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The aim of this thesis was to explore how 
dual attack modifies plant chemistry, and 
how changes in the emitted volatile 
blends affect the behavior of a foraging 
parasitoid, with a strong focus on the  
effects of non-host herbivore density 
and plant pathogen challenge. While the 
production and use of induced volatiles 
by foraging natural enemies has been 
well studied in a single attacker/natural 
enemy combination, there is little know-
ledge about what happens during multi-
ple attack, especially when one of the  
secondary attackers is a plant pathogen. 
Yet this commonly occurs in nature 
where plants are members of complex 
environments. 

This study focused on the system 
consisting of black mustard plants (Brassica 
nigra), the large cabbage white butterfly 
(Pieris brassicae) and its larval parasitoid, 
Cotesia glomerata. Butterfly eggs, Brevicoryne 
brassicae aphids and the plant pathogen 
Xanthomonas campestris were used as se-
condary attackers. The results presented 
in the thesis showed that C. glomerata 
wasps are attracted to host-infested 
plants, irrespective of the presence and 
identity of the non-host attacker. However, 
when the responses of several parasitoid 
species to volatiles of plants infested 
with Pieris and/or aphids were compared, 
the wasp species were not equally affec-
ted and aphid infestation altered, in a 
density-dependent manner, the foraging 
behavior of all three species. In terms of 
volatiles, while differences in induced 
blends could be seen between individual 
attackers, these effects disappeared 
when plants were subjected to dual 
attack with caterpillars, and in the case 
of infestation with different aphid den-
sities, non-linear volatile responses were 
revealed. Furthermore, the effects of dual 
attack by aphids and caterpillars were 
present at the level of leaf chemistry. 
Single and dual herbivory, as well as 
aphid density, led to metabolome-wide 
effects, driven mainly by changes in 
glucosinolates, sugars and antioxidant-
related metabolites. The effect of patho-
gen challenge was further assessed by 
comparing the effects of virulent and 
avirulent pathovars, and results showed 
that both virulence and disease severity 
strongly affected the induced plant vola-
tile blend. Remarkably, C. glomerata wasps 

were strongly attracted to volatiles of all 
the pathogen-challenged treatments, 
even in the absence of hosts. 

The data presented in this thesis con-
tribute 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. This work reveals that plant 
pathogen challenge can affect volatile-
mediated tritrophic interactions, and 
shows that focusing only on general 
species-specific effects of dual attack is 
too simplistic of an approach. The out 
comes of this thesis thereby provide 
insight into how plants modulate their 
defense responses against multiple at-
tackers.

Unraveling molecular mechanisms 
underlying plant defense in response 
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The aim of this thesis was to elucidate 
molecular mechanisms that underlie 
plant-mediated interactions between at-
tacking herbivores from different feeding 
guilds, namely Brevicoryne brassicae aphids 
and Plutella xylostella caterpillars. This is 
important because plants are exposed to 
different insect attackers at the same 
time. Moreover, attacks by different her-
bivores interact at different levels of bio-
logical organization, ranging from the 
level of gene expression, phytohormone 

production and biochemical changes up 
to the individual level. Effects of plant  
responses to feeding by two or more 
herbivore species simultaneously might 
cascade through the community and 
thereby affect insect community compo-
sition. 

Responses of Arabidopsis thaliana 
plants to simultaneous feeding by aphids 
and caterpillars were investigated by 
combining analyses of phytohormone 
levels, defence gene expression, volatile 
emission, insect performance and behav-
ioural responses of parasitoids. To better 
predict consequences of interactions  
between plants and multiple insect  
attackers for herbivore communities, the 
regulation of defence responses against 
aphids and caterpillars was also studied 
in the ecological model plant wild Bras-
sica oleracea.

One of the objectives of this thesis 
was to investigate the involvement of  
phytohormonal signalling pathways  
and their interactions during defence  
responses against caterpillars or aphids 
at different densities, when feeding alone 
or simultaneously on the model plant  
A. thaliana. The studies show that aphids 
at different densities interfere in con-
trasting ways with caterpillar-induced 
defences through different effects on 
gene expression. Plutella xylostella cat-
erpillars also influenced plant defence 
responses when feeding simultane-
ously with aphids. Caterpillar feeding 
affected aphid-induced defences which 
had negative consequences for aphid 
performance. Induction of both ethylene 
and jasmonic acid mediated defence re-
sponses is required for this interference. 
Moreover, aphid density also played an 
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important role in the modulation by  
P. xylostella of aphid-induced defences:  
P. xylostella caterpillars induced changes 
in levels of jasmonic acid (and its biologi-
cally active from JA-Ile) only when feed-
ing simultaneously with aphids at a high 
density.

To study the overall effect of dual 
herbivory on induced plant defences,  
I studied induced indirect defences by 
observing attraction of the aphid para-
sitoid Diaeretiella rapae to volatiles from 
aphid-infested A. thaliana plants. This 
showed that intact ethylene signalling 
is needed for caterpillar modulation of 
the attraction of D. rapae parasitoids. On 
the other hand, attraction of the cater-
pillar parasitoid Diadegma semiclausum 
to volatiles emitted by A. thaliana plants 
simultaneously infested by caterpillars 
and aphids was influenced by the density 
of the feeding aphids. The observed pref-
erence of D. semiclausum parasitoids for 
plants dually infested by caterpillars and 
aphids at a high density could be linked 
to biosynthesis and emission of the ter-
pene (E,E)-α-farnesene. 

I also addressed the question whether 
the transcriptomic response to simulta-
neously attacking aphids and cater- 
pillars was dependent on aphid density 
and time since initiation of herbivory. 
The microarray data show that the num-
ber of differentially expressed genes  
was higher in response to simultaneous 
feeding by P. xylostella caterpillars and  
B. brassicae aphids than feeding by cater-
pillars alone. Additionally, specific genes 
were differentially expressed in response 
to aphids feeding at low or high density. 
Cluster analysis showed that the pattern 
of gene expression over the different 
time points in response to dual infesta-
tion was also affected by the density 
of the attacking aphids. These results 
suggest that insects attacking at a high 
density cause an acceleration in plant 
responses compared to insects attacking 
at low density. 

As a next step in the study of multiple 
interacting herbivores, I studied whether 
plant responses to dual herbivory have 
consequences for the performance of a 
subsequently arriving herbivore, Mamestra 
brassicae caterpillars. I used wild B. oleracea 
plants to evaluate dual herbivore-induced 
plant adaptations for subsequent her-
bivory in a more ecologically relevant 
setting. Simultaneous feeding by P. xylos-
tella and B. brassicae resulted in different 
plant defence-related gene expression 
and differences in plant hormone levels 
compared to single herbivory, and this 
had a negative effect on subsequently  
arriving M. brassicae caterpillars. Differ-
ential induction of jasmonic acid regu-

lated transcriptional responses  
to dual insect attack was observed, which 
could have mediated a decrease in  
M. brassicae performance. The induction 
of plant defence signalling also affected 
both P. xylostella and B. brassicae perfor-
mance. This study further helps to un-
derstand herbivore community build-up 
in the context of plant-mediated species 
interactions.

Altogether, findings from this thesis 
provide insight in the molecular basis 
underlying plant responses against mul-
tiple herbivory and in plant-mediated 
interactions between aphids and cater-
pillars feeding on plants growing in the 
field or used in agriculture.

The importance of phenology in studies 
of plant-herbivore-parasitoid interactions
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As food resources for herbivorous in-
sects, the quality and quantity of plants 
can directly affect the performance of 
herbivorous insects; it will also indirectly 
affect the performance of natural ene-
mies of herbivorous insects such as para-
sitic wasps. Food-plant suitability for her-
bivores and potentially their natural 
enemies is determined by plant quality, 
such as the production of primary and 
secondary metabolites and morphologi-
cal traits, but quantity can also be impor-
tant. In nature, plant quality and quanti-
ty are dynamic and can change within 
individual plants over the course of a sin-
gle growing season. When multivoltine 
insects associate with short-lived annual 
plants, each generation must move from 
the natal plant species/patch to a new 
food-plant species/patch. In this in-
stance, food-plant quality and quantity 
may be highly variable for parents and 
their children and grandchildren. Howev-
er, thus far, temporal realism is often 
missing in many studies of multitrophic 
interactions. Most studies are conducted 
in a single time frame or involve interac-
tions between insects with a single plant 
species and tacitly assume that these in-
teractions persist over a long period of 
time. This thesis explores constraints im-
posed by the seasonal phenology of sev-
eral food-plant species on the develop-
ment, survival and oviposition decisions 
in a gregarious insect herbivore and its 
parasitoid wasp both of which have two-
three generations per year. As a model 
system, I used the large cabbage white 
butterfly, Pieris brassicae, and its special-
ized gregarious endoparasitoid Cotesia 

glomerata. Pieris brassicae is a specialist 
that feeds primarily on plants in with the 
Brassicaceae family. Three short-lived 
annual plants that are known to serve as 
food plants for P. brassicae were used in 
my thesis: Brassica rapa, Sinapis arvensis, 
and Brassica nigra. These species grow 
rapidly and exhibit differing seasonal 
phenologies, each growing within a short 
period of time with little temporal over-
lap amongst them. 

In Central Europe, B. rapa typically 
grows in early spring, S. arvensis in late 
spring and early summer, and B. nigra in 
mid to late summer. Pieris brassicae gen-
erally has three generations per year, and 
C. glomerata two or three. This means that 
different generations of the insects must 
find and exploit different food-plant spe-
cies that potentially differ in size, quality 
and in the habitats in which they grow. I 
explored whether growing on the same 
or different food-plant species in succes-
sive generations affects the performance 
of P. brassicae and its endoparasitoid, C. 
glomerata. Development time and bio-
mass were measured in the herbivore P. 
brassicae and C. glomerata when they were 
either reared on each of the three plant 
species for three successive generations 
or shifted between generations from B. 
rapa to S. arvensis to B. nigra as the natural 
sequence of plant growing in the field 
across the season. The results show that 
when reared on the same food-plant 
species, development time of both the 
herbivore and the parasitoid decreased 
across different generations. The biomass 
of insects was larger when feeding on 
S. arvensis and B. nigra plants than on B. 
rapa plants. However, when insects were 
shifted to new food plants, insect perfor-


