2015), and even identify
the most suitable host developmental stages (Takabayashi ez a/., 1995; Pashalidou e al.,
2014). However, in order to successfully find these plants they must deal with a wide
range of variation in the volatile blend emitted by the plants (Vet & Dicke, 1992; Clavijo
McCormick ez al., 2012), which may not always be reliable indicators of herbivore identity
and host suitability (Vos ez al, 2001; De Rijk ez al,, 2013 and references within). The
herbivore-specific variation in HIPV blends has been attributed to the different elicitors
contained in the herbivore oral secretions that differentially affect phytohormonally

regulated plant responses and eventually volatile emission.

Moreover, in nature plants are commonly challenged by more than one attacker, either
simultaneously or sequentially, potentially compromising volatile-mediated foraging of
natural enemies of the herbivores (Dicke ¢z 4/, 2009). Multiple attack adds a further layer
of complexity to the interactions within a tritrophic system, as non-host attackers can
have a significant impact on the foraging behavior of parasitoid wasps (Rodriguez-Saona
¢t al., 2005; De Rijk ez al., 2013; Ponzio et al., 2013). Non-host identity can have an effect
via crosstalk between different defense signaling pathways or through attacker-specific
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interactions with the plant (De Vos ez al., 2005; Stam ef al., 2014). A myriad of additional
factors can come into play, such as the location of the different attackers on the plant,
the timing of the attacks or herbivore density (Dicke ¢ 2/, 2009; Zhang ez al., 2009; Kroes
et al., 2015).

Many of the studies examining the effects of dual attack on parasitoid foraging look at
how different non-host herbivores affect one focal member of the third trophic level,
but less is known about how one given dual attack scenario may affect multiple species
at the third trophic level. When two tritrophic systems are combined on the same plant,
dual attack can differentially affect the respective parasitoid species of the attackers that
may not interpret the volatile cues in the same manner (Shiojiri e a/., 2000), and this
may be especially true depending on whether the attacking herbivores induce similar
or opposing defense signaling pathways. In this context, and in a natural biological
system, we examined the effect of dual infestation with aphids and lepidopteran eggs or
caterpillars on the attraction of parasitoid species respectively attacking the aphids, eggs
or caterpillars (Fig. 1). In addition, we determined the effect of aphid density on volatile-
mediated foraging behavior. Black mustard, Brassica nigra (Brassicaceae) plants were
infested with eggs or eatly first-instar caterpillars of the large cabbage white butterfly,
Pieris brassicae (Lepidoptera: Pieridae), alone or in combination with Brevicoryne brassicae
(Hemiptera: Aphididae) aphids. We predicted that the volatile blend that is produced in
response to dual infestation would be less attractive to the respective parasitoids of the
two inducing herbivore species than the blend that is emitted by plants infested by hosts
alone. Moreover, behavioral interference was predicted to be stronger for the parasitoid
of the eggs and the caterpillars with increasing aphid density, but to be attenuated for the
aphid parasitoid. Using wind tunnel and olfactometer bioassays, we compared the effects
of dual attack on the host-finding behavior of three different parasitoid species that
parasitize either the eggs (17ichogramma brassicae), caterpillars (Cotesia glomerata) or aphids
(Diaeretiella rapae). The composition of the induced plant volatile blends was also analyzed,
to assess whether changes in the blend characteristics could explain the observed wasp
behavior. The herbivores were chosen on the basis of the defense signaling pathways
they induce: aphids and eggs primarily induce salicylic acid-mediated defenses, while
defenses against caterpillars are largely induced via the jasmonic acid signaling pathway
(Bruessow et al., 2010; Kroes ¢ al., 2015).
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Diaeretiella rapae

Cotesia glomerata

Trichogramma brassicae

Pieris brassicae
larvae

Pieris brassicae
eggs

Brassica nigra

Figure 1. Tllustration of the three insect or egg attackers and their respective parasitoid species used in
this study. The herbivore attackers primarily induce either the salicylic acid defense pathway (SA) or the
jasmonic acid (JA) and ethylene (ET) pathways, which frequently have inhibitory effects on each other
(symbolized by lines capped with bars).

Methods

Plant and insect material

Brassica nigra plants, originating from seeds collected from a wild population growing in
Wageningen (The Netherlands), were cultivated under greenhouse conditions at 22 & 2
°C, with a relative humidity (RH) of 60-70% and alight:dark (LD) regime of 16:8 h. Three
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naturally occurring insect attackers were used, with their associated natural enemy (Fig.
1). Pieris brassicae larvae and adults and B. brassicae aphids were reared on Brussels sprouts
plants, Brassica oleracea var. gemmifera cv. Cyrus, in a climate-controlled room (21 * 1 °C,
50-70% RH, 16:8 h LD). The specialist larval parasitoid, C. glomerata, was reared from P.
brassicae under similar conditions. Cocoons were kept in a (30 x 30 x 30 cm) mesh cage
(Bugdorm, Taiwan) and adults were supplied with a 6% sucrose solution and honey.
Three-to-seven-day-old, mated female wasps were used in the bioassays. The generalist
egg parasitoid Trichogramma brassicae was reared from eggs of Ephestia kuebniella moths
(Koppert Biological Systems, The Netherlands) in a climate chamber at 25 +1 °C, 50-70%
RH and 16:8 h LD. Two-to-five-day-old, mated females were used in all experiments. The
generalist aphid parasitoid, D. rapae, was reared in a climate cabinet (20 = 1 °C, 50-70%
RH, 16:8 h LD) from Myzus persicae aphids feeding on radish, Raphanus sativus cv. Gaudry,
plants. Adults were supplied with water and honey. Mummies were collected and placed
in a separate cage prior to emergence and kept under similar conditions. Two-to-four-
day-old, mated female wasps were used in the bioassays. All wasps of the three species
used in the experiments were naive, i.e. they had no previous contact with plant material,

their hosts or host products during their adult life.

Plant treatments

All experimental plants were kept in 35 x 35 cm and 60 cm high mesh cages (Vermandel,
The Netherlands), with each treatment in a separate cage. For treatments with a
single herbivore, plants were infested with either 25, 50 or 100 early instar B. brassicae
nymphs, 20 first-instar P. brassicae caterpillars or one clutch (on average about 30 eggs)
of P. brassicae eggs. Twenty caterpillars were used in order to match the density used in
previous experiments (Ponzio ez al., 2014). All feeding insects, or eggs, were placed on the
youngest fully expanded leaf. Eggs were obtained by placing the B. #zgra plants in a cage
containing >100 P. brassicae butterflies. The plant was covered with a mesh bag with the
desired leaf protruding, and butterflies were allowed to oviposit until the desired number
of eggs was obtained, which takes 10-20 min. For treatments with dual stress (eggs and
aphids, or aphids and caterpillars), plants with aphids or eggs were prepared as described
above. In the case of dual infestation with aphids and caterpillars, 48 h after infestation
with the aphids 20 first-instar P. brassicae caterpillars were added on the same leaf, and
allowed to feed for a further 24 h. For plants dually infested with eggs and aphids, the
aphids were placed on the plant immediately after oviposition by P. brassicae butterflies.
All plants were infested for a total duration of 72 h (or 24 h for plants infested with

caterpillars only) before being tested in the wind tunnel or Y-tube olfactometer. Preris
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brassicae eggs hatch only after 96 h at 21 °C. Healthy, uninfested plants were kept under

the same conditions as the treated plants.

Wind tunnel bioassays

Plant preference of the parasitoid C. glomerata was tested in a wind tunnel setting as
previously described by Geervliet et al. (1994), at 25 £ 1 °C, 60 £ 10% RH and with
a wind speed of 10 cm/s. Wasp landing preference was recorded for seven different
treatment combinations: (1) and (2): healthy plant versus plant infested with either 50 or
100 aphids; (3): healthy plant versus plant infested with 20 caterpillars; (4) and (5): healthy
plant versus plant infested with 50 or 100 aphids, respectively, and 20 caterpillars; (6) and
(7): plant infested with 20 caterpillars versus one of the dually infested treatments at the
two different aphid densities. Plants were placed in the wind tunnel 30 min before the
start of the bioassays to allow for the dissipation of volatiles resulting from handling.
Wasp manipulation and release were carried out as described by Ponzio e al. (2014).
Females were released in two to three groups of five individuals. The pooled response
of these wasps served as one data point and this was repeated nine to 11 times with new
wasps and newly prepared plants for each tested plant combination. Wasps that did not
respond within the observation period set at 15 min were scored as nonresponding and
excluded from the statistical analysis. To exclude any potential bias, the positions of the

plants were exchanged after each group of released females.

Y-tube olfactometer bioassays

Bioassays with both T. brassicae and D. rapae wasps were conducted in a dynamic airflow
Y-tube olfactometer described in detail by Fatouros ef a/ (2012). Pressurized air was
filtered through activated charcoal and humidified by passing through a jar with water.
Incoming airflow was regulated by a flowmeter at 200 ml/min. The airflow was then
divided into two sub flows that each fed into a glass jar containing an odor source. Air
from each jar then flowed into one of the arms of a glass Y-tube olfactometer, with an

airflow of 100 ml/min.

Ten female wasps were released into the system simultaneously, with two groups released
per tested plant pair. The positions of the plants were swapped between releases of the
two groups. It was previously established that group release in a Y-tube olfactometer did
not influence the behavior of wasps (Fatouros e7 al., 2012). For the statistical analysis,
the groups were then pooled for each tested plant pair. After 15 min (for D. rapae) or 30

min (for T. brassicae) their preferred odor source was recorded, with a choice considered
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to be made when wasps were found inside the trapping bulbs, located near the ends of
the Y-tube arms. Wasps that did not respond within the observation period were scored
as nonresponding and were excluded from the statistical analysis. The same treatment
combinations as for the bioassays with C. glomerata were tested, with some differences: for
the bioassays with 1. brassicae, plants were infested with eggs instead of caterpillars, and for
D. rapae an additional three test combinations, with 25 aphids (control versus 25 aphids,
control versus caterpillars plus 25 aphids, and 25 aphids versus caterpillars plus 25 aphids),
were included to further study the effect of aphid density on wasp odor preference. Eight

replicates were tested per plant treatment pair for both wasp species.

Headspace collection and analysis

Volatiles were collected from plants of all the different treatments used in the behavior
assays. The plants were prepared as described in the plant treatment section, with nine
replicates per treatment. Trapping of the volatiles and their subsequent analysis via
GC-MS were carried out as described in detail by Ponzio ef a/. (2014), with some minor
modifications. Volatile collection was done with synthetic air (Air Synthetic 4.0 Monitoring
from Linde Gas, Schiedam, The Netherlands) as the use of pure air with no impurities
is better suited for volatile trapping, and is commonly used for gas chromatography.
Additionally, a ZB-5MSi analytical column (30 m x 0.25 mm internal diameter x 0.25
um film thickness with 5 m built-in guard column, Phenomenex, Torrance, CA, US.A.)
was used, and the gas chromatograph oven program was as follows: the temperature was
initially held at 40 °C for 2 min, raised at 4 °C/min to 220 °C and then was immediately
raised at 10 °C/min to a final temperature of 280 °C, whete it was kept for 7 min under a

helium flow of 1 ml/min in a constant flow mode.

Statistical analysis

To investigate whether parasitoid preferences differed when various combinations of
plant treatments were offered, the data were analyzed using logistic regression in SAS
version 9.2 (SAS Institute Inc. Cary, NC, US.A.) with plant treatment as a fixed factor.
For cases of overdispersion, we corrected for this by allowing the variance functions of
the binomial distribution to have a multiplicative overdispersion factor. In the comparison
with control plants, the number of wasps choosing the attacker-infested plants out of the
total number of responding wasps was entered as the response variable. In the analysis of
dual versus single attack, the number of wasps choosing the dually infested plant out of

the total number of responding wasps was entered as the response variable. Each bioassay
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with one pair of plants served as a replicate. To determine within each comparison whether
there was a significant preference for one of the offered plant treatments, we tested H

logit=0, which equals testing equal preference for P=0.5.

The volatile emission patterns, measured as peak areas divided by the fresh mass of the
plant, were analyzed through multivariate data analysis using PSL-DA (projection to latent
structures discriminant analysis; (Eriksson ez a/, 2000). The analysis additionally shows
the variable importance in the projection (VIP) of each variable (in this case, the different
compounds), with variables having VIP values greater than 1 being most influential in the
model (Eriksson ez al., 20006). To directly link behavior and chemistry, PLS-DA models were
run including the two test treatment groups. Here, only those compounds having a VIP
value greater than 1 were included, to explicitly focus on the most important compounds.
In all cases, data were log-transformed, mean-centered and scaled to unit variance before

they were subjected to the analysis.

Results

Attraction of parasitoids to induced plant volatiles

Cotesia glomerata: parasitoid of P._brassicae caterpillars

In the wind tunnel experiments using C. glomerata, significant differences were observed
between the different treatment pairs, in tests of both healthy versus infested plants
(generalized linear model, GLM: y*,= 175, P <0.001) and host-infested versus dually
infested plants (GLM: > = 22, P <0.001; Fig. 2a). Wasps preferred volatiles from host-
infested plants to volatiles from healthy plants, with neither aphid presence nor their
density affecting wasp attraction to host-infested plants (Fig. 2a). However, when plants
infested with aphids alone were offered against healthy plants, density-dependent effects
were present. Wasps equally landed on healthy plants and those infested with 50 aphids,
while volatiles from plants with 100 aphids were significantly less preferred than healthy
plants. When dually infested plants were offered against host-infested plants, clear density-
dependent effects of the aphids on wasp foraging were recorded. Volatiles from plants
dually challenged with 50 aphids and caterpillars were more attractive than volatiles from
plants with caterpillars only, but when the density was increased to 100 aphids, there was
a switch in preference, with volatiles of dually infested plants becoming significantly less
attractive than those of plants with only caterpillars.
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Cotesia glomerata

Significant VIP>1

(a) (b)  pLs-DAmodel?
- L
< | N ST %™ b Yes
P o H ¢ | A100 A w a Yes
A C ' ASOW gt 2/ ves
\ \
T c ' Al00+p Py C o ves
\ \
f.‘{' ck P B IY./{;‘; C *%x Yes
_________________________ PETIDIIIDIININN | & e C
’.\{’42_;", = P | AS50+P — ’_R( W A No
s - - .
o % P §A100+P | S gy b e Yes
100 50 0 50 100

Percentage of wasps landing on either plant

Figure 2. (a) Preference of C. glomerata wasps (caterpillar parasitoids) in a two-choice set-up in a wind
tunnel (percentage + SE, plant N=10) where healthy control plants (C) or plants infested with 20 P. brassicae
caterpillars (P) were tested against a plant infested with one of the following: single infestation with 20
caterpillars (P), 50 (A50) or 100 (A100) B. brassicae aphids, or dual infestation of 20 caterpillars with 50
(A50+P) or 100 (A100+P) aphids. Significant differences between treatments (P < 0.05) are indicated with
different letters, with the treatment pairs below the dashed line analyzed separately from those above it.
Asterisks indicate a preference that is significantly different from a 50:50 distribution within a choice test:
* P < 0.01; ¥+ P < 0.001. (b) Results of pairwise PLS-DA models, comparing the same treatment pair
as for the behavioral study, which indicates whether the models result in at least one significant principal
component (PC). Models included only those compounds that have a vatiable importance in projection
(VIP) value greater than 1, i.e. compounds that contribute the most to the model.

Lrichogramma brassicae: parasitoid of P. brassicae eggs

In Y-tube olfactometer experiments with 1. brassicae, preference differed between the
different tested plant combinations, but only for healthy versus infested plant combinations
(healthy versus infested: GLM: y°,= 21, P < 0.001; host-infested versus dually infested:
GLM: * = 0.2, P = 0.66; Fig. 32). While volatiles induced by an infestation of only host
eggs were preferred over those emitted by healthy plants (Fig 3a, comparison C versus
E), the simultaneous presence of aphids and host eggs interfered with normal foraging
behavior to a certain extent, as the wasps no longer distinguished volatiles from plants
infested with eggs and aphids from volatiles emitted by healthy plants (Fig 3a, comparison
C versus A50+E, C versus A100+E). This was apparent at both aphid densities; however,
there was no additional effect of aphid density. The effect is relatively subtle; when
behavioral responses of the wasps to the different treatment pairs were compared, the

strength of preference for dually infested or egg-only infested plants was similar. In the
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absence of eggs, in tests of aphid-infested plants against healthy plants there were no
density-dependent effects, although a negative trend was visible. When the dually infested
treatments were offered against plants with eggs only, at both densities the wasps displayed
a preference for volatiles emitted by plants infested with only eggs.
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Figure 3. (a) Preference of T. brassicac wasps (egg parasitoids) in a two-choice set-up in a Y-tube
olfactometer (percentage & SE, plant N = 8) where healthy control plants (C) or plants infested with 30 P.
brassicae eggs (E) were tested against a plant infested with one of the following: single infestation with 30
eggs (E), 50 (A50) or 100 (A100) B. brassicae aphids, or dual infestation of 30 eggs with 50 (A50+P) or 100
(A100+P) aphids. Significant differences between treatments (P < 0.05) are indicated with different letters,
with the treatment pairs below the dashed line analyzed separately from those above it. Asterisks indicate
a preference that is significantly different from a 50:50 distribution within a choice test: * P < 0.05; ** P <
0.01; ##* P < 0.001. (b) Result of pairwise PLS-DA models, comparing the same treatment pair as for the
behavioral study, which indicates whether the models result in at least one significant principal component
(PC). Models included only those compounds that have a variable importance in projection (VIP) value
greater than 1.

Daaeretiella rapae: parasitoid of B. brassicae aphids

For D. rapae there was also a significant difference in preference between the different test
combinations, but only in the case of healthy versus infested plants (GLM: y* = 37, P =
0.0001) but not for host-infested versus dually infested plants (GLM: y*,= 0.6, P = 0.74;
Fig. 4a). Interestingly, a negative correlation was found between parasitoid attraction and
aphid density. This was the case when healthy plants were tested against aphid-infested
plants, and also against plants infested with both aphids and caterpillars. When testing
each aphid density against the associated dual infestation, the presence of caterpillars did
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not influence plant preference at any of the three aphid densities, as the wasps did not
significantly prefer one treatment over the other.

~ /4
: Diaeretiella rapae

Significant VIP>1

(a) (b)  PLS-DA model?
l’r F © A25 — /Y“' bed *** Yes
| |
J"r = © ! A50 — ;,‘(c. be NS Yes
- of - c | A100 — P els a NS Yes
;!( " { AZ5:R ! N 4:( & Ay s Yes
c A50+P
J’r " ( g B l“.(r"' Yy cd * Yes
‘:r - C | A100+P - Sy . Yes
;’Tv E € 7 N &5 iy b NS Yes
V-t i m— s My 5 NS Yes
P >- sso - JCe iy 5 NS Ves
;‘r 5 = A100  A100+P T ;‘T' *z a NS Yes
100 50 0 50 100

Percentage of wasps choosing volatiles of either plant

Figure 4. (a) Preference of D. rapae wasps (aphid parasitoids) in a two-choice set-up in a Y-tube olfactom-
eter (percentage *SE, plant N=8) where healthy control plants (C) or plants infested with 20 P. brassicae
caterpillars (P) were tested against a plant infested with one of the following: single infestation with 20
caterpillars (P), 25 (A25), 50 (A50) or 100 (A100) B. brassicae aphids, or dual infestation of 20 caterpillars
with 25 (A25+P), 50 (A50+P) or 100 (A100+P) aphids. Significant differences between treatments (P <
0.05) are indicated with different letters, with the treatment pairs below the dashed line analyzed separately
from those above it. Asterisks indicate a preference that is significantly different from a 50:50 distribution
within a choice test: * P < 0.05; *** P < 0.001. (b) Result of pairwise PLS-DA models, comparing the same
treatment pair as for the behavioral study, which indicates whether the models result in at least one signifi-
cant principal component (PC). Models included only those compounds that have a variable importance in
projection (VIP) value greater than 1.

Induced plant volatiles

A total of 37 different volatile compounds were detected in the headspace of the plants.
Plants of the 11 different treatments all emitted the same compounds, but in different
proportions (Supporting Information Table S1). A PLS-DA of the samples from all
treatments with either aphids, caterpillars or a combination of both resulted in a model with
one significant principal component (PC; Fig. 5). This PC separated the treatments based
on the presence or absence of caterpillars. Further models were made to see whether any
further separation could be found in these two groups. When comparing the treatments

containing only aphids, a significant PC was found which distinguished plants infested
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by 50 aphids from the plants that were infested with either 25 or 100 aphids (Fig. 6). No
other significant PCs could be found when comparing samples with 25 or 100 aphids, nor
was there any separation between the treatments that included caterpillars. Analysis of the
samples from aphid-infested, egg-infested and the matching dually challenged plants did
not result in a significant model (model not shown), indicating a strong similarity in the

volatile blends induced by eggs or by aphids.
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Figure 5. PLS-DA comparison of the volatile compounds emitted by single or dual infested individual B.
nigra plants sampled after 72 h. (a) Score plot of the samples, with the percentage of explained vatiation
in parentheses. Plants were infested with 25, 50 or 100 B. brassicae aphids (A25, A50, A100), 20 P. brassicae
caterpillars (P) or a combination of each aphid density and caterpillars (A25+P, A50+P, A100+P). The
PLS-DA resulted in a model with one significant component: R7X = 0.308, R?Y = 0.0914, 07 = 0.069 (the
second axis is shown for representational purposes). The ellipse defines the Hotelling’s T2 confidence
region, which is a multivariate generalization of the Student’s # test and gives a 95% confidence interval for
the observations. (b) Loading plot of the first two components of the PLS-DA, showing the contribution
of each of the compounds towards the model. Only compounds having a variable importance in projection
value greater than 1 were included. Compound identity is as follows: (1) 2-butenenitrile, (2) 3-butenenitrile,
(3) 1-penten-3-ol, (4) 3-pentanone, (5) 2-methylbutanenitrile, (6) (Z)-3-hexen-1-ol, (7) allyl isothiocyanate,
(8) (Z)-3-hexen-1-ol acetate, (9) (E)-4,8-dimethyl-1,3,7-nonatriene ((F5)-DMNT), (10) 7-8-H-silphiperfol-
5-ene, (11) unknown sesquiterpene, (12) silphiperfol-6-ene, (13) tricyclo[6.3.0.0(1,5)]undec-2-en-4-one,
2,3,5,9-tetramethyl (TUT), (14) total volatiles.

In addition, pairwise PLS-DA compatisons were done for all the treatment combinations

tested in the behavioral assays, and for these the models included only compounds having
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a VIP value greater than 1, i.e. those compounds that contribute most strongly to the
model. When comparing healthy plants against one of the single or dual infestation
treatments, the pairwise comparisons neatly all resulted in a significant model (Figs 2b,
3b and 4b), with the exception of the treatment pair healthy plants versus egg-infested
plants in the bioassays with 1. brassicae (Fig. 3b). When comparing host-infested and
dually infested treatments, significant models were found for five of the seven pairwise
comparisons, also in instances where there was no behavioral discrimination (e.g. Fig. 4).
The volatile blends of caterpillar-infested plants and plants dually infested with 50 aphids
were not significantly different from each other (Fig, 2b), and this was also the case for the

comparison between egg-infested plants and plants with eggs plus 100 aphids (Fig. 3b).
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Figure 6. PLS-DA comparison of the volatile compounds emitted by individual aphid-infested B. #igra
plants sampled after 72 h. (a) Score plot of the samples, with the percentage of explained variation in
patentheses. Plants were infested with 25 (A25), 50 (A50) or 100 (A100) B. brassicae aphids. The PLS-DA
resulted in a model with two significant components: R’X = 0.3, R?Y = 0.229, 07 = 0.062 and R’X =
0.172, R?Y = 0.172, ¢? = 0.107. The cllipse defines the Hotelling’s T2 confidence region. (b) Loading
plot of the first two components of the PLS-DA, showing the contribution of each of the compounds
towards the model. Only compounds having a variable importance in projection value greater than 1 were
included. Compound identity is as follows: (1) 2-butenenitrile, (2) dimethyl disulphide, (3) (Z)-3-hexen-1-ol,
(4) myrcene, (5) (£)-3-hexen-1-ol acetate, (6) isomenthone, (7) 7-a-H-silphiperfol-5-ene, (8) presilphiperfol-
7-ene, (9) 7-B-H-silphiperfol-5-ene ,(10) unknown sesquiterpene, (11) silphiperfola-5,7(14)-diene, (12)
unknown sesquiterpene, (13) silphiperfol-6-ene, (14) a-funebrene, (15) longifolene, (16) unknown
compound, (17) B-caryophyllene, (18) a-caryophyllene, (19) (E,E)-a-farnesene, (20) tricyclo[6.3.0.0(1,5)]
undec-2-en-4-one, 2,3,5,9-tetramethyl (TUT).
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Discussion

In this study we compared the effects of dual infestation with B. brassicae aphids in
combination with P. brassicae eggs or caterpillars on the foraging behavior of their
respective parasitoids. Our results show that dual infestation can affect volatile-mediated
foraging; however, the effect of interference by the non-host attacker was dependent
on the parasitoid species. For the aphid parasitoid D. rapae, there was no effect of dual
attack by non-host caterpillars. For the egg parasitoid 1. brassicae, the non-host aphids
did interfere with foraging. Finally, for the larval parasitoid C. glomerata, dual infestation
by non-host aphids also interfered with foraging, in a density-dependent manner.
Furthermore, our results show a general negative, density-dependent effect of aphid
infestation on volatile-mediated behavioral responses of natural enemy species, both
when the aphids are the host and when they are the non-host herbivore of the parasitoid
species in question. However, the behavior of the different wasp species was not affected
in the same way by aphid infestation. When the alternative volatile source was a clean
plant, the behavioral response was negatively correlated with aphid density for all three
wasp species, including the aphid parasitoid D. rapae. In the presence of the non-host P.
brassicae caterpillars, D. rapae responded similarly to aphid density whereas the other two
parasitoid species, C. glomerata and I brassicae, clearly preferred the plants with their host
irrespective of aphid presence or aphid density. However, when the difference between
the two volatile sources was mote subtle, i.e. when the alternative volatile source was a
host-infested plant, the latter two species responded differently. Although 1. brassicae
cleatly preferred host (egg)-infested plants over dually infested plants, regardless of aphid
density, C. glomerata preferred host (caterpillar)-infested plants over dually infested plants
at a high aphid density, whereas the reverse result was found at a lower aphid density.

It is important for parasitoid wasps to be able to distinguish between plants infested
with host and non-hosts, and to have limited interference from non-host presence. If a
wasp cannot make the distinction, more time will be spent searching for host-infested
plants, which may lead to a decrease in host finding efficiency, and so a lower number of
offspring. Here, both the egg parasitoid 1. brassicac and the larval parasitoid C. glomerata
either preferred clean plants over aphid-infested plants or did not discriminate between
these two plant types depending on aphid density. Furthermore, plants infested with
hosts and aphids were clearly preferred over clean plants. These results suggest that
there is no interference of non-host aphids with volatile-mediated foraging of these two
parasitoid species. Previous studies have shown that naive C. glomerata females cannot

discriminate between volatile blends emitted by host and non-host caterpillar-infested
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plants (Geervliet ¢f af, 1996; Shiojiri et al., 2000; Bukovinszky ez al, 2012). Members
of different insect feeding guilds, such as phloem-feeding aphids and tissue-chewing
caterpillars, are known to activate different defense signaling pathways (De Vos ¢ al,
2005; Thaler e7 al., 2012). This may explain why naive C. glomerata distinguished between
aphid- and caterpillar-induced volatile blends but not between those induced by different
host and non-host caterpillar species. The foraging by egg parasitoids on plants infested
by eggs plus non-host attackers is largely unexplored, and recent work addressing the
question has also found that the presence of non-host herbivores can disrupt the
attraction of an egg parasitoid to OIPVs (Moujahed ¢f 4/, 2014). It is noteworthy that
the spatial distribution of the herbivores on the plant can also influence wasp foraging
behavior. Aphid density-dependent effects are recorded when both herbivores infest
the same leaf (this study) but not when, using the same plant-herbivore system, the
herbivore species are feeding on separate leaves (Ponzio e/ al., 2014). It is known from
phytopathogen-based systems that defense trade-offs against two attackers are stronger
locally than systemically (Spoel ¢ al., 2007), and such effects can probably be expected as
well during insect attack (Dicke ¢ al, 1993; Mousavi ez al., 2013). Thus, the identity of
the non-host, and the spatial distribution of host and non-host herbivores on the plant,
can influence volatile-mediated foraging of a parasitoid (see also de Rijk et al. (2013)
for further discussion). Rearing history may also be an additional factor to consider, as
the different parasitoid hosts were not reared on the same plant species, and may have
acquired different experiences during their larval or pupal stages. Given the variation in
host specialization, it is likely that rearing history will influence the various parasitoids
to different degrees. Moreover, in nature the parasitoids are also likely to develop from

hosts feeding on different food plant species.

Foraging behavior of the aphid parasitoid D. rapae was not affected by the presence of
caterpillar non-hosts in combination with host aphids, which confirms previous work on
this parasitoid species in a different plant-non-host system (Agbogba & Powell, 2007).
Most strikingly, however, and against prediction, the wasps were negatively affected by
increasing aphid density despite the fact that D. rapae is an aphid parasitoid commonly
found to parasitize B. brassicae. This parasitoid species attacks both generalist and
specialist aphid species infesting brassicaceous plant species and is known to be attracted
to isothiocyanates, whether of plant origin or applied as pure compounds onto plants
(Titayavan & Alteri, 1990; Blande e# al., 2007; Pope e# al., 2008). These compounds are
by-products resulting from the hydrolysis of glucosinolate plant secondary metabolites
by myrosinase enzymes in the Brassicaceae (Fahey ez a/., 2001), which are then mobilized

in defense against attacking insect herbivores. Generalist species are usually more strongly
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affected by these defense compounds than are specialists (Rask e a/., 2000). Differences
in emission rates of this class of compounds could thus be expected to play a role in
wasp foraging behavior. However, in our study, emission rates of allyl isothiocyanate,
the hydrolysis product of sinigrin, which is the dominant glucosinolate in B. nigra (Gols
et al., 2009), cannot explain the observed wasp behavior, as no correlation was found
between aphid density and the concentration of this compound in the plants” headspace.
Such a finding would indicate that in B. #igra, allyl isothiocyanate does not play a primary
role in the foraging behavior of this wasp species. Alternatively, it can be speculated
that specialist aphids, such as B. brassicae manipulate plant volatile emission in B. nigra
that is attractive to one of their important natural enemies, in order to reduce parasitoid
recruitment, but this needs further research. However, while 100 aphids is a relatively
mild infestation on a large plant such as B. #igra, the exponential population growth curve
of aphids implies that at such a density the plant will rapidly become heavily infested
by B. brassicae aphids. Thus, the higher aphid density used in this study may already be
indicative to the parasitoid that host plant quality will probably deteriorate soon, with
potential consequences for their offspring’s fitness (Yoneya & Miki, 2015).

The emission of many of the plantvolatile compounds responded nonlinearly to increasing
aphid density, be this for the treatments with only aphids or for dually challenged plants.
For many individual compounds, as well as for the overall volatile blend, plants infested
with 25 or 100 aphids were more similar to each other than to plants infested with the
intermediate density of 50 aphids, although the effects were more pronounced for single
infestation with aphids than for the dually challenged treatments, and no methodological
or functional explanations could be found for this. No blend characteristics could be
linked to the observed behavior for any of the wasp species studied, and it is apparent
that wasp behavior cannot simply be explained solely by quantitative differences in the
overall emitted blends. What the observed behavior does suggest, however, is that in this
system, B. brassicae aphid infestation, especially at higher densities, may suppress volatiles
that are crucial for host-plant location, or alternatively, induce a volatile blend that is
repellent. While analyzing the induced plant volatiles does not provide definitive answers
in our case, it is known that insects perceive volatiles in concentrations much below
the current detection thresholds, and they may be responding to very subtle differences
in the volatile blend. Specific knowledge of the exact cues used by foraging wasps is
limited and difficult to obtain, leading to difficulties in identifying blend characteristics
that are key for successful foraging (Turlings & Fritzsche, 1999; Gols ez al., 2011). For
C. glomerata, compounds that elicit an electroantennogram (EAG) response have been

identified (Smid e af., 2002). However, B. nigra does not emit any of these compounds,
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and yet C. glomerata strongly responds to B. nigra volatiles with which they have no recent
history (insects were reared from hosts on B. oleracea for several generations), indicating
the involvement of other compounds. Identifying key blend features is an imposing task,
given the many aspects of the volatile blend that may be important for wasp foraging,
However, many features have proven to be important in foraging decisions, such as
the ratios in which certain compounds are present, the presence of a given compound
within a certain background, or the strong influence of minor blend constituents (Bruce
& Pickett, 2011; Clavijo McCormick e al., 2012; Clavijo McCormick ez al., 2014 and

references within).

The task of deciphering the active components of plant volatile blends becomes
infinitely more complicated when considering the complex foraging environments
faced by parasitoid wasps, including changes in (non)host density. Variation in herbivore
density is known to affect tritrophic interactions in the case of single herbivore attack
(Dicke et al., 1988; Gols et al., 2003; Shiojiti ez al., 2010; Girling ef al., 2011), and also to
affect induced plant volatile emissions, with the effects of density being either linear or
nonlinear depending on the plant and insect species involved (Maeda & Takabayashi,
2001; Horiuchi ez al., 2003; Shiojiti e al., 2010; Gitling e# al., 2011; Truong et al., 2014).
For multiple attack scenarios, relatively little is known about the effects of herbivore
density, although the effect of non-host herbivore density has been shown to trickle
up to affect the third trophic level (Zhang ¢ al., 2009). Important lessons can be drawn
from our results. We see that the plant volatile response to increasing aphid density is
nonlinear, and if we had not included a third density, a linear volatile response could
have been erroneously inferred, based on the behavioral data. This demonstrates the
importance of having more than two densities in the comparison (see also Zhang ¢f al.,
2009), with a greater risk of drawing incomplete conclusions when using two densities.
Ideally, studying the relationship between herbivore density and volatile emissions should
include an even wider range of herbivore densities in order to have a proper assessment
of the kinetics of volatile induction. Our study also shows that the scaling up of the
complexity in dual attack scenarios is not a straightforward procedure. We show that
simple correlations between behavior and volatile emissions in pairwise comparisons may
suggest the importance of certain volatiles in explaining behavioral attraction, whereas
dose-response type analyses reveal that this approach may be too simple. Unfortunately,
it has appeared to be very difficult to identify the exact blend that attracts parasitoids;
such information is not available for any parasitoid species, despite 25 years of research
into this (e.g. Turlings & Fritzsche, 1999; Gols e al, 2011). Without understanding
what specific cues are used by the wasp species being studied, it is difficult to exploit a
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headspace data set to its fullest potential.

In conclusion, we have shown that even within the same study system, dual herbivore
attack does not affect foraging decisions of each parasitoid species in the same way, and
that aphid infestation, whether they be a parasitoid’s host or a non-host, can have strong
influence on foraging behavior, with these effects being density dependent. Foraging
wasps use volatile cues from infested plants to locate their hosts. However, the strong
dichotomy we observed between aphid effects on foraging behavior and the induced
volatile blends illustrates that while we may have many clues, we are still a long way away
from having a thorough understanding of the intricate processes underlying parasitoid
foraging decisions in a tritrophic context.
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ABSTRACT

“Vhe effects of multiple insect attacks on herbivore-induced plant volatiles

and carnivorous arthropods are increasingly studied. Phytopathogens

also represent an important threat to plants, and plant defense strategies

against pathogens and insects are strongly interconnected, yet the potential impact
of pathogens on insect-induced volatiles has been largely overlooked, and degree
of pathogenicity rarely considered. We investigated how pathogen challenge,
with virulent and avirulent strains of Xanthomonas campestris either alone or with
simultaneous Pieris brassicae caterpillar herbivory, affected the volatile emissions of
Brassica nigra plants. The impact of these volatiles on the foraging behavior of Cotesia
lomerata parasitoids was then assessed. Pathogens themselves induced volatiles
that were highly attractive to parasitoids, and enhanced the attractiveness of host-
infested plant volatiles. Chemical analyses revealed that virulent and avirulent strains
differentially induced plant volatiles, with primarily sesquiterpene, homoterpene and
green leaf volatile compounds contributing to the differences. Strong similarities
were found in the blends induced by the virulent strain and caterpillar herbivory.
Challenge by either virulent or avirulent pathogens has a significant impact on plant
chemistry and its interactions with other community members, demonstrating the
importance of integrating pathogen- and insect-based research to broaden our

knowledge of plant defenses under conditions of increasing complexity.

Keywords: bacterial pathogen, Xanthomonas campestris, Pieris brassicae, induced plant

volatiles, parasitoid foraging, virulent, avirulent.



Plant and parasitoid responses to phytopathogens

Introduction

The attack of a plant by deleterious organisms such as herbivores or pathogens activates
plant defense responses, and sets off a cascade of events, which includes the production
and emission of volatile organic compounds (Stout ¢z a/., 2006; Howe & Jander, 2008).
Herbivore-induced plant volatiles (HIPVs) are of strong ecological relevance, as they are
exploited as foraging cues by the natural enemies of the attacking herbivores (Dicke &
Baldwin, 2010), however studies of volatile-mediated interactions have largely focused
on interactions involving a single insect herbivore and its associated natural enemy. There
has been a shift towards studying multiple plant challengers (Dicke ez 4, 2009; De Rijk e
al., 2013), yet work investigating the effects of multiple attack on tritrophic interactions
has focused nearly exclusively on insect herbivores. However, in nature, plants are also

frequently attacked by phytopathogens, often in conjunction with these insect herbivores.

Plant pathogens, by their omnipresence and diversity, represent a setious threat to plants,
and their potential impact on arthropod-centered tritrophic interactions is not to be
disregarded. While there are many studies investigating the direct effects of pathogen
infection on insect herbivore performance and feeding preference (Stout ez a/, 2006 and
references within), the impact of pathogen-induced volatiles on plant-associated insect
communities, particularly interactions with members of the higher trophic levels, has been
largely disregarded. Few studies have tried to frame interactions between herbivorous
attackers and plant pathogens in a wider ecological context, and examine how the effects

affect other plant community members (reviewed by Tack & Dicke, 2013).

Characterizing pathogen-induced plant volatiles is not recent, and it is known that
pathogen infection alone induces plant volatile emissions (Doughty ez a/., 1996; Piel et al.,
1997; Jansen, 2011), and some of these volatiles have been shown to function as inhibitors
of further pathogen colonization on the plant (Cardoza ez al., 2002). Pathogen-induced
plant volatiles can also influence interactions between plants and herbivores by increasing
the attractiveness of diseased plants to herbivores (Piesik ef @/, 2011), or they can be
used by ovipositing female insects to discriminate between healthy and infected plants
Dottetl et al., 2009). With vector-transmitted plant diseases, induced volatiles also play
an important role in mediating interactions between the pathogen and its insect vectors,
influencing vector behavior to increase dissemination to other plants (McLeod ez /., 2005;
Mauck ¢t al., 2010; Mann ef al., 2012), or even decreasing plant attractiveness to non-vector
herbivores (van Molken ez al., 2012).

The effect of pathogens on herbivore-induced plant volatiles and subsequent volatile-
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mediated foraging of the natural enemies of herbivores is largely unexplored territory.
There has been a recent growing interest in this field, demonstrating how pathogen
infection in combination with herbivory may affect the foraging behavior of parasitoid
wasps (Hodge & Powell, 2008; De Oliveira ez al., 2014; Liu ez al., 2014; Martini et al., 2014).
Notably, in all cases the interactions studied are that of a pathogen, an insect vector and its
parasitoid, with these being of great interest from a co-evolutionary perspective because
of the tight link between pathogen and vector. However, little is known about the effects
of pathogen infection in systems where pathogen and herbivore evolved independently
from one another. There are few studies that have demonstrated that pathogen infection
of a plant can affect the behavior of natural enemies of herbivores present on the plant at
the same time (Cardoza ¢# al., 2003b; Rostas ¢t al., 2006; Tack et al., 2012).

One commonality within the body of work on pathogen effects on tritrophic interactions
is that in all cases, the plant pathogen is virulent on the tested plant species. However,
the outcome of pathogen challenge can be broadly categorized into one of two possible
outcomes: a compatible interaction (successful infection leading to disease), or an
incompatible interaction (successful plant defense) (Glazebrook, 2005), though there are
different degrees of susceptibility and resistance. During an incompatible interaction,
plant resistance can trigger a hypersensitive response (HR), which is a programed cell
death response at the site of pathogen entry, and which restricts further progression of the
pathogen (Glazebrook, 2005). These two possible outcomes of pathogen challenge can
directly, and differentially, affect herbivores feeding on the plant (Cui ¢# a/, 2002). There
is also evidence that compatible and incompatible plant-pathogen interactions can induce
different volatile blends when a plant is challenged by either pathogen alone (Huang ez al.,
2003), or when the pathogen is in combination with herbivory (Cardoza & Tumlinson,
2006). However, to date, the impact of these different plant-pathogen interactions,

regarding pathogenicity, on natural enemies of herbivores has not been assessed.

The goal of this study was to investigate the effects of pathogen virulence on indirect
plant defenses, that is, the promotion of natural enemy effectiveness against a subsequent
herbivorous attacker. To achieve this, we asked if virulent and avirulent pathogen
challenge would differentially affect the plant volatile blends they induce, and determined
if these volatile blends affected tritrophic interactions. Previous work on the same system
investigated in this study has shown that infection with the bacterium Xanthomonas campestris
pv. campestris induces plant volatiles which in turn affect parasitoid foraging behavior
(Ponzio et al., 2014). We hypothesized that attack by an avirulent pathogen strain would
result in the production of qualitatively and quantitatively different volatile blends from
those induced by the virulent strain, which would differentially affect parasitoid foraging
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behavior. To investigate this, we used a naturally occurring study system, comprising of
the annual brassicaceous plant Brassica nigra, caterpillars of a common insect herbivore on
brassicaceous plants, Pieris brassicae, and its associated parasitoid wasp, Cotesia glomerata. As
microbial attackers, we selected the necrotrophic bacterial pathogen Xanthomonas campestris,
and chose two related pathovars which both affect brassicaceous plant species, and which
cither cause disease on B. nigra (X. campestris pv. campestris) (compatible interaction), or

induce a hypersensitive response (X. campestris pv. incanae) (incompatible interaction).

Material and methods

Plant and insect material

Brassica nigra plants were grown from seeds originating from a local population along the
Rhine River in Wageningen (the Netherlands). Three-to-four-week-old plants were used
in all experiments. All plant and insect cultures were maintained in a greenhouse at 22 + 2
°C, 60-70% relative humidity (t.h.), and 16:8 light:dark regime. Caterpillars of P. brassicae
were reared on Brussels sprout plants (Brassica oleracea var. gemmifera cv. Cyrus), with the
parasitoid wasp C. glomerata reared on P. brassicae. Cocoons of C. glomerata were placed in
a 30 X 30 X 30 cm cage (Bugdorm, Taichung, Taiwan) and supplied with a 6% sucrose
solution and honey. The cage was kept in a climate-controlled cabinet at 21 + 1 °C and
a light-dark regime of 16:8. Mated, three-to-seven-day-old adult female wasps were used
in the wind tunnel bioassays. Individual wasps were used only once and were considered

naive (i.e. they had no previous experience with hosts, host products or plants).

Bacteria preparation

The two Xanthomonas campestris pathovars were selected based on their (in)ability to infect
B. nigra plants. Both bacterial pathovars were kept at -80 °C in a 50% glycerol solution. X.
campestris pv. campestris was obtained from the laboratory of Plant-Microbe Interactions of
Utrecht University in the Netherlands and was virulent on B. #igra, i.e. the plants developed
disease symptoms. X. campestris pv. incanae was obtained from the French Collection of
Plant Pathogenic Bacteria (CFBP) in Angers, France, and was avirulent, leading to a
hypersensitive response at the site of infiltration. Fresh inoculum was obtained by culturing
250 puLLof stock solution in Erlenmeyer flasks containing 30 ml of Difco Nutrient Broth
(Becton, Dickinson and Company, Sparks, MD, USA), and placed in a shaker at 28 °C and
170 r.p.m. for 18-24h. The broth was then transferred to a 50 mL tube, and centrifuged
at 3000 g for 10 min. The bacterial cells were re-suspended in a 10 mM MgSO, buffer
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solution and the ODG600 was adjusted to 0.066 (approximately 1 x 10° cfu/ml).

Plant treatments

B. nigra plants were inoculated with the bacterial suspension by infiltration, using a
needleless syringe, on the abaxial side of the largest fully developed leaf. Ten 4-to-5-mm-
diameter spots were infiltrated per leaf. Leaves of control and caterpillar-infested plants
were infiltrated with buffer only. After infiltration, all plants were placed in 35 X 35 X 60
cm mesh cages (Vermandel, Hulst, The Netherlands), with one treatment per cage, in a
greenhouse kept at 252 °C, 70% r.h. All cages were covered with transparent plastic
for the first 48h after infiltration to ensure sufficiently high humidity for successful
infection. After 48h, the dual infestation or herbivore-only treatments were infested with
20 newly hatched P. brassicae caterpillars on the leaf immediately above the infiltrated
leaf. Plants were used in wind tunnel assays and headspace collection (see below) after
24h of caterpillar feeding without removing the caterpillars. All plants were tested 72h
post-infiltration. Six treatments were compared in wind tunnel bioassays and headspace
analyses: (1) healthy control plants, (2) plants infested by P. brassicae caterpillars, (3) and (4)
plants infected with either X. campestris pv. campestris or X. campestris pv. incanae, (5) and (0)
plants dually challenged with P. brassicae caterpillars and either X. campestris pv. campestris ot

X. campestris pv. incanae.

Wind tunnel assays

Two-choice behavioral bioassays were done in a wind tunnel at 25£2 °C, 60% r.h. and a
wind speed of 10 cm/s, as previously desctibed by Geervliet ef a/. (1994). Plants infected
with either pathogen pathovar (treatments 3 and 4) or infested with caterpillars (treatment
2) were tested against healthy plants (treatment 1). All of the pathogen-infection treatments,
cither pathogen-only (treatments 3 and 4) or in combination with caterpillars (treatments
5 and 0), were also tested against caterpillar-infested plants (treatment 2). When possible,
the same treatment pair was tested for both pathovars on the same day to eliminate
day effects. The bioassays and wasp handling were carried out in a similar manner as in
Ponzio ez al. (2014). Females were released in two to three groups of five individuals from
a release platform downwind of the plants, and the results were subsequently pooled
and considered a replicate for the statistical analysis. The observation period was set to
15 minutes, and non-responding wasps were scored and subsequently excluded from
statistical analyses. The position of the plants was exchanged after each released group
of females to exclude any potential positional bias. Eight to ten replicates were tested for

each treatment combination. Each pair of tested plants was considered a replicate, with
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10 to 15 wasps released per replicate.

Collection and analysis of plant headspace volatiles

Plant volatiles were collected for each of the six treatments listed previously, from
separate sets of plants than those used for the behavioral assays, with 10 to 12 plants
sampled per treatment, and caterpillars remaining on the herbivore treated plants. With
the X. campestris pv. campestris infection treatments, disease severity was scored based on the
extent of yellowing and necrosis (low’: symptoms limited to tissue immediately around
the infiltration site; ‘medium’ symptoms present on up to a third of the leaf; ‘high” over
a third of the leaf is affected, Fig. 1). In order to exclude any contribution from the
sampling set-up, air from empty jars was sampled at the start and end of the experiment,
as well as from soil-filled pots wrapped in aluminum foil. Headspace collection and the
subsequent analysis of the volatiles via GC-MS were carried out as described in detail by
Ponzio et al. (2016). The pots were wrapped in aluminum foil to minimize the effect of
soil and pot-derived volatiles, and the plants were placed in the glass vessels 30 min before
trapping began. Headspace collection was done for two hours at a flow rate of 300 ml/
min, always at the same time of day, and no treatment was trapped more than once per

day.

Figure 1. Symptoms development on B. zigra plants 72 hours after infiltration of a bacterial plant pathogen.
Hypersensitive response caused by the avirulent Xanthomonas campestris pv. incanae strain (a), necrosis and
yellowing caused by the virulent Xanthomonas campestris pv. campestris in the case of low (b), medium (c), or

high (d) symptom severity.

Statistical analysis

To investigate whether parasitoid preferences differed when various combinations of
plant treatments were offered, the data were analyzed using logistic regression in SAS
version 9.2 (SAS Institute Inc. Cary, NC, USA) with plant treatment as a fixed factor. In
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case of overdispersion, correction was made for this by allowing the variance functions of
the binomial distribution to have a multiplicative overdispersion factor. In the comparison
with control plants, the number of wasps choosing the attacker-infested plants out of the
total number of responding wasps was entered as the response variable. In the analysis of
dual versus single attack, the number of wasps choosing the dually infested plant out of
the total number of responding wasps was entered as the response variable. Each bioassay
with one pair of plants and 10 to 15 released wasps served as a replicate. To determine
within each comparison whether there was a significant preference for one of the offered

plant treatments, we tested H: logit = 0, which equals testing equal preference or p = 0.5.

The volatile emission patterns, quantified as peak areas divided by the fresh mass of the
aerial portion of the plant, were analyzed through multivariate data analysis using OPLS-DA
(orthogonal projection to latent structures discriminant analysis) (Eriksson ez a/, 2000).
This projection method determines whether samples belonging to the different treatment
groups can be separated based on quantitative and qualitative differences in their volatile
blends. To do this, a Y-data matrix of dummy variables is included, assigning a sample to its
respective treatment group. The OPLS-DA extension in the SIMCA-14 software program
(Umetrics AB, Umea, Sweden) then computes the variation of X which is predictive
(correlation between X and Y) and the part of the variation which is orthogonal (unrelated)
to Y (Trygg & Wold, 2002). Removal of non-correlated vatriation from the model enhances
its interpretability. The results of the analysis are visualized in score plots, which reveal
the sample structure according to model components, and loading plots, which display
the contribution of the variables to these components and the relationships among the
variables. The analysis additionally shows the variable importance in the projection (VIP)
of each variable (the different compounds), with variables having VIP values greater than
1 being most influential in the model (Eriksson e7 a/, 2006). Data were log-transformed,

mean-centered and scaled to unit variance before they were subjected to the analysis.

Results

Wasp foraging behavior

Foraging behavior of the parasitoid wasps was strongly affected by pathogen infection of
the plants (Fig; 2). When wasps had the choice between healthy plants and plants challenged
by either caterpillars, virulent X. campestris pv. campestris or avirulent, HR-inducing X
camipestyis pv. incanae, they were always significantly more attracted to challenged than to

control plants. However, the strength of the attraction was different between treatment
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pairs (GLM, df = 2, > = 21.02, P < 0.001), from most to least attractive: caterpillar-
infested, virulent pathovar, and avirulent pathovar challenged plants (Fig. 2, top panel).
When wasps were offered a choice between volatiles of host-infested plants and plants
dually challenged by hosts and either pathogen, they preferred the dually challenged plants
and the strength of preference was similar regardless of the pathogen strain (GLM, df =
1, ¥*= 0.86, P = 0.35, Fig. 2, middle panel). In a final set of comparisons, host-infested
plants were tested against plants infected only with either pathogen to determine if the
attractiveness of the pathogen-induced volatiles was strong enough to interfere with
parasitoid foraging, Here, the wasps always preferred volatiles of the host-infested plants;
however the strength of the preference was significantly affected by pathogen identity
(GLM, df =1, ¥*= 6.59, P = 0.01), with volatile preference more strongly affected by the
virulent pathovar than by the avirulent pathovar (Fig 2, lower panel).

Control ‘/% o @
Control virulent b
pathovar
Control avirulent M
pathovar
virulent + &£ L o) e g
pathovar ‘7 élé??
avirulent + 4" @ "
pathovar - 4%} a
virulent e @
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pathovar J%} b
100 75 50 25 0 25 50 75 100

Percentage of wasps landing on either odor source

Figure 2. Preference of C. glomerata wasps in a two-choice setup in a wind tunnel (percentage =SE), where
plants were healthy controls plants (C), challenged with the virulent Xanthomonas campestris pv. campestris
bacterium strain (Xcc) or with the avirulent X. campestris pv. incanae strain (Xci), infested with 20 first instar
P. brassicae caterpillars (P), simultancously challenged with the virulent strain and P. brassicae caterpillars
(XcctP) or simultancously challenged with the avirulent strain and P. brassicae caterpillars (Xci+P).
Significant differences between treatments (P < 0.05) are indicated with different letters, with the treatment
pairs analyzed in groups that are separated by the dashed lines. Asterisks indicate a preference which is
significantly different from a 50:50 distribution within a choice test : ¥ P < 0.05; ** P < 0.01; *** P < 0.001.

Plant volatiles

Analysis of the plants’ headspace showed that the same 36 compounds were produced
by plants of all treatments (Table 1). Differences between treatments are therefore due to

quantitative differences in emission rates of the different compounds.
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Table 1. Volatile emissions® by Brassica nigra plants from uninfested plants (C) and in response to virulent
Xanthomonas campestris pv. campestris (Xcc), avirulent Xanthomonas campestris pv. incanae (Xci), Pieris brassicae
caterpillar feeding (P), .Xanthomonas campestris pv. campestris with caterpillars (Xcc+P), and Xanthomonas
campestris pv. incanae with caterpillars (Xci+P).

D Treatment — C Xcc Xci P Xcct+P Xci+P
Compound | N=9 N=11 N=10 N=10 N=12 N=11
Ketones
4 2-Pentanone 9.6+1.2 10.1+1.9 7.810.8 9.4%1.1 9.6+1.1 8+1.0
5 3-Pentanone 5.1£0.8 274 11.2£1.9 1242 20+3 1543
10 2-Methyl-2-cyclopenten-1-one  4.4%+0.6 6.6%1.2 4.7+1.0 6.4%1.3 712 4.210.6
Alcohols
3 1-Penten-3-ol 85%19 6141241 160+44 232+99 397£71 166+35
8 (7)-3-Hexen-1-ol 1545 121432 35%11 3610 78%18 31£10
17 3,4-Dimethylcyclohexanol 0.5+0.3 159 1.5£0.5 1.5%0.6 1547 1.7£0.5
Aldehydes
7 (E)-2-Hexenal 412 1214 6%3 105 1548 613
Esters
14 (Z£)-3-Hexen-1-ol, acetate 256 168£120 105£52 45+10 6718 55%12
24 o -Terpinyl acetate 0.9+0.2 1.4£0.6 1.1£0.3 1.4£0.3 2.0+0.7 1.0£0.2
N and/or S containing compounds
1 2-Butenenitrile 1£0.3 10£7 0.9£0.2 10£4 2318 712
2 3-Butenenitrile 1.5+0.5 17£7 2.1£0.9 59£17 97£38 2515
6 2-Methylbutanenitrile 57+48 41+32 16£12 82%72 28+14 19£5
9 Allyl isothiocyanate 50£22 3049£2864  80%22 265177 327+109 16658
Monoterpenes
1 a-Pinene 335 39%8 38%6 4216 35%6 3716
12 Camphene 2.2£0.3 44+1.4 2.710.4 3.4£0.7 3.3%1.8 2.610.4
13 B-Myrcene 9.7+2.1 1212 11+2 1312 11+2 1142
15 3-Carene 20t4 26£5 23%4 25t4 24%5 23t4
16 Tetrahydrolinalool 4448 136+78 4614 44%19 10870 54£15
19  Menthone 8%5 3.140.6 75 3.140.5 816 412
20 Menthol 42413 3245 38%12 30+4 43£21 3448
Homoterpenes
18 (E)-DMNT© 3.0+1.7 22%8 6%3 108+59 71124 3245
34  (EE)-TMTT! 7+4 25%12 614 165 42+17 1545
Sesquiterpenes
21 7- o -H-Silphiperfol-5-ene 1547 22%15 37£15 23%12 31£13 44118
22 Presilphiperfol-7-ene 2.1%0.9 3%3 412 2.7+1.8 2.5+1.3 2.7+1.2
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Db Treatment — C Xcc Xci P Xcct+P Xci+P
Compound | N=9 N=11 N=10 N=10 N=12 N=11
23 7-B-H-Silphiperfol-5-ene 5+2 8t5 1245 7t4 126 1748
25 Silphiperfola-5,7(14)-diene 0.16£0.07  0.2£0.1 0.7£0.3 0.2£0.1 0.520.2 0.5£0.2
26 Silphiperfol-6-ene 2.6%1.1 4£2 5+2 412 6£3 9t4
27 o -Funebrene 42%1.5 4£2 106 74 6£3 7£3
28  Longifolene 5.8%0.7 6.6£0.7 5.3%£0.9 7.0£0.8 5.4£0.6 6.7£0.8
29 B-Caryophyllene 4.811.9 3215 8+3 1918 7t3 5.5%1.3
30 (E)- B -Farnesene 2.110.7 2.710.8 8+6 3.01+1.1 3.4109 1219
31 (E,E)- « -Farnesene 106£34 148£36 78122 162146 18649 75116
35  TUIM® 23115 2.0+1.3 413 43 2.3+1.4 6t2
36 IPDMOHM® 55112 92125 36%6 52%11 52%17 48+10
Unknown
32 Unknown compound 275190 4741134 333192 461+112 342195 340£39
33 Unknown compound 10.8£1.8 15+3 9.3+1.8 1312 11.2£1.8 9.310.8
37  Total 8631130  5085+3374 1123+188  1773%£275 20451378  1250£101

¢ Volatile emissions are given as mean peak area TSE/g fresh weight of foliage divided by 10*.
"ID corresponds with the numbers presented in Fig. 3b, Fig. 4b and 5b.

¢ (E)-DMNT= (E)4,8-Dimethylnona-1,3,7-triene

4 (E,E)-TMTT= 4,8,12-Trimethyl-1,3,7,11-tridecatetraene

¢ TUTM= Tricyclo[6.3.0.0(1,5)Jundec-2-en-4-one, 2,3,5,9-tetramethyl-

fIPDMOHM = (7a-Isopropenyl-4,5-dimethyloctahydroinden-4-yl)methanol

An OPLS-DA model including all treatments resulted in a model with two predictive
principal components (PC) (Fig. 3a). The first PC separated the control and avirulent
pathovar treatments from the other treatments, while the second PC separated treatments
that were singly and dually infested with P. brassicae from the treatments that did not
have herbivory. Twelve compounds had a high discriminatory power, i.e. having a VIP
value greater than 1, and all were associated with the three treatments that included
P brassicae (single and dual attack), and virulent pathovar challenge alone, listed by
decreasing order of VIP value (and with corresponding ID number): (1) 2-butenenitrile,
(3) 1-penten-3-ol, (5) 3-pentanone, (18) (E)-4,8-dimethyl-1,3,7-nonatriene (()-DMNT),
(2) 3-butenenitrile, (8) (Z£)-3-hexen-1-ol, (17) 3,4-dimethylcyclohexanol, (9) allyl
isothiocyanate, (6) 2-methylbutanenitrile, (31) (I, E)-a-farnesene, (7) (E)-2-hexenal, and
an unknown compound (33) (Fig 3b).
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Figure 3. OPLS-DA comparison of
the volatile blends emitted by individual
B. nigra plants sampled after 72 h. (a)
Score plot of the samples, with the
of explained variation
in parentheses. Plants were healthy
controls plants (C),
the
pv.
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P brassicae ®),
simultaneously challenged with the

percentage
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or simultancously
the avirulent strain and caterpillars
(Xci+P). The OPLS-DA resulted in a
model with two predictive components
and two components orthogonal in
X: R’X=0.416 R?Y=0.307 (’=0.141.
The ellipse defines the Hotelling’s T?
confidence region (95%). (b) Loading
plot of the two components of the
OPLS-DA, showing the contribution
of each of the compounds towards the
model. Numbers refer to the volatile

compounds listed in Table 1.

To gain more insight into the effects of pathogen challenge on the volatile profiles, the

three single attacker treatments - i.e. challenge by P. brassicae, the virulent and avirulent

pathovars - were further analyzed in a separate model using OPLS-DA (Fig.4a). Here

again, there were two significant PCs. The first separated avirulent pathovar-treated

plants from the other two treatments, indicating a strong similarity between the plant

volatiles induced by caterpillar herbivory and infection with the virulent pathovar. The

second PC separated P. brassicae-infested plants from pathogen-challenged plants, which

shows that pathogen-induced and herbivore-induced volatile blends are also specific to

the organism type. Thirteen compounds had a VIP value greater than 1, and strongly

contributed to separation between the treatments. Two of these, (6) 2-methylbutanenitrile

and (22) presilphiperfol-7-ene, were more present in the avirulent pathovar treatment,
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while (in decreasing order of VIP values, with corresponding ID code) (3) 1-penten-
3-0l, (1) 2-butenenitrile, (2) 3-butenenitrile, (18) (E)-DMNT, (5) 3-pentanone, (17)
3,4-dimethylcyclohexanol, (8) (£)-3-hexen-1-ol, (33) an unknown compound, (7) (E)-
2-hexenal, (31) (E,E)-a-farnesene, and (9) allyl isothiocyanate were associated with P.

brassicae herbivory or challenge with the virulent X. campestris pv. campestris (Fig, 4b). The

three P. brassicae infestation treatments (P. brassicae, P. brassicae plus the virulent pathovar,

and P. brassicae plus the avirulent pathovar) were also analyzed separately (not shown),

however this model did not result in any significant PCs, indicating that the volatile blends

induced by these treatments are highly similar even when plants are dually challenged

with P. brassicae plus a pathogen.
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Figure 4. OPLS-DA comparison of
the volatile compounds emitted by
individual B. nigra plants sampled after
72 h, after challenge by a single attacker.
(a) Score plot of the samples, with the
percentage of explained variation in
parentheses. Plants were challenged
with the virulent Xanthomonas campestris
pV. campestris bacterium  strain  (Xcc),
with the avirulent X. campestris pv.
incanae strain (Xci) or infested with 20
first instar P. brassicae caterpillars (P).
The OPLS-DA resulted in a model
with two predictive components and
two components orthogonal in X:
R’X=0.516 R’Y=0.744  (0°=0.472.
The ellipse defines the Hotelling’s T?
confidence region (95%). (b) Loading
plot of the two components of the
OPLS-DA, showing the contribution
of each of the compounds towards the
model. Numbers refer to the volatile
compounds listed in Table 1.

For the virulent pathovar, volatile profiles were further explored in relation to the severity

of the symptoms, for both the treatments singly or dually challenged with X. campestris pv.

campestris. The volatile blends of these plants were affected in a disease-severity dependent

matter, irrespective of caterpillar presence on the plants. The OPLS-DA yielded a model

103




Chapter 5

with two significant PCs, separating ‘low’ and ‘medium’ symptoms groups from the ‘high’
symptom group, and then further separating low’ from ‘medium’ (Fig. 5a). Eighteen
compounds were highly influential for the separation, with, in decreasing order of VIP
value (and corresponding ID code noted), (20) silphiperfol-6-ene, (23) 7-B-H-silphiperfol-
5-ene, (22) presilphiperfol-7-ene, (21) 7-a-H-silphiperfol-5-ene, and (25) silphiperfola-
5,7(14)-diene being most abundant in the ‘low” and ‘medium’ symptom classes, while
(17) 3,4-dimethylcyclohexanol, (33) an unknown compound, (35) tricyclo[6.3.0.0(1,5)]
undec-2-en-4-one,2,3,5,9-tetramethyl (TUTM), (3) 1-penten-3-ol, (9) allyl isothiocyanate,
(10) 2-methyl-2-cyclopenten-1-one, (37) total emitted volatiles, (36) (7a-isopropenyl-4,5-
dimethyloctahydroinden-4-yl)methanol {PDMOHM), (7) (E)-2-hexenal, (20) menthol,
(10) tetrahydrolinalool, (2) 3-butenenitrile, and (5) 3-pentanone were more characteristic

of the headspace of ‘high’-symptom plants (Fig. 5b).
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Discussion

Volatile-mediated foraging behavior of parasitoids has been extensively studied, but has
in large part been limited to plant-herbivore systems, despite the strong prevalence of
plant pathogenic microbes in natural systems and their known effects on the induction
of plant volatiles (Tack & Dicke, 2013). When pathogens are included in studies, they
are limited to disease-causing strains, effectively overlooking the potential impact of
unsuccessful pathogen infection. We combined attack by these two major plant threats
in one study system, and showed that virulent and avirulent pathovars of the same
phytopathogenic bacterial species induce quantitatively distinctive volatile blends that
are both highly attractive to parasitoids, although caterpillar-infested plants remain most
attractive. During dual attack, the wasps preferred the volatiles from dually challenged
plants to those from plants infested with hosts alone. These results are in large part
reflected in the composition of the headspace of the pathogen and/or herbivore treated
plants. Furthermore, differences in pathogen-induced plant volatiles are correlated with
disease severity and the chemical data indicate that the similarity of caterpillar-induced

and virulent pathogen-induced volatile blends increases with disease severity.

When comparing the headspace of the three single attacker treatments, each induced
its own unique volatile blend, but there was a high degree of similarity in the blends
produced in response to herbivory and virulent pathogen challenge. Wasp foraging
behavior was correlated to this; wasps exhibited a stronger preference for volatiles from
plants induced by either P. brassicae or the virulent strain, compared to volatiles from
plants induced by the avirulent pathovar. The virulent pathovar, X. campestris pv. campestris,
induced a volatile blend which was quantitatively and qualitatively strikingly similar to
the one induced by P. brassicae herbivory, which includes compound groups such as
homoterpenes, green leaf volatiles (GLVs) and glucosinolate breakdown products, many
of which are typically associated to caterpillar herbivory (Pare & Tumlinson, 1999). On
the other hand, plants challenged by the avirulent, HR-inducing X. campestris pv. incanae
produced a volatile blend that was quantitatively very different from both of these,
and was primarily characterized by higher quantities of a subgroup of sesquiterpenes.
GLVs and glucosinolate breakdown products are produced in response to tissue damage
(Halkier & Gershenzon, 2006; Shiojiri ez al., 2006), and given the strong similarity between
volatile blends induced by P. brassicae and the virulent pathovar, these results suggest that
pathogen infection and caterpillar herbivory lead to similar damage responses by the
plant. Such specificity in the induced volatile blend due to virulence or avirulence of

pathogen strains has also been shown for the model pathogen Psexdononas syringae (Croft
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et al., 1993; Huang e al., 2003; Huang ez al., 2005; Cardoza & Tumlinson, 2006). However,
when plants simultaneously experience P. brassicae herbivory and pathogen infection, the
pathogen specificity in the volatiles disappears, and all caterpillar-infested treatments have
similar blend characteristics. Thus, caterpillar infestation not only overrides differences in

volatile induction by the two pathovars but also the effects of pathogen induction per se.

Variation in wasp foraging behavior could be correlated to the chemical data in several
instances. Although the two pathovars induce volatile blends with very different
overall characteristics, remarkably, both induced volatile blends were highly attractive
to wasps. This was also the case even in the complete absence of hosts, though the
strength of the preference differed. These results suggest that the volatile components
important for foraging by C. glomerata are also induced in response to pathogen infection,
and that differences in parasitoid behavioral response are likely based on quantitative
differences, as all treatments induced the same compounds. Interestingly, when plants
were challenged by pathogen infection and herbivory simultaneously, their volatile
blends were more attractive to C. glomerata than those emitted by plants only infested
by caterpillars, although the volatile blends emitted by these three treatment groups
could not be statistically separated based on the recorded chemical composition. Thus,
there appears to be more subtle blend characteristics that influence its attractiveness
to C. glomerata. This may include compounds emitted in quantities below the detection
threshold. However, the apparent differences between the blends when challenged by
the two pathovars alone were eliminated when plants are challenged by both caterpillars
and bacteria. The few similar studies that have focused on related questions also did
not find evidence for negative effects of pathogen infection on parasitoid foraging. In
two cases parasitoid attraction or parasitism rate was enhanced when herbivore-infested
plants were also infected with a fungus (Cardoza ez al., 2003b; Tack e al., 2012) while in
a third study, simultaneous herbivory and infection did not affect parasitoid preference,

and plants infected only with the fungus were not attractive to wasps (Rostas ez a/., 2000).

While the avirulent X. campestris pv. incanae consistently led to HR at the infiltration sites,
we observed strong variation in the severity of the symptoms induced by the virulent
X. campestris pv. campestris. As disease severity increased, the emitted volatiles showed
increasing similarity with the caterpillar-induced blend, in terms of the most important
compounds in characterizing the blends. Interestingly, the isomers and derivatives of
silphiperfolene sesquiterpenes, which are important in separating low’” and ‘medium’
diseased plants from the highly symptomatic plants, contribute in a similar way to the
separation between the virulent and avirulent pathovars. This indicates that this group

of compounds, or the biosynthetic pathways they stem from, may be important in
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mounting a defense response against X. campestris. These compounds may be related to
defense responses in B. nigra, as they are also strongly induced by P. brassicae eggs, more
specifically by eggs which induced a hypersensitive response in the plant (Fatouros ef
al., 2012). Sesquiterpenes in a broader sense have also been found to be more strongly
induced in an incompatible interaction with a different X. campestris pathovar, X.
campestris pv. vesicatoria, on pepper plants compared to a compatible interaction (Cardoza
& Tumlinson, 2006), and also with P. syringae on tobacco (Huang ez al, 2003), or downy
mildew on grape plants (Algarra Alarcon ez al., 2015).

It is intriguing that pathogen-challenged plants prove so attractive to parasitoid wasps,
most notably in the absence of caterpillar hosts. Foraging wasps, especially when naive,
will be highly inefficient when foraging on these plants. When addressing questions such
as this, a common approach is to seek a functional explanation to volatile production,
i.e. to what benefit would a plant emit volatiles that carnivorous arthropods would
misinterpret. While herbivory does indeed elicit a volatile response which can then serve
as cues for foraging natural enemies, volatile emissions can be induced by a multitude of
stimuli, from abiotic and other biotic stresses that include pathogen infection, and also by
exogenous application of phytohormones to plants (Bruinsma ez a/., 2009; Holopainen
& Gershenzon, 2010). All these stressors induce volatile induction via the same general
pathways, though there is a degree of attacker specificity in the phytohormonal ‘signal
signature’ (De Vos ez al., 2005; Tumlinson & Engelberth, 2008). Phytopathogens can also
induce the emission of volatile compounds which are typically and traditionally associated
with herbivory, such as GLVs, (E,E)-4,8,12-trimethyltrideca-1,3,7,11-tetraene ((E,E)-
TMTT) (Shiojiti ez al., 2006; Attaran ez al., 2008; Scala et al., 2013) or (E)-DMNT (Sohrabi
et al., 2015), all of which show that these volatile compounds can also have important
roles in direct plant defense against pathogens. We showed that B. #7igra plants emit high
levels of GLVs (Fig 4b), particularly (£)-3-hexen-1-ol, when challenged with the virulent
pathovar. These GLVs have been shown to be key cues for foraging C. glomerata wasps as
demonstrated by Shiojiri ¢f a/. (2006), and supported by electroantennogram studies that
previously demonstrated the importance of these volatiles for this wasp species (Smid
et al., 2002). While this may provide an explanation for attractiveness of the virulent
pathovar, it may not be so easily applied to the avirulent pathovar, where GLV emissions

were not so highly induced.

The similar effects of X. campestris pv. campestris infection and P. brassicae herbivory may
in part be due to commonalities in the defense signaling pathways they induce. Defense
against caterpillar herbivory is primarily mediated via induction of the jasmonic acid (JA)
signaling pathway (Kessler & Baldwin, 2002; De Vos ¢ af., 2005). Involvement of this
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pathway has also been shown for defense against X. campestris (Thaler et al., 2004; De Vos
et al., 2000), though in this case defense was mediated by activation of the three main
phytohormonal signaling pathways: salicylic acid (SA), JA and ethylene (ET), as shown
tor X. campestris pv. armoraciae in Arabidopsis (Ton ef al., 2002). In our study, induction
of JA-dependent defenses by X. campestris and P. brassicae may lead to the production of
similar volatile blends, with the extensive tissue damage caused by the virulent pathovar
further increasing the similarity. Double induction of this pathway in the dually treated
plants may have had an additive or synergistic effect on plant volatile responses, leading

to the observed enhanced attractiveness of these dually challenged plants.

In conclusion, we show that pathogen challenge, whether or not it results in disease,
can have profound effects on the emission of plant volatiles, and affect the behavior
of parasitoid wasps that exploit these cues to locate their hosts. Such a strong initial
attraction to pathogen-challenged plants is not in the parasitoid’s best interest, as valuable
time and energy will be spent foraging on host-free plants. However, C. glomerata has
a wide dietary breadth in terms of plant species on which their caterpillar hosts are
found, and, when naive, they seem to respond to more general volatile cues to locate
host-infested plants (Ponzio et al., 2014). Parasitoid behavior can also be adaptive;
despite the high attractiveness of pathogen-challenged plants, plants with hosts, or
challenged by hosts and pathogen are more strongly preferred than plants challenged
solely with the pathogen. So while a wasp may initially land and search for hosts on
pathogen-challenged plants, it may gain a negative experience and then quickly move on
to other, host-infested plants. The importance of pathogens in tritrophic interactions
should not be underestimated, and can have equally important effects as secondary
herbivore attackers will have, which are more frequently studied in this context. Plants
can often successfully defend themselves against pathogen infection, either in a gene-
for-gene interaction or via non-host resistance, resulting, for instance, in the induction
of phytohormone signaling pathways, production of reactive oxygen species, and
hypersensitive response (Glazebrook, 2005; Niirnberger & Lipka, 2005). Despite this
plant-pathogen interaction being less visible to the eye, they lead to major changes in
the plant, which can be expected to affect interactions with other community members.
Our research demonstrates that it is imperative to work towards greater integration of
research on plant-insect and plant-pathogen interactions, as plant defenses to insect and
microbial attackers are inexorably linked. This multidisciplinary approach is important
to further our knowledge of the modulation of induced plant defenses in response to

increasingly complex attack scenatios.
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ABSTRACT

lant responses to dual herbivore attack are increasingly studied, but effects

on the metabolome have largely been restricted to volatile metabolites

and defense-related non-volatile metabolites. However, plants subjected
to stress, such as herbivory, undergo major changes in both primary and secondary
metabolism. Using a naturally occurring system, we investigated metabolome-
wide effects of single or dual herbivory on Brassica nigra plants by Brevicoryne
brassicae aphids and Pieris brassicae caterpillars, while also considering the effect of
aphid density. Metabolomic analysis of leaf material showed that single and dual
herbivory had strong effects on the plant metabolome, with caterpillar feeding
having the strongest influence. Additionally, aphid-density-dependent effects
were found in both the single and dual infestation scenarios. Multivariate analysis
revealed treatment-specific metabolomic profiles, and effects were largely driven
by alterations in the glucosinolate and sugar pools. Our work shows that analyzing
the plant metabolome as a single entity rather than as individual metabolites
provides new insights into the subcellular processes undetlying plant defense

against multiple herbivore attackers.

Key words: dual herbivory, metabolomics, herbivory density, induced defense,

Pieris brassicae, Brevicoryne brassicae
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Introduction

In nature, plants must cope with a large number of attackers, such as insect herbivores
and plant pathogens. In response, plants defend themselves via an array of defense
strategies, which include both mechanical and chemical defenses, such as the production
of secondary plant metabolites (Schoonhoven e al, 2005). Research on plant-insect
interactions has largely focused on the effects of a single herbivore attacker, providing a
wealth of information on how this interaction will change the plant’s phenotype (Kessler
& Baldwin, 2002; Mumm & Dicke, 2010; Mithéfer & Boland, 2012), and this at several
levels of biological organization (Keurentjes ¢f al., 2011). However, plants are members
of complex communities, and can be attacked by a multitude of insect herbivores, often
simultaneously or sequentially. Research has increasingly shifted from studying the effects
of single to multiple herbivore attack on plant defense mechanisms. Increasing the
complexity of the studied interactions can have strong and unpredictable consequences
for plant-insect interactions (Dicke e7 a/, 2009), and it is clear that our knowledge of how
insect species interact individually with a plant is insufficient to predict the effects of
combined herbivore attack at the transcriptional level all the way up to the community
level, particulatly when the herbivores are of different feeding guilds (De Rijk 7 af., 2013;
Stam et al., 2014).

Plant defenses against insects are regulated by three key signal-transduction pathways
each involving a major phytohormone, i.e. jasmonic acid (JA), salicylic acid (SA) and
ethylene (ET). Chewing herbivores commonly activate the JA-dependent signal-
transduction pathway, which often acts synergistically with ET, while the SA pathway
is more commonly induced by phloem-feeding insects (Glazebrook, 2005; Pieterse
& Dicke, 2007). These signaling pathways are the backbone of a complex regulatory
network, and they can interact with each other (Pieterse ez al., 2009). Interactions between
the SA and JA pathways in particular are often mutually antagonistic, though they can act
synergistically or additively as well (IKoornneef & Pieterse, 2008; Thaler ef a/., 2012). While
there is a growing pool of studies investigating the effects of multiple herbivory, we still
lack in-depth knowledge of the subcellular processes underpinning these more complex
interactions. Induction of the defense signaling pathways results in downstream changes
in the transcriptome, proteome and metabolome (Kessler & Baldwin, 2002; Keurentjes e#
al., 2011; Stam ez al., 2014), however numerous studies in these fields have mainly taken a
highly targeted approach, focusing on specific groups of genes, proteins or metabolites,
because of their important defensive functions (Arany e a/, 2008; Mithéfer & Boland,
2008; Textor & Gershenzon, 2009; Mathur ef a/., 2013). However, the plant metabolome
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undergoes an extensive rearrangement that will be largely overlooked when using solely
a targeted approach. Changes in both primary and secondary metabolism occur in
response to insect herbivory, and a whole metabolome analysis can reveal treatment-
specific induction patterns (Sutter & Miiller, 2011; Kutyniok & Mdller, 2012; Ossipov ez
al., 2014), contributing to a more comprehensive view of plant-herbivore interactions.
Moreover, induction of plant responses has been shown to occur locally at the site of
damage, as well as systemically, in undamaged leaves (Baldwin ez a/, 1994; Widarto ¢f al.,
2006; Marti ez al., 2013).

In the present study, we used a comprehensive metabolomic analysis involving gas-
chromatography for general metabolism and liquid-chromatography for mainly
glucosinolates (GS) and phenolic compounds to investigate the individual and combined
effects of feeding by two insect herbivores of different feeding guilds, i.e. phloem-
feeding aphids and leaf-chewing caterpillars, on the plant metabolome. Since these
herbivores induce different defense signaling pathways, differential changes in plant
chemistry modulate the interaction between the herbivore species, leading to competition
or facilitation in the interactions between the two herbivore species (Kaplan & Denno,
2007; Dicke ez al., 2009; Soler et al., 2012a). More precisely, the aim was to examine
the effects of simultaneous attack by aphids on caterpillar-induced changes in the plant
metabolome, and determine if aphid density was an additional contributing factor to
any observed changes in the plant’s metabolome. This was done on the wild annual
black mustard plant Brassica nigra, and two of its naturally occurring specialist herbivores:
Brevicoryne brassicae aphids and Pieris brassicae caterpillars. Previous work on this system has
shown that dual attack by P. brassicae caterpillars and B. brassicae aphids has strong non-
linear density-dependent effects on parasitoid foraging behavior (Ponzio e al., 2016).
Furthermore, the metabolome of the infested leaves as well as the uninfested adjacent
leaves was characterized, in order to determine if changes in the metabolome were

present in systemic tissues.

Material and methods

Plants and insects

Brassica nigra plants originated from seeds collected from alocal population in Wageningen,
the Nethetlands, and were grown under greenhouse conditions at 22 + 2°C, relative
humidity (r.h.) of 60-70% and a light:dark regime of L.16:D8. P. brassicae caterpillars and

B. brassicae aphids were reared on Brussels sprouts plants (Brassica oleracea vax. genmifera cv.
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Cyrus) in a climate-controlled room (21 * 1°C, 50-70% r.h., L16:D8).

Experimental treatments

Plants were either undamaged, or subjected to herbivory by either aphids, caterpillars or
a combination of both. The following treatments were used: control undamaged plants
(C) and plants infested with either 50 aphids (50A), 100 aphids (100A), 30 caterpillars (P),
50 aphids and 30 caterpillars (50A+P), or 100 aphids and 30 caterpillars (100A+P). For
the aphid infestations, a combination of first and second instar nymphs were placed on
the youngest fully expanded leaf of each plant. After 48h, the three caterpillar treatments
were infested with 30 early first-instar caterpillars, on the same leaf as the aphids in the
case of the dual-infestation treatments, or on a comparable leaf for the treatment having

only caterpillars. All herbivores were left to feed for a further 24h hours before sampling,

The experiments were conducted in a greenhouse under comparable climate conditions
as for the plant culture. Six biological replicates were analyzed per treatment, with leaves
from nine individual plants (one leaf per plant) pooled per replicate. All treatments
were run simultaneously with six runs in total, spread over a period of four weeks.
Immediately prior to sampling, all herbivores were removed from the leaves, and their
byproducts (frass or honeydew) removed as much as possible with a fine paint brush. For
each treatment, two samples were taken from each plant: the Tlocal’, infested leaf, and a
younger ‘systemic’ adjacent leaf. For the control treatment, only one leaf per plant was
sampled, at an intermediary position. Leaves were detached using a surgical blade and the
nine leaves constituting one biological replicate were wrapped together in aluminum foil
before being flash frozen in liquid nitrogen and subsequently stored at -80°C. Samples
were then ground with a mortar and pestle in liquid nitrogen, and were shipped to Umed

University, Sweden, on dry ice for analysis.

Metabolomics

Extraction

Freeze-dried leaf samples of 10-12 mg were extracted using 1 ml of cold
chloroform:methanol:H,O (20:60:20), which contained 7.5 ng/ul salicylic acid as an
internal standard for both GC and 1.C -MS. Other internal standards included in the
extraction buffer for quality control (GC-MS detection) were salicylic acid-D6, methyl
stearate-"°C4, hexadecanoic acid PC4, succinic acid-D4, a-ketoglutarate-">C4, L-glutamic

acid-"C5-PN, myristic acid-"’C, and putrescine-D4. A 3 mm tungsten carbide bead was
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introduced in each vial, and samples were agitated for 3 min at 30 Hz in an MM 301
Vibration Mill (Retsch GmbH and Co. KG, Haan, Germany). Extracts were centrifuged
at 20,800 X g for 10 min at 4°C in order to remove tissue debris from the mixture and
to avoid contamination. 200ul of the supernatant were evaporated until dry using
a SpeedVac™. For LC-MS analysis, dried samples were re-dissolved in 10 pl of cold
methanol and diluted with 10 pl of cold water prior to being injected into the system.
For GC-MS analysis, samples were further derivatized using 30 pl of methoxyamine (15
ng/uL in pyridine), agitated for 10 min, allowed to react for 16 hours at 25°C. Sylilation
was done with 30 pl of MSTTA and reacted for 1 hour at 25°C. Lastly, GC-MS samples
were diluted in 30 pl of heptane which contained 15 ng/ul of methyl stearate (internal
standard), and then injected into the system.

Gas Chromatography - Mass Spectrometry (GC-MS)

One microliter of the derivatized sample was injected splitless (or split 1:20) by a CTC
Combi Pal Xt Duo (CTC Analytics AG, Switzetland) auto-sampler/robot into an Agilent
7890A gas chromatograph equipped with a 30 m X 0.25 mm i.d. fused-silica capillary
column with a chemically bonded 0.25-pm DB 5-MS Ul stationary phase (J&W Scientific,
Folsom, CA). The injector temperature was 260 °C, the purge flow rate was 20 ml/min,
and the purge was activated after 75 s. The gas flow rate through the column was 1 ml/
min, and the column temperatute was held at 70 °C for 2 min, followed by an increase of
20 °C/min to 320 °C, and this temperature was held for 8 minutes. The column effluent
was added into the ion source of a Pegasus HT time-of-flight mass spectrometer, GC/
TOF-MS (Leco Corp., St Joseph, MI). The transfer line was at a temperature of 250 °C,
and the ion source temperature was at 200 °C. Ions were generated by a 70-¢V electron
beam at an ionization current of 2.0 mA, and 20 spectra/s were recorded in the mass

range 50—800 m/z. The acceleration voltage was turned on after a solvent delay of 290 s.
The detector voltage was 1500-2000V.

Liguid Chromatography - Mass Spectrometry (ILC-MS)

Chromatographic separation was done on an Agilent 1290 Infinity UHPLC-system
(Agilent Technologies, Waldbronn, Germany). 2 ul of extracted leaf samples (re-suspended
aliquots) were injected onto an Acquity UPLC HSS T3, 2.1 x 50 mm, 1.8 um C18 column
combined with a 2.1 mm x 5 mm, 1.8 um VanGuard precolumn (Waters Corporation,
Milford, MA, USA) held at 40 °C. The gradient elution buffers used were A (H,O, 0.1 %
formic acid) and B (75/25 acetonitrile:2-propanol, 0.1 % formic acid), and the flow-rate

was 0.5 ml/min. The compounds were eluted with a linear gradient consisting of 0.1 -
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10 % B over 2 minutes, B was increased to 99 % over 5 minutes and held at 99 % for 2
minutes; B was decreased to 0.1 % for 0.3 minutes and the flow-rate was increased to 0.8
ml/min for 0.5 minutes; these conditions were held for 0.9 minutes, after which the flow

rate was reduced to 0.5 ml/min for 0.1 min before the next injection.

The compounds were detected with an Agilent 6540 Q-TOF mass spectrometer equipped
with a jet stream electrospray ion source operating in negative ionization mode. A reference
interface was connected for accurate mass measurements; the reference ions purine (4
uM) and HP-0921 (Hexakis('H, 'H, *H-tetrafluoropropoxy)phosphazine) (1 uM) both
purchased from Agilent Technologies (Santa Clara, CA, USA) were infused directly into
the MS at a flow rate of 0.05 ml/min for internal calibration, and the monitored ions were
purine (m/z 119.03632); HP-0921 (m/z 966.000725). The gas temperature was set to 300
°C, the drying gas flow to 8 1/min and the nebulizer pressure 40 psig. The sheath gas temp
was set to 350°C and the sheath gas flow 11 1/min. The capillary voltage was set to 4000
V in positive ion mode, and to 4000 V in negative ion mode. The nozzle voltage was 0 V.
The fragmentor voltage was 100 V, the skimmer 45 V and the OCT 1 RF Vpp 750 V. The
collision energy was set to 0 V while the m/z range was 70 — 1700. Data were collected in

centroid mode with an acquisition rate of 4 scans/s.

Orbitrap Tandem Mass Spectrometry (MS-MS)

In order to verify the data acquited by the UHPLC-ESI/TOF-MS, samples were tre-
analyzed by UHPLC-MS-MS using linear ion trap (LTQ-Orbitrap). Separation was
performed on a Thermo Accela LC system, equipped with a column oven (held at
40°C) and a Hypersil C18 GOLD™ column (2.1X50 mm, 1.9 um; mobile phase as for
the UHPLC-ESI/TOFMS) and analyzed by tandem mass spectrometry using a LTQ/

Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). External

mass calibration was performed according to the manufacturer’s guidelines.

Compounds identification and data processing

For GC-MS, identification of compounds was based on comparison of retention
indices (RIs) and mass spectra libraries with the Swedish Metabolomics Centre in-house
database and the public Golm Metabolome Database of the Max Planck Institute. Rls
were calculated relatively to the C8-C40 alkane series which was included in the analysis.
Feature extraction and peak integration from the raw data were performed in Matlab®
environment. Sample were normalized by PCA UVN scores of the values integrated for the

internal standards (methyl stearate, salicylic acid-DG6, methyl stearate-"C4, hexadecanoic
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acid PC4, succinic acid-D4, a-ketoglutarate-*C4, L-glutamic acid-"*C5-15N, myristic acid-
YC, and putrescine-D4).

For LC-MS, Mass Feature Extraction (MFE) for the data acquired was performed
using the MassHunter™ Qualitative Analysis software package, version B06.00 (Agilent
Technologies Inc., Santa Clara, CA, USA). Extracted features were aligned and matched
between samples using Mass Profiler Professional™ 12.5 (Agilent Technologies Inc., Santa
Clara, CA, USA). Compound identities were then compared to pure glucosinolate standards
(Phytoplan, Diehm & Neuberger GmbH, Heidelberg, Germany) (sinigrin, glucoiberin,
glucobrassicin,  gluconapin, glucobrassicanapin, glucotropaeolin, gluconasturtin,
progoitrin), METLIN mass spectra depository, and additional literature references for
glucosinolates (Clarke, 2010), and for flavonol glucosides and hydroxycinnamic acid
derivatives (Lin ez a/., 2011). Additional tandem mass data analysis by Orbitrap was used to
compare the MS” profiles and confirm the list of identifications. Raw data were processed
using Sieve® and Matlab® software for peak alighment and integration. Normalization
was performed for the integrated area of the labeled internal standards (salicylic acid-Do6,
m/z [M-H-] 141.040).

Statistical analysis

The metabolic profiles were analysed through multivariate data analysis using OPLS-DA
(orthogonal projection to latent structures discriminant analysis) (Eriksson ez af., 2000),
executed with the SIMCA-14 software program (Umetrics AB, Umed, Sweden). This
projection method determines whether samples can be separated based on differences
in the overall metabolite profiles. OPLS-DA computes the part of variation of X (matrix
with metabolites) which is predictive (correlated to Y, with Y being a data matrix of
dummy variables assigning a sample to it respective class, here treatment) and the variation
which is orthogonal (unrelated) to Y (Trygg & Wold, 2002), as removal of non-correlated
variation from the PLS model enhances its interpretability. The results of the analysis
are then visualized in score plots, which show the sample structure according to latent
variables, and loading plots, which display the contribution of the vatiables to these latent
variables as well as the relationships among the variables. For the pairwise comparisons
presented in Table 1, the number of orthogonal latent variables was standardized to a
maximum of three latent variables, in order to facilitate comparisons across the different
pairwise models and to minimize the risk of overfitting the models. In order to identify
the most highly influential metabolites in the different models, the variable importance
in the projection (VIP) of each variable (in this case, the different compounds) was

used, with variables having VIP values greater than 1 being most influential in the model
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(Exiksson ez al., 2000). Data were mean-centred and scaled to unit variance before they
were subjected to the analysis. All unknown metabolites were included from the analysis,
but subsequently masked in the loading plots in order to increase the interpretability of
the plots. Individual metabolites and total glucosinolates were analysed in SPPS 22 (IBM,
Armonk, NY, USA) by one-way ANOVA followed by Tukey’s posthoc test. Following
inspection of the residuals, data that did not follow a normal distribution were log or
square root transformed. If only the assumption of equal variances was violated, then a
one way Welch-ANOVA was done, followed by Games-Howell post-hoc test, which is

suited to data with unequal variances.

Results

The metabolomic analysis resulted in the detection of 221 compounds, 110 of which
could be fully identified, covering both primary and secondary metabolism. The
major classes of identified compounds were amino acids, sugars, acids, glucosinolates
(GS), hydroxycinnamic acid derivatives and flavonol glucosides. (Tables S1 and S2) In
general, insect herbivory altered the plants’ metabolome, with the strongest differences
seen between control and treated plants (Fig. 1), and smaller differences between the
infestation treatments. These general and treatment-specific effects were much stronger in
the local leaves of insect-damaged plants (Fig. 1) than for the systemic leaf samples (not
shown), which resulted in a weak and unreliable model where control plants could not be

adequately separated from the ‘systemic’ samples from treated plants.
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Figure 1. Multivariate analysis (OPLS-DA, score plot) of B. nigra leaf metabolic profiles, describing the
effect of aphid and caterpillar herbivory in the local, treated leaf. OPLS-DA: 3+2+0 latent variables, with
R*X = 0.572 R*Y = 0.519 ¢* = 0.213. Symbols in the score plot refer to healthy plants (C), plants infested
with 50 B. brassicae aphids (50A), 100 aphids (100A), P. brassicae caterpillars (P), 50 aphids plus caterpillars
(50A+P) or 100 aphids plus caterpillars (100A+P). The ellipse defines Hotelling’s T2 confidence region
(95 %).

119



Chapter 6

When the metabolomes of herbivore-infested plants were compared to each other in
a pairwise fashion for the local and systemic samples separately (Table 1), 5 out of 6
OPLS-DA comparisons resulted in statistically significant separation of the treatments
for the local tissue samples, while for the systemic samples this was only the case for 2
out of 6 comparisons. Examination of the loading plots (Fig. S1) and associated VIP
value lists of the ‘local’ models showed that it was rarely the same individual compound
or set of compounds that contributed to the pairwise differences across the different
comparisons. For instance, when comparing the 50 and 100 aphids density conditions,
with and without caterpillars — i.e. 50A versus 50AP (model 5) and 100A versus 100AP
(model 6) - the group of discriminant metabolites (VIP list) in each case was highly
divergent: indeed, while the effect of Preris caterpillars on plants treated with low-density
infestation of aphids (50 aphids) mainly resulted in changes in sugars and phenolic
compounds (flavonol glucosides and hydroxycinnamic acid derivatives), the effect of
Pieris feeding on plants with a high-density aphid infestation (100 aphids) was explained
by GS (mainly glucobrassicin and glucoiberin) and many unknown compounds (Fig S1).
On the other hand, comparison of the two systemic treatment pairs showed a strong
overlap in the highly discriminant metabolites, particulatly reduced glutathione (GSH),

phenylalanine, three flavonol glucosides and several unknown compounds (Fig.S1).

Table 1. Overview of pairwise comparisons using multivariate data analysis (OPLS-DA) in the local
and systemic leaf samples, with orthogonal variation standardized at maximum 3 latent variables. Model
parameters were included for all comparisons where a separation between treatments was possible.

Model parameters

Model Treatment A Treatment B Latent R*X(cum) R*Y (cum) Q?*(cum)
number variables
ocalleafsamples
1 50A 100A 1+3+0 0.625 0.998 0.515
2 50A+P 100A+P 1+0+0 0.306 0.576 0.192
3 P 50A+P - - - -
4 P 100A+P 1+3+0 0.676 0.991 0.137
5 50A 50A+P 1+3+0 0.524 0.984 0.365
6 100A 100A+P 1+2+0 0.521 0.985 0.391
Spstemicleaf samples
7 50A 100A - - - -
8 50A+P 100A+P 1+3+0 0.645 0.997 0.378
9 P 50A+P 1+1+0 0.687 0.998 0.560
10 P 100A+P - - - -
11 50A 50A+P - - - -
12 100A 100A+P - - - -
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The difference between these local and systemic effects (Fig. 1 and Table 1) indicated
that herbivory, either - single or dual - indeed induced metabolomic changes in adjacent
undamaged leaves, but these effects were weaker compared to the effects on the local
leaf (i.e. directly damaged tissues). These results motivated the decision to perform
further statistical analyses which focused exclusively on the local leaf samples, and which

are the focus of the remainder of this section.

Morte subtle effects of the aphid treatments on local leaves were detected by excluding
aphid density from the explanatory variables. In this way differences could be detected
based on the binary absence or presence of aphids or caterpillars. In this model, the
projection showed a separation on the first latent variable (LV) as an effect of caterpillar
herbivory, separating plants infested only with aphids from caterpillar-infested plants
(Fig. 2a). Plants that were simultaneously damaged by both herbivores could not be
separated from plants which were infested with only caterpillars, indicating that caterpillar
herbivory had a stronger effect on the plant metabolome than aphid infestation (Fig. 2a).
The corresponding loading plot (Fig. 2b) and VIP plots showed that aphid-only-infested
plants generally contained more sugars, particulatly fructose, trehalose maltose/
cellobiose, ribitol, glucose and sorbose, as well as GSH, a-tocopherol, p-coumaric-acid,
and Qn-3-coumaroylsophoroside-7-glucoside. The caterpillar-infested treatments were
primarily characterized by higher levels of many GS, namely glucoiberin, gluconapin,
glucobrassicin, neoglucobrassicin, sinigrin and gluconasturtin. However, after dividing
the dataset into the two aphid density subsets (50 and 100 aphids) and modeling the
effects separately for each aphid density, the overall picture of aphid-induced effects could
be further refined (Fig. 3a). At the higher aphid density, a strong separation was visible
between the 100 aphids-, caterpillar- and dual infestation treatments, with the first LV
corresponded to the effect of the caterpillars on plant metabolome. Metabolites which
contributed strongly to the separation were eight GS (with only 4-methoxy-glucobrassicin
primarily associated to the dual infestation treatment), glycolic acid, phosphoric acid,
GSH and two sugars (fructose and trehalose). However, a significant overlap among
the treatments was found when the same analysis was performed on the lower aphid
density infestation (50 aphids), and hence no model could be created, indicating that the
effects of aphid infestation on caterpillar induction was density dependent. Thus, aphid
infestation had an effect on the plant metabolomic response to herbivory by caterpillars,
and this effect was dependent on aphid density, but the effect of caterpillar herbivory
was always stronger compared to the overall effect of aphids, which was only clearly
detected at the higher aphid density.
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Figure 2. Multivariate analysis (OPLS-DA, scores (a) and loadings (b)) of B. nigra leaf metabolic profiles,
describing the effect of aphid and caterpillar herbivory in the local, infested leaf. OPLS-DA: 1+1+0 latent
variables, with R*X = 0.121 R*Y = 0.494 ¢* = 0.201. Symbols in the score plot (a) refer to plants infested
with B. brassicae aphids, P. brassicae caterpillars or aphids plus caterpillars. The ellipse defines Hotelling’s
T2 confidence region (95 %), and a second latent variable was added for representational purposes. (b)
Loading plot of the first two components of the OPLS-DA, showing the contribution of each of the
individual metabolites towards the model. Numbers refer to the highly discriminatory metabolites: (1)
fructose, (2) fructose/sorbose, (3) maltose/cellobiose, (4) ribitol, (5) glucose, (6) trehalose, (7) sorbose,
(8) p-coumaric-acid, (9) GSH, (10) a-tocopherol, (11) glucoiberin, (12) gluconapin, (13) glucobrassicin,
(14) neoglucobrassicin, (15) sinigrin, (16) gluconasturtin and (17) Qn-3-coumaroylsophoroside-7-glucoside.

Minor effects were better visualized when the number of treatments compared was
decreased. As the caterpillar herbivory treatment (P) had a strong influence on the
models, it was then omitted from the analyses in order to reveal potential minor density-
dependent effects of aphid infestation in the single and dual stress treatments (Fig. 4).
In this model, the projection showed an effect of both caterpillar herbivory and aphid
density (Fig. 4a). A first LV separated the treatments according to aphid density and
a second LV separated plants subjected to caterpillar herbivory from plants without
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caterpillar herbivory. This approach confirmed the density effects already observed in
the previous comparison between plants with 100 aphids, caterpillars or both (Fig.3).
One of the main discriminatory groups of metabolites in this model was the GS (Fig.
4b). Seven of these were predominant in both caterpillar-infested treatments (in order
of importance; glucoiberin, sinigrin, gluconapin, glucobrassicin, neoglucobrassicin,
4-hydroxy-glucobrassicin and gluconasturtin). On the other hand, single infestation by
aphids generallyled to higher levels of sugars. A density-dependent effect was observed on

some of these sugars, with the 100-aphid treatment leading to a higher content of ribose,
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Figure 3. Multivariate analysis (OPLS-DA, scores (a) and loadings (b)) of B. nigra leaf metabolic profiles,
describing the effect of aphid and caterpillar herbivory in the local, infested leaf, at the higher aphid density.
OPLS-DA: 2+3+0 latent variables, with R*X = 0.643 R*Y = 0.951 ¢* = 0.4. Symbols in the score plot (a)
refer to plants infested with 100 B. brassicae aphids (100A), P. brassicae caterpillars (P), or 100 aphids plus
caterpillars (100A+P). The ellipse defines Hotelling’s T2 confidence region (95 %), and a second latent
variable was added for representational purposes. (b) Loading plot of the first two components of the
OPLS-DA, showing the contribution of each of the individual metabolites towards the model. Numbers
refer to the highly discriminatory metabolites: (1) glucoiberin, (2) neoglucobrassicin, (3) glucobrassicin, (4)
sinigrin, (5) gluconapin, (6) gluconasturtin, (7) 4-hydroxy-glucobrassicin, (8) 4-methoxy-glucobrassicin, (9)
glycolic acid, (10) phosphoric acid, (11) GSH, (12) fructose, and (13) trehalose.
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ribitol, trehalose, maltose and xylose, while the 50-aphid treatment was characterized by
increased levels of fructose. Plants that were single or dual infested with 100 aphids
also showed an increasing trend of the two fatty-acid compounds, namely cis,cis-linoleic
acid (octadecadienoic acid, 9,12-[Z,Z]-) and a-linolenic acid (octadecatrienoic acid,
9,12,15-|Z,Z,Z]-), while plants with the lower aphid density showed increased levels of
glycolic acid in both single and dual infestation treatments.
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Figure 4. Multivariate analysis (OPLS-DA, scores (a) and loadings (b)) of B. nigra leaf metabolic profiles,
describing the effect of aphid density. OPLS-DA: 1+4+0 latent vatiables, with R*X = 0.525 R?Y = 0.746 ¢*
= 0.155. Symbols in the score plot (a) refer to plants infested with 50 B. brassicae aphids (50A), 100 aphids
(100A), 50 aphids plus P. brassicae caterpillars (50A+P) or 100 aphids plus caterpillars (100A+P). The ellipse
defines Hotelling’s T2 confidence region (95 %), and a second latent variable was added for representational
purposes. (b) Loading plot of the first two components of the OPLS-DA, showing the contribution
of each of the individual metabolites towards the model. Numbers refer to the highly discriminatory
metabolites: (1) glucoiberin, (2) sinigrin, (3) gluconapin, (4) glucobrassicin, (5) neoglucobrassicin, (6)
4-hydroxy-glucobrassicin, (7) gluconasturtin, (8) ribose, (9) ribitol, (10) trehalose, (11) maltose/cellobiose
(12) xylose, (13) fructose, (14) cis,cis-linoleic acid, (15) a-linolenic acid, and (16) glycolic acid.
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The effects of compounds which
2 appeared to have strong discriminatory

effects in several models were further
investigated with univariate analysis
(Fig, 5). Although OPLS-DA loading
plots (Figs. 2b and 4b) showed few GS
to be affected in a highly treatment-

relative abundance

specific manner, the whole GS pool
b) tended to be affected as a group.
1000000 Analysis by ANOVA indicated that
200000 T T aliphatic and indolic GS were affected
in the same way when these two GS

600000
roups were analyzed separatel
400000 L9 & p Y p ¥

relative abundance

b so only the effects on total GS

a a are reported here (Fig. 5a). While
herbivory generally led to an increase

in the GS pool, aphid density did

b not affect GS levels significantly in

0002 ? b this study (Welch ANOVA, df = 5,
F = 11382, P < 0.001). There was

an interactive effect of caterpillar

200000 -

0

0.003

0.001 -

herbivory and aphid density in the

relative abundance

00 - dual treatments: while infestation with
¥ 100 aphids did not affect caterpillar-

induced changes in GS content,
Figure 5. Relative abundance (mean = SE, N=06) of
(a) total glucosinolates, (b) trehalose and (c) glutathione )
GSH in B. nigra plants under the different hetbivory reduced GS concentrations compared

treatments. Different letters over the bars indicate to caterpillar herbivory alone. The
significant differences.

co-infestation with 50 aphids led to

sugar trehalose (Fig, 5b) was another
important compound in separating the different treatments. Levels of this compound
did not increase after caterpillar herbivory alone, but showed a strong increase in both the
single and dual aphid-infestation treatments (One-way ANOVA, df =5, F=18.23,P <
0.001). Furthermore, these effects were aphid-density dependent, with the highest levels
of trehalose found following infestation with 100 aphids. Glutathione GSH (Fig. 5¢) was
also found to be strongly induced by aphid infestation (One-way ANOVA, df = 5,F =
7.59 P < 0.001), whether alone or in co-infestation with caterpillars, but not induced by
caterpillar herbivory alone.
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Discussion

Our data show that the metabolome of B. #igra plants was affected by feeding by aphids or
caterpillars, both in single infestations and when both species were present simultaneously.
The effects of caterpillar herbivory were the strongest effects and largely overrode aphid-
induced changes. Despite this strong influence of caterpillar herbivory, aphid density-
dependent effects on caterpillar induction were detected as well. Co-infestation by the
aphid and caterpillar species used in this study have previously been shown to affect the
foraging behavior of parasitoid wasps (Ponzio ez al., 2016). These results motivated the
largely untargeted metabolome approach of this study, which was performed in order
to gain a comprehensive overview of the chemical changes that are involved in B. nigra
responses to dual herbivory, coupled to density effects. Although literature on this topic
is limited, both caterpillar and aphid herbivory are known to induce changes in the plant
metabolome, with aphid-induced effects of a lower magnitude. Caterpillar herbivory
often leads to large scale changes in metabolic profiles (Kersten e al, 2013), though
these effects can vary according to the species (Steinbrenner e 4, 2011), specialization
(generalist versus specialist) (Sutter & Miiller, 2011), or larval instar (Widarto ez af., 2000).
In contrast, aphid infestation triggers metabolome changes on a smaller scale (Sutter &
Miiller, 2011; Kutyniok & Miiller, 2012), which may be a result of the minimal damage
caused by the piercing/sucking feeding mode. This division between leaf chewers and sap-
sucking herbivores is also typical in the induced volatile metabolome (Rowen & Kaplan,
2016), indicating that feeding guild has a strong impact on induced plant defenses. The
difference in strength of effect by the two herbivore species in our study may account for

the overriding effects of caterpillar herbivory we found.

While there is some information on the impact of single herbivorous attackers on the
metabolome, studies are usually focused on investigating specific metabolite pools, and
the effects of dual attack or herbivore density is still largely uncharted territory. Kutyniok
& Miiller (2012) showed that while aphid infestation did change the plant’s metabolic
fingerprint, combined attack with root-feeding nematodes resulted in no measurable
effects. In another recent study, Khaling ¢z a/. (2015) examined the effects of combined P.
brassicae caterpillar herbivory and ozone exposure on pools of defense-related metabolites.
While the three main compound groups showed signifcant effects of the single stresses,
few interactive effects of ozone and herbivore wetre detected. However, interaction of
the stresses was detected on some individual metabolites, namely two GS which were
reduced by exposure to dual stress, and two unknown peaks induced by ozone that were

affected in opposite directions by dual stress with caterpillars. Although in the present
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study the effect of aphid infestation was minor compared to caterpillar infestation, a
density-dependent effect was detected between plants infested with 50 or 100 aphids,
cither as a single stressor or in combination with caterpillar herbivory. Aphids generally
had a stronger effect on the overall metabolite profile at the higher density only, which
affected induction by caterpillar herbivory. Herbivore-density-dependent effects on plant
metabolome were previously shown for geometrid caterpillars (Epirrita antumma) teeding
on mountain birch trees (Betula pubescens ssp. czerepanovii) (Ossipov et al., 2014): increasing
density was linked to important biochemical changes, including an increase in secondary

compounds (phenolics), and decrease of primary metabolism (nutritive metabolites).

Effects on plant secondary metabolism

One of the most strongly affected metabolite pools was the GS, which are an important
group of secondary defense compounds characteristic of the Brassicaceae that mediate
interactions with other organisms including insects (Chew, 1988; Gols & Harvey,
2009; Hopkins ef al., 2009). After tissue damage, these compounds are hydrolyzed by
myrosinase enzymes into toxic nitrogen- or sulfur-containing breakdown products
(Halkier & Gershenzon, 2006). GS hydrolysis products are an important defense against
many generalist herbivores, while specialist herbivores, like those studied here, have
evolved adaptations to detoxify, sequester or excrete GS (Rask e 4/, 2000; Ratzka ef al.,
2002). Insect herbivory on brassicaceous plants will most frequently induce indolic GS,
while aliphatic and aromatic GS are induced at lower magnitudes, and concentrations
may even drop following herbivory (reviewed by Textor & Gershenzon, 2009). Aliphatic
GS appear more affected by aphid herbivory than indolic GS, with aphid feeding often
leading to reduced induction of aliphatic GS (Kim & Jander, 2007; Kusnierczyk ¢ al.,
2008; Kutyniok & Miiller, 2012). However, we found that levels of both aliphatic and
indolic GS followed the same treatment-specific pattern of induction, and GS were
little induced by aphid feeding at the higher density. Interestingly, during dual attack with
caterpillars there was an interactive effect of caterpillar feeding and aphid density: dual
infestation with 100 aphids did not affect caterpillar-induced GS levels, but the lower 50
aphid density did. Studies investigating GS concentrations during dual attack found that
there was no effect of dual caterpillar herbivory by P. brassicae and B. brassicae on cultivated
Brassica oleracea GS content (Soler ez al., 2012a), and no effect of dual stress with P. brassicae
and ozone exposure in B. nigra (Khaling e al, 2015). Combined attack by flea beetles
(Phyllotreta nemorum) and an oomycete pathogen (Albugo sp.) had an additive effect on GS
induction in the brassicaceous plant Barbarea vulgaris (van Moélken et al., 2014). However, in

all the above studies, attacker density effects have not been considered, whereas our study
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has shown that in order to determine the potential effects of dual attack, herbivore density

must be considered as is may influence the strength and direction of plant responses.

Effects on plant primary metabolism

Along with the GS, sugars were another class of metabolites which were strongly
affected by herbivory. Feeding by B. brassicae induced a strong accumulation of many
sugars in B. nigra plants, and fructose and trehalose were positively correlated to aphid
density. This was shown previously for trehalose in Myzus persicae-infested Arabidopsis
plants (Hodge e a/., 2013), in both the infested and uninfested leaves, though it can
also be present only in the infested leaves (Singh e a/,, 2011). In our case, trehalose was
present only in the aphid-infested samples and was absent from the systemic samples,
it cannot be excluded that this metabolite was present in the aphid honeydew rather
than in the plant, though it may be that aphids concentrate and excrete plant-derived
trehalose. This may also be the case for other sugars that were significantly affected by
aphid herbivory (fructose, sucrose), as in Tuberculatus quercicola aphids, trehalose, glucose,
fructose, sucrose and melezitose together represented around 90% of the honeydew’s
total sugar content (Yao & Akimoto, 2001). Trehalose is called a “protective sugar’, since
it is involved in induced plant responses against (a)biotic stresses, conferring tolerance
to drought (Fernandez ¢z al, 2010), and accumulating in plant tissues in response to
pathogen infection or infestation by phloem-feeding insects (Fernandez et al, 2010;
Singh & Shah, 2012). Plants under (a)biotic stress produce reactive oxygen species,
and trehalose protects against oxidative damage (Fernandez ez a/, 2010). Interestingly,
glutathione GSH followed a similar pattern of induction; it is strongly induced by aphid
herbivory but not by caterpillar herbivory. Glutathione (both reduced glutathione (GSH)
and oxidized glutathione (GSSQG)) is referred to as the “master antioxidant”, protecting
cells from oxidative damage during biotic or abiotic stress. It is known to be involved in
defense responses against phytopathogens via cross-communication with the salicylic-
acid signaling pathway (Mou ¢ a/., 2003; Ghanta ez al., 2011), though it can also be active
against insect herbivory, though in resistant plants (Liu e/, 2015). While only a snapshot
of the many primary metabolites affected by herbivory and herbivore density, these
results provide important insights into plant responses to herbivory, as they show that it
is important to consider all components of the metabolome, and not only the commonly
studied secondary defense-related metabolites. Elements of the primary metabolism
may serve key roles in plant defense, and plant tolerance/resistance to herbivory requires

changes in both primary and secondary metabolism.
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Conclusions

Our results show that herbivory by P. brassicae caterpillars and B. brassicae aphids was
associated with multiple changes in the leaf metabolome. While caterpillar herbivory had
the strongest effect, there was an interactive effect of infestation by the two herbivores,
and this effect was aphid-density-dependent. While this study focused on the identified
metabolites, numerous other unidentified metabolites were also strongly affected by dual
herbivory, some also in a density-dependent manner, and they may play important roles
in defense against herbivores, and so these may warrant further investigation. Untargeted
metabolomics is a powerful tool that deserves to be further exploited in interactions
of plants with multiple herbivores. Consideration of a single compound class provides
important insight in plant modulation of defense responses, but fails to provide a clear
picture of the global metabolic plant response to one or several attackers. Herbivory
does not lead exclusively to changes in secondary plant metabolism; primary metabolism
undergoes important changes as well, showing effects on the allocation of resources, and
highlighting primary metabolites which may even have defensive functions themselves
or modulate defense signaling pathways (Schwachtje & Baldwin, 2008; Steinbrenner e¢f
al., 2011). Such an untargeted or wide approach warrants further attention as organisms
interacting with plants usually are affected by mixtures of metabolite changes, and not
only variation in concentrations of individual compounds. In this sense, many minor
changes in a multitude of compounds which may not be significantly affected individually,
as seen here, may have stronger effects on interacting organisms than limited changes
in only a few important targeted compounds, as found for the volatile metabolome of
B. nigra (Ponzio et al., 2014; Ponzio ef al., 2016). We showed that multivariate analysis
is a valuable tool for gaining a global perspective on complex plant-insect interaction

scenarios, such as dual herbivory, at the “~omics’ level.
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Table S1. Identified and unknown metabolites from GC-TOF-MS analysis. Compound class, retention
index (RI) and compound identity are reported.

Compound class RI Compound ID
Amino Acid 1105.9 Alanine

Amino Acid 1421.5 B-alanine

Amino Acid 1658.4 Asparagine

Amino Acid 1302.1 Glycine

Amino Acid 1762.8 Glutamine

Amino Acid 1287.4 Isoleucine

Amino Acid 1623.4 Phenylalanine

Amino Acid 1350.3 Serine

Amino Acid 1375.2 Threonine

Amino Acid 1212.9 Valine

Amine 1239.8 Utrea

Amine 2094.8 N-acetyl mannosamine
Amine 2124.3 N-acetyl mannosamine
Amine 2249.9 Spermidine

Fatty acid 2207.2 Octadecadienoic acid, 9,12-(Z,Z)-
Fatty acid 2214.2 Octadecatrienoic acid, 9,12,15-(Z,Z,7Z)-
Acids 1803.6 Citric acid

Acids 1342.8 Fumaric acid

Acids 1477.4 Malic acid

Acids 1319.6 Glyceric acid

Acids 1078.9 Glycolic acid

Acids 1132.9 Oxalic acid

Acids 1543.4 Threonic acid

Acids 1544.5 Threonic acid

Acids 1369.3 Threonic acid lactone
Acids 1982.5 Galactonic acid

Acids 1912.3 Glucuronic acid-e-lactone
Acids 1264.9 Phosphoric acid
Sugars 2728.1 Trehalose

Sugars 1882.2 Glucose

Sugars 2619 Sucrose

Sugars 2621.2 Sucrose

Sugars 1856.8 Fructose

Sugars 1866.7 Fructose

Sugars 1863.8 Fructose or Sorbose
Sugars 1953.8 Glucopyranose

Sugars 1979.5 Glucopyranose
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Compound class RI Compound ID
Sugars 1464.3 Erythrose
Sugars 1869.2 Mannose
Sugars 3368.4 Raffinose
Sugars 1682.7 Ribose
Sugars 1854.9 Sorbose
Sugars 1637.7 Xylose
Sugars 1643.4 Xylose
Sugars 1659.9 Xylose
Sugars 2721.5 Maltose or Cellobiose
Sugars 2977.2 Galactinol
Sugars 2080.9 Myo-inositol
Sugars 1738.3 Ribitol
Sugars 1929.4 Sorbitol
Sugars 1708.3 Xylitol
Phytohormone 3143.1 a-tocopherol
Phytohormone 3277.3 Campesterol
Phytohormone 3359.8 B-sitosterol
Phytohormone 3361.4 B-sitosterol
Phytohormone 2166.2 Phytol
Secondary 2499.6 Salicin
Secondary 2549 Salicin
Secondary 2235.5 T-sinapinic acid
Unidentified metabolite 1068.5 Unknown 1
Unidentified metabolite 1073.1 Unknown 2
Unidentified metabolite 1091.9 Unknown 3
Unidentified metabolite 1179.6 Unknown 4
Unidentified metabolite 1183.2 Unknown 5
Unidentified metabolite 1184.4 Unknown 6
Unidentified metabolite 1193.7 Unknown 7
Unidentified metabolite 1330.8 Unknown 8
Unidentified metabolite 1332.5 Unknown 9
Unidentified metabolite 1347.1 Unknown 10
Unidentified metabolite 1359.1 Unknown 11
Unidentified metabolite 1367.9 Unknown 12
Unidentified metabolite 1418.6 Unknown 13
Unidentified metabolite 1432.3 Unknown 14
Unidentified metabolite 1440 Unknown 15
Unidentified metabolite 1441.4 Unknown 16
Unidentified metabolite 1479.3 Unknown 17
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Compound class

Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite

Unidentified metabolite
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RI

1534

1553.4
1555

1584.6
1587.7
1617.6
1631

1631.9
1650.7
1651.9
1662.7
1665.4
1668.1
1716.3
1742.3
1752

1768.8
1783.9
1837.3
1861.1
1892.1
1918

1922

1937.4
1938.7
1941.1
1946

1979.5
2020

2029.2
2055.7
2073.7
2083.1
2159

2160.8
2169.1
2195.5
2258.6
2263.2

Compound ID

Unknown 18
Unknown 19
Unknown 20
Unknown 21
Unknown 22
Unknown 23
Unknown 24
Unknown 25
Unknown 26
Unknown 27
Unknown 28
Unknown 29
Unknown 30
Unknown 31
Unknown 32
Unknown 33
Unknown 34
Unknown 35
Unknown 36
Unknown 37
Unknown 38
Unknown 39
Unknown 40
Unknown 41
Unknown 42
Unknown 43
Unknown 44
Unknown 45
Unknown 46
Unknown 47
Unknown 48
Unknown 49
Unknown 50
Unknown 51
Unknown 52
Unknown 53
Unknown 54
Unknown 55
Unknown 56
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Compound class

Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite

Unidentified metabolite

RI

2285.4
2288.8
2347.9
2351.3
2356

2359

2367.5
2417.9
2422

2452

2464.9
2473.1
2476.8
2522.6
2560.1
2568.4
2694.5
2705.9
2730.9
2764.8
2784.2
2793.1
2804.4
2808.9
2822.9
2829.1
2913.4
2934.2
2965.6
30125
3027

3034.9
3072.5
3092.8
3125.7
3130.7
3225.5
3258.3
3284.7

Compound ID

Unknown 57
Unknown 58
Unknown 59
Unknown 60
Unknown 61
Unknown 62
Unknown 63
Unknown 64
Unknown 65
Unknown 66
Unknown 67
Unknown 68
Unknown 69
Unknown 70
Unknown 71
Unknown 72
Unknown 73
Unknown 74
Unknown 75
Unknown 76
Unknown 77
Unknown 78
Unknown 79
Unknown 80
Unknown 81
Unknown 82
Unknown 83
Unknown 84
Unknown 85
Unknown 86
Unknown 87
Unknown 88
Unknown 89
Unknown 90
Unknown 91
Unknown 92
Unknown 93
Unknown 94
Unknown 95
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Compound class RI Compound ID
Unidentified metabolite 3328.5 Unknown 96
Unidentified metabolite 3373.8 Unknown 97
Unidentified metabolite 3439.3 Unknown 98
Unidentified metabolite 3498.8 Unknown 99

Table S2. Identified and unknown metabolites from LC-qTOF-MS analysis. Compound class, retention
time (Rt), detected mass charge ration ( m/z, negative ionization mode [M-H]-) and compound identity
are reported. Flavonol glucoside abbreviations: Is = Isorhamnetin, Km = Kaempferol, Qn = Quercetin.

Compound class Rt (min) [M-H]-m/z Compound ID
Glucosinolates 0.98 358.027 Sinigrin

Glucosinolates 0.98 717.061 Sinigrin dimer
Glucosinolates 1.58 372.042 Gluconapin

Glucosinolates 0.36 420.075 Glucoerucin

Glucosinolates 0.75 422.02 Glucoiberin

Glucosinolates 2.42 388.065 Glucojiaputin
Glucosinolates 291 386.118 Glucobrassicanapin
Glucosinolates 2.45 447.052 Glucobrassicin
Glucosinolates 1.75 463.045 4-hydroxy-glucobrassicin
Glucosinolates 3.0 477.065 4-methoxy-glucobrassicin
Glucosinolates 3.3 477.065 Neoglucobrassicin
Glucosinolates 2.83 422.061 Gluconasturtin

Redox metabolism 1.32 611.145 Glutathione oxidized GSSG
Redox metabolism 0.73 306.076 Glutathione reduced GSH
Hydroxycinnamic acid detivatives 3.9 163,035 p-coumaric-acid
Hydroxycinnamic acid detivatives 2.36 325.093 p-coumaroyl-D-glucose
Hydroxycinnamic acid detivatives 1.66 339.072 Sinapoylmalic acid
Hydroxycinnamic acid detivatives 1.33 341.088 1-Caffeoyl-8-D-glucose
Hydroxycinnamic acid detivatives 2.38 341.088 1-Caffeoyl-8-D-glucose
Hydroxycinnamic acid derivatives 2.55 371.099 Hydroxyferuloylglucose
Hydroxycinnamic acid detivatives 2.95 385.115 1-O-sinapoylglucose
Hydroxycinnamic acid derivatives 3.8 591.175 1-2-disinapoylglucoside
Hydroxycinnamic acid derivatives 3.6 723.215 Sinapoylferuloylgentiobiose
Hydroxycinnamic acid derivatives 3.43 739.209 Sinapoylhydroxyferuloylgentiobiose
Hydroxycinnamic acid derivatives 3.3 725.194 Dihydroxyferuloylgentiobiose
Hydroxycinnamic acid derivatives 3.6 753.225 Disinapoylgentiobiose
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Compound class

Rt (min) [M-H]-m/z Compound ID

Hydroxycinnamic acid derivatives
Hydroxycinnamic acid derivatives
Hydroxycinnamic acid detivatives
Hydroxycinnamic acid derivatives
Flavonol glucosides

Flavonol glucosides

Flavonol glucosides

Flavonol glucosides

Flavonol glucosides

Flavonol glucosides

Flavonol glucosides

Flavonol glucosides

Flavonol glucosides

Flavonol glucosides

Flavonol glucosides

Flavonol glucosides

Flavonol glucosides

Flavonol glucosides

Flavonol glucosides

Flavonol glucosides

Flavonol glucosides

Flavonol glucosides

Flavonol glucosides

Flavonol glucosides

Flavonol glucosides

Fatty acids

Fatty acids

Fatty acids

Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite
Unidentified metabolite

Unidentified metabolite

3.13
3.8

3.01
3.78
3.75
3.71
3.03
2.7

3.47
3.05

2.95
2.82
3.08
2.9

2.57
2.58
3.03
2.77
2.87
2.75
2.71
2.53
2.78
2.88
7.58
7.53
7.55
0.43

0.43
2.95
6.75

3.55
3.55
2.51

753.225
929.273
945.268
959.285
477.104
447.094
609.147
771.199
815.205
947.247
977.256
1139.309
963.234
917.236
625.141
787.193
787.193
949.251
949.225
933.231
993.253
1125.294
979.245
1095.283
1155.305
981.581
791.495
831.515
440.083
729.261
729.235
499.105
379.155
349.145
554.163
553.163
615.215

Disinapoylgentiobiose
Disinapoylferuloylgentiobiose
Disinapoylhydroxyferuloylgentiobiose
Trisinapoylgentiobiose

Is 3-glucoside

Km-7-glucoside

Km-3,7-diglucoside
Km-3-sophoroside-7-glucoside

Km 3-sinapoylsophoroside

Km 3-feruloylsophoroside-7-glucoside
Km 3-sinapoylsophoroside-7-glucoside
Km 3-sinapoylsophorottioside-7-glucoside
Km-3-hydroxyferuloylsophoroside-7-glucoside
Km-3-p-coumaroylsophoroside-7-glucoside
Qn-7-sophoroside

Qn 3-sophoroside-7-glucoside

Qn 3-sophoroside-7-glucoside
Qn-3-sophorotrioside-7-glucoside
Qn-3-caffeoylsophoroside-7-glucoside
Qn 3-p-coumaroylsophoroside-7-glucoside
Qn-3-sinapoylsophoroside-7-glucoside
Qn 3-feruloylsophorotrioside-7-glucoside
Qn 3-hydrxyferuloylsophoroside-7-glucoside
Qn 3-p-coumaroylsophorotrioside-7-glucoside
Qn 3-sinapoylsophorotrioside-7-glucoside
Unknown 111

Unknown 222

Unknown 333

Unknown 129

Unknown 148

Unknown 148 bis

Unknown 337

Unknown 356

Unknown 381

Unknown 554

Unknown 553

Unknown 615
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Figure S1. Multivariate analysis (OPLS-DA, with a) score plot and b) loading plot) of B. nigraleaf metabolic
profiles, of the pairwise comparisons presented in Table 1, for which there was a separation between the
two treatments. Model numbers refer to the numbers used in Table 1. Symbols in the score plot refer to
healthy plants (C), plants infested with 50 B. brassicae aphids (50A), 100 aphids (100A), P. brassicae caterpillars
(P), 50 aphids plus caterpillars (50A+P) or 100 aphids plus caterpillars (100A+P). The ellipse defines
Hotelling’s T2 confidence region (95 %).
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Introduction

As members of complex communities, plants in nature interact with a plethora of other
organisms, and these interactions can have either beneficial or detrimental consequences
for the plant. Pathogenic microbes and herbivorous insects represent two serious threats
to plants. With about half of the estimated six million insect species thought to be
herbivorous (Schoonhoven ez al, 2005), and a staggering diversity of phytopathogens
(Agtios, 2005), plants need to implement effective defense mechanisms to overcome
such adversity. Though plants are immobile, they are far from being passive and have
developed, aside from their constitutive defenses, a wide arsenal of inducible defense
strategies to deploy when under attack. These induced defenses can be direct, consisting
of changes in plant chemistry or morphology that negatively influence the attacker’s
performance and behavior (Karban & Baldwin, 1997; Agrawal, 1998), or defenses can be
indirect, by promoting the control activity of the natural enemies of the attackers. One
example of indirect defense is the enhancement of the effectiveness of natural enemies
of the herbivores to locate the infested plants (D’Alessandro & Turlings, 2006; Bruinsma
& Dicke, 2008). This type of indirect defense is mediated by the plant’s production
and emission of volatile organic compounds (VOCs) in response to herbivore attack,
with these volatiles being used as cues by foraging parasitoids or predators (Dicke, 1999;
Clavijo McCormick ez al., 2012).

Yetin a typical natural situation, plants will often face multiple challengers simultaneously
or sequentially, potentially having strong consequences for volatile-mediated foraging. In
addition, while herbivore-induced plant volatiles (HIPVs) are well studied, only limited
knowledge is available on the induction of plant volatiles under increasingly complex
attack scenarios, and these studies are often restricted to investigating the effects of
multiple insect herbivores (Rodriguez-Saona ez al., 2003; De Boer et al,, 2008; Zhang et
al., 2009; Bukovinszky ez al., 2012; Zhang et al., 2013). Plant pathogens represent a major
and omnipresent threat to plants, yet the effect of these on plant volatiles and their
ensuing utilization by other members of plant communities, such as natural enemies
of the insect herbivores, has been largely overlooked. In this thesis, I addressed this
gap in our knowledge by evaluating the impact of combined biotic stresses on plant
volatile induction and emission, on non-volatile metabolites, and the subsequent effect
of the volatiles on the natural enemies of the attacking herbivores. The objectives of
this thesis were to 1) determine if there was an impact of signaling pathway crosstalk
on volatile production and the attraction of parasitoids, 2) investigate the impact of

herbivore density on plant metabolism (volatile and non-volatile) and volatile-mediated
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foraging behavior of different members of the third trophic level, and 3) explore if plant
pathogen challenge exerts the same force as non-host herbivores in modifying volatile-

mediated tritrophic interactions.

Investigating the consequences of dual attack

Chapter 3:  Specificity of non-host attacker identity on induced volatile emissions and
parasitoid foraging

Chapter 4: Effects of aphid density during dual attack on plant volatile emissions and
three parasitoid species

Chapter 5:

Plant pathogen virulence as a factor in volatile induction and wasp foraging

gl G Aphid density and dual attack effects on the non-volatile plant metabolome

Figure 1. Overview of the experimental chapters contained in this thesis

Non-host effects: Is there a potential role for defense signaling crosstalk?

Volatile mediated foraging has been well studied, e.g. in the brassicaceae (Bruinsma ez a.,
2009; Dicke ez al., 2009; Gols ez al., 2011), yielding detailed insight into the mechanisms and
processes underlying tritrophic interactions between the plant, the attacking herbivore
and the natural enemy (Turlings ¢7 al., 1990; Unsicker ¢7 al., 2009; Mumm & Dicke, 2010).
However, in the context of multiple or dual attack it has often been questioned whether
the presence of non-host attackers will negatively affect the foraging behavior of the
natural enemies of the host attacker. It has long been assumed that due to defense
signaling pathway crosstalk at the molecular level, which has amply been demonstrated
in the literature and is discussed in Chapter 2, dual attack will exert a negative influence
on tritrophic interactions by impeding successful host/prey location by natural enemies,

via modifications in the induced volatile blend.

In Table 1, I present a (non-exhaustive) overview of the existing literature in aboveground
study systems, which investigated the effects of dual attack on plant volatile emissions
and/or the foraging behavior of natural enemies confronted with these volatiles. The
overview focuses on studies where opposing signaling pathways are theoretically induced
by the two attackers, on the basis of their feeding guilds, or from information gathered in
scientific literature. From the studies in Table 1, it emerges that non-host attackers from
a different feeding guild generally have a limited negative effect on parasitoid foraging

preference: in the majority of studies the natural enemies do not discriminate between
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dually infested and host-only infested plants (9/14 studies) and in only two studies were
plants infested with hosts alone preferred. In general, volatile-mediated foraging behavior
does not seem affected by the presence of non-host herbivores feeding on the same
plant, and that theoretically induce an opposing defense signaling pathway. The notable
exceptions to this are two studies by Zhang and collaborators (Zhang ez al., 2009; Zhang
et al., 2013), which used Bewisi tabaci whiteflies as the non-host inducer, and which had a
strong negative effect on the attraction of two natural enemy species, a predator and a

parasitoid.

The results presented in this thesis are largely consistent with the existing literature for
Cotesia glomerata, in that parasitoid preference (in a host versus dual situation) will generally
not be negatively affected by simultaneous non-host presence on host-infested plants.
There was one exception; when plants had been infested with a high aphid density plus
hosts I found a negative impact of non-host presence. Cotesia glomerata attraction to plant
volatiles in response to dual attack has been extensively studied by de Rijk (2016). She
found that various non-host species, their densities, or number of non-host species
present on the plant had little negative effects on foraging behavior of C. glomerata, though
she had a different approach by comparing non-host infested plants to dually infested
plants. These results, in combination with my own, and other work from our lab (e.g. Soler
¢t al., 2012b) show that C. glomerata is rather flexible in its use of volatile cues, or relies on
other, non-volatile cues as well. The aphid parasitoid Diaeretiella rapae was also unaffected
by non-host presence, supporting previous work with this species (Agbogba & Powell,
2007), though unexpectedly I found strong negative effects of increasing host density: as
host density increased, volatiles from these plants became less attractive to the wasps. Of
the three parasitoid species that I investigated, the egg parasitoid T7ichogramma brassicae,
was the most strongly negatively affected by non-host presence, though in this case there
was theoretically dual induction of the same defense signaling pathway (Kusnierczyk e a/,
2008; Bruessow ¢ al., 2010).

From the perspective of the volatiles induced duting dual herbivory, in the literature
surveyed in Table 1, the effects of dual attack are difficult to predict. In most cases the
effects on blend composition are quantitative rather than qualitative, which is what I
found in all the studies where I conducted headspace analyses. Generally, I found little
effect of the initial attackers on the caterpillar-induced volatile blend. Attacker-specific
effects could be seen in the volatile blend in the case of single attack, but when P. brassicae
caterpillars were subsequently introduced onto the plant, dual-infestation treatments
induced blends that resembled each other and were indistinguishable from the volatile

blend induced by caterpillars alone, though phytopathogen challenge in Chapter 5 led to
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stronger differentiation of the blends compared to dual infestation with aphids and eggs
in Chapters 3 and 4. Aphid-infestation or egg deposition triggers changes in the plant on a
smaller scale, likely due to the minimal damage they cause compared to the heavy damage
inflicted by feeding caterpillars, and the effects of contrasting feeding guild is known to
impact plant volatiles (Rowen & Kaplan, 20106), with leaf chewers inducing volatiles much
more strongly than sap feeders. This same pattern could also be seen in the non-volatile
metabolome profile of plants induced by aphids and caterpillars (Chapter 6), though in
this case, more subtle effects of aphid infestation were also detected in the dual-attack

treatments.

When delving deeper into the plant-mediated interactions between two attacker species,
my results show that by manipulating certain vatiables within the same study system,
parasitoid foraging decisions can be significantly altered. Chapters 3 and 4 both included
dual attack by non-host aphids, yet while there was no effect of aphid density on the
foraging behavior of C.glomerata in Chapter 3, an effect was present in Chapter 4. Crucially,
this discrepancy was due to one minor change in the experimental set-up: the relative
positioning of the herbivores on the plant. In Chapter 3 the caterpillars were positioned on
the leaf directly above the aphid-infested leaf, while in Chapter 4 both herbivores infested
the same leaf. An interference effect of aphids on caterpillar leaf consumption rate was
ruled out by measuring the area of leaf tissue consumed on healthy or aphid-infested
plants, and therefore the effect was expected to be due to changes in leaf chemistry. The
leaf metabolome analysis revealed that while aphids did have a significant effect on the
metabolome of the local, infested leaf, the systemic adjacent leaf was relatively unaffected
by aphid infestation, suggesting that aphid-induced changes in the plant remain largely
contained to the infested leaf, which has been found in previous studies on aphid-induced
changes in plants (Moran & Thompson, 2001; De Vos ef al., 2005). This supports the
discrepancies between the experiments in Chapters 3 and 4, as aphid infestation would
be expected to more strongly impact caterpillar-induced plant volatiles, and subsequent
utilization of these volatiles as cues by foraging parasitoids, when they are present on the

same leaf as the aphids.

I also identified two other factors which very strongly influenced the outcome of dual
attack on volatile-mediated foraging. Firstly, by modifying the density of the attacking
non-host herbivore, both the chemical and behavioral responses were affected, with wasp
foraging preference even being inverted by increasing density. Secondly, plant pathogens
were found to have a much larger impact on volatiles and volatile-mediated foraging than
was anticipated. The effect of these two important factors will be discussed in greater

detail in the following sections.

145



Chapter 7

S1oc 72

SONET JUITIIFIP

7o ourwINSN,) nq spunodwod oweg enbg Tenbrg suasouvar "] 4 (S880) ovssvaq HIING *§ vdgwu g
S102 77 SO[EI JUIIJIP (ovaxe))
72 ourwNSN,) nq spunodwod oweg [enbrg [enbyg suasouvar " (S880) ovassvaq wassLAq vddI g
S10c 77 SO RERRERYD
70 oupwnsSNY) nq spunodwod swreg [enbgg renQq avnssvaq T 4 (5890) avassvaq ' vubixo vaspdopods v g
S10Z 77 SOTET JUIIIIIP aw21550.44 +(s8385) (ovare)
70 ourwnsny) nq spunodwod sweg [enbgy [enqy  pamnviioqai], 0NSSDUG SUN] I0NSSDUG ST DuTIH IISSVAG
€10T JOYIOUE 2UO wnsnoptss vuvyvYy
v 12 Sueyy WOKJ JUDIJIP SIUSWIEIN [y 1SOF{ vupvIC] 120qv] VIS 5 VoSO iaI] ] ssdoprqvay”
QeddedIsserg
800C
70 12 3300], S Suuvnnds sy SIS "] vulIsSIY
800C SuiTop0sITYLs
70 72 3 00], punodwod 1 303 3d2ox0 DULGISOULIOUE) w SUISAUA F] vussyY S
800¢
v 19 3300], SUOISSIUD [E303 A» SHUITOPIOS DISOUT . SUISMIL SIGOIIL]  DULISSIYY 05PIOS
9e30eIANSY
Tenq Ten( sa
sa £axd /3501 [onuon)
JOYOENE (820 Jo30ENT RENplanid
01 paredwod sHOA Awoud [ernieu Awoud Supnpur Supnpur pe
20U3JY U0 $199139 PLNE [en(] 30 2ou030323d S[NE[OA [ernyeN proe orfomes srouse( sopads Jue[]

"90UDIIFIP OU (Q) DSLIIIUT

(1) “oseaz09p (1) ‘voSoyred ueld € sea Jox2LIIE OYI 1LY SANEDIPUT (4) ‘PIINSLIW SEA PUD[] I[RE[OA PIONPUT $IT UO JONIENE PUOIIS B JO $199JJ0 TIYM JOYOTNE O}
‘so[ne[oA A[uo SuneSnsoAut sopmIs JO 9sEd oY T o Kwoud [eaniey parpmis oy Jo sapads £oxd /1s0y o Joye 1Io3dENE [BD0] I $AIPUI (4) siueld porsoyur
Arenp asureSe syued paisojur-1soy 01 sasuodsor Awaus [ernivu vo Sursnoog ‘sdemyied SureuSis asuagop Sursoddo sonpur A[[onor0a) $19¥ILNT OM ) UIYM
‘SOTWUD [BINIBU JATBU JO JOIABYD( SUISEIOF PIIRIPIW-I[NE[OA JO/PUE SI[HE[OA 1UL[d Poonpur uo dENE [enp JO $199332 oy3 SUNSII SAAPNIS JO MITAFIAQ) T LT,

146



General Discussion

€002
0 12 BUOES wnpnsiy
-zon3upoy EREEED) [FAXeD) gp wvqvy g KDHSIXD S wundiso9)
9EBIDCA[BIA
110z 72 72 spunodwod
Sroqzaremydg Auew Jo suogsswd wnsid uoqdisoquuGp” DHEIXD S vquf vt |
6002 QUAWIO punoduwod syptsiod v
v 12 Sueqy, -g-(7) ur T Juvssodwi 500 Jo T 1801 Sun1asoplyq woqvy g sugaluvaga]  snpun) sujoasvgJ
200z SpU9Iq [enpraipul
7P 12 ¥ZOPIE)) I0q JO 129339 ADIPPY + usfjos *§ KOHTIX"§ vavgodly 7
€00z
7 12 ©ZOpIe)) rency SUUAAMUITIVIL ) S Sfjo. im0 5 DUGIXD " § vavodity s1qIvip”
2eddeqej
99102 [enp :3soy
v 70 30y 2Q -uou sa [en(y vwAaHLOfT ) avnsiad wIVISSVAG ] vawaalo g
99102 [EEREEECH
2R N Elel -uou SA [en(y DIAHLOJT ) avnssoaq g $IDNSSDUG ] vamaao g
LOOT TPHO gt
pue eq3oq3y enbrg e s w512 SIXCAT pyapsoplx vavag)o “q
¢10z (0s pue ¢1) P g S8 S Re]
7v 72 310§ sonisuap pryde g Inq S9OULIAJFIP 2AREINTENC) renbgp i W Y wIVISSVAG ] DaIAF0 DISSPAT
‘passaxddns 7 pue (syurod swpn
G10z 72 (ygL oryp) safe  punodwiod paduequa] = [enp 390 g 1€ [enbo vpdIHO]T «(ovare])
77 NOPI[EYSE] [eaze[ 9 paisa],  ‘wonesedas smoys V(I-S [dO pue) rency 15910) (s889) avarssvaq wnssvaq o g
renQq eny sa
sa £o1d /3501 [onuon)
IOENE (820 FENRIGRI FENRIaY
01 paredwod sHOA Awouo [eImey Awouo Supnpur Supnpur poe
ERIIENCIEN] $II0N] UO $199)J2 YOENE [en(] 30 2ouar321d INEIOA [N proe orforeg srowse(’ sapads Jue|

147



Chapter 7

9002 2AROEIIE J0U

Jr 72 SLISOY  DUOTE TISOYIE] ST 1A1en uy g [enbyp SUUANUIRIDIL ") + vowuny§ « SYPAOY " stout -7
2ATDEINE J0U
JUO[E UZOYIE]
9002 TOIWIOIIEY[O suguoafins
v 19 SeASOY wie g SO[HP[OA [1I03 UL [enbyy suydoan iy + vawaung vuawgdsorss « SypLOI " sty
0102 1919WO10EI[0
v 10 QI wiE 4 S enbyg enq  SsupuamiSion 7y supSuva supyasn  Sypioyy § stou voy
9830B0J
1102 *
v 10 ¥EL] SUOISSIWD [v303 |, supou suoordn ] vjrgdoanop vur pgSu vangp (|
1002 sopods spunodwod susoursypy
v 19 IRKEOTN £o1d oxe yrog onbrun g ‘suorssiud |, renQq sngdojosm wovsind Y R X )

ELEIATA (3 (N

Tenq Ten(y sa
sa £a1d /150 [oRTOD)
IOENE [820] Jo3pENE I3pENE
01 paredwod sHOA Awouo [erieu Awouo Supnpur Supnpur pe
ERIEEREIEN | SIION UO 199339 32EIIE [En(] Jo 2duar03a3d JNEIOA TeanaeN proe orforeg srowse[ sopads e[

148



General Discussion

How many individuals attack is just as important as who attacks

One of the keys aspects emerging from this thesis is that herbivore density can be strongly
influential to both foraging behavior of parasitoid wasps, and to the plant metabolome.
In Chapters 3 and 4, I showed that foraging of three parasitoid wasp species was affected
by B. brassicae aphid density, even though the aphids represent a non-host for C. glomerata
and 1. brassicae, and are the host of D. rapae. Aphid density also had an effect on the
volatile metabolome of infested plants, but it was generally weaker and visible only when
comparing the treatments where aphids were the only attacker. Interestingly, the highest
and lowest densities grouped together, separate from the intermediate density. While
intriguing, I could find no functional explanation for the non-linearity of the volatile
profiles. In addition, the density effects observed in the volatiles did not match with the
D. rapae behavioral data, which showed a linear effect of aphid density, yet an opposite,
non-linear effect was present in the volatile data. When I investigated the effects of aphid
density on the non-volatile metabolome, in Chapter 6, aphid density effects were also
present, though also weaker than the caterpillar-induced effects. The two aphid densities
had different effects on leaf metabolomic profiles, but it was not possible to determine
if there was also non-linearity in the leaf metabolome, as the third, and lowest, density
was not included in this set of experiments. Thus, considering all these data together, 1
conclude that while there are attacker species-specific effects on plant chemistry, attacker
density will further modulate the plants’ defense response to a given species both in single
and dual attack scenarios, and can in turn modify the interpretation of the chemical cues

used by parasitoid wasps.

1. Ecosystem communication
with conspecifics and other
trophic levels

(E)-B-Ocimene DMNT (E)-B-Farnesene

2. Leaf surface level
protection against harmful
gases and biotic organisms

3. Tissue level protection
against cellular damage
from abiotic and biotic
stressors

TRENDS in Plant Science

Figure 2. A model of different functional levels of induced volatiles (adapted from Holopainen 2004)
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Herbivore populations are dynamic, and can change rapidly over time. This is especially
true for aphids, which have very high reproductive rates that lead to exponential
population growth in a relatively short time frame, when under ideal conditions.
Research on attack by multiple herbivores is typically investigated with a fixed herbivore
density. While this is understandable, as it can be necessary to limit the complexity of
oftentimes already complex experiments and research questions, further effort should
be made to address the influence of herbivore density on plant-herbivore and plant-
natural enemy interactions. During attack by a single herbivore, herbivore density can
strongly affect plant volatile emissions (Shiojiri ¢z a/., 2010; Cai ez al., 2014; Truong et al.,
2014) and also its metabolome (Ossipov ez al., 2014), so when these density effects are
coupled to the effects of dual herbivore attack, important interactive effects should be
expected. Other studies have included density effects (Zhang ez al., 2009; Kroes ¢t al.,
2015; De Rijk ¢ al.,, 2016a), and show that during dual herbivore attack, interference in
plant defenses generally occurs at the higher tested density. In lima bean, Bewisia tabaci
whiteflies interfered in a density-dependent manner with the plants’ indirect defense
against spider mites, with a positive correlation between whitefly density and interference
with attraction (Zhang ef al., 2009). However, de Rijk ¢# a/. (2016a) found limited effects
of four co-infesting non-host species on wasp foraging, with only one non-host species
modifying landing preference of C. glomeratawhen it was present at a high density, though
this was studied in a non-host environment, e.g, both plants were non-host infested, with
one having hosts as well, contrary to other studies and my own. At the gene expression
level, Kroes ez al. (2015) showed interference of B. brassicae with induced defense against
co-attacking Plutella xcylostella caterpillars, with this effect present only at the highest tested
aphid density, and also showed that body mass of caterpillars feeding on these plants
was positively affected at the lower density, but negatively affected by the higher aphid
density. Thus, when considering my own results along with these other studies, it strongly
suggests that there is a herbivore population gradient along which plant defenses are
induced, with higher herbivore densities leading to different defense induction dynamics
than do lower densities. It appears imperative for studies to include different herbivore
densities in order to have a better picture of the complexities of defense induction and

their subsequent effects on other trophic levels.

However, one shortcoming of these studies, and my own included, is that they all fail
to take into account natural population dynamics: herbivore colonies generally originate
from a small number of individuals and build up to the thereafter studied ‘low’ or
‘high’ densities over the course of several days to several weeks. Defense induction

could be significantly different between a plant confronted by a sudden and unnaturally
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high herbivore infestation, and a plant exposed to a natural and gradually increasing
infestation. However, to my knowledge there are no gene expression data or otherwise
to lend credence to this hypothesis. Such knowledge would be important to have a better
understanding of the mechanisms of plant defense in a realistic and natural scenatio.
For instance, it has been shown for caterpillar herbivory that it is important to consider
plant defense mechanisms from the moment of oviposition, and not just at the moment
that the freshly emerged caterpillars start feeding on the plant (Pashalidou ez @/, 2014;
Hilker & Fatouros, 2015). However, in terms of natural density increase effects on
induced volatiles and parasitoid foraging, some data indicate that a density increase can
have species-specific negative effects on volatile-mediated foraging. Li ez a/. (20106) tested
two aphid pre-infestation durations on parasitoid foraging, and found that Diadegma
semiclansum wasps preferred volatiles of dually infested cabbage plants over those of
host-only infested plants at 7 days infestation (approx. 160 aphids) but this preference
switched when tested at 14 days of aphid infestation (approx. 430 aphids). The other
tested parasitoid species, Microplitis mediator was overall more attracted to dually infested
plants regardless of the duration of aphid infestation. The results with D. semiclansum
have a strong parallel with the results I obtained with C. glomerata in Chapter 3, in that
there appears to be a preference switch as aphid density increases, even in the case of

natural population growth.

Pathogens influence herbivore-induced plant volatiles

One of the most striking results of this thesis is that pathogen challenge can have a
strong effect on induced plant volatiles (Chapters 3 and 5), leading to stronger treatment-
dependent effects on the volatile blends than the non-host herbivorous attackers
that were tested (Chapters 3 and 4). This research takes the field of multiple attack
and tritrophic interactions into a relatively new and unexplored direction that would
benefit from greater attention. Typically, the effects of pathogen challenge in relation
to herbivory have been fairly well studied in the context of plant-mediated effects on
herbivore or pathogen performance, or changes to the defense signaling pathways at
the molecular level (Cui ¢ al., 2002; De Vos e/ al., 2006; Stout e/ al., 2006; Lazebnik ¢t al.,
2014). In terms of research on pathogen-induced volatiles, some work has been done on
the induction of pathogen-specific compounds, mostly in the context of early disease
detection in crops or their inhibitory effects on future pathogen colonization, and even
less has been done in terms of effects on tritrophic interactions (Cardoza et al., 2003b;
Rostas ez al., 2006). But given the ubiquitous presence of plant pathogens in nature, if we
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are to have a more complete and realistic view of the effects of dual attack on volatile-
mediated foraging, we must make more efforts to include plant pathogens, as they can

have a profound impact on volatile-mediated foraging, as demonstrated in this thesis.

I found that pathogen-induced plant volatiles were highly attractive to the larval
parasitoid C. glomerata, regardless of whether the pathogen was virulent or avirulent on
B. nigra, and regardless of the presence of host caterpillars on the plant. Dual challenge
with a pathogen and caterpillars even enhanced the attractiveness of the volatiles to
C. glomerata compared to a plant infested only with caterpillars. Remarkably, when the
effects of the virulent strain were tested at several time points post-infection (C. Ponzio,
unpublished data), the dually-challenged plants were highly attractive at the first (24
hour) time point, well before the onset of symptoms. This preference continued through
to the last time point (14 days), when the pathogen had spread systemically through
the plant. P. brassicae performance data indicated that pupal mass was not affected by
plants infected with either pathogen (C. Ponzio, unpublished data), so wasps would likely
not be gaining a fitness benefit by preferring to parasitize hosts on pathogen-infected
plants. Thus, pathogen infection appears to only increase the apparency of the plants
to the parasitoids. Even more striking was the high attractiveness of pathogen-induced
volatiles when tested against healthy plants, which was recorded for both the virulent
and avirulent strains that were tested. This is not without precedent, as previous work in
another system has shown that microbial elicitors can induce volatile emissions bearing
strong resemblance to HIPVs (Leitner e7 al., 2008). These results raise a valid question:
why would a pathogen-challenged plant emit volatiles which then risk misinforming
foraging parasitoids, and attracting them to a host-free plant? The answer to this may
depend on whether the problem is seen from the plant’s or parasitoid’s perspective, and

we need to consider the different possible functions of plant volatiles.

Typically, induced plant volatiles have been considered to be a cue in the interaction
of plant and natural enemy, conferring protection, indirectly, to plants from ravenous
herbivores. The role of plant volatiles in attracting carnivorous enemies of insect
herbivores has been extensively studied in the last 35 years (for extensive reviews sce
Dicke & van Loon, 2000; Mumm & Dicke, 2010; Hare, 2011). However, given the high
frequency of multiple attack in natural situations, it can be expected that parasitoids
have evolved the flexibility to cope with large variability in the emitted volatiles, with
this variability either due to multiple attackers, or due to interspecific variation across
the different host-plant species that the parasitoids may forage on. Volatile cues are not
the only cues that wasps can rely on to locate their hosts; visual cues or host products

such as frass can also supply valuable information (van Alphen e al, 2003; Colazza
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et al., 2014). Response to volatiles is only the first phase of foraging, and wasps may
rapidly move on to another plant once they have noted the absence of hosts (De Rijk ez
al., 2016b). It is undeniable that induced plant volatiles play a central role in mediating
interactions between plants and insects, and with other community members, but given
the diversity of plant volatile compounds and the many physiological processes which
volatile induction can stem from, plant volatiles can serve a large variety of functions, of
which attraction of natural enemies of attacking herbivores is just one of them (Dicke
& Baldwin, 2010).

Entomologists studying volatile-mediated foraging behavior by parasitoids may be
focusing too much on this one role, as important as it may be, and lose sight of the
multi-functionality of plant VOC emissions, and their more general role in plant defense
(Holopainen, 2004; Holopainen & Gershenzon, 2010) (Fig. 2). Leaf volatiles play an
important role in plant communication with other members of its community. They can
have repellent effects against herbivores (Kessler & Baldwin, 2001), but can also serve as
cues that insect herbivores can use to locate suitable host plants for feeding (Bolter ¢ al.,
1997). Volatiles from plants under attack also play a role in plant-plant communication,
and prime the defenses of unattacked neighboring plants (Howe & Jander, 2008). Several
common vegetative volatiles, also induced by insect herbivory, have been shown to have
protective effects against pathogen infection (Croft e al, 1993; Shulaev ef al, 1997;
Cardoza et al., 2002). Many VOCs have key roles in protecting plants from the damaging
effects of abiotic stress, for example by conferring a level of protection against the

oxidative effects of heat or ozone stress (Pefiuelas & Llusia, 2003; Holopainen, 2004).

Plant metabolites: considering compounds individually or as a mixture?

In the 35 years since the seminal paper by Price et al (1980) arguing the importance of
considering tritrophic interactions, a wealth of studies have been produced demonstrating
the use of HIPVs by predators and parasitoids to locate their herbivorous victims.
While the knowledge on the mechanisms and complexity of volatile induction is ever
increasing, our understanding of how natural enemies use these volatile cues has not
kept pace with these developments. While we have a lot of evidence that parasitoids use
volatile cues, we have rarely established a direct link between parasitoid behavior and
induced plant volatile profiles, and despite years of ongoing research we are only slightly
closer to understanding what it is in the volatiles that help orient different parasitoids
species. Electroantennogram-based assays have allowed to determine which individual

compounds are detected and elicit a response in the insect sensory system (Smid e7 al.,
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2002; van Tol & Visser, 2002; Bruce ¢/ al., 2005), which is valuable information, but this
does not give clues as to the relative importance of each compound within a volatile
mixture, or even their general relevance across a wider range of plant species, in the
case of parasitoid species whose dietary breadth includes multiple plant species. Indeed,
while Smid et al. (2002) identified a number of compounds emitted by Brassica oleracea
which elicit an electroantennogram response in C. glomerata, I did not find any of these
compounds in any in headspace analyses which I conducted, yet wasps still located host-
infested plants. While this does not mean that these previously identified compounds
are not important, it does reveal several things: 1) important compounds in one plant
species may not be universal in the Brassicaceae and so C. glomerata utilizes a wide range
of compounds in its foraging decisions and 2) despite C. glomerata being extensively
studied, especially in our lab, we still do not know what volatiles are important for this
wasp, and this is true for other parasitoid species as well, such as the also well-studied C.
marginiventris. In contrast, for acarine predators the bioacitivity of individual plant volatiles
and mixtures of compounds in attraction to prey-infested plants and discrimination
between prey-infested and non-prey-infested plants has been demonstrated (Dicke ez a.,
1990; De Boer & Dicke, 2004; De Boer ¢z al., 2004).

In Chapters 3, 4 and 5, I show that B. #gra plants emit the same compounds across all the
applied induction treatments, and that induced plants emit, with one or two exceptions,
the same compounds as healthy control plants. This indicates that, for this plant species
at least, foraging wasps are not relying on the simple binary presence or absence of
a compound, but are relying on overall mixture characteristics, as shown for foraging
predators as well (De Boer e al, 2004). In a large number of plant-insect interactions,
overall blend composition is crucial. This has been amply demonstrated for herbivorous
insects, showing a role for a specific ratio or combination of certain compounds (Visser
& Avé, 1978; Natale ef al., 2003; Bruce ez al., 2005). For natural enemies, while individual
key foraging compounds have been identified for some species (De Boer ¢# al, 2004;
Ibrahim ez /., 2005; Rasmann ez al., 2005; Halitschke ez al., 2008; Zhang et al., 2009), for
many other species it is expected that they rely on a mixture of many compounds rather
than one or two specific compounds, and sometimes these mixtures must be present
against a specific odor background in order to become attractive (De Boer ez al., 2004;
Mumm & Hilker, 2005).

Chapter 4 shows that there is a nonlinear response to aphid density in the overall volatile
mixture, yet if each of the compounds had been considered and analyzed separately,
there were very few affected in an aphid-density specific manner, likely in part due to

the inherently large amount of natural variation present in B. #igra populations. As a
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predominantly outcrossing plant species, B. #igra has larger genetic variability and lower
population differentiation than found in selfing species, and so induction of individual
metabolites can strongly vary between plants. However, even when treatment-induced
differences are minor for an individual compound, if this happens over a large number
of compounds, all these small differences can add up to a strong effect at the overall
mixture level, which is the level at which insect perception take place. This is where
multivariate data analysis shows a strong advantage: multivariate modeling focuses on the
differences between whole volatile blends, and can highlight the relative importance of
a compound, or a group of compounds, in the odor mixture. This approach also gives
equal importance to the minor blend constituents that may have a significant impact
on foraging insects (Clavijo McCormick ef af, 2014) and on the volatile signature as
a whole. Until the precise cues used by foraging wasps can be deciphered, analyzing
the whole blend characteristics rather than individual compounds may more closely
approximate the ‘analysis’ of the volatiles which the insects make, and indicate which
blend characteristics may be most relevant to wasp foraging. However, this approach is
not without its limitations, as seen in this thesis. While it allows analysis of a whole blend,
we do not know if this is what the insects are using; they may be relying on a smaller,
bioactive set within the whole blend, or they may be responding to compounds present
in such trace amounts that they may be beneath the current analytical detectability
thresholds (Gouinguené ¢ al., 2005).

In my research I also showed that for the non-volatile metabolome, it is also important
to first consider the metabolome as a whole, rather than look for effects on individual
compounds in response to herbivory in order to reveal global patterns of change. This
approach showed that some metabolite pools, such as sugars or glucosinolates, were
affected in a treatment-specific way, and then aphid-density can further impact those
pools with specific sugars or glucosinolates more strongly induced at the higher density,
e.g. trehalose or fructose for the sugars. By having a more global view of the changes
induced by herbivory, it also facilitates the identification of strongly influential metabolites
that may vary in a highly treatment-specific manner as well. Thus I could identify that
redox-system related glutathione metabolites (GSH and the oxidized GSSG form)
responded in a species-specific and density-specific manner, with GSH concentrations

increasing with increasing aphid density, indicating that plants were under higher stress.

Concluding remarks and further perspectives

The results of this research project represent another step forward in our understanding
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of the complex interactions that exist between plants, herbivores and parasitoids, providing
new insight in how dual biotic attack will modify not just induced plant volatiles and the
behavior of the parasitoids which depend on these for host-location, but also reconfigure
the metabolism of the attacked plant. While the volatile cues that are used by the larval
parasitoid C. glomerata are relatively robust and resist interference by non-host attackers
present on the plant whether they be herbivorous or microbial (Chapter 3 & 5), changes
in relative positioning of the attackers on the plant and changes in aphid density may
strongly affect the behavior of parasitoids for which aphids represent a non-host, as well
as for a parasitoid of the aphids (Chapter 3). By analyzing the whole metabolome of plants
subjected to dual attack with different aphid densities, it was revealed that dual attack leads
to treatment-specific effects on both primary and secondary metabolites (Chapter 6), and
this was a unique step forward in understanding how dual attack affects plant responses at
the subcellular level. However, insect herbivores are not alone in their capacity to impact
multi-trophic interactions, and this research also stressed the importance of including
biotic attackers suck as plant pathogens, which can have profound effects on induced
plant volatiles and parasitoid foraging behavior, even in the case of a strain that B. #igra is

resistant to.

Over the course of the past 15 years, an increasing number of studies have focused
on the effects of dual attack on multi-trophic interactions. These studies have yielded
an exciting new perspective on how natural enemies respond to volatile cues in more
complex situations, and provided insight in how plants modulate their defense responses
when facing multiple attackers. However, there are still many challenges in this field. One
of the major findings of this thesis was that pathogen challenge, whether or not the plants
were susceptible or resistant to the strains studied, can have very strong effects on volatile
emission and parasitoid foraging, even more so than non-host herbivores that were also
included in this thesis. Although a plant’s reactions to insect herbivores and plant pathogens
have by and large been considered separate and distinct from one another, the defense
responses induced by both types of attackers overlap considerably, while also displaying
attacker specificity (Stout ez al,, 1999; De Vos ef al., 2005). 1t is important for research on
plant defenses to strive towards greater integration of plant-pathogen and plant-insect
interactions, which would provide a more comprehensive overview of the modulation of
plant defenses. Pathogen effects on herbivore fitness, and vice versa have been studied,
but we are still lacking detailed information on their interactions at the plant subcellular
level, and even more so at the community level, where natural enemy responses have
been largely ignored. Having detailed knowledge of plant-insect-pathogen interactions at

multiple levels of biological integration will be crucial for better understanding how plants
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modulate defense responses to different groups of attacking organisms, and provide a

more realistic view of the ecology of tritrophic interactions.

Future work on multiple attack should seck to move towards more realism, by working
with more ecologically relevant study systems. Part of the difficulty in detecting trends
within the body of literature on dual attack at the molecular or ecological level is that
in a large number of cases, the study systems do not naturally occur. Use of cultivated
plants which strongly differ from their wild ancestors is common, as is mixing plant and
herbivore species that would be unlikely to co-occur in natural situation (Harvey e7 al.,
2015). Ecological realism can be pushed further, by focusing more on the impact of
factors that can affect tritrophic interactions, rather than further increasing complexity by
including more attackers. Attacker density or their spatial and/or temporal separation on
the plants during dual attack appear to exert stronger influence on tritrophic interactions
than species identity, and so merit further investigation. A next step would be to include
more natural experimental field set-ups, in conjunction to the traditional laboratory-based
assays. While this controlled approach has yielded valuable information and insights, if
we are to truly understand the ecological and evolutionary context of plant volatiles as
foraging cues, it is necessary to step out of the laboratory and take research out in the field,
in the plants’ and insects’ natural environment. Plants out in the field may produce very
different volatile blends (Kigathi ez a/, 2009), though behavioral responses of foraging
insects seem robust and persist out in the field (Poelman ez a/, 2009; Lucas-Barbosa e al.,
2013).

Stress-induced modifications to plant chemistry can result in important changes
in the biological community that is associated with plants and so can have important
consequences for plant fitness. By providing a detailed overview on how dual attack with
both herbivores and plant pathogens affects plant chemistry and parasitoid foraging, this
thesis contributes important and fundamental insight into the plant-mediated effects
of dual attack on parasitoid foraging, By further integrating pathogen- and herbivore-
plant interactions in both molecular ecology and community ecology, this will increase
the complexity of research to be done, but also provide exciting new insights into the

modulation of plant defenses.
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Summary

While plants appear to lead a simple and unexciting existence, they are actually members
of complex and dynamic environments, and are under constant threat from a wide range
of attackers, which includes organisms such as insect herbivores or plant pathogens.
Plants are far from being passive against this onslaught, and possess a sophisticated
arsenal of defense mechanisms, which can be broadly categorized into constitutive
and induced defenses. Constitutive defenses represent a first line of defense; they are
constantly expressed in plants, and consist of e.g. thorns, trichomes or toxins. Induced
defenses are activated at the onset of attack, and can be further separated into two
categories: induced direct defenses which negatively affect the attackers and include
e.g. the production of toxic chemical compounds, and induced indirect defenses which
promote the effectiveness of natural enemies of the herbivores such as predators or

parasitoid wasps, e.g. via the production of herbivore-induced plant volatiles (HIPV).

However, while the production and use of HIPV by foraging natural enemies of
herbivores has been well studied over the years, it has been limited to studies on one
herbivore and parasitoid combination. In natural situations it is far more common for
a plant to be challenged by multiple attackers, either simultaneously or sequentially. The
presence of a second attacker has strong potential to modify plant responses to the first
attack. Yet while there is information on how multiple attack affects insect fitness and
plant responses at the molecular level, a lot less is known about how plant chemistry and
the foraging behavior of natural enemies of herbivores are affected, especially when one

of the secondary attackers is a plant pathogen.

The aim of this thesis was to explore how dual attack modifies plant chemistry and how
these changes in the plant then affect the behavior of foraging parasitoid wasps via the
induced volatile blend, with a strong focus on the effects of non-host herbivore density
and plant pathogen challenge. The main focus of the study was on the tritrophic system
consisting of wild black mustard plants (Brassica nigra), the large cabbage white butterfly,
Pieris brassicae, and its larval parasitoid, Cotesia glomerata. This study system is naturally
occurring in the Netherlands, allowing for the study of ecologically relevant interactions

between plant and insects.

To gain deeper insight into this topic, the project started with a review of the current
literature dealing with the effects of single or combined insect herbivore or plant pathogen
challenge on the induction and ecological role of plant volatiles. This review highlighted
the fact that knowledge of volatile induction under single attack cannot be extrapolated
to dual attack scenarios, and though studies including plant pathogens were rare, they

showed a strong potential for pathogens to modify the volatile cues used by natural
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enemies of insect herbivores. I concluded that further studies incorporating plant—
insect and plant—pathogen interactions at different levels of biological organization are
needed to provide insight in how plants integrate cues from different groups of attacking

organisms into an adaptive defense response.

The experimental work started in Chapter 3 by comparing the effects of three different
types of non-host attackers on the focal tritrophic system in order to discover if the
effects of dual attack are attacker specific. These non-host attackers were either eggs
of P. brassicae, phloem-feeding cabbage aphids (Brevicoryne brassicae) or a plant pathogen
specialized on brassicaceous plant species (Xanthomonas campestris pv. campestris). The
induced volatile blends of plants subjected to single and dual herbivory were investigated,
and C. glomerata parasitoid behavioral responses to various attack scenatios were evaluated.
It was discovered that despite the highly contrasting nature of the attackers, the volatile
blends exploited by C. glomerata wasps were more robust to interference by other
challengers than was often assumed, and the wasps could successfully locate their hosts
on dually attacked plants. However, it was noted that non-host herbivore density and
pathogen challenge could potentially be important factors in modifying plant volatiles
and parasitoid behavior: the preference for healthy plants over aphid-infested plants
depended on aphid density, and plants challenged with only the pathogen were highly
attractive to the wasps. These two aspects were further investigated in the following

chapters.

In Chapter 4, the effect of aphid (B. brassicae) infestation on the foraging behavior of
three parasitoid species was evaluated, while considering the role of aphid density. Aphids
were the host for one parasitoid species (Diaeretiella rapae), and the non-host for the two
other, which were the larval parasitoid C. glomerata, and the egg parasitoid Trichogramma
brassicae. Remarkably, dual infestation with aphids affected the foraging behavior of
all three parasitoid species though not in the same manner for each species. While T.
brassicae preference was generally negatively affected by aphid presence regardless of
density, C. glomerata and D. rapae behavior was negatively affected by increasing density.
In the case of D. rapae, where three densities were tested, the increasing density also had
a negative and linear effect on foraging behavior. In contrast, analysis of the induced
volatiles showed that while aphid-density effects were present, the plant response to
density was non-linear, creating a strong dichotomy between plant volatile and parasitoid
response. This dose-response approach revealed that correlations between volatile and
behavioral responses based on commonly used simple experiments should be interpreted
cautiously. A role for spatial distribution of the attackers was also found, as herbivores

were located on the same leaf rather than adjacent leaves (Chapter 3) which led to clear
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density-dependent effects on C. glomerata behavior.

In Chapter 5 the effect of plant pathogen challenge on plant volatiles and the foraging
behavior of C. glomerata was investigated more in-depth. Since it is known that pathogens
can differentially affect plant responses at the transcriptomic and phytohormonal level
depending on whether the strain used is virulent or avirulent on the plants (i.e. causes
disease, or not), the role of virulence was considered in this chapter by including the
virulent strain X. campestris pv. campestris and the avirulent strain X. campestris pv. incanae.
The results showed that a plant-pathogen interaction does not need to be compatible
(i.e. successful infection) for there to be strong effects on plant volatile emissions, and
their subsequent exploitation by carnivorous insects. The two tested pathogen strains
induced the production of volatile blends that were qualitatively different from each
other and from the caterpillar-induced volatile blend, with the virulent strain also
inducing several compounds in a similar manner to herbivory. Disease severity also had
a strong impact on the induced volatile blends, with volatiles from plants having mild
or moderate symptoms clearly separating from those emitted by strongly symptomatic
plants. C glomerata parasitoid wasps were highly attracted to volatiles from all pathogen
challenged treatments, even when there were no host caterpillars on the plant. The effect
of pathogen infection, including avirulent strains, can, and should, be considered as they
can have equally strong consequences as herbivores on plant volatile induction and the

volatile-mediated foraging of parasitoid wasps.

As strong aphid density-dependent effects were found on the induced volatile blends
and foraging behavior of parasitoid wasps during single or dual attack, Chapter 6
further examined if these effects could be revealed at the level of leaf chemistry. This
chapter investigated metabolome-wide effects of single or dual herbivory on B. nigra
plants by B. brassicae aphids and P. brassicae caterpillars, while also considering the effect
of aphid density. A comprehensive analysis of the metabolome was done in order to
reveal induction patterns in both primary and secondary metabolism, which are typically
associated with growth and defense, respectively. The multivariate data analysis allowed
the identification of general effects of herbivore identity and density on the various
pools of metabolites, and revealed treatment-specific metabolomic profiles. The effects
were largely driven by alterations in the glucosinolate and sugar pools, and changes in
antioxidant-related metabolites showed that aphid infestation leads to a strong stress
response in the plants. This study shows that analyzing the plant metabolome as a single
entity rather than as individual metabolites provides new insights into the subcellular

processes underlying plant defense against multiple herbivore attackers.

180



Summary

The data presented in this thesis contribute to our understanding of how dual attack
affects the chemistry of B. nigra plants, and modifies plant interactions with the natural
enemies of attacking herbivores. Taken together, the studies reveal that 1) plant pathogen
challenge can have as much of an impact as insect herbivory on induced plant volatiles
and their use by foraging parasitoids, and 2) focusing only on general species-specific
effects of dual attack is too simplistic of an approach, as modifying factors within a dual
attack scenario, such a herbivore density or pathogen virulence, can lead to even greater
changes in plant chemistry and parasitoid behavior, and thus should not be neglected.
The research contained in this thesis demonstrates that it is imperative to work towards
greater integration of research on plant-insect and plant-pathogen interactions, as plant
defenses to insect and microbial attackers are strongly intertwined. This multidisciplinary
approach is important to further our knowledge of the modulation of induced plant
defenses in response to increasingly complex attack scenarios. Though we are still a
long way from having a thorough understanding of the intricate processes underlying
plant-mediated interactions with carnivorous insects during dual attack, including more
complexity in future research rather than less, as done in this thesis, will allow scientists
to gain a deeper insight on how plants modulate their defense responses against dual or

multiple attackers.
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Pieter Zuidema- Editor’s perspective of the review process

Flying seminar - Noah Whiteman - Evolution of herbivory from within a microbe feeding
lineage

Florian Schiestl - Evolution of floral signals in plants: mechanisms and consequences
Seminar plus

WEES seminar and master class with Jacintha Ellers

International symposia and congresses

14th Symposium on Insect-Plant Interactions, Wageningen

EuroVOL conference (Florence, Italy)

Gordon conference Plant Volatiles (California, USA)

15th Symposium on Insect-Plant Interactions, (Neuchatel, Switzerland)
Presentations

A-BIO-VOC project meeting (Talk)

8th Workshop Plant Insect Interactions (Talk)

Nov 28, 2012
Feb 01,2013
Sep 24, 2013

Apr 26,2012

Sep 20, 2012
Dec 20, 2012

Oct 17,2013

Sep 206, 2014
Dec 18, 2014

Feb 29, 2012
Mar 03, 2012

Apr 16, 2012

Apr 24, 2012
Sep 04, 2012

Jan 31,2012
Feb 28,2012
Feb 27,2013
Oct 08, 2013
May 27, 2014

Jun 17,2014
Mar 12, 2015

Oct 17, 2013

Aug 13-18, 2011
Apr 03-05, 2013
Jan 25-31, 2014
Aug 17-22,2014

Nov 01-02, 2012
Sep 24,2013
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Gordon Conference on Plant Volatiles, California USA (Poster)
EPS Theme 2 Symposium & Willie Commelin Scholten day (Talk)
Final EuroVOL project meeting (after SIP15), Neuchatel CH (Talk)

»  IAB interview
Meeting with a member of the International Advisory Board of EPS
»  Excursions

PhD trip to Switzetland

Jan 25, 2014
feb 25,2014
Aug 22,2014

Jan 05, 2015

Oct 28-Nov 01,2013

Subtotal Scientific Exposure

19.8 credits*

3) In-Depth Studies

date

»  EPS courses or other PhD courses
EUROVOL Summer school on Plant Volatiles, Les Diablerets (Switzetland) Sep 09-12, 2013
Introduction to R for statistical analysis May 19-20, 2014
Generalized linear models Jun 16-17, 2014
»  Journal club
PhD lunch meetings (bi-weekly) 2011-2015
Insect-plant interaction lunch meetings (bi-weekly) 2011-2015
»  Individual research training
Subtotal In-Depth Studies 6.2 credits*
4) Personal development date

P> Skill training courses
Project and Time Management Nov-Dec 2012
Voice Matters - Voice and Presentation Skills Training Nov 13 & 27,2012
Writing Grant Proposals Sep-Nov 2014
Last Stretch of the PhD Programme May 22, 2015
PhD workshop carousel Apr 17,015
Career Assessment Sep 16, 2015
Adobe InDesign Essential Training Sept 29-30 2015
»  Organisation of PhD students day, course ot conference
PhD scientific excusion to Switzerland Oct 2013
»  Membership of Board, Committee or PhD council
Subtotal Personal Development 5.9 credits*
TOTAL NUMBER OF CREDIT POINTS* 39.4

Herewith the Graduate School declares that the PhD candidate has complied with the
educational requirements set by the Educational Committee of EPS which comprises

of a minimum total of 30 ECTS credits

* A credit represents a normative study load of 28 hours of study.
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