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1 Chapter 1 General Introduction

Plant insect interactions

Since the evolutionary dawn of angiosperms in the Jurassic (between 208 and 145 mil-
lion years ago) insects have had major biotic interactions with flowering plants and both
had major influence on the other’s evolutionary history (Grimaldi, 1999). The interac-
tions continue today with nearly all of the 250,000 angiosperm species extensively inter-
acting with insects. Around half of the one million insects using plants as a food source,
and the majority of terrestrial biomass is comprised of plants and their herbivore insects.
Therefore, investigating the evolution of insect-plant interactions is crucial to understand
global patterns of terrestrial biodiversity (Schoonhoven et al., 2005; Farrell and Mitter,
1994). In the course of 300 million years of plant-insect coevolution, plants developed
sophisticated defence mechanisms against insect attackers. While mechanical barriers
in plants can prevent some insect feeding (Ehrlich and Raven, 1964), chemical defences
play an important role as well. Secondary plant metabolites have long been considered
a defensive tool against insect herbivores (Fraenkel, 1959; Thorsteinson, 1960). In an
inspiring review Ehrlich and Raven (1964) suggested that development of novel chem-
ical defences in some plant species would allow these plants to minimize herbivory and
this would then lead to rapid radiation of the plant clade into new species. After a while
some phytophagous insects then would evolve the ability to feed on the plant clade
with its novel metabolites and quickly radiate over the plant clade to fill available food
niches. This escape and radiate scenario was suggested by Ehrlich and Raven (1964) as
an explanation for the diversity of plants and insect herbivores on earth.

Two main approaches to study this proposed coevolutionary arms race were used in
the following decades. One the one hand in depth studies looking at the interaction
between a small number of specific herbivores and plant species can yield information
on the nature of adaptations and counteradaptations between these species. For ex-
ample, Brassicales, especially Brassicaceae evolved the glucosinolate-myrosinase sys-
tem. Upon damage (mechanical or pest attack) glucosinolates stored in the plant cells
come into contact with degrading enzymes (myrosinases) and can be hydrolysed into
several toxic substances (mainly isothiocyanates and nitriles). Specialist herbivores
such as pierid butterflies evolved counteradaptations to disarm this “mustard oil bomb”,
allowing them to feed on brassicacaeous plants.

On the other hand, macro-evolutionary studies showing similar phylogenetic branch-
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1
ing patterns for plant and herbivore species, can reveal the shared evolutionary history
of herbivore and plant species (Figure 1.1). The lack of good phylogenetic data from
both insects and their host plants was a big issue in showing coevolution directly in the
1960s. Recently, a few robust studies have confirmed that novel chemical defences in
Brassicaceae are followed by an increase in speciation rate for these plants and later in
time by pierid butterflies (Wheat et al., 2007; Edger et al., 2015). Studies like these help
to substantiate the long-held dogma that plant secondary metabolites and counterad-
aptations against them lead to an escalating arms race between plants and their insect
herbivores.

Chemical arms race

Specific defensive metabolites keep most herbivores at bay. Certain plant families are
often associated with particular defensive compounds, which will defend the plants reas-
onably well against most herbivores. The narrow host range of insect herbivores can, at
least in part, be explained by chemical compounds of the plants. Usually, they are restric-
ted to single plant families or even only few closely related plant species (Schoonhoven
et al., 2005). Typically, Apiaceae are associated with furanocoumarins and Brassicaceae
are associated with the sulphur-based glucosinolate-myrosinase defence system (Beren-
baum, 1983; Futuyma and Agrawal, 2009). However, those typical secondary meta-
bolites are not always limited to one specific family. As for example furanocoumarins
are found in at least eight plant families (Berenbaum, 1983). Furthermore, plants of a
certain family can also evolve chemical defences not based on their typical secondary
metabolites. The Brassicaceae for example, evolved several other defensive compounds
after having evolved the nitrogen-sulphur-based glucosinolate-myrosinase defence sys-
tem, such as tropane alkaloids (Brock et al., 2006), cucurbitacins (Sachdev-Gupta et al.,
1993), and cardenolides (Makarevich, 1992).

Nevertheless, coevolutionary patterns between herbivores and host plants have been
shown. The plant family of the Brassicaceae coevolved with the Lepidoptera family
Pieridae, the whites and sulphurs. Especially the butterfly subfamily Pierinae are closely
associated with Brassicaceae hosts. It was demonstrated that the evolution of nitrile-
specifier proteins (NSPs) enabled the radiation of the Pierinae (Wheat et al., 2007).
Furthermore, Edger et al. (2015) showed that a speciation rate shift can be observed in
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1 Chapter 1 General Introduction

the Brassicales when new glucosinolates are added to their chemical defence. Similarly,
the Pieridae butterflies diversified in the same time frame (Edger et al., 2015).

Novel defences can give plants the edge for a while in the escalating arms race, e.g.
the development of cardenolides in Erysimum (Züst et al., 2020). However, coevolu-
tion between insects and their host plants is not only driven by chemical defence. As
proposed by Singer and Stireman (2005) tritrophic interactions between plants, herbi-
vores and predators or parasitoids might have a big impact on shaping the evolution of
the involved species. Both, the traditional bitrophic and more modern tritrophic ideas
of coevolution typically focus on the feeding life stages of herbivores. In this thesis, I
introduce another life stage as a potential candidate for playing a role in coevolution
between plant species and their insect herbivores: the insect egg.

Defences against eggs

Defending against eggs is an important part of plant defence. Since every egg killed by
the plant before hatching is one less larva feeding on it, defences against eggs have an
enormous potential. Due to this potential, egg-killing defences are widespread among
plants. Gymnosperms (pine trees) as well as several taxa within the Angiosperms are
known to perceive and respond to eggs, lowering egg survival (Fatouros et al., 2016). In
general, plant defences can either be constitutively expressed or induced after contact
with the herbivore. Constitutively expressed leaf structures such as trichomes have been
described to affect the survival of deposited eggs. Higher trichome density can either
be beneficial (Benedict et al., 1983) or detrimental for eggs (Schillinger and Gallun,
1968). Furthermore, trichome density already affects the oviposition choice of gravid
females (Schillinger and Gallun, 1968; Benedict et al., 1983; Silim Nahdy et al., 1999),
which could be interpreted as a defence against eggs. However, more prominently stud-
ied are defences against insect eggs induced after oviposition. A wide variety of plant
species use direct defences against eggs. Ovicidal substances, neoplasm formation, egg
crushing via wound-tissue growth and leaf necrosis are described as lowering egg sur-
vival (Hilker and Fatouros, 2015). Furthermore, oviposition can induce the release of
specialized volatile compounds, which in turn attract egg- or larval parasitoids to the
oviposition site (Hilker and Fatouros, 2015; Fatouros et al., 2012; Pashalidou et al.,
2015a). This tritrophic interaction can be understood as an indirect resistance against
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1
insect eggs. Lastly, eggs can be used to prime defences against hatching larvae, making
anti-larvae responses swifter and harsher compared to non-induced plants (Hilker and
Fatouros (2015) and references therein). The direct and indirect egg-killing responses as
well as the priming of plant defences can have a substantial impact on herbivore fitness.
This means counteradaptations to egg defences can be favoured by natural selection.
Therefore, an evolutionary arms race involving herbivores and plant responses to eggs
is likely to occur. While some counteradaptations to egg defences have been studied,
there is a lack of studies demonstrating an arms race involving egg defences.

Figure 1.1: Successive counteradaptations between species locked in an arms race scenario can lead
to phylograms in which specific adaptations are found in particular monophyletic species groups.
A) In an evolutionary arms race scenario both populations involved exert selection pressure on the
other after the evolution of new counteradaptations (arrows). Some parts of either population will
evolve a new way to combat the other side, escalating into an arms race where plant defences and
insect counteradaptations become more complex as time moves along. The single steps presented
are hypothetical and could also have happened in a different order in time. B) Example scheme of
two evolutionary linked phylogenies, in this case the host plants and herbivorous insects. Plants
would evolve a specific new or improved defence, and some insects within the clade developed the
ability to overcome these defences (same colour for coevolved plant and insect clades). However,
some insects in the phylogeny switched to a different host plant at some point in time (grey species)
and some plant defences were not yet overcome by the insects (light green plant species).

Study system

In order to improve our understanding of plants’ egg-killing defences and how these
might shape the interactions with herbivores and their eggs, I used the Brassicaceae plant
family and their pierid herbivores as model organisms. The diverse Brassicaceae, which
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1 Chapter 1 General Introduction

occur all around the world, contain important crop plants such as cabbage (Brassica

oleracea), rapeseed (B. napus) and mustard (Sinapis alba). Furthermore, the model
plant Arabidopsis thaliana is also a member of the family. These facts lead to a wealth
of data being gathered on Brassicaceae plants. Additionally, in recent years the phylo-
geny and relationships in the Brassicaceae has become more resolved and understood
(Al-Shehbaz, 2012; Guo et al., 2017; Huang et al., 2015). The typical Brassicales
glucosinolate-myrosinase resistance system has been diversified in the evolutionary his-
tory of the Brassicaceae (Edger et al., 2015) and can keep most non-specialist insects
from feeding on them. Yet, specialist herbivores such as diamond-back moths (Plutella

xylostella) and pierid butterflies developed detoxification mechanisms to overcome this
defence system (Heidel-Fischer and Vogel, 2015; Wheat et al., 2007). Recently, a co-
evolutionary relationship between the Brassicales and the butterfly family Pieridae has
been shown to exist (Edger et al., 2015). The diversification of glucosinolates can ex-
plain some of the speciation rate shifts observed. As NSPs are used by pierid caterpillars
to detoxify the glucosinolates, specificity exists among the pierid butterflies to feed on
and detoxify specific brassicaceous plant species containing specific glucosinolates.

Furthermore, several brassicaceous plant species have been demonstrated to respond
to insect eggs (Fatouros et al., 2016), by induction of OIPVs, to attract egg parasitoids,
changes of leaf surfaces to arrest egg parasitoids, and the expression of hypersensitive
response (HR)-like necrosis (Fatouros et al., 2005; Fatouros et al., 2014; Shapiro and
DeVay, 1987; Conti et al., 2010; Hilker and Fatouros, 2015). Most of those egg-induced
responses have been demonstrated to lower egg survival of specialist pierid butterflies
(Shapiro and DeVay, 1987; Fatouros et al., 2014). Generalist moths like the cabbage
moth (Mamestra brassicae) do not elicit the same egg-induced responses in B. nigra

(Fatouros et al., 2012; Pashalidou et al., 2013). This suggests the responses are specific
for some herbivore eggs and not a general one to insect eggs (as shown for A. thaliana

plants (Bruessow et al., 2010)). Whether egg-induced defence responses are subject to
evolutionary arms races has not yet been researched. For an example of an expected
egg-induced resistance arms race see Figure 1.1A.

In my thesis, I started off from a small study system containing only B. nigra and P.

brassicae (chapter 2). I studied the role of HR-like symptoms, which plants show in
response to egg deposition, both under greenhouse and natural conditions. Thereafter, I
expanded the number of organisms included in the study system. In chapter 3, I studied
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1
the tritrophic interactions and syngerstic effects of direct (HR-like) and indirect egg-
induced responses, using egg- and larval parasitoids, and tried to resolve the question
whether these responses are beneficial for B. nigra. In chapter 4, I increased my set-
up to seven brassicaceous species, and an additional butterfly species, the solitary P.

rapae. Here, I studied, in addition to HR-like necrosis, the plant-mediated effects of
egg deposition on the preferences and performances of the different butterfly species.
Finally, in chapter 5, a broad family-wide approach of the Brassicaceae and Pieridae was
chosen to unravel patterns of expression (Brassicaceae side) and elicitation (Pieridae
side) of egg-killing HR-like necrosis.

Research objectives

In this thesis, brassicaceous plants are used to shed light on the variability of resistance
against insect eggs and how egg-induced responses change insect behaviour towards
those plants. Furthermore, I want to investigate how a specific egg-resistance trait
against specialist butterflies might have evolved within the Brassicaceae plant family.
The main objective of the research was to show how egg deposition induces changes
within different plants, which in turn influence the eggs themselves, shapes the interac-
tion with the herbivores and natural enemies and finally how resistance against specialist
herbivore eggs might have evolved within the whole plant family.

Thesis outline

This thesis shows how egg deposition leads to egg killing and changes in insect beha-
viour (including preference) and how those egg-induced responses might have evolved
in the family of the Brassicaceae. For an overview over the study system see Figure 1.2.

In chapter 2 greenhouse and semi-field studies were used to study the effect of a
direct egg-killing trait in B. nigra induced by eggs of a specialist lepidopteran, Pieris

brassicae. The in-depth look at a small-scale study system allows a close look into the
effectiveness of HR-like necrosis as an egg-killing trait. I specifically assessed whether
or not the leaf necrosis would lead to egg killing against P. brassicae eggs under green-
house and field conditions. To assess this, I developed a scoring system for the strength
of HR-like necrosis and compared egg survival on plants expressing (HR+) and not ex-
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1 Chapter 1 General Introduction

Figure 1.2: Scheme of the chapters in this thesis. It highlights the trophic levels investigated in each
chapter as well as species (plants and butterflies) used. The study system expands from the second
chapter, where only B. nigra plants and P. brassicae were used, over chapters 3 and 4 to a
family-wide approach in chapter 5, where a selection of Brassicaceae plants and Pieridae butterflies
were tested.

pressing (HR-) HR-like necrosis after egg deposition. Furthermore, I wanted to study
whether or not variation in the occurrence of egg-induced HR-like necrosis between
different B. nigra accessions existed. In order to do so, I grew four different B. nigra

accessions and compared their expression of HR-like necrosis after P. brassicae egg
deposition.

Building on the results of chapter 2, in chapter 3 I studied whether or not different B.

nigra accessions would vary with respect to their egg-induced blends of plant volatiles
and the behavioural responses of the herbivores, an egg- and a larval parasitoid. Further-
more, I tried to explain the behavioural responses by investigating the plants’ volatile
emission induced by oviposition. Finally, I tried to link the behavioural responses to
plant fitness. In other words, I tried to evaluate whether or not plant responses to in-
sect eggs (HR-like necrosis, OIPVs and priming) are an adaptive resistance response. I
studied these interactions again under laboratory and field conditions to observe prefer-
ences of the herbivore P. brassicae, its egg parasitoid Trichogramma evanescens, and
the larval parasitoid Cotesia glomerata.

For chapter 4, I expanded the study system and used two butterfly species, P. brassicae

and P. rapae, as well as eight brassicaceous plant species to investigate whether egg-
laying preferences and offspring performance of the butterfly species differed with re-
gards to those eight plant species. Special attention was given to the effect of egg-
induced defences (HR-like necrosis and egg-mediated priming) in the outcome of these
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preference-performance relationships. In order to do so, butterflies could choose between
all plant species for egg deposition. Butterflies were then manipulated to lay eggs on
all plant species. After hatching, caterpillars were either allowed to feed on previously
egg-free or egg-laden plants of the same species their eggs were laid onto. Egg mortal-
ity was recorded, and larval performance measured by weighing individual caterpillars
three and seven days after hatching.

In chapter 5 I use a macroevolutionary approach to look at the expression of HR-like
necrosis as an egg killing trait within the Brassicaceae family. First by phenotyping 28
Brassicaceae and 3 Cleomaceae plant species I investigated the prevalence of HR-like
necrosis within the plant family and looked into the potential for a phylogenetic signal
between HR-like necrosis and specific plant species. Then I evaluated the effect of HR-
like necrosis on egg survival of specialist Pieris butterflies. Finally, I tested eggs/egg
washes of eight different butterfly species to screen for elicitation of HR-like necrosis
in B. nigra and a potential link of the elicitation in the subfamilies of the Pieridae.

Finally, in chapter 6 the general discussion of my thesis I placed my thesis into a
broader context by reviewing the literature available. I further speculate on implications
the results presented in this thesis could have on related fields of research. Lastly, I
discuss future research potentially resulting from my thesis.
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Chapter 2

Plant response to butterfly eggs: inducibility, severity

and success of egg-killing leaf necrosis depends on

plant genotype and egg clustering

Eddie Griese, Marcel Dicke, Monika Hilker & Nina E. Fatouros
Published in: Scientific Reports (2017) 7 : 7316
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Chapter 2 Egg killing leaf necrosis of plant genotypes

Abstract

Plants employ various defences killing the insect attacker in an early stage. Oviposition
by cabbage white butterflies (Pieris spp.) on brassicaceous plants, including Brassica

nigra, induces a hypersensitive response (HR)-like leaf necrosis promoting desiccation
of eggs. To gain a deeper insight into the arms race between butterflies and plants, we
conducted field and greenhouse experiments using different B. nigra genotypes. We in-
vestigated variation in HR and consequent survival of P. brassicae egg clusters. Impact
of egg density, distribution type and humidity on HR formation and egg survival was
tested. HR differed among plant genotypes as well as plant individuals. Egg density
per plant did not affect HR formation. Remarkably, egg survival did not depend on the
formation of HR, unless butterflies were forced to lay single eggs. Larval hatching suc-
cess from single eggs was lower on plants expressing HR. This may be due to increased
vulnerability of single eggs to low humidity conditions at necrotic leaf sites. We con-
clude that effectiveness of HR-like necrosis in B. nigra varies with plant genotype, plant
individual and the type of egg laying behaviour (singly or clustered). By clustering eggs,
cabbage white butterflies can escape the egg-killing, direct plant defence trait.

Introduction

Plant defences against herbivory largely exhibit phenotypic plasticity, which is a power-
ful means to cope with threats because a target with variable traits is less likely to be hit
(Adler and Karban, 1994). Plants are well known to defend themselves against herbi-
vorous insects by a wide range of strategies, some of which are genotypically fixed and
employed constitutively, and numerous others are based on phenotypic changes that are
induced in response to herbivore attack (Agrawal and Karban, 2000; Agrawal, 2001;
Lucas-Barbosa et al., 2013; Stam et al., 2014). The range of phenotypic changes of a
plant is determined by its genotype and its environment (Des Marais et al., 2013). Hence,
different accessions of a plant species exposed to variable environmental conditions may
display variability with respect to the inducibility of their defensive responses.

Egg deposition by insects onto plants often represents the first step of infestation.
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Plant defences induced by insect oviposition may target the eggs themselves or the
herbivorous larvae. Oviposition can inform plants about impending herbivory, and the
“warned” plants prepare their defences against hatching larvae. Various plant responses
are known to directly kill the eggs by ovicidal compounds, growth of plant tissue around
the eggs, or the formation of neoplasms or necrotic leaf tissue (reviewed by refs (Hilker
and Fatouros, 2016; Hilker and Fatouros, 2015; Fatouros et al., 2016)). The forma-
tion of necrotic leaf tissue in response to insect egg deposition leads to detachment of
eggs from leaves or desiccation of eggs and has been described as a hypersensitive-like
response (HR) (Shapiro and DeVay, 1987; Balbyshev and Lorenzen, 1997; Petzold-
Maxwell et al., 2011; Reymond, 2013; Fatouros et al., 2014; Pashalidou et al., 2015a;
Gouhier-Darimont et al., 2013).

From the insect’s perspective, the oviposition behaviour of a mother is an important
determinant of successful reproduction (Courtney, 1984; Ramos et al., 2012; Fortuna
et al., 2013). Females invest in survival of their progeny by e.g. hiding the eggs, protect-
ing them with sticky secretions that prevent parasitism, endowing them with predator-
deterring compounds or by increasing egg size (Hilker and Fatouros, 2015; Desurmont
and Weston, 2011; Blum and Hilker, 2002). In herbivorous insects, clustering of eggs
has been suggested as an adaptation to plant defences (Stamp, 1980; Hilker and Fa-
touros, 2015; Desurmont and Weston, 2011).

Our understanding on the ecology and mechanisms of oviposition-induced plant re-
sponses is largely increasing (Hilker and Fatouros, 2015; Reymond, 2013; Hilker and
Meiners, 2011; Pashalidou et al., 2015b; Little et al., 2007). However, some aspects
of plant-insect egg interactions have remained largely unexplored such as (i) the abil-
ity of an herbivorous insect to counteract oviposition-induced plant responses, and (ii)
the genotypic and individual variation of plant responses to insect oviposition. In con-
trast to these gaps in knowledge about plant-insect egg interactions, solid information
is available on the variability of plant responses to feeding arthropods. Genotype-based
plasticity of feeding-inducible plant defensive responses is well documented (Stam et
al., 2014; Degen et al., 2004; Gols et al., 2008a; Gols et al., 2009; Gols et al., 2008b;
Kappers et al., 2011) and has been suggested to be shaped by the costs of this plas-
ticity (Agrawal, 2002). Furthermore, individual variation in the composition of plant
defence-eliciting compounds that feeding larvae introduce into plant wounds is well
known (Roda et al., 2004), and some means of counteractions of larvae against feeding-
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induced plant defences have been detected (Musser et al., 2002; Lawrence et al., 2008;
Lawrence et al., 2007; Weech et al., 2008; Bos et al., 2010; Consales et al., 2012; Chung
et al., 2013).

Here, we address the above-mentioned knowledge gaps in plant-insect egg interac-
tions by studying the response of various accessions of the black mustard Brassica

nigra to egg deposition by the large cabbage white butterfly (Pieris brassicae). The
annual B. nigra shows diverse responses to eggs of Pieris spp., including accelerated
flower and seed production as reproductive escape strategy (Lucas-Barbosa et al., 2013;
Pashalidou et al., 2013), attraction of egg- and larval parasitoids (Fatouros et al., 2014;
Pashalidou et al., 2013; Fatouros et al., 2012; Cusumano et al., 2015; Pashalidou et al.,
2015c), phenotypic changes that affect subsequent herbivore and parasitoid preferences
and performances (Pashalidou et al., 2015a; Pashalidou et al., 2015b; Pashalidou et al.,
2015c), and HR-like necrosis (Shapiro and DeVay, 1987; Fatouros et al., 2014; Pashal-
idou et al., 2015a; Fatouros et al., 2012). Different populations of B. nigra respond at
different frequencies to singly laid P. rapae eggs or to clustered P. brassicae eggs by
HR-like necrosis (Fatouros et al., 2014; Fatouros et al., 2012). Under both greenhouse
and natural conditions, the hatching success of larvae from solitary P. rapae eggs was
reduced when the plant expressed HR (Fatouros et al., 2014).

For the gregarious P. brassicae, which lays its eggs in clusters, it is unknown as
yet whether formation of egg-induced HR-like symptoms and the hatching success de-
pend on the number of eggs per cluster. Although effects of HR-like necrosis on P.

brassicae egg survival were previously studied under greenhouse conditions (Fatouros
et al., 2012), a thorough study examining the relationship between HR and survival
of clustered eggs of P. brassicae under natural conditions is still lacking. To date,
hardly anything is known about the ecological determinants of egg responses induced
by herbivore oviposition. As shown in previous studies, egg load (Desurmont et al.,
2011) and abiotic factors such as temperature or water stress (Shapiro and DeVay, 1987;
Petzold-Maxwell et al., 2011; Salerno et al., 2017) can negatively or positively affect
egg-induced plant defences.

In the present study, we investigated the following specific questions by conducting
field, greenhouse, and laboratory experiments: Does formation of HR-like symptoms by
B. nigra in response to P. brassicae egg deposition differ (1) among plant accessions and
(2) among individuals of a B. nigra accession? (3) Is mortality of clustered P. brassicae
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eggs dependent on the occurrence of HR and correlated with HR severity? (4) Does
clustering of P. brassicae eggs counteract the plant’s HR? Since abiotic environmental
conditions may significantly impact on phenotypic plant traits, we also investigated how
(5) abiotic parameters (temperature, humidity, total radiation and sum of rain) affect the
expression of the plant’s HR and mortality of butterfly eggs.

Results

Variation in HR among plant accessions: field data. We used a common-garden
setting to investigate whether four self-fertilised accessions of B. nigra show differences
in expression of HR induced by P. brassicae eggs. Expression of HR was significantly
influenced by the plant accession receiving the eggs (GLM, χ2 = 24.74, df = 3, P < 0.001,
Fig. 2.1A). Accessions SF25 and SF48 had a higher proportion of plants expressing HR
than accession SF19. Moreover, HR severity was also significantly affected by plant
accession (GLM, χ2 = 69.32, df = 9, P < 0.001, Fig. 2.1B). HR severity of SF48 was
significantly higher than HR severity of the three other plant accessions (Fig. 2.1B). We
conducted this experiment in two consecutive years. The year of the experiment did
neither influence the fraction of plants expressing HR, nor the HR severity for SF19 and
SF48, which were tested in both years (GLM, χ2 = 0.75, df = 1, P = 0.39 and GLM, χ2

= 2.06, df = 1, P = 0.15, respectively, Fig. 2.1). In conclusion, some genotypes show a
greater inducibility and severity of HR-like symptoms by P. brassicae eggs than others.

Variation in HR among plant accessions and plant individuals: greenhouse data.
In a greenhouse experiment we investigated the variation in expression of HR with re-
spect to plant accession by examining 38 plant individuals belonging to two genotypes
which were exposed to eight to ten butterflies that each laid five eggs.

Variation among plant accessions. Unlike under field conditions, neither the presence/ab-
sence of HR symptoms nor HR severity were significantly different between the two
plant accessions SF19 and SF48 (GLM: χ2 = 0.19, df = 1, P = 0.66 and χ2 = 2.94, df =
2, P = 0.23).

Variation among individual plants. Both the presence of HR symptoms in response
to individual egg clutches and HR severity varied significantly among plant individuals
(GLM: χ2 = 196.59, df = 37, P < 0.001 and χ2 = 352.27, df = 74, P < 0.001). As seen
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Figure 2.1: HR induced by P. brassciae eggs in B. nigra plant accessions used in common garden
experiments in 2013 (only SF19 and SF48) and 2014. (A) Fraction of plants expressing HR (mean
± SE) per plant accession. (B) HR severity (mean ± SE) per plant accession (severity 1-3, compare
Fig. 2.A.1). Numbers of plants tested for each accession are indicated above each data point,
different letters indicate significant differences (P < 0.01, LHT post hoc test).
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in Fig. 2.2A except for one plant (II.03), all plants expressed HR at least for some of the
egg clutches. Seventeen plants expressed HR in response to all egg clutches laid onto
them. With respect to the severity of the expressed HR about half of the plants (N =
18) expressed the lowest HR severity in response to all deposited egg clusters, one plant
always the medium severity and two always the strongest. All other plants expressed
varying degrees of HR severity for the egg clutches laid onto them (Fig. 2.2B). In
conclusion, the data suggest that HR severity (and inducibility) is strongly linked to the
individual plant, and differs only slightly between different egg clutches on the same
plant.
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Figure 2.2: (Previous page.) HR induced by P. brassicae eggs in different plant individuals from
two accessions under greenhouse conditions. (A) Fraction of egg clutches expressing HR per plant
(mean ± SD). (B) Severity of HR when HR is expressed in plants (mean ± SD). Four different
replicates and therefore plant/butterfly sets were used and marked with differently shaded
background and (Latin) numbers for plant identity. Both plant accessions, SF19 and SF48 are
separated using different shapes for data points. (see explanation in the figure).

Effects of HR on survival of clustered eggs: field and greenhouse data. Brassica

nigra plants were infested with egg clutches of P. brassicae females either in the green-
house or outside in a field experiment. Survival of egg clutches did not depend on the
expression of HR (GLM, χ2 = 0.19, df = 1, P = 0.66), neither under greenhouse nor
field conditions (GLM, χ2 = 0.17, df = 1, P = 0.67 and GLM, χ2 = 0.01, df = 1, P =
0.93, respectively, Fig. 2.3A). Yet, egg survival was significantly greater in the green-
house than in the field (GLM, χ2 = 593.34, df = 1, P < 0.001). Moreover, under field
conditions, survival rates were significantly higher in 2013 than in 2014 (GLM, χ2 =
10.72, df = 1, P = 0.001). The large difference in egg survival rates between the green-
house (almost 100% survival) and field (between 35 and 50% survival) could be due
to abiotic factors as well as biotic factors, such as egg predation/parasitism. When egg
clutches were protected by fine meshed nets from parasitoids and predators in the field,
egg survival indeed significantly increased (from 33% to 60% in 2013, and 19% to 51%
in 2014) in both years (MWU, 2013: W = 2700.5, P < 0.001 and 2014: W = 1256, P

< 0.001, respectively, Fig. 2.3B. This suggests that HR is not an effective defence trait
against clustered P. brassicae eggs.

Effects of HR on survival of single versus clustered eggs. We investigated formation
of HR in dependence of the egg clutch size (number of eggs) per plant and recorded egg
survival in dependence of whether eggs were laid singly or clustered. Singly laid eggs
were experimentally achieved by manipulating the female’s oviposition mode.

Under greenhouse conditions, HR negatively affected survival of a single egg per
plant (GLM, χ2 = 6.35, df = 1, P = 0.01, Fig. 2.4A). However, when more eggs were
laid per plant and when these were laid in small (N = 10) or larger groups (N = 50 or
90), the expression of HR did not affect egg survival (GLM, small clutch size/number
of eggs: χ2 = 1.80, df = 1, P = 0.18, medium: χ2 = 0.83, df = 1, P = 0.36, and large:
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Figure 2.3: Effect of HR expression on survival of clustered P. brassicae eggs (mean ± SE) laid on
B. nigra plants under greenhouse and field conditions (for 2013 and 2014). (A) The numbers within
each bar represent the numbers of tested plants. The differences in egg survival until larval hatching
between HR expressing (light grey) and non-HR expressing plants (dark grey) are not significant,
GLM, family = quasibinomial. Differences between greenhouse and field conditions and between
both years of field experiments are indicated by asterisks above the horizontal lines, GLM, family =
quasibinomial. (B) Effect of predator/parasitoid exclusion on survival of clustered P. brassicae eggs
(mean fraction ± SE) laid on B. nigra plants in the field. Plants were either covered with a fine
mesh during the egg phase (predators excluded - light grey) or left uncovered (predators included -
dark grey).
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χ2 = 1.40, df = 1, P = 0.24, Fig. 2.4A), while HR negatively affected survival when a
female was forced to lay a single egg (GLM, χ2 = 6.35, df = 1, P = 0.01, Fig. 2.4A).

In a second experiment, we focused on the question how HR affects egg survival
if the number of eggs is the same per plant (here 10 eggs per plant), but the type of
egg distribution on a plant differs (singly laid eggs vs clustered eggs). Egg survival
was significantly lower on plants expressing HR than on plants that did not express HR
(GLM, χ2 = 5.25, df = 1, P = 0.02, Fig. 2.4B). The egg distribution (10 singly laid
eggs vs. 10 eggs laid in a cluster) and the interaction between HR expression and egg
distribution did not affect egg survival (GLM, χ2 = 1.73, df = 1, P = 0.19 and χ2 =
0.34, df = 1, P = 0.56, Fig. 2.4B). However, when the effect of egg distribution on egg
survival was tested separately, egg survival was only lower when HR was induced by
singly laid eggs (GLM, χ2 = 4.07, df = 1, P = 0.04, Fig. 2.4B) and not by a clutch of 10
eggs (GLM, χ2 = 1.99, df = 1, P = 0.16, Fig. 2.4B).

Moreover, both in the greenhouse and in the field, the number of eggs per plant did
not affect whether HR was expressed or not. Under greenhouse conditions no signific-
ant differences were found between plants with varying numbers of eggs (a single egg,
groups of 10, ca. 50, ca. 90) in their probability of HR expression (GLM, χ2 = 0.001,
df = 1, P = 0.98) or the severity of the HR expressed (GLM, χ2 = 0.313, df = 1, P

= 0.58, Fig. 2.5A). Under field conditions no significant differences in probability of
HR expression were found between plants induced by eggs laid in different clutch sizes
(GLM, χ2 = 0.003, df = 1, P = 0.96). For the severity of expressed HR no significant dif-
ferences were found either (GLM, χ2 = 3.45, df = 1, P = 0.06, Fig. 2.5B). However, in
the field one genotype (SF29) showed a significantly higher probability to express HR
in response to medium-sized egg clutches compared with small ones (Supplementary
Figure 2.A.1).

To conclude, the results suggest that HR is an effective defence strategy against single
eggs, rather than clustered eggs and that plants do not increase expression or severity of
HR with an increasing number of eggs laid.

27



2

Chapter 2 Egg killing leaf necrosis of plant genotypes

Figure 2.4: Fraction of P. brassicae egg survival under greenhouse conditions. (A) Impact of
number of eggs per plant and egg distribution. Effect of HR expression on survival (mean fraction
± SE) of single P. brassicae eggs per plant and P. brassicae egg clusters of different size as stated
on the X-axis (small: 10, medium: 50 and large: 90 eggs) laid on B. nigra plants. Survival rates of
P. brassicae eggs on B. nigra plants expressing HR (light grey columns) or not (dark grey columns).
Numbers in the columns represent the numbers of tested plants. (B) Impact of egg distribution.
Effect of HR expression on survival (mean fraction ± SE) of 10 singly laid P. brassicae eggs and of
a P. brassicae egg cluster (containing 10 eggs) on B. nigra plants under greenhouse conditions.
Survival rates of eggs on B. nigra plants expressing HR (light grey columns) or not (dark grey
columns). Numbers in the columns represent the numbers of tested plants. Significant differences
are indicated using asterisks. * P < 0.05, ns: not significant, GLM.
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Effects of desiccation on egg survival. Since humidity conditions at necrotic leaf tis-
sue are expected to differ from those at live, transpiring tissue, we tested how survival
of Pieris eggs depends (i) on humidity and (ii) on whether eggs were laid singly or in a
clutch (with five eggs).

Overall, eggs in groups of five showed higher survival rates than single eggs (GLM,
χ2 = 12.38, df = 1, P < 0.001). The humidity conditions applied here significantly
affected egg survival (GLM, χ2 = 47.07, df = 3, P < 0.001, Fig. 6), while the interaction
between humidity and egg group/singly laid egg did not (GLM, χ2 = 2.68, df = 3, P =
0.44).

When considering egg survival rates at distinct humidity conditions, however, eggs in
clutches of five showed a significantly higher survival rate for the treatment ‘low - high
RH’ (GLM, χ2 = 10.45, df = 1, P = 0.001), but not for the ‘min RH’ treatment (GLM, χ2

= 3.02, df = 1, P = 0.08), ‘high - low RH’ (GLM, χ2 = 0.99, df = 1, P = 0.32) or max RH
treatment (GLM, χ2 = 0.60, df = 1, P = 0.44, Fig. 2.6). The min RH treatment resulted
in a significantly lower survival of eggs laid in a clutch compared to all other water
treatments (Fig. 2.6). On the other hand, survival of singly laid eggs was significantly
lower when no water was added in the beginning of the experiment (min RH and low
– high RH treatments, Fig. 2.6). The weight loss/gain of eggs was different between
single and clustered eggs. Single eggs lost or gained weight faster than the clustered
eggs (Supplementary Figure 2.A.2). However, these differences were only significant
for one time period in the high to low humidity treatment (between 51.625 h and 70.25 h
after starting, Tukey HSD, P = 0.003, Fig. 2.A.2) and at two time periods in the low
to high treatment (between 3.125 h and 22.875 h after starting, Tukey HSD, P = 0.001
and between 51.625 h and 70.25 h after starting, Tukey HSD, P < 0.001, Supplementary
Figure 2.A.2). The weight fluctuations are probably due to the loss and uptake of water
and/or respiration. The stronger weight fluctuation in single eggs exposed to changing
humidity conditions might explain their lower survival rates.

Effects of abiotic factors. None of the weather factors (sum daily rainfall, relative
humidity, mean daily temperature and mean total daily radiation) was correlated with
the fraction of plants expressing HR in both experimental field seasons. None of the
parameters had a significant impact on the fraction of egg clutches inducing HR (GLM,
for (a) χ2 = 0.84, df = 1, P = 0.36, (b) χ2 < 0.001, df = 1, P = 0.98, (c) χ2 = 0.01, df
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Figure 2.6: Effect of various humidity conditions on survival of P. brassicae eggs (mean fraction ±
SE) until larval hatching. For the water/humidity treatment: compare Fig. S8. Different lowercase
letters indicate significant differences in survival (P < 0.05, LHT post hoc test) of single eggs kept
at different humidity conditions, while capital letters indicate significant differences in survival
rates (P < 0.05, LHT post hoc test) of five eggs (clutch) kept at different humidity conditions.
Asterisks above bars indicate whether or not survival rates of eggs differ between single and
clustered eggs kept at a particular humidity treatment (LHT post hoc test). NS = Not significant, **
P < 0.01, GLM. N per treatment = 30.

= 1, P = 0.91 and (d) χ2 = 0.82, df = 1, P = 0.37, Supplementary Figure 2.A.3). Egg
survival was tested under the above-mentioned weather factors, the expression of HR
and the interaction between the weather factor and HR expression. Mean sum of the
daily rainfall did significantly influence egg survival (GLM, χ2 = 4.95, df = 1, P = 0.03,
χ2 = 0.09, Supplementary Figure 2.A.4) Interestingly, survival rates were highest when
rainfall was moderate, indicating again that higher air humidity benefits egg survival,
while highest rainfall brought the egg survival back to the same level as low rainfall.
Neither HR expression nor the interaction of both changed egg survival (GLM, df = 1,
P = 0.77, χ2 = 0.28, df = 1, P = 0.60, Supplementary Figure 2.A.4). None of the other
factors significantly affected egg survival (Supplementary information).

Discussion

Our study reveals that plant genetic background influenced the likelihood and severity of
HR induced by P. brassicae eggs under natural conditions. Interestingly, this variation in
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an egg-killing plant defence trait was not effective against a butterfly that deposits eggs
in clusters. We show that the larval hatching rate from P. brassicae eggs laid in clutches
of different sizes on B. nigra plants expressing HR-like necrosis is not affected by clutch
size, neither under greenhouse nor under natural conditions. Only when butterflies were
forced to lay single eggs, egg survival was lower when leaf necrosis was induced. Our
data show that singly laid eggs suffer a stronger decrease in survival under low humidity
conditions than eggs deposited in groups, which could explain the differences in the
detrimental effect of HR-like necrosis on single and clustered eggs.

We hypothesize that formation of HR necrosis evolved as a defensive trait against
lepidopteran specialists of brassicaceous plants. Two tested generalist moth species,
Spodoptera exigua and Mamestra brassicae did not induce HR necrosis in B. nigra

(Pashalidou et al., 2013; Fatouros et al., 2012; Cusumano et al., 2015). A cue common
to egg deposition by pierid species might trigger HR. Pieris brassicae is the only pierid
species in The Netherlands that clusters eggs on brassicaceous plants (Lewinington,
2016). This oviposition behaviour might render HR-like necrosis useless as a defence
against eggs in this specific case.

An attenuating effect of egg clustering on the influence of an induced plant defens-
ive response was also shown for the interaction between Viburnum plant and eggs of
the viburnum leaf beetle (Pyrrhalta viburni): the beetle females prefer to oviposit on
egg-infested Viburnum twigs by inserting their eggs into a cavity which the gravid fe-
male gnaws into the twig (Desurmont and Weston, 2011; Hilker, 1992). Egg deposition
induces the twig to grow wound tissue which squeezes the eggs. When eggs are aggreg-
ated in higher numbers, this egg-induced response is mitigated (Desurmont and Weston,
2011).

Even though egg clustering seems very effective to counteract inducible egg-killing
defences, it may increase the risk of parasitism and predation. Egg clusters might be
easier detectable by visually orienting predators like birds than singly laid eggs. Further-
more, insect egg clusters might also be attractive targets for small egg parasitoids like
Trichogramma spp. as they can easily parasitise many eggs after having encountered
a clutch (Fatouros and Huigens, 2012; Huigens and Fatouros, 2013). Besides possible
predation or parasitism risks, cannibalism is common in gregarious species. Upon hatch-
ing, P. brassicae caterpillars both eat their own egg shell and sometimes cannibalise the
eggs of their siblings (Clark and Faeth, 1998) (E. Griese, pers. obs.). Finally, egg cluster-
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ing may lead to competition for food among the caterpillars if the resources are limited.
Some or all of these factors might have led to the situation where most species belong-
ing to the Pierini such as P. rapae lay single eggs despite the fact that egg clustering can
protect eggs from desiccation due to HR-like necrosis.

From the plant’s perspective, successful egg-killing defences reduce the chance of lar-
val feeding damage. Gregariously feeding P. brassicae larvae can completely defoliate a
B. nigra plant and cause irreversible damage to flowers (E. Griese & D. Lucas-Barbosa
pers. obs.). In a previous study, it was shown for the solitary P. rapae that the percent-
age of eggs inducing HR is not dependent on the number of singly laid eggs on the
plant, ranging from 2 to 9. However, formation of strong HR resulted in significantly
reduced survival of the singly laid P. rapae eggs (Fatouros et al., 2014). For Heliconius

subflexa, the survival of singly laid eggs on Physalis sp. plants was lower when HR
and/or neoplasm formation were expressed (Petzold-Maxwell et al., 2011). These ex-
amples corroborate our observation that singly deposited eggs of butterflies are affected
by egg-killing plant responses.

Because plants will suffer more feeding damage from larvae hatching from egg clutches
than from a few singly laid eggs, plants likely benefit from expressing a stronger HR-
like necrosis against a higher number of eggs laid in a cluster. However, we did not find
a correlation between the number of eggs laid (in a single clutch) and the probability or
strength of HR formation. Moreover, the hatching success of P. brassicae larvae was
not reduced by HR. Only when P. brassicae butterflies were forced to lay eggs singly
onto the plant, the expression of HR reduced the hatching success. Our data indicate
that P. brassicae can benefit from laying eggs in clutches. So far, it has been suggested
that egg clustering increases the reproductive success of female butterflies (Courtney,
1984), especially when host plants are scarce. Hence, egg clustering may be beneficial
for P. brassicae for two reasons: on the one hand it may be a cost-saving behaviour with
respect to the energy invested in searching for oviposition sites, and on the other hand it
obviously counteracts the negative effects of an egg-inducible direct plant defence trait,
i.e. HR-like leaf necrosis.

The present study reveals that plant accessions differ in HR-inducibility (likelihood
of expressing HR) and the severity of HR expressed in response to insect egg deposition.
Previous studies have shown genetic variation in plant defence traits only for defences
against feeding herbivores (e.g. (Agrawal and van Zandt, 2003)), among them also labor-
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atory and field studies of Brassica species investigating defence traits against feeding
Pieris larvae. For example, laboratory experiments revealed that differences in volatile
blends of B. oleracea var. alba L. varieties induced by feeding P. brassicae caterpillars
lead to differences in attraction of a larval parasitoid. The differential attractiveness of
these plant varieties to larval parasitoids matched different parasitism rates of larvae
feeding on different varieties in the field; furthermore, herbivore preference and per-
formance, as well as insect communities living on the plants varied among these plant
varieties (Poelman et al., 2009a; Poelman et al., 2009b; Poelman et al., 2010). These
results are in line with our findings, confirming that different genotypes of a Brassica

species differ in their feeding- and oviposition-inducibility of anti-herbivore defence
traits under field conditions.

Our data further show variation among individual plants in HR expression. Some
plant individuals exhibited resistance to eggs and expressed an HR-like response, whereas
others did not. It is likely that this variation is caused by a high variation in the respons-
iveness of a resistance (R) gene in B. nigra plants recognising specific cues of Pieris

eggs. R-genes targeting phytopathogens are among the most polymorphic loci in plant
genomes (Karasov et al., 2014a; Karasov et al., 2014b). Whether this is similar for
R-gene(s) involved in HR against Pieris eggs is an open question. Studies of plant-
pathogen coevolution often report one type of interaction, the gene-for-gene interaction,
whereby plants generate R products that recognise cues from the specific attacker (Jones
and Dangl, 2006). Although the plant genotypes used in our study originated from a self-
fertilisation event (produced by E.H. Poelman) (or crossing of two self-fertilised plants
of the same genotype, produced by E.H. Poelman and E. Griese), they are not homo-
zygous which may explain the observed variation in HR expression between individual
plants of each accession.

Our data suggest that laying eggs in clusters reduces their susceptibility to HR-like
necrosis. Formation of necrotic leaf tissue might lower the humidity around the egg
clutch because of reduced plant transpiration at this site. Shapiro and DeVay (1987)
suggest that HR kills eggs by reducing humidity at the interface between plant surface
and eggs, thus resulting in detachment of eggs from the leaf or in egg desiccation. Wa-
ter loss of eggs is determined by various factors. In addition to atmospheric humidity,
transpiration of the plant tissue and other egg-related factors like the chemical composi-
tion of the eggshell, the serosa, size of the egg surface as well as the exocrine secretion
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attached to the eggshell may play a role in preventing egg desiccation (Hinton, 1981;
Margaritis, 1985; Woods, 2010). Especially the formation of the serosa has been shown
to drastically increase drought resistance in eggs of several insect species, including
beetles and mosquito species (Rezende et al., 2008; Goltsev et al., 2009; Jacobs et al.,
2013). Whether the serosa plays a similar role in butterfly eggs remains to be invest-
igated. In addition to the mentioned parameters, aggregation of eggs could prevent de-
siccation under low humidity conditions, as was shown for Chlosyne lacinia butterflies
feeding on the common sunflower Helianthus annuus (Clark and Faeth, 1998). Their
egg clutches can vary in size and the number of layers. A higher number of egg lay-
ers and larger clutch size improved the hatching success under low humidity conditions
(Clark and Faeth, 1998). In the present study, we show that clustered P. brassicae eggs
can recover better from low humidity conditions when transferred to high humidity than
singly laid eggs; the survival rate of clustered eggs was higher under these conditions.
This indicates that the strong, negative effects of HR-related necrosis on especially the
singly laid eggs might also be due to reduced humidity at the oviposition site. Thus,
by implication, egg aggregation can protect eggs against a detrimental HR-associated
effect, i.e. low humidity at the oviposition site.

Unlike under field conditions, the different accessions did neither differ in the likeli-
hood of expressing HR, nor in the strength of HR expression when placed under green-
house conditions. Furthermore, the proportion of plants that show HR as well as the
average HR severity were generally lower. These results suggest that abiotic factors
present in the field but not in the greenhouse (e.g. UV-light or higher temperature and
humidity fluctuations), affect HR expression. However, in our field experiment, none
of the particular abiotic factors that we determined affected the expression of HR in
B. nigra in neither of the two seasons. Nevertheless, some plant accessions might have
been more affected by changes in abiotic conditions in the field than others, which would
explain the more similar HR expression of the accessions in the greenhouse. In contrast
to our experimental field data, Petzold-Maxwell et al. (2011) showed that temperature
was positively correlated with the likelihood of the expression of HR and neoplasm
formation induced by eggs of the moth Heliothis subflexa in Physalis angulata plants in
a field experiment; the temperatures measured in this study were higher than the highest
temperature measured in our field study (ca. 21 ◦C). Furthermore, a previous study on
B. nigra and P. rapae in California, U.S.A., indicated that HR necrosis was more pro-
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nounced at high temperatures (above 30 ◦C) (Shapiro and DeVay, 1987). The range of
changes of abiotic factors as well as very high temperature and low humidity may affect
the expression of HR.

Our study revealed that aggregating eggs is a strategy for P. brassicae to avoid negat-
ive effects of HR as a direct egg-killing response. However, there must be some fitness
costs associated with egg clustering, because other common Pieris species (e.g. P. rapae

and P. napi) lay single eggs (Wiklund, 1984). Costs of egg clustering could be associ-
ated with increased larval competition on the same food source and/or increased egg
and larval predation or parasitism risks. Future studies need to elucidate the ecological
consequences that B. nigra plant genotypes and individuals face when not expressing
HR-like necrosis in response to P. brassicae eggs.

Material and Methods

Plants and insects. Brassica nigra L. plants were grown either in a greenhouse (18
± 5 ◦C, 50–70% RH, LD 16:8) or, for field experiments, first grown in the greenhouse
for ca. one week, and then placed in an outdoor area protected from wind and rain for
two to three weeks. For the experiments in 2013, we used seeds of two self-fertilised
plants (SF19 and SF48) that had been collected in 2009 from a B. nigra population near
the River Rhine in Wageningen, The Netherlands (51.96◦N, 5.68◦E). In 2014, seeds
produced from plants of the original self-fertilised plants of the same accessions- and of
two additional accessions were used (SF19, SF25, SF29 and SF48).

Pieris brassicae L. (Lepidoptera: Pieridae) was reared on Brussels sprouts plants (B.

oleracea var. gemmifera cv. Cyrus) in a climate room (21 ± 1 ◦C, 50–70% RH, LD
16:8). Freshly emerged virgin female and male P. brassicae butterflies were obtained
from the rearing and kept isolated. Two days after emergence they were allowed to
mate, and two days later the mated female butterflies were used for egg deposition in
the experiments.

Experimental conditions. Common garden experiments under field conditions. Re-
search questions 1, 3 and 5 were tested in a common garden setup, conducted in two
consecutive years (2013 and 2014). In both years, young greenhouse-grown seedlings
(three weeks old) were planted into the field in three different periods, two weeks apart
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from each other, starting mid-May and ending end of July. The seedlings were planted
in fields of the experimental farm of Wageningen University (Unifarm), The Nether-
lands. Several B. nigra accessions were planted in the field. In 2013, SF19 and SF48
were grown, and in 2014 we planted SF19, SF25, SF29 and SF48. In total 192 plants in
2013 and 240 in 2014 were infested with P. brassicae eggs. The plants were organised
into plots namely in 12 rows of four plots each in 2013 and in 15 rows of four plots
each in 2014. Each plot contained four egg-infested plants with three metre distance
between the plots. A mixture of Lolium and Poa grasses was sown in between the plots.
The egg-infested plants were grown about two metre apart from each other within a plot.
Half of the plants were covered with a fine mesh protecting eggs from predators and
parasitoids. Plants were infested with eggs when they were four to five weeks old. One
to two weeks after planting, each plant was exposed to a mated female which was kept
on a plant until egg deposition (between 0.5 to 24 h) by covering it with a gauze net.

After deposition of one egg cluster (additional clusters were gently removed), the leaf
with the egg cluster was photographed for documentation and later counting of the eggs
per cluster.

Greenhouse experiments. Research questions 1 to 4 were also addressed under green-
house conditions (22 ± 2 ◦C, 50–70% RH, LD 16:8).

Egg survival. The survival rate of eggs was calculated based on the total number of
eggs and the number of caterpillars that hatched (hatched caterpillars/total number of
eggs). The number of caterpillars was counted just after hatching by visual obser-
vation or by taking a picture and counting eggs and caterpillars with the help of the
computer programmes ImageJ as described by Schneider et al. (2012) and Gimp (see
http://www.gimp.org/).

Determination of HR-like necrosis. All plants in the field and greenhouse were visu-
ally checked for HR symptoms three to four days after egg deposition (Fig. 2.7). The
plants were categorised into ‘HR-’ (no necrotic zone observed, Fig. 2.7A) or ‘HR+ ’
(with necrotic zone, Fig. 2.7B–D). When HR was observed, its severity was quantified
by categorising it into three different classes: necrosis visible underneath the eggs (HR
severity ‘1’) (Fig. 2.7B), necrosis also visible on the other side of the leaf (HR severity
‘2’) (Fig. 2.7C), and necrosis visible around the eggs and the other side of leaf with
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clear edges (HR severity ‘3’) (Fig. 2.7D). Four days after egg deposition, the HR is
fully expressed and does not change any more.

Effect of plant individual and genotype on HR expression. A four-week-old B. nigra

plant from either the SF19 or SF48 accession was infested with eggs in the greenhouse
as described above. A female butterfly was placed on a leaf for oviposition. As soon
as it had laid five eggs, the butterfly was removed from the cage and a new female was
introduced. After a plant had received eggs from eight to ten female individuals (five
eggs per female), it was replaced by a new one and offered to the same set of butterflies.
Hence, in total each plant received 40 to 50 eggs on a single leaf, a procedure which was
repeated for eight to ten plants (half of them being SF19, half SF48) using the same set
of females (Supplementary Figure 2.A.5). In total, four sets of eight to ten plants, each
with eggs from a different set of eight to ten butterflies were prepared. The youngest
leaf large enough to sustain all eggs (usually 3rd or 4th leaf from the top of the plant)
was infested with eggs, and infestation took less than one hour per plant. The sequence
of butterflies used for oviposition was randomised for each plant. We recorded HR-like
symptoms and their severity induced by each egg cluster for a period of four days after
egg deposition. Egg survival was recorded as well (as described above). Thus, these
parameters were assessed for each plant individual.

Effects of egg clutch size and egg clustering on HR expression and egg survival.
To investigate whether the number of eggs laid affects HR severity under greenhouse
conditions, P. brassicae butterflies were allowed to deposit eggs in three different clutch
sizes on plants from two B. nigra accessions (SF19 and SF48). Four-week-old B. nigra

plants were placed in a cage (35 × 60 × 40 cm) together with one P. brassicae female
to obtain either 1, 10, 50 or 90 eggs per plant. Additional eggs were gently removed
right after discovery using a soft brush. Fourteen to sixteen plants per treatment were
infested.

To investigate further whether the type of egg distribution (singly laid eggs versus
clustered eggs) impacts on the effects of HR on egg survival when plants are deposited
with the same number of eggs, we conducted a further experiment in which B. nigra

plants were always infested with 10 P. brassicae eggs. The eggs were either laid as
a clutch or singly. The 10 singly laid eggs were at least 5 mm apart but still on the
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Figure 2.7: Different severity levels of HR-like necrosis induced by egg clutches of P. brassicae
laid onto B. nigra plants under field conditions. The upper row shows the abaxial side of a leaf with
eggs, the lower row shows the adaxial side of a leaf. (A) No HR-like necrosis induced (no HR = 0),
(B) HR severity 1: necrosis can be observed below eggs, but hardly on the other side of the leaf, (C)
HR severity 2: necrosis has spread and can be clearly observed on both sides of the leaf, the edges
of the reaction are diffuse. (D) HR severity 3: necrosis is strongly expressed also around the egg
clutch with sharp edges. All clutches shown are the same age (four days after egg deposition).

same leaf. For each egg distribution mode we used 32 plants. However, one female
which was used for both egg distributions laid unfertilised eggs, and one egg-deposited
leaf of a plant used for the single egg distribution broke off during the experiment, thus
reducing the number of plants to 30 (for singly laid eggs) and 31 (for clustered eggs).

Under field conditions, we recorded HR-like symptoms and their severity induced
by each egg cluster for a period of four days after egg deposition. We correlated the
different egg clutch sizes with formation of HR and egg survival.

Effect of abiotic factors on HR expression and egg survival. Microclimate. Egg-
induced formation of necrotic leaf tissue is likely to be associated with changes in
humidity at the interface between plant surface and eggs. To investigate whether dif-
ferences in humidity and changes in humidity affect single and aggregated eggs differ-
entially, a laboratory experiment was conducted in which freshly laid eggs were kept in
a climate cell under controlled temperature and light conditions (24 ± 0.5 ◦C, LD 16:8)
but different humidity conditions (Supplementary Figure 2.A.6). First, a filter paper
disc was laid into a Petri dish (9.4 cm diameter), and lids of small Petri dishes (5.8 cm
diameter) were placed onto the filter paper discs. Eggs were carefully removed from B.

oleracea var. gemmifera plants and transferred singly or in a group of five into the cap
of an Eppendorf tube (1.5 ml). The eggs had been laid maximally two hours before the
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experiment. Five caps with eggs were placed onto each small Petri dish lid. Then the
large Petri dishes (9.4 cm diameter) were closed. The set up was chosen to avoid direct
contact of eggs with the water. The following humidity conditions were generated: (i)
The filter paper was completely soaked with 2 ml water after placing the eggs into the
dishes. We assumed that the relative humidity was constantly kept at nearly 100% under
the closed lid during the whole egg-development period (4.5 days) (max RH treatment).
(ii) A dry environment of the eggs (mimicking plant cell necrosis) was reached by not
adding water (min RH treatment). (iii) The effect of change in humidity on egg survival
was tested by adding 1 ml water at the beginning of the experiment, and then allowing
complete evaporation (humidity changes from high to low (referred to as high-low RH).
(iv) The reverse treatment (humidity changes from low to high) was created by adding
1 ml water only 2.5 days after placing the eggs into the setup (referred to as low-high
RH). The hatching success was measured after four to five days.

Macroclimate. Weather data for the periods in which the common garden experiments
were conducted (see above) were obtained from the Veenkampen weather station of
Wageningen University, around 3.25 km west of the field site. Data on the daily mean
temperature (◦C), the sum of all net radiation per day (Wm−2), mean relative humidity
(%) and the sum of daily rainfall were collected for all days of the experiment during
the field season. Their values over the four days following egg deposition were used
to calculate a mean ± SE value. The mean value was checked for correlation with
expression of HR and its severity. The mean value was also correlated with the mean
value of egg survival for the period of time.

Statistical analysis. Generalised linear models (GLM) were used as the main tool for
statistical analysis for all experiments. Egg survival and HR expression as response vari-
able were analysed using a binominal distribution. The HR severity as response variable
was analysed using a Poisson distribution. To compare different factor levels within a
model pairwise Mann-Whitney-U tests were conducted. Alternatively, a Tukey HSD
test was conducted if applicable. All tests were conducted using the statistic platform R
3.2.5 (R Core Team, 2014).

Data Availability. The datasets generated during and/or analysed during the current
study are available from the corresponding author on reasonable request.
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2.A Supplementary material

Abiotic factors None of the other tested abiotic factors affected egg survival, namely
relative humidity (GLM, χ2 = 0.39, df = 1, P = 0.53, χ2 = 0.14, df = 1, P = 0.71, χ2 =
1.92, df = 1, P = 0.17), mean daily temperature (GLM, χ2 = 0.57, df = 1, P = 0.45, χ2 =
0.17, df = 1, P = 0.68, χ2 = 0.35, df = 1, P = 0.56) and mean total daily radiation (GLM,
χ2 = 3.05, df = 1, P = 0.08, χ2 = 0.16, df = 1, P = 0.69, χ2 = 2.24, df = 1, P = 0.13).
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Figure 2.A.1: Relationship between egg clutch size (in categories, Small: 6–50 eggs, Medium:
51–100 eggs, and Large: more than 100 eggs) and (A) the fraction of plants expressing HR, and (B)
the fraction of plants showing a particular HR severity, as recorded in field experiments. All four
plant accessions are separately depicted, and only significant differences are shown to keep the
graph simple (*: P < 0.05).
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Figure 2.A.2: Weight gain or loss of single eggs or egg clutches exposed to various humidity
conditions (compare Fig. 2.A.6 for humidity conditions). Data points are shown as means (± SE).
Asterisks between two measuring points indicate significant differences in weight change between
single and clustered eggs. **: P < 0.01, ***: P < 0.001. For greater clarity only significant results
are marked.
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Figure 2.A.3: Relationship between the fraction of egg clutches inducing HR in the field and
abiotic conditions during 2013 and 2014. (A) Mean sum of daily rainfall. (B) Mean daily relative
humidity. (C) Mean daily temperature. D) Mean daily total radiation.

Figure 2.A.4: Egg survival rate in the field under different rainfall conditions. The sum of daily
rainfall did significantly influence egg survival under field conditions (different letters indicate P <
0.05, pairwise MWU test).
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Figure 2.A.5: Schematic outline of the experiment on the impact of a plant individual on formation
of HR-like necrosis. Each butterfly individual was allowed to lay a clutch of five eggs (eggs of the
same colour originate from the same butterfly) per plant (represented through differently coloured
pots). While only three butterflies and plants are shown here, for the experiment eight to ten plants
and butterflies were used.

Figure 2.A.6: Experimental setup for investigating the impact of various humidity conditions on
egg survival. Eggs were placed into Eppendorf caps for easy weighing and also protecting them
from direct contact with the water on the filter paper. (A) 0 ml water was added to the filter paper
and the dish was kept closed for 4.5 days (“min RH”). (B) 1 ml was added to the filter paper, but
only 2.5 days after placing the eggs in the dish; the dish was kept closed (“low→ high RH”). (C)
1 ml water was added, slow evaporation over time reduced the water content to 0 ml (“high→ low
RH”). (D) 2 ml water were added; eggs were kept at humid conditions for 4.5 days. Larval hatching
rates were recorded to determine egg survival rates.
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Abstract

Plants can respond to insect oviposition with the emission of volatiles, which mediate
interactions among plants, herbivores and natural enemies of herbivorous insects. Little
is known about plant intraspecific variation of such oviposition-induced plant volatiles
(OIPVs) and how such variation affects trophic interactions. We addressed these gaps
in knowledge by investigating interactions between black mustard Brassica nigra, the
butterfly Pieris brassicae, and its egg and larval parasitoids. We used two B. nigra

accessions (SF19 and SF48). Our GC-MS analyses revealed that the two B. nigra ac-
cessions constitutively emitted the same volatile compounds, but when induced by egg
deposition, they showed quantitative differences in the emission of the homoterpene
(E)-4,8-dimethyl-1,3,7-nonatriene ((E)-DMNT) and the sequiterpene α-funebrene. Our
laboratory studies revealed that the insects’ behavioural responses to egg-laden and egg-
free plants differed. While P. brassicae avoided egg-induced B. nigra plants for fur-
ther egg deposition, the egg parasioid Trichogramma evanescens was attracted to them.
These differences were independent of the plant accessions. In the field, P. brassicae

larvae feeding upon SF48 plants suffered higher parasitism rates by the larval parasitoid
Cotesia glomerata than larvae on SF19 plants. However, this effect was independent
of prior egg induction of the plants. Our results suggest that intraspecific differences
in plant responses to insect eggs exist, and that this variation affects insect behaviour
depending on the insect species.

Introduction

Plants emit a huge variety of volatile organic compounds that play important roles in
their interaction with the biotic environment, such as herbivores, natural enemies, pol-
linators, neighbouring plants and microorganisms (Bouwmeester et al., 2019). Such
volatiles are emitted constitutively or induced by herbivore feeding and/or egg depos-
ition (Loreto et al., 2014). The specific blends released differ due to a wide range of
factors such as the abiotic and biotic environment or internal differences such as plant
genotype and age (Bouwmeester et al., 2019; Dicke and Baldwin, 2010; Erb, 2018).
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To protect themselves from feeding herbivores, plants can release specific herbivore-
induced plant volatiles (HIPVs) (Dicke and Baldwin, 2010; Poelman et al., 2009b; Price
et al., 1980; Turlings and Erb, 2018), which are attractive to parasitoids and predators
of the herbivores (Heil, 2004; Poelman et al., 2009b; Xiu et al., 2019). Plant responses
to insect oviposition can already protect against an initial developmental stage of herbi-
vorous insects, i.e. the eggs. Oviposition by insect herbivores has been shown to induce
volatiles (OIPVs) that attract egg and larval parasitoids and deter herbivores from ovi-
position (Fatouros et al., 2012; Hilker and Fatouros, 2015; Hilker and Meiners, 2010;
Hilker and Meiners, 2006; Tamiru et al., 2011). The feeding- and egg-induced volatile
blends of different plant species or plants infested by different insect species differ and
cause differential attraction of larval or egg parasitoids (Baldwin, 2010; Dudareva et al.,
2006; Turlings and Erb, 2018; Meiners et al., 2003).

Detecting plant genotypes with OIPV and HIPV emissions highly attractive to natural
enemies of the herbivore and non-attractive or even repellent to the herbivores might be
helpful for biological control of herbivorous insects infesting crop plants (Tamiru et
al., 2017). The so-called “push-pull” biocontrol strategy makes use of differences in
plant attractiveness by pushing herbivorous insects away from crop plant species and
pulling them into fields with attractive “trap” plant species (Cook et al., 2007). Plant
accessions, which differ in leaf odour, could also be used in this context by growing
“push” accessions with odour repelling herbivorous insects and “pull” accessions with
attractive odour to natural enemies of the herbivores. Yet, further research on both
OIPVs and HIPVs at natural conditions and different spatial scales is needed to elucidate
the ecological effects of these volatiles in trophic webs. Information on this is crucial for
our understanding of tritrophic interactions and possible application in agroecosystems
(Aartsma et al., 2017).

Here, we investigated whether herbivorous and parasitic insects discriminate between
different accessions of a plant species known to release OIPVs and HIPVs in response to
insect oviposition and feeding, respectively. Previous studies of tritrophic interactions
between Brassica nigra, Pieris spp., and egg and larval parasitoids provide an excel-
lent basis to pursue this aim. Black mustard plants (B. nigra) are known to respond
to Pieris spp. egg deposition with the emission of volatiles that attract egg parasitoids
(Trichogramma spp.) and larval parasitoids (Cotesia glomerata) under laboratory con-
ditions (Cusumano et al., 2015; Fatouros et al., 2012; Fatouros et al., 2014; Pashalidou
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et al., 2015c; Ponzio et al., 2016). Gravid P. brassicae females were shown to be de-
terred by OIPVs released by the same plants (Fatouros et al., 2012). Plant responses
to P. brassicae egg deposition can also affect subsequent responses to hatching larvae.
Previously egg-laden B. nigra plants release volatiles induced by feeding activity of
neonate larvae earlier than egg-free plants; the feeding-induced HIPVs attract C. glom-

erata wasps (Pashalidou et al., 2015c).
While intraspecific variation of B. nigra OIPVs induced by Pieris oviposition has

not been studied so far, such variation has been shown for another egg-induced resist-
ance trait: Pieris eggs induce a hypersensitive response (HR)-like leaf necrosis. Some
B. nigra accessions express HR-like symptoms in response to egg deposition by P.

brassicae more frequently than others (Griese et al., 2017). HR-like necrosis can lead to
desiccation and thus death of singly laid Pieris eggs (Fatouros et al., 2014; Griese et al.,
2017). Interestingly, B. nigra plants can synergistically express both resistance traits
in response to Pieris egg deposition. Volatiles of plants expressing HR-like symptoms
in response to Pieris eggs were more attractive to Trichogramma egg parasitoids, than
volatiles of non-HR expressing plants. This synergistic effect of different egg-killing
traits seems more common in Brassica species (Afentoulis et al., 2021). In the field,
this ‘double-defence line’ was shown to lead to up to 80% egg mortality on B. nigra

plants expressing HR-like response (Fatouros et al., 2014). These results suggest that
the blend of OIPVs emitted by B. nigra varies between accessions and that HR-like
response could play a role in here.

Here, we analysed whether two accessions of B. nigra (SF48 and SF19) differ in the
emission of OIPVs induced by P. brassicae oviposition. Previously, SF48 was shown to
express a stronger HR-like response both in frequency and severity than SF19 (Griese et
al., 2017). Under greenhouse conditions, we further studied whether gravid P. brassicae

butterflies and T. evanescens egg parasitoids show differential behavioural responses to
the two accessions. Additionally, we investigated in a semi-field set-up whether para-
sitism rates of larvae feeding upon the two plant accessions differ from each other and
whether plant responses to egg deposition play a role in here (Figure 3.1). Parasitism
rates observed in field/semi field studies were previously shown to be reliable predictors
of attraction of Cotesia parasitoids to HIPVs in the laboratory (Poelman et al., 2009b).
We hypothesize that SF48 shows quantitative differences in the emission of OIPVs when
compared to SF19. Furthermore, we expect that the responses of P. brassicae as well as
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of egg- and larval parasitoids to egg-induced plants differ between the accessions.
Specifically, we addressed five questions. (i) Does P. brassicae egg deposition in-

duce different OIPV blends in two different B. nigra accessions? (ii) Does egg depos-
ition by conspecifics affect P. brassicae butterfly oviposition preferences to different B.

nigra plant accessions? (iii) Does the emission of OIPVs differentially affect attrac-
tion of Trichogramma egg parasitoids to different B. nigra accessions? (iv) Do plant
responses to egg deposition differentially affect parasitism rates of Trichogramma spp.
and Cotesia glomerata on different B. nigra accessions? (v) Do plant responses to egg
deposition differentially affect fitness in different B. nigra accessions?

Figure 3.1: Possible scenarios outlining how insects might respond to volatile emissions of
different accessions of a plant species with and without insect egg depositions. Two different plant
accessions might either attract (arrows) or repel (T intersection) gravid butterfly females, egg and
larval parasitoids. Different responses of insects to uninfested plants (blue lines) and
larval/egg-infested plants (orange lines) may be observed. For example, the right accession is
attractive to all insects, irrespective of the presence of eggs on the leaves. In contrast, the left
accession without eggs is neither attractive to the butterfly nor to the egg parasitoid. The volatile
bouquet of the leaves is represented by wavy lines. Size and colour of the lines represent different
compounds within a blend, which are expected to quantitatively differ between accessions and/or
egg-induced vs. control plants.

Results

Variation in oviposition-induced plant volatiles Chemical analysis of shoot volatiles
released by the two B. nigra accessions (SF19 and SF48) treated with P. brassicae eggs
or left untreated revealed that all plants emitted the same compounds, but in different
quantities. In total, 44 volatile compounds were detected in more than 50% of all plant
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treatments/accessions (Figure 3.2, Table 3.A.1). Overall, the entire blends of volatiles
released by the differently treated accessions could not be separated by a cluster analysis
(Figure 3.2). Moreover, when comparing the effect of egg treatment, plant accession
and the interaction between these factors using a two-way ANOVA or GLM for each
volatile compound, the interaction between egg treatment and plant accession was never
significant.

However, we found that the main effect of egg treatment significantly affected quant-
ities of five compounds, namely: the alcohol 1-penten-3-ol, the ester hexyl acetate and
three terpenoids, specifically the monoterpene linalool, the sesquiterpene β -caryophyllene,
and the homoterpene (E,E)-4,8,12-trimethyltrideca-1,3,7,11-tetraene ((E,E)-TMTT) (Fig-
ure 3.2). While quantities of 1-penten-3-ol, hexyl acetate and (E,E)-TMTT were lower
in the headspace of plants with eggs, the emission of linalool and β -caryophyllene was
induced by egg deposition (Table 3.A.1). Post-hoc tests revealed that linalool quantit-
ies significantly differed between egg-free and egg-induced plants for both accessions.
Quantities of β -caryophyllene were only significantly higher in egg-treated SF48 plants
than in egg-free SF48 plants; such a difference was not detectable for egg-free versus
egg-treated SF19 plants (Figure 3.2).

Furthermore, quantities of two more terpenoids, the homoterpene (E)-4,8-dimethyl-
1,3,7-nonatriene ((E)-DMNT) and the sesquiterpene α-funebrene, significantly differed
in dependence of the accession, but were not affected by egg treatment (Figure 3.2).
While quantities of α-funebrene only differed significantly between both accessions
after egg deposition, quantities of (E)-DMNT differed between the accessions only for
egg-free plants (Figure 3.2). For detailed information on peak areas, see Table 3.A.1.

Thus, while neither accession nor egg infestation affected the entire blend composi-
tion of the volatiles emitted, we found differences in quantities of several single com-
pounds. Egg deposition by P. brassicae seems not to change the total volatile emission
of B. nigra plants, which is in accordance with previous findings for the same system
(Fatouros et al., 2012; Ponzio et al., 2016).

Behavioural choice tests Butterfly oviposition preferences. Pieris brassicae females
preferred to lay eggs onto control plants over egg-induced plants (GLM: χ2 = 6.39, df
= 1, P = 0.012; Figure 3.3A). Plant accession did not significantly affect this behaviour
(GLM: χ2 = 0.39, df = 1, P = 0.532).
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Figure 3.2: Caption on next page.
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Figure 3.2: (Previous page.) Dendrogram and heatmap of the quantitative emission of volatile
compounds of two different Brassica nigra accessions (SF48 and SF19) infested with Pieris
brassicae eggs or uninfested plants. For the heat map, we used range-scaled log10-transformed
values of volatile emission (peak area/plant weight [g] ×10−5) for each compound. Ward’s
clustering algorithm with Euclidean distances was used for performing dendrogram clustering.
Next to the nodes on the cluster an AU P-value is displayed, a value greater than 95 would indicate
significant differences. Boxes with small letters indicate significant differences between B. nigra
accession and differently treated accessions (eggs/no eggs) (t-test or MWU test P < 0.025,
Bonferroni corrected). Only significant differences are labelled by different letters. Asterisks
indicate significant differences of the main factors (*: P-value < 0.05, ***: P-value < 0.001), egg
treatment (E) and plant accession (A), tested by two-way ANOVA or GLM are shown in a table on
the right side of the heat map. The interaction term was never significant and is therefore not shown.
The abbreviated compounds are: (E)-DMNT: (E)-4,8-dimethyl-1,3,7-nonatriene, (E,E)-TMTT:
(E,E)-4,8,12-trimethyltrideca-1,3,7,11-tetraene, TUTM:
tricyclo[6.3.0.0(1,5)]undec-2-en-4-one,2,3,5,9,tetramethyl, and IDMOM:
(7a-isopropenyl-4,5-dimethyloctahydro-inden-4-yl)methanol.

When comparing untreated plants of the two accessions directly, the butterflies did
not discriminate (t = 0.841, n = 10, P = 0.422, Figure 3.A.1). The same was true when
egg-induced plants were compared (t = 0.617, n = 10, P = 0.551, Figure 3.A.1). Thus,
ovipositing females clearly discriminate between control and egg-laden plants, but do
not discriminate between the two accessions.

Responses by egg parasitoids to OIPVs. Trichogramma egg parasitoids significantly
preferred egg-induced plants over control plants (GLM: χ2 = 9.66 df = 1, P = 0.002).
However, plant accession, wasp line, and their interaction did not influence the attraction
significantly (GLM: χ2 = 1.18 df = 1, P = 0.277; χ2 = 0.281 df = 2, P = 0.869; χ2 =
3.525 df = 2, P = 0.172, respectively, Figure 3.3B). When checking for each wasp line
and plant accession pair separately none of the combinations showed a significantly
higher attraction (Ed16/SF19: t = -0.16, n = 7, P = 0.878; PB1-III/SF19: t = 0.167, n
= 7, P = 0.873; PB1-III/SF48: t = 1.132, n = 7, P = 0.301; PB2-II/SF19: t = 2.198, n
= 7, P = 0.070; PB2-II/SF48: t = 0.459, n = 7, P = 0.663, Figure 3.A.2). Wasps of the
isofemale line Ed16 almost significantly preferred OIPVs emitted by SF48 plants above
control SF48 plants (t = 2.356, n = 7, P = 0.057).

Larval parasitism rates in the field We investigated whether larval parasitism rates
differ in dependence of plant accession and previous egg treatment. Plant accession
had a significant effect, the fraction of parasitized caterpillars was significantly higher
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Figure 3.3: Behavioural responses to egg-infested B. nigra plants (accession SF19 or SF48) of
gravid P. brassicae butterflies and T. evanescens females. (A) Mean (± SE) fraction of P. brassicae
eggs laid on egg-infested plants when compared to control plants of the same accession. The
number of eggs laid onto previously egg-laden plants within 24 h was counted and divided by all
eggs laid. Number of plant pairs tested per accession, each with a different butterfly, n = 12. (B)
Mean (± SE) fraction of T. evanescens wasps choosing odour of egg-infested plants in a Y-tube
olfactometer. Proportion of wasps choosing volatiles of egg-infested plants when compared to
control plants of the same accession is shown. Number of plant pairs tested per accession, each
with a different set of parasitoids, n = 7. Plants were tested 24 h after egg deposition. The total
number of eggs laid by females, or wasps choosing in the experiments are given in the bars.
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on SF48 (0.86 ± 0.06) than on SF19 plants (0.57 ± 0.08) (GLMM: χ2 = 26.12, df
= 1, P < 0.001). Egg treatment did not significantly change the parasitism rate when
considering this for both accessions, egg-free (F) (0.66 ± 0.08) and egg-induced plants
(EF) (0.78 ± 0.06) (GLMM: χ2 = 3.27, df = 1, P = 0.07). However, the interaction
between accession and egg infestation was significant (GLMM: χ2 = 12.08, df = 1, P

< 0.001). A significantly smaller fraction of caterpillars was parasitized when feeding
on egg-free SF19 (0.41 ± 0.11) than on egg-infested SF19 (0.72 ± 0.10) plants (EMM:
Z = 3.30, P = 0.005, Figure 3.4A). No such difference was observed for SF48 plants
(EMM: Z = -1.13, P = 0.67, Figure 3.4A).

Prior P. brassicae egg deposition on plants influenced the number of C. glomerata

larvae or eggs found per P. brassicae caterpillar. The main effect of egg treatment was
significant, indicating that more C. glomerata were found in caterpillars feeding on EF
plants (14.38 ± 0.67) than in caterpillars feeding on F (12.19 ± 0.44) plants (GLMM:
χ2 = 78.84, df = 1, P < 0.001, Figure 3.4B). Numbers of C. glomerata found per P.

brassicae caterpillar did not differ between the two plant accessions. The interaction
between the two factors “accession” and “egg treatment” was not significant (GLMM:
χ2 = 2.75, df = 1, P = 0.10, and χ2 = 0.20, df = 1, P = 0.66, respectively, Figure 3.4B).

Field experiment on egg parasitism In an additional common-garden set-up, we
tested whether egg parasitism differed between plant accessions and whether higher egg
mortalities lead to higher plant fitness. Overall, a low number of P. brassicae clutches
were parasitized by Trichogramma egg parasitoids (one clutch was deposited per plant),
and the percentage of parasitized egg clutches was the same on SF48 plants as on SF19
(31 % for SF48 vs. 21 % for SF19, P = 0.35, Supplementary information and Sup-
plementary Figure 3.A.4A). Moreover, we previously showed that HR-like necrosis in-
duced by P. brassicae eggs was significantly stronger on SF48 (ca. 70%) than on SF19
(ca. 43%) plants. However, mortality of clustered eggs was not affected and independ-
ent of egg density (Griese et al., 2017). Finally, as egg mortalities due to parasitism and
HR-like necrosis did not differ between accessions, we did not find any indication that
plant fitness proxies would be affected (Supplementary Figure 3.A.5). Thus, more field
studies need to be conducted to test the adaptiveness of such indirect plant resistance
traits.
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Figure 3.4: Cotesia glomerata parasitism rates of P. brassicae caterpillars feeding on different B.
nigra accessions (SF48, SF19) in a semi-field experiment. Plants were either previously infested
with P. brassicae eggs (EF) or egg-free (F). (A) weighted mean (±SE) fraction of parasitized
caterpillars per plant. Numbers in bars represent the number of plants used per group as replicates.
(B) weighted mean (±SE) number of C. glomerata larvae and eggs per P. brassicae caterpillar.
Numbers in bars represent the number of caterpillars for each group as replicates. Different letters
mean significant differences (P < 0.05), GLMM/EMM.
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Discussion

Our study shows intraspecific variation among two B. nigra accessions in the emission
rates of two plant volatiles induced by egg deposition. However, the insect behaviour
can only be partly explained by differences between plant accessions and was mainly
driven by the effects of egg induction. While the emission of one sesquiterpene, β -
caryophyllene, was induced by P. brassicae egg deposition in the B. nigra accession
SF48 compared to control plants, no such induction was detected in accession SF19.
Butterflies avoided oviposition on previously egg-laden plants and the egg parasitoid T.

evanescens preferred volatiles of these plants over egg-free plants. This is in accord-
ance with a previous study conducted with a different B. nigra accession and a different
Trichogramma species (T. brassicae) (Fatouros et al., 2012). We did not find an effect of
plant accession on P. brassicae and T. evanescens behaviour in these laboratory experi-
ments. Results of our semi-field experiment suggest that the larval parasitoid C. glom-

erata does discriminate between accessions infested by P. brassicae host caterpillars:
More caterpillars were parasitised on SF48 plants compared to SF19 plants. In addition,
caterpillar parasitism rates were higher on SF19 plants induced by eggs, compared with
clean SF19 plants.

Although neither egg treatment nor accession did affect the total volatile blends, our
study found differences related to the egg treatment in quantities of five volatile com-
pounds (1-penten-3-ol, the monoterpene linalool, the sesquiterpenes β -caryophyllene
and (E,E)-TMTT, and the ester hexyl acetate) 24 h after egg deposition, and two com-
pounds differed between the two accessions (α-funebrene and (E)-DMNT). While quant-
itative changes of volatile blends have been reported to be perceived by insects before,
generally the importance of changes in single compounds has been established (Beyaert
and Hilker, 2014; Bruce et al., 2005). Previous studies found similar compounds to
be induced in B. nigra plants by aphids or caterpillars (1-penten-3-ol, (E)-DMNT, α-
funebrene, β -caryophyllene) (Ponzio et al., 2016) or P. brassicae eggs (1-penten-3-ol
and α-funebrene) (Fatouros et al., 2012). The emission of 1-penten-3-ol was lowered
upon egg deposition in our study as well as in the study by Fatouros et al. 2012. On the
other hand, the sesquiterpene β -caryophyllene was induced by egg deposition. Quantit-
ies were significantly higher in SF48 plants induced by eggs, compared to clean SF48
plants, while no such difference was recorded for SF19.
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Terpenoids are highly diverse and widespread in plants. Numerous terpenoids detec-
ted in HIPV and OIPV blends have been suggested to play a role in host foraging of
both carnivorous and herbivorous insects (De Moraes et al., 2001; Fatouros et al., 2012;
Gershenzon and Dudareva, 2007; Tamiru et al., 2012; Tamiru et al., 2015; Tamiru et al.,
2017). Several behavioural studies confirm that natural enemies respond to terpenoids,
such as (E)-β -ocimene, linalool (Dicke et al., 1990; Du et al., 1998), (E)-DMNT and
(E,E)-TMTT (Dicke et al., 1990; Khan et al., 1997), and (E)-β -caryophyllene (Colazza
et al., 2004; Rasmann et al., 2005; Tamiru et al., 2017). A vast amount of studies have
shown that emissions of HIPVs vary tremendously among plant genotypes and that each
plant genotype releases its own specific blend (Turlings and Erb, 2018). Recent studies
on maize have shown variation in OIPV emission between cultivars and landraces. Ovi-
position by the stemborer Chilo partellus induces OIPVs in certain landraces but not in
the commercial hybrids (Tamiru et al., 2011; Tamiru et al., 2012; Tamiru et al., 2015).
Interestingly, (E)-β -caryophyllene production after oviposition was enhanced in one
maize landrace and most attractive to the larval parasitoid Cotesia sesamiae (Tamiru et
al., 2017). Similarly, enhanced (E)-β -caryophyllene production in bean plants, induced
by oviposition and feeding of Nezara viridula bugs, was identified as an important at-
tractant for the egg parasitoid Trissolcus basalis (Colazza et al., 2004). In our study,
β -caryophyllene was induced in higher amounts in SF48 plants compared to SF48 con-
trol plants. This difference was not present in the other accession SF19. To understand if
these volatiles could play a role in eliciting different insect behavioural responses to dif-
ferent accessions of the same plant species, further behavioural and electrophysiological
studies are needed.

The observed differences in oviposition preferences of P. brassicae are likely caused
by differences in plant chemistry and OIPV blends as explained above. Egg deposition
has been shown to induce quantitative changes in plant volatile blends, which in turn
affect oviposition preferences of herbivorous insects, including butterflies and moths
(Bertea et al., 2020; Hilker and Fatouros, 2015). Similar to the work on parasitoids,
β -caryophyllene present in host plant odours has been shown to elicit oviposition in
codling moths (Witzgall et al., 2005) and attraction of mated females of grapevine moths
to grapes (Tasin et al., 2006). We previously showed in a flight chamber set-up that
gravid P. brassicae butterflies prefer volatiles from control B. nigra plants over volatiles
from plants induced by eggs of conspecifics, while they did not discriminate between
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volatiles from untreated plants and those from plants infested with cabbage moth eggs
(Fatouros et al., 2012). Because eggs on plants can act as visual cues under natural
conditions (Williams and Gilbert, 1981), we here removed them before offering the
plants to the butterflies for oviposition. Yet, it cannot be excluded that P. brassicae

butterflies use other visual cues, such as egg-induced changes in photosynthetic activity
or light reflectance (Mäntylä et al., 2017; Schröder et al., 2005) or that they “taste”
compounds, such as glucosinolates in the leaf surfaces to discriminate between plants
(Rothschild and Schoonhoven, 1977).

In the field, larval parasitoids such as C. glomerata make use of HIPVs at different
spatial scales and intraspecific variation in HIPVs seems to play a role in here (Aartsma
et al., 2017; Aartsma et al., 2019; Poelman et al., 2009b). Although, we did not study
attraction of C. glomerata wasps to volatiles of the different accessions under laborat-
ory conditions, e.g. in a windtunnel set-up, we can assume from previous work that
the wasps’ field parasitism rates reflect their preferences to HIPVs to some extent (Poel-
man et al., 2009b). In the semi-field set-up, more caterpillars were parasitized by C.

glomerata when feeding on SF48 plants than on SF19 plants. This finding suggests
that HIPVs emitted by SF48 plants were more attractive to host-searching C. glomerata

females than SF19 plants. Previous butterfly egg deposition on plants seem to exert no
effect on the parasitoids’ preference for host caterpillars on SF48. However, for SF19,
more caterpillars were parasitised on egg-induced plants compared to control plants.
This could be due to priming of plant defences by egg deposition. In a previous field
experiment, we showed that more caterpillars feeding on plants ‘primed’ by eggs were
parasitized by C. glomerata than caterpillars on egg-free plants. This preference for
caterpillars on egg-laden plants was even seen in members of the fourth trophic level
(Pashalidou et al., 2015b). Priming by eggs was shown to accelerate and/or increase
the emission of HIPVs. Cotesia glomerata wasps were attracted to volatiles of B. nigra

plants infested with eggs just before and shortly after larvae hatched, and wasp perform-
ance was positively correlated with this preference for neonate larvae (Pashalidou et al.,
2015c).

The observed differences in volatile compounds between accessions and some differ-
ences in the behavioural insect responses to these accessions are promising to further
investigate the genetic variability in induced responses to Pieris eggs in Brassica crops.
Earlier work showed a link between egg-induced HR-like necrosis and Trichogramma
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parasitism of P. brassicae eggs on B. nigra (Fatouros et al., 2014), leading to the idea
of a double-defence line where direct and indirect egg killing act synergistically. The
B. nigra accessions studied here were previously shown to vary in their egg-induced ex-
pression of HR-like necrosis (Griese et al., 2017), but overall were not different enough
to take this factor into account in the present study (Table 3.A.2). Brassica nigra is an
outcrossing species and shows heterozygosity in egg-inducible HR-like necrosis (Bas-
setti et al., 2021). In order to understand the effect of leaf necrosis at the site of egg
deposition on parasitoid-attracting volatiles, future studies need to test more accessions
including those that are homozygous with respect to formation of egg-inducible HR-like
necrosis.

In conclusion, we observed differential emission of some OIPVs in two B. nigra

accessions. Furthermore, while behavioural responses by P. brassicae and T. evanes-

cens were affected by egg induction, but not by the accession, C. glomerata discrim-
inated between accessions. So far, our data do not show that variation in OIPVs and
its effects on insect preferences affect plant fitness under field conditions. However,
we show intraspecific variation between plant accessions regarding their responses to
egg deposition. Furthermore, the previously observed double-defence-line consisting
of direct (HR-like necrosis) and indirect (attraction of egg parasitoids) egg-killing plant
responses may promise a considerable potential to improve resistances against pests in
crops via selective breeding and application in integrated pest management.

Material and Methods

Plants and insects Black mustard (B. nigra L.) plants were grown in a greenhouse
compartment (18 ± 5 ◦C, 50–70% RH, LD 16:8). We used two self-fertilised plant
accessions, which originated from a B. nigra population collected in 2009 at the edge of
the River Rhine in Wageningen, The Netherlands (51.96◦N, 5.68◦E). These accessions,
SF19 and SF48, each represent offspring of a single self-pollinated plant. SF is referring
to the locations where the mother plants of these accessions were found, SF = ‘Steen
Fabriek’ (brick factory), Wageningen, The Netherlands. These two plant accessions
were previously recorded to be different in the expression of HR-like necrosis induced
by Pieris egg deposition (Griese et al., 2017). Egg-induced HR-like necrosis and the
emission of OIPVs were shown to co-occur and enhance mortality of P. brassicae eggs
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laid on B. nigra plants (Fatouros et al., 2014). We chose these two plant accessions
differing in expression of egg-induced HR-like necrosis and studied here whether they
also differ in the emission of OIPVs.

Pieris brassicae L. (Lepidoptera: Pieridae) was reared on Brussels sprout plants (B.

oleracea var. gemmifera cv. Cyrus) in a climate room (21 ± 1 ◦C, 50–70% RH, LD
16:8). Newly emerged virgin female and male P. brassicae butterflies were obtained
from the rearing and kept individually isolated. Two days after emergence they were
brought together to allow for mating. Further two days later the mated female butterflies
were used for egg deposition in the experiments. For the experiments in the laboratory,
B. nigra plants were placed into a cage filled with more than one hundred butterflies
to receive butterfly eggs. After an egg clutch of about 30 eggs had been laid, the plant
was removed from the cage. Additional egg clutches were carefully removed from the
plants with a fine brush.

Three isofemale lines (each originating from a single female) of T. evanescens West-
wood (Ed 16, PB1 - III and PB2 - II) (Hymenoptera: Trichogrammatidae) were used
in the laboratory experiments. All lines originated from parasitoid females, which had
emerged from P. brassicae egg clutches collected in a B. nigra field in Wageningen and
the surrounding areas in 2012. The wasps were reared in a climate cabinet (24 ± 1 ◦C,
50–70% RH, LD 16:8) using Ephestia kuehniella eggs (Koppert Biological Systems,
Berkel en Rodenrijs, The Netherlands) for juvenile development and honey as a food
source for the adults. We used only female wasps, which were two to five days old,
honey-fed and without any experience with Brassica plants and Pieris eggs.

Collection and analysis of plant volatiles We used a setup similar to that described by
Ponzio et al. 2016. Plant volatiles were collected from four- and five-week-old plants.
We collected volatiles from untreated and egg-laden plants of the SF19 and SF48 ac-
cessions (for each treatment and accession: 10 replicates). We refer to these accessions
and treatments as follows: SF19 control, SF19 eggs, SF48 control and SF48 eggs. One
day before sampling the headspace volatiles, each egg-laden plant had received 30 P.

brassicae eggs laid by a single butterfly. To collect volatiles, the pot of each plant was
wrapped in aluminium foil and then placed individually into a 30-litre glass jar closed by
a lid, which was attached with a metal hinge and sealed using a rubber seal. The jar was
ventilated by synthetic air flowing into the jar via an inlet in the lid (flow: 315 mlmin−1)
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and sucked out by an air pump via an exit tube in the lid (flow: 300 mlmin−1). After
leaving the glass jar, the air was pressed through stainless steel tubes containing Tenax
TA (20/35 mesh; CAMSCO, Houston, TX). After sampling for three hours, the plants
were removed from the glass jars. The aboveground biomass was weighed. The de-
termined fresh weight was later related to the peak areas of specific volatiles. Control
headspace samples were collected from pots filled with soil and covered by aluminium
foil. Tenax-TA-filled cartridges with the trapped headspace samples were dry-purged
for 15 min under a nitrogen flow at 50 mlmin−1 and stored at ambient temperature until
chemical analysis was performed. We followed the protocol for volatile analysis and
compound identification as described in detail in Electronic Supplementary Material
(ESM) 1 by Cusumano et al. 2015. We used a Thermo Trace GC Ultra gas chromato-
graph in combination with a Thermo Trace DSQ quadruple mass spectrometer (Thermo
Fisher Scientific, Waltham, USA) for separation and analysis of plant volatiles.

The collected volatiles were thermally desorbed from the Tenax TA in an Ultra 50:50
thermal desorption unit (Markes, Llantrisant, UK) at 250 ◦C for 10 min under a helium
flow of 20 mlmin−1 while re-collecting the volatiles in a thermally cooled universal
solvent trap at 0 ◦C using Unity 1 (Markes). Once the desorption process was com-
pleted, the cold trap was heated at a rate of 40 ◦Cs−1 to 280 ◦C and was kept for 10 min
at 280 ◦C, while the volatiles were released to a ZB-5MSi capillary column [30 ml ×
0.25 mm I.D. × 0.25 µm F.T. with 5 m built-in guard column (Phenomenex, Torrance,
CA, USA)], in splitless mode, for further separation. The GC oven was initially kept
at 40 ◦C for 2 min, and temperature was then raised at a rate of 6 ◦Cmin−1 to 280 ◦C
and held there for 4 min under a helium flow of 1 mlmin−1 in constant flow mode. The
DSQ MS was operated in scan mode with a mass range of 35–400 atomic mass units
(amu) at 4.70 scans per second. Spectra were recorded in electron impact ionisation
(EI) mode at 70 eV. The MS transfer line and ion source were set at 275 ◦C and at
250 ◦C, respectively. Compounds were tentatively identified based on comparison of
mass spectra with those in the NIST 2005 and Wageningen Mass Spectral Database of
Natural Products MS libraries. Experimentally obtained linear retention indices (LRI)
were used as additional criteria for compound identification. Peak area quantification of
individual compounds was carried out in selected (single) ion monitoring (SIM) mode.

All peaks that did not occur in the blank controls were analysed further. The indi-
vidual peak area of each compound was related to the fresh weight of the aboveground
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parts of each plant sample and used for further characterization of the different plant
groups using statistical analysis. All samples were analysed consecutively, after clean-
ing and tuning the mass spectrometer for best performance and to limit changes in sens-
itivity of the machine during the analysis.

Pieris brassicae oviposition preference experiment in cages We conducted dual-
choice oviposition bioassays in cages in a greenhouse compartment (21± 1 ◦C, 50–70%
RH, LD 16:8) to test whether ovipositing P. brassicae females discriminate between dif-
ferent B. nigra accessions and between egg-free and egg-laden plants. Egg-laden plants
were infested as described above 24 h before the experiment. Thereafter, the eggs were
removed to minimize visual or other egg-related cues influencing oviposition choice.
Then the plants were offered to female butterflies, which had previously mated only
once and had been kept without a host plant for two days to increase egg-laying motiv-
ation. Females subjected to these pre-treatments made oviposition choices within 24 h.
A single female was placed into a cage (75 × 75 × 115 cm) with two B. nigra plants.
We tested the following four combinations: (1) SF19 control vs. SF48 control; (2) SF19
eggs vs. SF48 eggs; (3) SF19 control vs. SF19 eggs; and (4) SF48 control vs. SF48
eggs. Each combination was tested ten times, with ten different butterflies. After the
24 h-choice period, photos of all eggs on the plants were made. The number of eggs was
counted using ImageJ and GIMP software.

Egg parasitoid preference experiment in a Y-tube olfactometer Attraction of egg
parasitoids to volatiles of the two B. nigra accessions was tested by offering simultan-
eously (i) odour of an egg-laden and egg-free plant of the SF19 line or (ii) odour of
an egg-laden and egg-free plant of the SF48 line. We tested the wasps’ response to
seven plant pairs of each line. For these assays, we used three different T. evanescens

isofemale lines (see above). Bioassays were conducted in a dynamic airflow Y-tube
olfactometer (for details see Fatouros et al. 2012). This olfactometer was designed to
track minute wasps like Trichogramma spp. that were released in groups. We have previ-
ously shown that group release does not influence the behaviour of Trichogramma wasps
(Fatouros et al., 2012). The plants were placed into glass jars, and plant odours were
introduced into the Y-tube olfactometer via PTFE Teflon tubes (air flow: 400 mlmin−1).
Ten female wasps were released as a group into the base of the Y-tube. Their choice
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for one or the other odour (plant) source was assessed. Thirty minutes after release, the
numbers of wasps that walked into the right or left glass bulb at the end of the Y-tube,
and the number of non-responding wasps were counted. All wasps were then removed,
the airflow was switched between jars to compensate for unforeseen left/right bias, and a
new group of wasps was released towards the same plant pair. Each plant pair was used
to test all three parasitoid isofemale lines mentioned above. A replicate was considered
successful, if at least six out of ten wasps made a choice. If this was not the case, a new
plant pair was tested with a new group of wasps.

Semi-field experiment on larval parasitism rates In a semi-field experiment, we de-
termined whether parasitism rates of P. brassicae larvae feeding on SF19 or SF48 plants
differ from each other. In the field, the butterfly larvae are frequently parasitised by the
wasp C. glomerata (Poelman et al., 2009b). We also investigated whether the larval
parasitism rates differ in dependence of prior egg deposition by P. brassicae on the
same plant, on which the larvae fed. Previous laboratory bioassays revealed that the
attraction of C. glomerata wasps to B. nigra plants infested by P. brassicae neonate
caterpillars is dependent on whether the neonates are feeding on egg-free plants or pre-
viously egg-laden ones (Pashalidou et al., 2015c). Here, we tested whether parasitism
rates determined under semi-field conditions support the previous laboratory findings.

Potted SF19 and SF48 plants were placed outside at the experimental farm of Wa-
geningen University (Unifarm), The Netherlands. Twelve plants were left without eggs
when placing them into the field site, while twelve further plants had been infested with
30 P. brassicae eggs 24 h before.

All plants were watered, and egg-laden plants were checked for hatched caterpillars
daily. When caterpillars hatched from egg-laden (EF, eggs and feeding damage) plants,
they were transferred to other leaves from the same plant. To infest previously untreated
(egg-free) plants with caterpillars, newly hatched caterpillars from the rearing were used
and placed on leaves of egg-free (F, feeding damage only) plants. Neonate caterpillars
feeding on these plants were exposed to the natural C. glomerata population.

After the caterpillars had fed on EF and F plants for one day, the plants together with
the caterpillars were brought inside. The plants were then carefully checked to remove
any adult C. glomerata wasps and then placed under a net to protect the caterpillars on
the plants from free-flying C. glomerata parasitoids. The number of C. glomerata larvae
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or eggs inside the P. brassicae caterpillars were counted by dissecting the caterpillars
within five days.

Common-garden experiment Effects of P. brassicae egg parasitism rates on plant
fitness of the different brass accessions were tested in a common-garden experiment.
Details are described in the Supplementary information.

Statistical analysis All analyses were performed using R (R Core Team, 2016).
Statistical analysis of quantitative leaf volatile emission. The emission rates of plant

volatiles were analysed by cluster analysis similar to Rusman et al. 2019. For cluster
analysis, data were averaged per treatment, log10 transformed, and range scaled. Clus-
tering was done using Euclidian distances and Ward’s clustering criterion. Bootstrap-
ping was done using 1,000 bootstrap replicates. We used the pvclust package for these
analyses (Suzuki and Shimodaira, 2006). Resulting approximately unbiased (AU) P-
values were displayed at the nodes below the first split. The values are given between 0
and 100 with values above 95 considered statistically significant. Heat maps were pro-
duced with MetaboAnalyst 4.0 with default settings, but without standardization (Xia
et al., 2015). The analysis showed the variable importance in the projection (VIP) of
each variable (in this case, the different compounds).

Subsequently, single VOCs were analysed to test if egg treatment, accession or the
interaction between the two affects the emitted quantities. We first tested the log10
transformed data of peak areas for normality and homogeneity of variance across all
treatments and accessions (SF19 control, SF19 eggs, SF48 control, SF48 eggs). If the
Shapiro-Wilk test and Levene test showed normality and variance homogeneity, respect-
ively, we used a two-way ANOVA to test for the effect of egg treatment and plant ac-
cession. After using an ANOVA, we conducted Student’s t-tests as post-hoc tests if a
significant difference was found by the ANOVA. If plant accession was shown to exert
a significant effect on the quantity (peak area) of the respective VOC, we tested SF19
control vs. SF48 control and SF19 eggs vs. SF48 eggs. If the egg treatment exerted
a significant effect, we tested SF19 control vs SF19eggs and SF48 control vs. SF48
eggs. For those cases, where normality or homogeneity of variance were not given,
we used a generalized linear model (GLM) to test for the effect of egg treatment and
plant accession. To ascertain which distribution (family in the GLM function) to use,
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several tests were applied. First, we tested the untransformed data for inverse Gaussian
distribution, using the ig_ test function of the goft package. If inverse Gaussian distri-
bution was not supported, we tested the log10 transformed data for inverse Gaussian
distribution. The quantitative data of only three volatiles did not fit an inverse Gaussian
distribution. Two of those fitted a gamma distribution instead. Quantities of one com-
pound (7a-isopropenyl-4,5-dimethyloctahydro-inden-4-yl)methanol (IDMOM) did not
fit either distribution, and when tested in inverse Gaussian and gamma distributions, in
both cases no P-values approached significance levels. After using a GLM, we conduc-
ted Mann-Whitney U tests as post-hoc tests if a significant difference was found by the
GLM. If plant accession was shown to be significant, we tested SF19 control vs. SF48
control and SF19 eggs vs. SF48 eggs, if egg treatment was significant, we tested SF19
control vs SF19 eggs and SF48 control vs. SF48 eggs.

A Bonferroni correction was used for both, Student’s t-test and Mann-Whitney U test,
to adjust the global α from previous 0.05 to 0.025 (0.05/2), as two tests were conducted,
only P-values less than 0.025 were considered significant.

Statistical analysis of insect behavioural responses. The attraction of either P. brassicae

or T. evanescens females to egg-laden plants was investigated using logistic regression
[i.e. a GLM with a binomial distribution and a logit link function] with plant treatment
and parasitoid species as fixed factors. A quasi-binomial distribution was fitted in the
model due to overdispersion. The fraction of eggs laid by butterflies was used as re-
sponse variable, with plant treatment (clean or eggs) as fixed effect variable. Then the
number of eggs laid on egg-infested plants over the number of total eggs laid per replic-
ate (P. brassicae) or number of wasps choosing egg-induced plants over the total number
of wasps choosing (T. evanescens) was used as response variable with plant accession
(and additionally wasp line for T. evanescens) as fixed effects. To further test for each
dual choice treatment whether there was a significant preference for one of the offered
plant treatments, we tested H0: logit = 0.

Statistical analysis of larval parasitism rates. Cotesia glomerata parasitism rates and
numbers of parasitoids per caterpillar after 24 h of caterpillar exposure in the field exper-
iments were first checked for the influence of the plant infestation date, using general-
ized linear models (binomial for parasitism rate and Gamma distribution for number of
parasitoids per caterpillar). Because plant infestation date was a significant factor in the
models, generalized linear mixed-effect models (GLMM), including date of infestation
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as random factor were used to test the other variables (egg treatment, plant accession,
and or the interaction between the two) for their influence on the parasitism rate and
number of parasitoids per caterpillar. Furthermore, the parasitism rate and number of
parasitoids per caterpillar were related to the number of caterpillars per plant. Those
relative means were also used to generate the figures. Post-hoc tests were performed
using Estimated Marginal Means (EMMs), function from the emmeans package.
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Chapter 3 Variation in OIPVs and insect behaviour

Figure 3.A.1: Behavioural responses to B. nigra plants by gravid P. brassicae. Mean (±SE)
fraction of eggs deposited. Oviposition choice by P. brassicae butterflies between uninfested SF19
and uninfested SF48 or egg-infested SF19 and egg-infested SF48 plants. No significant results
were obtained. The total number of eggs laid by females onto the plants are given in the bars.
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Figure 3.A.2: Three different isofemale lines of T. evanescens tested in a Y-tube olfactometer.
Mean (±SE) fraction of wasps choosing plants with eggs over uninfested plants after 24 h of
egg-induction. The 0.5 value is marked in the graph. Numbers represent the number of plant pairs
tested. For each plant pair ten wasps of each line were tested. No significant results were obtained.

Table 3.A.2: Expression of HR in the experimental plants used for behavioural tests. This data is
related to Figure 3.3 and Figure 3.A.1; ’no HR data’: these plant individuals were not checked for
HR-like symptoms.

Experiment Accession HR + HR - No HR data

Pieris oviposition SF19 9 8 5
SF48 10 8 4

Parasitoid response in Y-tube SF19 1 2 4
SF48 1 2 4
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Field experiments

In two consecutive years, B. nigra plants were planted in a large-scale common-garden
experiment. The whole field was set up close to the University of Wageningen, Wagen-
ingen, The Netherlands. The field was surrounded with a border of two rows of B. nigra

plants. In 2013, SF19 and SF48 were planted. To increase diversity of plant accessions
we included two further self-fertilized accessions in 2014, i.e. we planted SF19, SF25,
SF29 and SF48. Three planting time points were used in both years. Eight plants of
every B. nigra accession was planted in its own plot (Figure 3.A.3). Plots were separ-
ated from each other by 3-metre-wide grass stripes, sown at the time of establishing the
plots. Four plots formed one row of the experimental field. In 2013 the field consisted
of twelve rows, four of which were planted at the same time. In 2014, the field con-
sisted of fifteen rows, five of which were planted at the same time. This approach was
chosen to be able to handle the number of plant observations per week, while having the
plants at the same age when egg treatment started. Experimental plants were surroun-
ded with four satellite plants each, mainly to lower the risk of caterpillars crawling from
one treatment to another. Plants were treated in four ways: (1) Control plants (C), were
not infested with any P. brassicae eggs at the start of the experiment and no caterpillars
were transferred to them later. (2) Egg infested (E) plants received P. brassicae eggs
but no caterpillar feeding damage. (3) Egg infested and feeding damaged (EF) plants
received P. brassicae eggs, and caterpillars were left to feed on the plants. (4) Feeding
damage only (F) plants received no P. brassicae eggs but caterpillars were transferred
to them after they hatched on E plants, as well as from the rearing, if the number of
hatching caterpillars was not sufficient. Two plants of each treatment were planted in
a plot, one of which was covered with a gauze net to prevent egg and larval predators
and parasitoids from reaching the eggs/larvae. Plants covered with gauze are referred
to with an additional P (protected) (EP, EFP, FP and CP). After the caterpillars reached
larval stage 2 the nets were taken off the plants. For more details see Griese et al. (2017).
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Figure 3.A.3: Single field plot of the field experiment. Each experimental B. nigra plant is
surrounded by four satellite plants (S) to prevent caterpillars from crawling from one treatment to
another. Plants either received only eggs and no caterpillar feeding damage (E), eggs and feeding
damage (EF), only feeding damage (F) or were left untreated for control (C). Each treatment was
duplicated as unprotected or protected (P) where a net covered the plant to prevent egg and larval
parasitism.
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Pieris brassicae egg and larval survival

After infesting B. nigra plants with P. brassicae egg clutches in the common garden ex-
periment, the survival of the eggs and later caterpillars was monitored. The egg survival
was checked by the number of hatched larvae (caterpillars hatched between five and ten
days after oviposition), while later caterpillar survival was measured once a week by
counting the number of caterpillars present on the plants.

Plant fitness assessment

All covered and non-covered plants from the different treatments E, EF, F and C were
harvested once they developed seeds. Seeds of each plant were cleaned and weighed
using a microbalance with a 1 mg accuracy. A sample of 100 seeds was counted using
a CONTADOR ‘E’ seed counter (www.pfeuffer.com/contador.html), and a balance to
weigh those 100 seeds. This weight was used to calculate the weight of a single seed.
The same balance was also used to weigh all seeds.

Statistical analysis

Egg parasitism rates on B. nigra accessions was tested using χ2 test. Egg hatching
rates on covered and uncovered plants were tested for significant differences using a
GLM with quasibinomial distribution, followed by EMEANS as post-hoc test. Plant
seed weight was compared between accessions and treatment using general linear mixed
effect models (GLMM). The planting/egg infestation date of the plants was used as the
random factor.
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Figure 3.A.4: Field egg parasitism and egg hatching (Mean ± SE) rates. A) Trichogramma sp. egg
parasitism rate as parasitised egg clutches per total egg clutches. Non-significant differences are
marked as ns (χ2 test: P > 0.05). B) Egg hatching rates as hatched caterpillars per eggs per egg
clutch. Significant differences between covered and uncovered plants are indicated by asterisks ***
(GLM, EMMEANS: P < 0.001).
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Figure 3.A.5: Seed weight (Mean ± SE) differences between B. nigra accessions of two
consecutive years. In 2013, only SF19 and SF48 plants were planted. In 2014, SF19 and SF48 were
planted again, as well as the accessions SF25 and SF29. A) Weight of single seed per plant, year
2013. B) Total seed weight of all seeds per plant, year 2013. C) Weight of single seed per plant,
year 2014. D) Total seed weight of all seeds per plant, year 2014. Small letters indicate significant
differences between plant accessions (GLMM: P < 0.05). Only significant differences are shown.
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Chapter 4

Plant responses to butterfly oviposition partly explain

preference-performance relationships on different

brassicaceous species

Eddie Griese, Ana Pineda, Foteini G. Pashalidou, Eleonora Pizzaro Iradi, Monika
Hilker, Marcel Dicke & Nina E. Fatouros

Published in: Oecologia (2020), 192, pp. 463–475
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Chapter 4 Egg induced responses and PPH

Abstract

The preference-performance hypothesis (PPH) states that herbivorous female insects
prefer to oviposit on those host plants that are best for their offspring. Yet, past attempts
to show the adaptiveness of host selection decisions by herbivores often failed. Here, we
tested the PPH by including often neglected oviposition-induced plant responses, and
how they may affect both egg survival and larval weight. We used seven Brassicaceae
species of which most are common hosts of two cabbage white butterfly species, the
solitary Pieris rapae and gregarious P. brassicae. Brassicaceous species can respond to
Pieris eggs with leaf necrosis, which can lower egg survival. Moreover, plant-mediated
responses to eggs can affect larval performance. We show a positive correlation between
P. brassicae preference and performance only when including the egg phase: 7-day-
old caterpillars gained higher weight on those plant species which had received most
eggs. Pieris eggs frequently induced necrosis in the tested plant species. Survival of
clustered P. brassicae eggs was unaffected by the necrosis in most tested species and
no relationship between P. brassicae egg survival and oviposition preference was found.
Pieris rapae preferred to oviposit on plant species most frequently expressing necrosis
although egg survival was lower on those plants. In contrast to the lower egg survival
on plants expressing necrosis, larval biomass on these plants was higher than on plants
without a necrosis. We conclude that egg survival is not a crucial factor for oviposition
choices but rather egg-mediated responses affecting larval performance explained the
preference-performance relationship of the two butterfly species.

Introduction

Host-plant selection for oviposition by insect females is a decisive step in establishing
a new herbivore generation (J. Thompson, 1988; J. N. Thompson, 1988; J. Thompson
and Pellmyr, 1991; Gripenberg et al., 2010). The preference–performance hypothesis
(PPH) or ‘mother-knows-best’ hypothesis states that natural selection favours those in-
sect females which prefer hostplants where the offspring performs best, especially when
immature stages are less mobile than adults. A good host plant is usually characterized
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either by a high nutritional value, reduced defence, and/or by enemy-free space (May-
hew, 1997; Mayhew, 2001; Jaenike, 1990; Craig and Ohgushi, 2002; Gripenberg et
al., 2010). In addition to host-plant quality and presence of natural enemies, various
factors such as local host-plant abundance or distribution patterns of host plants shape
oviposition preference and larval performance (Wiklund and Friberg, 2008; Wiklund
and Friberg, 2009; Friberg et al., 2015). While the PPH is supported by many studies
of butterflies and moths (J. Thompson, 1988; J. N. Thompson, 1988; J. Thompson and
Pellmyr, 1991; Harris et al., 2001; Forister, 2004; Forister et al., 2009) , numerous oth-
ers failed to do so (J. N. Thompson, 1988; Jaenike, 1990; Mayhew, 1997; Gripenberg
et al., 2010; Scheirs et al., 2000; König et al., 2016).

Yet, the vast majority of innumerable laboratory studies testing the PPH did not con-
sider that plants can activate defences in response to egg deposition. Research has
provided evidence that numerous plant species across highly diverse taxa defend against
egg depositions of various insect species (Hilker and Fatouros, 2015). Plants are cap-
able of killing eggs (Fatouros et al., 2016). For example, egg-induced formation of a
neoplasm (Petzold-Maxwell et al., 2011) or by hypersensitive response (HR)-like nec-
rosis at the oviposition site (Shapiro and DeVay, 1987; Fatouros et al., 2014; Griese
et al., 2017) may result in egg detachment from the plant or egg dehydration. Further-
more, a plant can kill insect eggs by growing tissue that crushes the eggs (Karban, 1983;
Mazanec, 1985; Aluja et al., 2004; Desurmont and Weston, 2011). In addition, plants
can receive insect eggs as early ‘warning cues’ of impending herbivory and reinforce
or prime their defences against the subsequently feeding larvae (Pashalidou et al., 2013;
Pashalidou et al., 2015c; Bandoly et al., 2015; Hilker and Fatouros, 2015; Hilker and
Fatouros, 2016; Austel et al., 2016; Hilker et al., 2016) . As a consequence, larval per-
formance on initially egg-infested plants may be worse than on egg-free plants (Hilker
and Fatouros, 2016). Additionally, but less frequently shown so far, egg deposition can
suppress plant defences against larvae (Reymond, 2013). The effects of egg deposition
on subsequent plant defences against larvae have been mainly overlooked until recently,
with most studies on larval performance conducted by placing larvae onto an egg-free
host plant (Hilker and Fatouros, 2015; Hilker and Fatouros, 2016).

The insect oviposition mode can have a significant impact on egg survival and larval
performance. When eggs are laid in clusters, neonate larvae often show gregarious
feeding behavior, which benefits offspring performance in some insect species (Denno
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and Benrey, 1997; Clark and Faeth, 1998; Fordyce, 2003; Allen, 2010; Desurmont et al.,
2014; Martinez et al., 2017). On the other hand, many herbivorous insects lay single
eggs, spreading them over a larger area, possibly as a means of reducing predation risk
and competition (Root and Kareiva, 1984; Nufio and Papaj, 2001). Egg-induced plant
defence affecting larval performance is especially known for insect species laying eggs
in clutches (Hilker and Fatouros, 2015). However, plant response to singly laid eggs
of Manduca sexta reinforces the defence against M. sexta larvae (Bandoly et al., 2016).
It remains to be elucidated whether the egg-laying mode (single eggs vs. egg clutches)
affects egg-induced plant defence targeting the eggs and how this in turn depends on the
plant species receiving the eggs.

The aim of this study is to elucidate whether there is a positive outcome of the
PPH when not only considering relationships between oviposition preference and lar-
val performance, but also when including egg survival rates and egg-induced changes
in plant suitability for feeding caterpillars. Therefore, we investigated oviposition pref-
erence, egg survival and larval performance of Pieris brassicae and P. rapae on seven
Brassicaceae species. Pierid butterflies have coevolved over 90 million years with their
host plants in the order Brassicales (Wheat et al., 2007; Edger et al., 2015). Both but-
terfly species are known to use various wild and cultivated brassicaceous plants as hosts
(Feltwell, 1982; Chew and Renwick, 1995; Gols et al., 2011), whereby P. rapae can
include also non-brassicaceous plants in their diet (Friberg et al., 2015). Pieris caterpil-
lars are well adapted to Brassicaceae by their ability to detoxify glucosinolates, plant
secondary metabolites characteristic for this plant taxon (Hopkins et al., 2009). While
P. rapae lays single eggs on plants, P. brassicae lays egg clutches containing up to 200
eggs (Feltwell, 1982) (Supplementary Figure 4.A.1). Egg deposition by these Pierid spe-
cies is known to induce an HR-like leaf necrosis in several host plant species (Fatouros
et al., 2016). Additionally, previous egg deposition by P. brassicae on brassicaceous
plant species negatively affects larval performance (Geiselhardt et al., 2013; Pashalidou
et al., 2013; Pashalidou et al., 2015a; Bonnet et al., 2017). It remains unknown so
far how egg deposition of the conspecific solitary species P. rapae affects subsequently
feeding larvae through egg-mediated plant responses.

We specifically addressed the following questions: (1) is oviposition choice of two
pierid species, P. brassicae and P. rapae affected by the plant species’ capability to ac-
tivate an egg-killing response (i.e., HR-like necrosis)? (2) Do females prefer to oviposit
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on plants on which their eggs show highest survival rates and larvae perform best? (3)
Do plant-mediated effects of eggs change caterpillar performance (i.e., defence priming)
and if so (4) do they correlate with butterfly oviposition choices?

Results

Oviposition preference Gregarious species Although P. brassicae females distributed
their egg clutches unevenly between plants (χ2 = 19.65, df = 7, P = 0.04, GLM, Figure
4.1a), a post hoc test did not reveal a significant preference (Supplementary Table 4.A.1).
Arabidopsis thaliana, which was in the flowering stage (in contrast to all other plant
species), did not receive any egg clutches from P. brassicae in this setup. Oviposition
choices of P. brassicae did not correlate with plant fresh weight (S = 1720.7, ρ = 0.25,
P = 0.24, Spearman correlation, Supplementary Figure 4.A.2).

Soltiary species Pieris rapae females significantly preferred to oviposit on B. nigra

over all other seven simultaneously offered plant species (Supplementary Table 1). The
plant species chosen least frequently for oviposition were B. oleracea and A. thaliana

(χ2 = 292.67, df = 7, P ≤ 0.001, GLM, Figure 4.1b). The oviposition preference of
P. rapae did not correlate with plant fresh weight (S = 1897.2, ρ = 0.18, P = 0.41,
Spearman correlation, Supplementary Figure 4.A.2).

Egg survival and effect of plant species and HR-like necrosis Gregarious species

Plant species significantly affected P. brassicae egg survival (χ2 = 20.39, df = 6, P =
0.002, GLMM, Figure 4.2a). Egg survival was highest on B. montana chosen most
for oviposition, while it was lowest on H. incana and R. sativus compared to all other
plants (apart from B. nigra) (Supplementary Table 4.A.2). Five out of the seven tested
plant species expressed an HR-like necrosis in response to P. brassicae eggs (Figure
4.2a, Supplementary Table 4.A.2). Overall, induction of HR-like necrosis did not sig-
nificantly affect egg survival (χ2 = 0.41, df = 1, P = 0.52, GLMM), while the effect
of HR-like necrosis on survival of P. brassicae eggs was plant species specific (χ2 =
30.83, df = 4, P < 0.001, GLMM). On B. montana, egg survival was much lower on the
two HR-expressing plants than on the seven non-HR plants (4.2a, Supplementary Table
4.A.3–4.A.4).

Soltiary species The plant species selected by P. rapae females did not significantly
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Figure 4.1: Oviposition preference bioassay. a) Number of plants, which received an egg deposition
by Pieris brassicae. Female P. brassicae always laid a maximum of one egg clutch per plant;
therefore, number of egg-deposited plants is presented. b) Proportion of eggs laid by P. rapae on
different brassicaceous plant species. The number of single eggs of P. rapae was counted per plant
species. Mean proportion ± SE is given. In total, 18 plants per species were tested in random
setups. Small letters indicate significant differences between plant species with P < 0.05, GLM.
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affect egg survival (χ2 = 11.19, df = 6, P = 0.08, GLMM, Figure 4.2b). Six out of the
seven tested plant species expressed HR-like necrosis induced by P. rapae eggs (4.2b,
Supplementary Table S2). A significantly higher proportion of P. rapae eggs survived
on non-HR plants compared to plants expressing HR-like (χ2 = 13.58, df = 1, P < 0.001,
GLMM). This effect of P. rapae egg-induced HR-like necrosis on egg survival was -in
contrast to the P. brassicae egg-induced response-independent of the plant species (χ2

= 4.43, df = 4, P = 0.35, GLMM) (4.2b, Supplementary 4.A.3–4.A.4).

Figure 4.2: Effect of HR-like necrosis on survival of eggs of two Pieris species on different
brassicaceous plant species (mean proportion± SE). Numbers given in the bars indicate the number
of plants. Different letters indicate significant differences (P < 0.05, GLM) between plant species
regardless of HR-like necrosis. a) Proportion survival of P. brassicae eggs, with each egg clutch
consisting of 20 eggs. b) Proportion survival of P. rapae eggs, with eight eggs being laid per plant.
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Correlation between oviposition preference and egg survival We did not detect a
significant correlation between oviposition preference and survival of the eggs for either
of the two butterfly species (proportion of eggs laid related to egg survival; Spearman
correlation; for P. brassicae: S = 32,335, ρ = 0.10, P = 0.44, for P. rapae : S = 9086.3,
ρ = 0.01, P = 0.97, Figure 4.3a). However, the proportion of P. rapae eggs laid was
positively correlated with the proportion of plants expressing HR-like necrosis against
those eggs (S = 4.57, ρ = 0.96, P < 0.001, Spearman correlation, Figure 4.3b). For P.

brassicae, this correlation was not significant (S = 67.72, ρ = 0.19, P = 0.64, Spearman
correlation, see Figure 4.3b).

Effect of plant species, egg infestation and HR on larval performance Gregarious

species The weight of 7-day-old P. brassicae caterpillars did not vary significantly de-
pending on the plant species they were feeding on (χ2 = 12.44, df = 6, P = 0.05, LMM,
Figure 4.4a). However, the plants’ response to prior egg deposition significantly affected
performance of P. brassicae larvae. Seven-day-old larvae developing on plants that pre-
viously had received eggs (EF) significantly gained less weight than those on plants that
had not received eggs (F) (χ2 = 5.27, df = 1, P = 0.02, LMM, Figure 4.4b). Caterpil-
lars feeding on plants without prior egg deposition gained about 5% more weight. This
egg-mediated effect on performance was independent of the plant species (no interact-
ive effect between plant species and egg infestation on larval weight; χ2 = 2.51, df =
6, P = 0.87, LMM). HR-like necrosis induced by previously laid eggs did not affect the
weight of caterpillars (χ2 = 0.72, df = 1, P = 0.40, LMM, see Figure 4.4c), and neither
did plant species nor did the interaction between plant species and HR-like necrosis (χ2

= 5.76, df = 6, P = 0.45 and χ2 = 5.46, df = 4, P = 0.24, LMM). The weight of 3-day-old
caterpillars is presented in the supplementary material (Supplementary Figure 4.A.3).

Solitary species When considering 7-day-old P. rapae caterpillars on both egg-free
and previously egg-deposited plants, their weight was not affected by the plant species
they were feeding on (χ2 = 5.04, df = 6, P = 0.54; LMM, Figure 4.4a). When excluding
the occurrence of HR-like necrosis induced by egg deposition, egg infestation preceding
larval feeding did not affect larval weight (χ2 = 0.001, df = 1, P = 0.97; LMM, Figure
4.4b). Neither did the interaction between egg infestation and plant species affect larval
weight (χ2 = 1.09, df = 6, P = 0.98, LMM, Figure 4.4c). Yet, larvae feeding on EF
plants expressing an HR-like necrosis were significantly heavier than those feeding on
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Figure 4.3: Correlation between proportion of eggs laid on different brassicaceous plants by two
Pieris butterflies and a proportion of egg survival (mean ± SE) or b proportion of HR-like necrosis
(mean ± SE). Text boxes show correlation results. Proportion of HR+ plants has no error bars, and
for P. brassicae, no error bars for preference are available. N = 8–10 plants for P. brassicae, N =
5–7 plants for P. rapae.
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EF plants that did not show HR-like necrosis (χ2 = 4.14, df = 1, P = 0.04, LMM,
Figure 4.4c). Neither plant species nor the interaction between plant species and HR-
like necrosis affected caterpillar weight on previously egg-infested plants (χ2 = 3.73,
df = 6, P = 0.71 and χ2 = 3.93, df = 3, P = 0.27, LMM). The weight of 3-day-old
caterpillars is presented in the supplementary material (Supplementary Figure 4.A.3).

Correlation between oviposition preference and larval performance To assess if
there was a correlation between adult oviposition preference and larval performance,
we first analysed the relationship between the proportion of eggs laid and the weight
of three (Supplementary information and Supplementary Figure 4.A.4) or 7-day-old
caterpillars feeding on previously oviposited EF plants and egg-free F plants for each
plant species.

Gregarious species Weight of 7-day-old P. brassicae larvae significantly and posit-
ively correlated with the number of eggs laid. Seven-day-old P. brassicae larvae were
the heaviest on those plant species that received most egg clusters (S = 15,964,000, ρ

= 0.17, P < 0.001, Spearman correlation, Figure 4.5a). The proportion of egg clusters
laid did not correlate with the weight of caterpillars feeding on egg-free plants (S = 34,
ρ = 0.39, P = 0.40, Spearman correlation, Figure 4.5b). When considering the weight
of 7-day-old P. brassicae caterpillars with respect to the plant’s capability to express
HR in response to the eggs, weight of caterpillars feeding on previously egg-deposited
HR-expressing plants did not correlate with the proportion of egg clutches per plant (S =
22, ρ = - 0.1, P = 0.95, Spearman correlation). Neither was a correlation found between
the proportion of plants expressing HR-like necrosis in response to oviposition and the
caterpillar weight (S = 36.65, ρ = 0.35, P = 0.45, Spearman correlation).

Solitary species In contrast to P. brassicae, the weight of 7-day-old P. rapae larvae
feeding on previously egg-infested plants neither correlated with the proportion of eggs
laid (S = 340,680, ρ = 0.13, P = 0.17, Spearman correlation, Figure 4.5c) nor with
egg load when larvae were feeding on egg-free plants (S = 50, ρ = 0.11, P = 0.84,
Spearman correlation, Figure 4.5d). Weight of 7-day-old caterpillars feeding on HR+
plants did not correlate with the proportion of eggs laid (S = 32, ρ = - 0.6, P = 0.35,
Spearman correlation). Furthermore, the weight of 7-day-old larvae was not correlated
with the proportion of plants expressing HR-like necrosis (S = 29.52, ρ = 0.47, P = 0.28,
Spearman correlation).
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Figure 4.4: Effects of plant species (a), egg-mediated defences (b) or leaf necrosis (c) on weight
(mean ± SE) of 7-day-old Pieris brassicae or P. rapae caterpillars. For a weights of caterpillars
feeding upon egg-free and previously egg-deposited plants are pooled, b weights of caterpillars
feeding upon egg-free (F) and previously egg-deposited plants (EF) are shown separately, and c
weights of caterpillars feeding upon previously egg-deposited plants are shown separately by the
presence/absence of egg-induced HR-like necrosis. Numbers in the bars represent the number of
plants within the group. The weight of caterpillars was averaged per plant. Asterisks indicate
significant differences. * P < 0.05, ns not significant, GLMM.
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Discussion

We show that plant-mediated effects of egg deposition partly explain the positive rela-
tionship between the proportion of eggs laid and larval weight. Seven-day-old caterpil-
lars of P. brassicae gained most biomass on the plant species that received most eggs
(B. montana) only when including the effect of previous egg deposition. However, ovi-
position choices of both Pieris species did not correlate with egg survival. Singly laid P.

rapae eggs always induced HR-like leaf necrosis in B. nigra on which egg survival was
the lowest. Nevertheless, the solitary butterfly deposited most eggs on this plant spe-
cies. Larval biomass of P. rapae was higher on plants expressing egg-induced HR-like
necrosis compared to plants without necrosis. In contrast, the gregarious P. brassicae

showed no significant oviposition preference for any of the tested plant species, and
egg survival was hardly affected by HR-like necrosis. However, weight of P. brassicae

caterpillars feeding on previously egg-deposited plants was lower than of those feeding
on egg-free plants.

Females of the solitary species P. rapae laid most eggs on B. nigra plants on which
egg survival was lowest but this might not be considered an “oviposition mistake” (Larsson
and Ekbom, 1995). Oviposition choices are influenced by different cues over long and
short distances (Schoonhoven et al., 2005). Cues that signal intraspecific variation in
suitability might be absent or of low detectability (Larsson and Ekbom, 1995). Most
plants show phenotypic variation in the expression of HR-like necrosis and it might
be difficult for the butterflies to discriminate between egg-resistant (HR+) and egg-
susceptible (HR-) genotypes. Yet, a better larval performance might trade-off with a
low egg survival. Weight of P. rapae caterpillars was highest on B. nigra plants express-
ing HR where egg survival was reduced most. High larval hatching rates on plants with
high egg load might result in several problems for the larvae, i.e., fast food depletion,
easy detectability of caterpillars by parasitoids, increased cannibalism and the spread of
pathogens (Prokopy and Roitberg, 2001).

Similar preference and performance correlations were obtained in studies with the
polyphagous Anastrepha ludens fruit fly in response to six different host plants be-
longing to different families. The second most preferred plant species for oviposition,
Casimiroa edulis (white sapote), was also the host on which larvae performed best. How-
ever, approximately half of all egg clutches laid on C. edulis were killed by a wound tis-
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sue growth response that led to egg encapsulation (Aluja et al., 2004; Birke and Aluja,
2018). We suggest that P. rapae butterflies can afford laying most eggs on the most
nutritive plants, because a nutritionally high-quality plant can harbor numerous larvae
of the solitary species without competing for resources. While survival rate of P. rapae

eggs on the most preferred host B. nigra was lowest, survival rate of P. brassicae eggs
on the plant species on which most eggs were laid (B. montana) was similar to the plant
species that received fewer eggs. This suggests that P. brassicae does not adjust its ovi-
position choices to egg survival rates. P. brassicae can afford to be less choosy when
selecting a host plant for oviposition because gregariously laid eggs have certain advant-
ages with regard to egg survival over singly laid eggs. Gregariousness may, for example,
contribute to protection from desiccation inflicted by the necrosis (Stamp, 1980; Clark
and Faeth, 1998; Griese et al., 2017).

A positive relationship was found between plants expressing HR-like leaf necrosis
induced by singly laid P. rapae and the oviposition preference of P. rapae . No such
relationship was found between oviposition choices of P. brassicae and the occurrence
of HR-like leaf necrosis in the various tested plant species. It is possible that those P.

rapae larvae hatching from eggs despite HR-like necrosis also face less competition,
eventually leading to heavier larvae than on non-HR plants. Another possibility could
be that caterpillars perform best on those plant species showing strong HR-like necrosis,
because these plants provide high nutritional quality. Based on a meta-analysis, Wetzel
et al. (2016) suggested that host plant nutritional quality might be more important for
offspring performance than plant defences against larvae. For example, relationships
between plant nutrients and performance of noctuid caterpillars (Heliothis virescens

and Helicoverpa zea) were consistently concave down, while the relationships between
plant defences and herbivore performance were close to linear.

Plant-mediated effects of eggs on caterpillar performance were only shown in the case
of the gregarious P. brassicae, but not for the solitary P. rapae . When comparing weight
of caterpillars on egg-free and previously egg-deposited plants (all species), P. brassicae

caterpillars gained less weight on the latter. These results confirm previous results on
the performance of P. brassicae tested on A. thaliana (Geiselhardt et al., 2013), B. nigra

(Bonnet et al., 2017; Pashalidou et al., 2013; Pashalidou et al., 2015a; Pashalidou et al.,
2015b) or S. arvensis and B. oleracea (Pashalidou et al., 2015a). Similarly, reinforced
plant defence against insect larvae mediated by prior egg deposition occurs in several
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interactions between plants and insects that lay eggs in clutches and feed gregariously
during larval development, namely Diprion pini sawflies on pine (Beyaert et al., 2012);
Spodoptera littoralis caterpillars on wild tobacco, (Bandoly et al., 2015; Bandoly et
al., 2016) and Xanthogaleruca luteola leaf beetles on elm (Austel et al., 2016). Singly
laid eggs of P. rapae did not prime plant defence against caterpillars. The reason why
only plant responses to egg clutches of the gregarious P. brassicae negatively affected
the performance of subsequently feeding caterpillars and not the singly laid eggs of P.

rapae remains to be investigated.
The differences in preference and performance recorded for the two butterfly species

might be due to their different oviposition and feeding modes. Unlike for singly laid
eggs (P. rapae), survival of clustered egg (P. brassicae) was not lower on plants express-
ing HR-like necrosis. This confirms a previous study where survival of P. brassicae

eggs on B. nigra expressing HR-like necrosis was not affected even under field condi-
tions (Griese et al., 2017). However, when P. brassicae eggs were experimentally kept
singly, mortality increased. Single eggs suffered more from drops in humidity than a
cluster of five eggs (Griese et al., 2017). Humidity drops are likely a characteristic of
necrotic leaf tissue and a possible reason for egg-killing (Shapiro and DeVay, 1987).
Hence, our current study supports the assumption that egg-induced HR-like necrosis
negatively affects survival of singly laid eggs (as those of P. rapae) rather than clustered
eggs (as those of P. brassicae). This is further supported by previous studies which
showed that single eggs of P. rapae as well as of P. napi suffer high mortality when the
host plant expresses HR-like necrosis (Shapiro and DeVay, 1987; Fatouros et al., 2014).

With respect to our initial questions, our study has shown that P. brassicae laid most
eggs on those plant species which provide the best larval performance, while these plant
species do not provide best egg survival rates. The plant species’ capability to activ-
ate HR-like necrosis in response to egg deposition affected the oviposition choice of P.

rapae in so far, as this butterfly species laid most eggs on a plant species where HR
expression frequently occurred, and egg survival rates were low. This behavior might
be considered a counter-adaptation because a high egg load on a plant with a high egg-
killing capability ensures survival of at least some offspring. Since survival of eggs of
P. brassicae was not affected by the plant’s HR-like, this butterfly species can afford to
lay many eggs on a plant species with high HR-expression frequency. Our data indicate
that the gregarious oviposition mode of P. brassicae allows this butterfly species to be
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less choosy than P. rapae in selecting an oviposition site because the gregariously laid
eggs are not affected by HR.

Future studies need to further address the question whether the differences in the ef-
fects of plant responses to these two Pierid species are due to the different oviposition
modes and larval feeding behaviors (singly vs. gregariously) or whether other insect
species-specific traits are important as well. Moreover, our results on positive ovipos-
ition preference-larval performance relationships and effects of the egg phase therein
were mainly driven by two plant species. Therefore, we suggest to further test the PPH
with a different or more numerous set of plant species to gain a better understanding
of how general these effects are. Previous studies have shown that egg-mediated prim-
ing affects several performance traits apart from larval weight, i.e., developmental time,
pupal weight and larval survival (Pashalidou et al., 2015a; Hilker and Fatouros, 2015;
Hilker and Fatouros, 2016). Yet, it remains to be investigated whether oviposition pref-
erence correlates with these other performance measures. Furthermore, future studies
need to explore whether clustering of eggs by P. brassicae and a high number of singly
laid eggs for P. rapae may evolved as counter adaptations against the egg-killing leaf
necrosis. Other countermeasures of pierid butterflies against egg-induced plant defences
include oviposition on inflorescence stems instead of leaves, as occurs in some other
pierid species feeding on Brassicaceae (P. napi and Anthocharis cardamines) (Griese
et al., 2021) and feeding preference for flowers when they are available (A. cardamines

and P. brassicae) (Wiklund and Åhrberg, 1978; Smallegange et al., 2007).

Material and methods

Insects and plants Pieris brassicae L. and P. rapae L. (Lepidoptera: Pieridae) were
reared since many generations in a climatised room (21 ± 1 ◦C, 50–70% RH, LD 16:8)
on B. oleracea var. gemmifera L. plants. Female butterflies mated 2–3 days after eclo-
sion. Their oviposition preference was tested 2 days after mating. The females have a
high egg load at this age and mating status (David and Gardiner, 1962).

Eight different brassicaceous species were used in a preference experiment, seven
in a performance experiment. Apart from Raphanus sativus L., all plant species were
non-domesticated species. We obtained R. sativus from De Bolster seed company (The
Netherlands), Hirschfeldia incana L. Lagr.-Foss. from the US, California, Brassica
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nigra L. from the Centre of Genetic Resources (CGN, Wageningen, the Netherlands)
from an early flowering accession (CGN06619), Sinapis arvensis L. from Vlieland, in
the north of The Netherlands, B. montana Pourr. from CGN (CGN18472 accession
from Italy), B. rapa L. from Binnenveld, west of Wageningen (The Netherlands) and
B. oleracea L. ‘Kimmeridge’ from the south coast of England. Most of the tested plant
species are frequently used as host plants by both species in the Netherlands, especially
B. nigra, B. rapa, B. oleracea and S. arvensis, except for A. thaliana (Fei et al., 2014;
Harvey et al., 2007). Natural accessions of A. thaliana are visited by pierids in the North
of Europe (Wiklund, 1984). Hirschfeldia incana was shown to be a host plant for P.

rapae in California (Shapiro, 2002). Brassica montana is a wild ancestor of B. oleracea;
both species grow in coastal regions either in Southern Europe or Britain, respectively.
Arabidopsis thaliana (Col-0) was used only for the preference tests. Because of its small
size, it was excluded from performance studies, as more than just the focal egg-induced
plant would be needed to feed the caterpillars. All plants were in the non-flowering stage
when tested, except A. thaliana, which already flowered. All plants were cultivated in
pots filled with standard potting soil and watered daily; no fertilization was added. They
were grown in a climate room (18 ± 4 ◦C, 60–80% RH, LD 16:8). To use plants of
similar biomass in the bioassays, B. oleracea was 4 weeks old, and all other plants were
3 weeks old at the time of infestation.

Butterfly oviposition preference To determine which plant species is preferred for
oviposition, we simultaneously offered the above-mentioned eight plant species to a
mated female butterfly. An individual plant of each species was placed into a mesh
cage (75×75× 115 cm). The plants were set up in a circle with the leaves not touching
each other. The design was a randomized block with 18 replicates per butterfly species.
The two butterfly species were tested in separate cages at different time points in a
greenhouse compartment (23 ± 5 ◦C, 50–70% RH, LD 16:8). After placing the plants
inside a cage, one mated female butterfly was released. The number of P. rapae eggs
or P. brassicae egg clutches, respectively, was counted on each plant 3 h after release of
the butterfly. Preliminary experiments showed that most butterfly females will make an
oviposition choice within this time period.
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Plant treatments for performance tests To assess egg survival rates and performance
of larvae on previously egg-deposited plants, a plant individual of each species was in-
fested with either P. rapae or P. brassicae eggs. Each plant was placed in a cage with
approximately 100 butterflies, located in a climate room (21 ± 1 ◦C, 50–70% RH, LD
16:8). The first fully developed leaf of each plant (fourth or fifth from the top) was ex-
posed to either P. brassicae or P. rapae butterflies for egg deposition, while the rest of
the plant was covered with a fine mesh. We limited the number of eggs deposited onto
a plant to 20 eggs of P. brassicae (laid in a clutch) and to eight single P. rapae eggs per
plant. Limiting egg deposition was done by observing the butterflies after introduction
into the cages and removing them as soon as they had deposited the mentioned number
of eggs. Those numbers were chosen to mimic naturally occurring egg numbers per
plant (Feltwell, 1982; Fatouros et al., 2014). Occasionally, extra laid eggs were imme-
diately removed using a fine brush [see Pashalidou et al. (2013) for details]. In total,
seven to nine individual plants per species were infested with P. brassicae eggs, and six
to seven individual plants per species received P. rapae eggs.

Plant response to egg deposition, egg mortality and larval performance To de-
termine egg survival, we counted the number of larvae hatching from the twenty (P.

brassicae) or eight (P. rapae) eggs deposited on a plant. After 4 days, presence/absence
of HR-like necrosis was scored as previously described by Griese et al. (2017). After
5 days, survival of eggs was noted by counting the number of hatched caterpillars. To
assess larval performance and the impact of the plant’s response to previous egg depos-
ition on larval performance, we divided the neonate larvae hatching from egg-deposited
plants into two groups. Half of them were placed back onto the previously egg-infested
plant (labeled ‘egg and feeding’, EF) (on the adaxial side of the leaf where they hatched),
and the other half was transferred to an egg-free plant (labeled ‘feeding’, F) plant of the
same species and placed onto the adaxial side of the leaf as well. Three and seven days
after hatching, caterpillar weight was measured on a microbalance (accuracy = 1 µg;
Sartorius AG, Göttingen, Germany). We weighed each caterpillar individually, and af-
terwards the caterpillars were transferred back to their original position, on EF or F
plants. Every EF and F plant was considered one replicate.
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Statistical analysis Data on P. rapae oviposition preference for host plants were ana-
lysed by a generalized linear model (GLM) (Poisson distribution), with plant species
as fixed factor and the number of eggs per plant as response variable. The post hoc
analysis was performed using a linear hypothesis test (multcomp package). Because P.

brassicae laid most eggs in a single clutch each time, only oviposition ‘yes’ or ‘no’ was
scored when determining oviposition preference. These data were analysed by a GLM
(binomial distribution) with the plant species as fixed factor, and the presence/absence
of oviposition as response variable (post hoc test: linear hypothesis test).

Data on egg survival of each butterfly species were analysed by a generalized linear
mixed effect model (GLMM, lme4 package) with binomial distribution. The model
included egg survival as response variable, and plant species, presence/absence of HR
as well as the interaction between both variables were fixed factors. Date of infestation
were a random factor. A post hoc analysis was conducted using linear hypothesis tests
for plant species and interaction terms.

To evaluate whether oviposition preference for a plant species can be linked to egg
survival, we ran a correlation analysis using Spearman correlation as well as linear re-
gression to generate regression lines. We conducted this analysis first by relating the
proportion of eggs (or egg clutches) laid on each plant species with the proportion of
eggs surviving on each plant species. To elucidate the relationship between the plant’s
ability to express HR-like necrosis and egg survival, we correlated the proportion of
eggs laid on each plant species to the proportion of eggs surviving on those plants,
which expressed HR-like necrosis in response to the eggs.

To elucidate the relationship between the plants’ ability to express HR-like necrosis
and oviposition preference, we linked the proportion of eggs or egg clusters laid to the
proportion of plants expressing HR.

Data on caterpillar weight obtained on all plant species (subjected to prior egg depos-
ition or not) were analysed using linear mixed effect models (LMM). We calculated the
average caterpillar weight per plant. The logarithm of the mean caterpillar weight 3 or 7
days after hatching was the dependent variable, plant species and egg infestation as well
as the interaction between them were used as independent variables, the random factor
was the date of egg infestation.

A post hoc analysis was conducted using linear hypothesis tests for plant species and
interaction terms. The effect of HR-like necrosis on caterpillar weight was tested using
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the subset of plants infested with eggs and performing LMM on the logarithmic data of
the mean caterpillar weight. Expression of HR-like necrosis, plant species as well as
the interaction between both factors was included in the model. A post hoc analysis was
conducted using linear hypothesis tests for plant species and interaction terms.

To detect possible links between butterfly oviposition preference and performance of
3- or 7-day-old caterpillars, a linear regression analysis was conducted. We conducted
this analysis first by relating the proportion of eggs laid on each plant species with the
weight of caterpillars on each plant species. Furthermore, we ran an analysis by relating
the proportion of eggs laid on each plant species to the weight of caterpillars on (1)
plants which received eggs prior to larval feeding (EF) and (2) plants which were left
without any eggs (F); thus, we aimed to test the hypothesis that females prefer to oviposit
on plants with most modest (for P. rapae : putative) egg-mediated reinforcement of
defence against the larvae. In addition, we analysed the relationship between caterpillar
weight and the proportion of eggs laid on plants expressing HR-like necrosis; thus, we
aimed to test the hypothesis that females prefer to oviposit on plants whose HR-like
necrosis has the most modest effect on the performance of their offspring.

Finally, we tested the relationship between the proportion of plants expressing HR-
like necrosis and caterpillar weight. Thus, we aimed to gain insight into whether the
frequency of HR-like necrosis in response to the eggs relates to caterpillar weight. All
analyses were performed using R 3.3.2 (R Core Team, 2016).
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Results to break a line
Effect of plant species, egg infestation and HR on performance of three-day-old larvae,

gregarious species. Weight of three-day-old P. brassicae caterpillars varied in depend-
ence of the plant species they were feeding upon (χ2 = 28.70, df = 6, P < 0.001, LMM,
Figure 4.A.3A). However, the post hoc analysis did not show significant differences
in weights of larvae feeding upon the various plant species. Neither did infestation of
plants with eggs prior to larval feeding (χ2 = 0.03, df = 1, P = 0.87, LMM) nor the inter-
action between the factors ’egg infestation’ and ’plant species’ (χ2 = 0.95, df = 6, P =
0.99, LMM) affect weight of larvae three days after hatching (Figure 4.A.3B). Further-
more, we tested whether HR-like necrosis induced by the egg deposition affects larval
weight by considering only plants that previously received eggs (EF). No significant
weight differences were found between caterpillars that fed on HR- or HR+ plants (χ2

= 0.04, df = 1, P = 0.84, LMM, Figure 4.5c). Again, weights of larvae feeding on the
tested plant species varied significantly (χ2 = 18.09, df = 6, P = 0.006, LMM), but the
linear hypothesis (post hoc) test did not show differences in weights of larvae feeding
upon certain plant species. There was no significant interaction between the effects of
’plant species’ and ’HR’ on larval weight (χ2 = 5.28, df = 4, P = 0.26, LMM).

Solitary species. Weight of three-day-old P. rapae caterpillars was neither affected
by plant species they were feeding upon, nor by egg deposition prior to larval feeding
nor by the interaction between plant species and egg infestation (χ2 = 5.31, df = 6, P =
0.50; χ2 = 0.28, df = 1, P = 0.60 and χ2 = 0.16, df = 6, P = 1.00 respectively, LMM
Figure 4.A.3A and B). However, the HR-like necrosis induced by egg deposition prior to
larval feeding significantly affected larval performance. Larvae feeding on HR+ plants
were significantly heavier than HR- plants (χ2 = 8.12, df = 1, P = 0.004, LMM, Figure
4.A.3C). Plant species and interaction between plant species and HR- like expression
did not affect caterpillar weight on plants previously exposed to eggs (EF) (χ2 = 7.44,
df = 6, P = 0.28 and χ2 = 0.35, df = 3, P = 0.95, LMM).
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Table 4.A.1: Results of the post hoc test on oviposition preference of P. brassicae and P. rapae
differences between species.

Butterfly species Species comparison z value P value

P. brassicae B. montana - A. thaliana 0.01 1.00
B. nigra - A. thaliana 0.01 1.00
B. oleracea - A. thaliana 0.01 1.00
B. rapa - A. thaliana 0.01 1.00
H. incana - A. thaliana 0.01 1.00
R. sativus - A. thaliana 0.01 1.00
S. arvensis - A. thaliana 0.01 1.00
B. nigra - B. montana -1.03 0.96
B. oleracea - B. montana -1.03 0.96
B. rapa - B. montana -1.39 0.84
H. incana - B. montana -1.75 0.61
R. sativus - B. montana -1.39 0.84
S. arvensis - B. montana -1.75 0.61
B. oleracea - B. nigra 0.00 1.00
B. rapa - B. nigra -0.38 1.00
H. incana - B. nigra -0.80 0.99
R. sativus - B. nigra -0.38 1.00
S. arvensis - B. nigra -0.80 0.99
B. rapa - B. oleracea -0.38 1.00
H. incana - B. oleracea -0.80 0.99
R. sativus - B. oleracea -0.38 1.00
S. arvensis - B. oleracea -0.80 0.99
H. incana - B. rapa -0.42 1.00
R. sativus - B. rapa 0.00 1.00
S. arvensis - B. rapa -0.42 1.00

continued on next page
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continued from previous page

Butterfly species Species comparison z value P value

P. brassicae R. sativus - H. incana 0.42 1.00
S. arvensis - H. incana 0.00 1.00
S. arvensis - R. sativus -0.42 1.00

P. rapae B. montana - A. thaliana 6.67 < 0.001
B. nigra - A. thaliana 10.42 < 0.001
B. oleracea - A. thaliana 4.52 < 0.001
B. rapa - A. thaliana 8.48 < 0.001
H. incana - A. thaliana 8.87 < 0.001
R. sativus - A. thaliana 7.17 < 0.001
S. arvensis - A. thaliana 8.48 < 0.001
B. nigra - B. montana 7.19 < 0.001
B. oleracea - B. montana -3.08 0.04
B. rapa - B. montana 3.22 0.03
H. incana - B. montana 3.98 0.002
R. sativus - B. montana 0.83 0.99
S. arvensis - B. montana 3.22 0.02
B. oleracea - B. nigra -9.42 < 0.001
B. rapa - B. nigra -4.26 < 0.001
H. incana - B. nigra -3.50 0.01
R. sativus - B. nigra -6.49 < 0.001
S. arvensis - B. nigra -4.26 < 0.001
B. rapa - B. oleracea 6.02 < 0.001
H. incana - B. oleracea 6.69 < 0.001
R. sativus - B. oleracea 3.86 0.002
S. arvensis - B. oleracea 6.02 < 0.001
H. incana - B. rapa 0.79 0.99
R. sativus - B. rapa -2.41 0.22

continued on next page
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continued from previous page

Butterfly species Species comparison z value P value

P. rapae S. arvensis - B. rapa 0.00 1.00
R. sativus - H. incana -3.19 0.03
S. arvensis - H. incana -0.79 0.99
S. arvensis - R. sativus 2.41 0.22

Table 4.A.2: Number of infested plants and percentage of these plants expressing HR-like necrosis
for both butterfly species separated for all plant species.

P. brassicae P. rapae

Plant species No. infested % HR yes No. infested % HR yes
B. montana 9 22.22 6 16.67
B. nigra 9 88.89 6 100.00
B. oleracea 8 0.00 6 0.00
B. rapa 8 0.00 7 57.14
H. incana 9 55.56 6 33.33
R. sativus 10 80.00 6 16.67
S. arvensis 9 22.22 6 33.33
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Table 4.A.3: Results of post hoc test on egg survival of P. brassicae when compared between plant
species.

Species comparison z value P

B. nigra - B. montana 0.002 1.00
B. oleracea - B. montana -1.11 0.90
B. rapa - B. montana -1.87 0.43
H. incana - B. montana -4.22 < 0.001
R. sativus - B. montana -3.82 0.002
S. arvensis - B. montana -0.90 0.96
B. oleracea - B. nigra -0.002 1.00
B. rapa - B. nigra -0.002 1.00
H. incana - B. nigra -0.002 1.00
R. sativus - B. nigra -0.003 1.00
S. arvensis - B. nigra -0.002 1.00
B. rapa - B. oleracea -1.40 0.75
H. incana - B. oleracea -4.68 < 0.001
R. sativus - B. oleracea -3.60 0.004
S. arvensis - B. oleracea -0.01 1.00
H. incana - B. rapa -3.69 0.003
R. sativus - B. rapa -3.08 0.02
S. arvensis - B. rapa 0.79 0.98
R. sativus - H. incana -1.09 0.91
S. arvensis - H. incana 3.52 0.01
S. arvensis - R. sativus 3.26 0.01
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Table 4.A.4: Results of single GLMs for each plant species tested for the influence of HR
expression separated for P. brassicae on egg survival, used as a post hoc test. The level of
significance was 0.05. Dashes were used to indicate that the test was not applicable, because the
plant species never expressed HR when exposed to P. brassicae eggs.

P. brassicae

Plant species χ2 df P

B. montana 19.50 1 < 0.001
B. nigra 0.32 1 0.57
B. rapa — - —
H. incana 0.70 1 0.40
S. arvensis 1.38 1 0.24
R. sativus 0.02 1 0.89
B. oleracea — - —
A. thaliana — - —

Figure 4.A.1: Developmental stages of the studied Pieris species. Differences in appearance and
life history of the gregarious P. brassicae (top) and solitary P. rapae (bottom). From left to right:
Eggs, neonates, L5 caterpillars, pupae, adults. Pieris brassicae larvae are feeding gregariously until
the third larval stage. While eggs and adults of both species look similar and mainly differ in size,
caterpillars of the two species are differently coloured. Larvae of P. brassicae larvae are
aposematically colored (an indication for unpalatability), which allows them to feed in groups,
whereas P. rapae larvae are cryptically coloured, a trait which is often linked with a solitary feeding
behaviour in butterflies (Sillén-Tullberg, 1988). Photo credits: E. Griese.
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Figure 4.A.2: Correlation between the number of eggs laid and plant fresh weight. Neither for P.
brassicae nor for P. rapae there is a significant correlation between the two factors. Spearman
correlation was tested for each date independent of each other.
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Figure 4.A.3: Caption on next page.
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Figure 4.A.3: (Previous page.) Effect of brassicaceous plant species (a), egg-mediated plant effects,
Plant species (b), and HR-like necrosis (c) on weight (mean ± SE) of three-day-old Pieris
caterpillars. In (a), weights of caterpillars feeding upon egg-free and previously egg-deposited
plants are pooled. In (b), weights of caterpillars feeding upon egg-free and previously
egg-deposited plants are shown separately. In (c), weights of caterpillars feeding upon previously
egg-deposited plants are shown separately for plants expressing HR-like necrosis or not in response
to the egg deposition. The numbers in the bars represent the number of plants within the group. The
weight of caterpillars was averaged per plant. Asterisks indicate significant differences. ** P <
0.01, ns: not significant, GLMM.

Figure 4.A.4: Linear regression between the proportion of eggs laid and the mass of 3-day old
caterpillars (mean ± SE) on egg-infested (EF) plant species. (a) Pieris brassicae correlation, the
proportion of egg clutches laid per 18 test plants were used as preference measurement. (b) Pieris
rapae correlation mean eggs laid per plant species (± SE) were used as preference data.
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Abstract

Evolutionary arms races between plants and insect herbivores have long been proposed
to generate key innovations such as plant toxins and detoxification mechanisms that can
drive diversification of the interacting species. A novel front-line of plant defence is the
killing of herbivorous insect eggs. We test whether an egg-killing plant trait has an evolu-
tionary basis in such a plant-insect arms race. Within the crucifer family (Brassicaceae),
some species express a hypersensitive response (HR)-like necrosis underneath of butter-
fly eggs (Pieridae) that leads to eggs desiccating or falling off. We studied the phylo-
genetic distribution of this trait, its egg-killing effect on and elicitation by butterflies, by
screening 31 Brassicaceae species, and nine Pieridae species. We show a clade-specific
induction of strong, egg-killing HR-like necrosis mainly in species of the Brassiceae
tribe including Brassica crops and close relatives. The necrosis is strongly elicited by
pierid butterflies that are specialists of crucifers. Furthermore, HR-like necrosis is linked
to PR1 defence gene expression, accumulation of reactive oxygen species and cell death,
eventually leading to egg killing. Our findings suggest that the plants’ egg-killing trait
is a new front on the evolutionary arms race between Brassicaceae and pierid butterflies
beyond the well-studied plant toxins that have evolved against their caterpillars.

Introduction

The biodiversity on Earth is shaped by numerous factors including inter-organismal in-
teractions that can result in coevolution of adaptive traits. For example, the coevolution-
ary interactions between plants and insects as described by Ehrlich and Raven (1964)
has driven the diversification of plant defensive metabolites (Swain, 1977; Becerra,
2015). In turn, specialist herbivores have evolved detoxification mechanisms, which al-
low them to feed on their host plants despite these toxic metabolites (Berenbaum, 1983;
Després et al., 2007), e.g. caterpillars of the monarch butterfly (Danaus plexippus)
can feed on cardenolide-containing milkweeds (Cohen, 1985; Malcolm and Brower,
1989), and caterpillars of Pierinae and Plutella xylostella can feed on glucosinolate-
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containing Brassicaceae (Wittstock et al., 2004; Wheat et al., 2007; Heidel-Fischer and
Vogel, 2015).

The role of plant defences against herbivore eggs has been understudied and under-
appreciated, especially in a coevolutionary context between herbivores and plants. The
majority of studies on plant-insect interactions have focused on the feeding life stages
of herbivorous insects. Yet, in almost half of the ∼400.000 known herbivorous insects,
especially lepidopteran and sawfly species, eggs may be the first life stage to come into
contact with the targeted host plant. Indeed, plants can already perceive and respond
physiologically to the presence of herbivore eggs before they hatch (Hilker and Fatouros,
2016). Plant defences against insect eggs may have evolved as an important first line of
defence, as every insect egg being detected and killed, is one less herbivorous larva or
adult insect feeding on the plant in the near future.

Different types of plant defences against insect eggs have been reported in more than
thirty plant species including gymnosperms and angiosperms (both monocots and eu-
dicots) (Fatouros et al., 2016). In response to insect egg deposition, plants can produce
ovicidal substances (Seino et al., 1996), form neoplasms (Doss et al., 2000; Petzold-
Maxwell et al., 2011) or express a hypersensitive response (HR)-like necrosis beneath
the eggs (Shapiro and DeVay, 1987; Balbyshev and Lorenzen, 1997; Petzold-Maxwell
et al., 2011; Fatouros et al., 2014). HR-like necrosis is an egg-killing defence leading
to eggs desiccating and/or falling off the leaf. It has so far been observed in plants of
the Pinaceae (Bittner et al., 2017), Poaceae (Yang et al., 2014), Fabaceae (Garza et al.,
2001), Solanaceae (Balbyshev and Lorenzen, 1997; Petzold-Maxwell et al., 2011) and
Brassicaceae (Shapiro and DeVay, 1987; Fatouros et al., 2014; Pashalidou et al., 2015a;
Griese et al., 2017) families. To understand whether egg-killing traits have evolved as
counteradaptations to specialist herbivores and their detoxification mechanisms, phylo-
genetic occurrence of the HR-like egg-killing trait across these plant families and recip-
rocal insect pest-clades need to be investigated.

Sequence-based phylogenetic analysis (Al-Shehbaz, 2012; Guo et al., 2017; Huang
et al., 2015) has established that the Brassicaceae family is split into a core clade con-
taining 3680 species, which is subdivided into three major lineages, and a smaller sister
clade containing only the genus Aethionema (61 species) (Beilstein et al., 2006; Beil-
stein et al., 2008). The model plant Arabidopsis thaliana is a representative of Lineage
I and the Brassica crop plants are representatives of Lineage II. Lineage III is a smaller
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group mostly restricted to Asia and lacking a model or crop species. Cleomaceae is
the sister family of the Brassicaceae (Hall et al., 2002). Within the Brassicaceae, de-
fences against feeding herbivores and the genetic basis of this defence have intensively
been studied (Graser et al., 2000; Rask et al., 2000; Windsor et al., 2005; Xue et al.,
1992). Aliphatic glucosinolates evolved as defensive compounds near or at the origin
of the Brassicales clade and became more diverse and complex with plant species radi-
ation. While these compounds play an important role in defending the plants against
herbivory, many feeding insects have specialized and evolved effective glucosinolate
detoxification and/or excretion mechanisms (Heidel-Fischer and Vogel, 2015; Erb and
Robert, 2016; Heidel-Fischer et al., 2019; Winde and Wittstock, 2011).

The Pieridae butterflies (whites and sulphurs), including approximately 1000 species
today (Wahlberg et al., 2014), use host plants belonging to two major plant orders, the
Fabales (Fabaceae) and Brassicales (Brassicaceae, Resedaceae, Capparaceae and Cleo-
maceae), although some species in certain clades also shifted to Rosales (Rhamnaceae,
Rosaceae) or Santalales (Edger et al., 2015). Recent phylogenetic reconstruction of
the Pieridae indicates that the ancestral host appears to be a fabaceous with multiple
independent shifts to other orders. While the Dismorphiinae and nearly all Coliadinae
are Fabales feeders, the sister to the Coliadinae, Pierinae, primary feed on Brassicales
(Wheat et al., 2007; Braby et al., 2006). The latter, thus, represent a single origin of
feeding on glucosinolates producing plants.

Shortly after the initial evolution of the order Brassicales, some ancestral Pierinae
evolved nitrile-specifier proteins (NSPs) that detoxify glucosinolates. This enabled a
host shift from their prior Fabaceae hosts to the Brassicales c. 80 million years (Myr)
ago (Edger et al., 2015). Likewise, the evolution of glucosinolate sulfatase in Plutella

xylostella allowed the caterpillars of this moth to feed on Brassicaceae (Heidel-Fischer
and Vogel, 2015; Wheat et al., 2007). It has been shown that speciation-rate shifts,
as well as genome-duplication events with gene birth-death dynamics occurred in both
Brassicales and Pierinae, usually following a key defence (glucosinolates) or counter-
defence (NSPs) invention in one of the coevolutionary partners (Edger et al., 2015).
Defence responses targeting eggs might have added a new layer of traits evolved in
response to herbivore specialization. To pinpoint the evolution of transitions and in-
novations, it is necessary to investigate the trait(s) of interest in a proper phylogenetic
context.
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Defence responses induced by cabbage white butterfly eggs have mainly been studied
in the model plant Arabidopsis thaliana and the black mustard Brassica nigra (Little et
al., 2007; Pashalidou et al., 2015b; Fatouros et al., 2014; Firtzlaff et al., 2016; Paniagua
Voirol et al., 2020; Stahl et al., 2020). In A. thaliana, Pieris brassicae and P. rapae

eggs activate a plant immune response, that resembles pattern-triggered immunity (PTI)
against pathogenes. It includes expression of defence genes e.g. pathogenesis-related
genes (PR1), and accumulation of reactive oxygen species (ROS), and a local cell death
response. However, a visible necrosis is not expressed and egg-killing has never been
shown (Reymond, 2013; Little et al., 2007). Egg killing due to a strong necrosis has
been shown for the black mustard B. nigra in response to Pieris spp. Within B. nigra,
there is variation in frequency and severity of HR-like necrosis between accessions (Fa-
touros et al., 2014; Pashalidou et al., 2015a; Griese et al., 2017).

The current study explores whether HR-like necrosis evolved as a specific response
to pierid egg deposition in a subset of Brassicaceae. So far, no effort has ever been made
to map the phylogenetic history of any egg defence trait for any plant family. Doing so
would be a first necessary step to show an adaptive response to egg deposition. We in-
vestigated the phylogenetic occurrence of HR-like necrosis in the Brassicaceae (mainly
lineage I and II) and three species in the Cleomaceae as well as explored the reciprocal
phylogenetic co-occurrence in the Pieridae clade. We tested egg wash applied on B.

nigra plants from four Pieris butterflies (Pierinae) and five relatives, i.e. Anthocharis

cardamines (Pierinae) feeding on Cardamine plants of Lineage I, Aporia crataegi feed-
ing on Prunus spp. (Rosaceae), Gonepteryx rhamni (Coliadinae) feeding on Rhamnus

plants (Rhamnaceae), Colias spp. (Coliadinae) and Leptidea sinapis (Dismorphinae)
both feeding on different species of the Fabaceae. As an outgroup, we used the but-
terfly Aglais io (Lepidoptera: Nymphalidae) that feeds on Urtica plants (Urticaceae).
Additionally, we studied elicitation of egg wash of two moths, Mamestra brassicae

(Noctuidae) and Plutella xylostella (Plutellidae), both feeding on Brassicaceae. Besides
screening for HR-like necrosis, we investigated whether important components of plant
defences, such as PR1 gene expression, cell death and accumulation of ROS, correlated
with the egg-induced necrosis. We tested the effect of HR-like necrosis on survival
of singly-laid Pieris eggs in different plant species under both field and greenhouse
conditions. Finally, we hypothesize the evolution of potential counteradaptations to
egg-killing by some pierid butterflies.
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Specifically, we addressed the following questions: (i) Is HR-like necrosis induced
in a clade-specific manner within the Brassicaceae? (ii) Are HR-like necrosis and other
defence responses induced by eggs specific to a particular clade of butterfly species
(e.g. genus, subfamily or family) and/or specific to species that coevolved with the
Brassicaceae? And (iii) Is the observed necrosis lowering egg survival under glasshouse
and field conditions?

Results

Origin of HR-like necrosis in the Aethionema and core Brassicaceae Out of 31
Brassicales plant species used this study, five species responded significantly with HR-
like necrosis to P. brassicae egg wash. This included species of the tribe Brassiceae
and of the genus Aethionema (Figure 5.1a). In the tribe Brassiceae, egg wash treatment
significantly enhanced expression of HR-like necrosis in specific accessions of four spe-
cies: B. napus (in 25–86% of tested plants), B. nigra (63–83%), B. olerace (20–40%)
and C. hispanica (0–86%). HR-like necrosis of Aethionema arabicum varied among the
tested accessions between 0 and 60% (Table 5.A.5). There was no significant induction
of HR-like necrosis after egg wash treatment for all other plant species tested compared
to control leaves. HR-like necrosis was expressed at low frequency and low severity
in several other species of Lineage II. For example, 30% of wild Lunaria annua plants
showed a weak HR-like necrosis, which was almost significant ( P = 0.05; Table 5.A.5).
Necrosis was expressed rarely in species in lineage I and III (Fig. 5.1a): only in single
plants of some accessions and once in Aethionema carneum.
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Figure 5.1: (Previous page.) Presence of HR-like necrosis mapped on phylogenetic trees of
Brassicaceae (a) and Pieridae (b). Red lines: HR-like necrosis present; black lines: HR-like
necrosis absent in the majority of tested genotypes; a) Screening of HR-like necrosis by P.
brassicae egg wash in 28 Brassicaceae species and three Cleomaceae species based on the
published phylogenies (Guo et al., 2017; Huang et al., 2015). Different lineages are coloured in
orange (lineage II/tribe Brassiceae), brown (lineage II), green (lineage I) and red (lineage III). The
whole genome duplication WGD (α) and genome triplication (T) the Brassiceae tribe specific
events are marked on the tree. (b) Elicitation of HR-like necrosis by pierid egg wash or eggs in B.
nigra leaves by different butterfly and moth species shown on phylogenies based on (Kawahara
et al., 2019; Wiemers et al., 2020). Responses of the pierid species were compared to the
nymphalid Aglais io, the noctuid moth Mamestra brassicae and the plutellid moth Plutella
xylostella. Coloured boxes represent species of the Brassicaceae used as main host plants by the
butterflies in the same coloured box. Brassicaceae and Lepidoptera (sub)families are written on
their nodes where they separate from the rest of the clades. Photos of butterflies and moths taken by
Jitte Groothuis, Hans M. Smid, Tibor Bukovinszky, Zeynel Cebeci, Charles J. Sharp, Juergen
Mangelsdorf. (c) HR-like necrosis induced by a single Pieris sp. egg in B. nigra taken from the
under- and upper-side of the leave (credits N. E. Fatouros).

Elicitation of HR-like necrosis by pierid species adapted to Brassicaceae The elicit-
ation of HR-like necrosis in B. nigra by egg deposition or egg wash of nine lepidopteran
species was tested: eight pierid and one nymphalid species (Figure 5.1). First, we as-
sessed the HR frequency and severity (scored from 0, no symptoms to 3, strong necrosis)
in B. nigra in response to egg deposition or egg wash of four Pieris species, four relat-
ives (A. cardamines, Colias spp., G. rhamni, L. sinapis) and A. io as outgroup. Eggs or
egg wash of P. brassicae, P. napi, P. rapae, P. mannii and A. cardamines induced a high
fraction of HR-like necrosis in B. nigra (0.82 ± 0.06; 0.75 ± 0.06; 0.86 ± 0.14; 0.89 ±
0.05 respectively) and all induced with high severity (Table 5.A.6). When several popu-
lations were available for butterfly species, all populations elicited HR-like necrosis in
similar frequency (GLM: χ2 = 1.36, df = 3,P = 0.71) and severity (GLM: χ2 = 2.60,
df = 3, P = 0.46). The fraction and severity of HR-like elicited by G. rhamni, Colias

spp. and L. sinapis was generally lower than HR-like induced by the eggs of Pieris spp.
and A. cardamines (Table 5.A.6 and 5.A.7). Moreover, the responses induced by the
egg wash of these non-brassicaceous Pieridae in plants appeared to be chlorosis instead
of necrosis (Figure 5.A.1). The egg wash of A. io, induced no symptoms on B. nigra

(Table 5.A.6).
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HR-like necrosis severity correlates to PR1 defence gene expression We then per-
formed an experiment to compare the response induced by egg wash of Pierinae and
their relatives including two moths that can feed on Brassicaceae: P. xylostella and
M. brassicae. As expected, we observed significant differences in HR-like frequency
between the Pierinae and other butterfly and moth species (GLM: χ2 = 28.3, df = 9,P <
0.001; Table 5.A.7) and in HR severity (Kruskal-Wallis H = 133.37, df = 9,P < 0.001;
Figure 5.2a). In this experiment, P. rapae and P. mannii induced HR-like response in all
plants tested with high severity (2.88± 0.01 and 2.95± 0.01, Figure 5.2a, Table 5.A.7).
Anthocharis cardamines also induced high HR severity on 65% of the tested plants (1.55
± 0.04). The more distantly related Pieridae G. rhamni and Colias spp. induced nec-
rosis in only a few plants with low severity (0.31 ± 0.03 and 0.60 ± 0.04, table 5.A.7),
similar to that of the two moth species, and control treatment (Figure 5.2a). HR-like
frequency and severity induced by A. crataegi was in between of that induced by Pieris

spp. and Anthocharis and the more distantly related species (Figure 5.2a, Table 5.A.7).
Besides a HR-like necrosis, Pieris spp. eggs are also known to induce other defence

response in A. thaliana and B. nigra, including PR1 gene expression following egg de-
position or egg wash treatment (Little et al., 2007; Fatouros et al., 2015). Consequently,
we tested if egg washes of other butterfly and moth species also induced a defence re-
sponse in B. nigra by measuring PR1 gene expression. Interestingly, PR1 expression
was significantly induced by egg wash of all butterfly and moth species tested, except M.

brassicae. Nevertheless, there were significant differences in PR1 induction between
the different species (Kruskal-Wallis H = 35.394, df = 8, P < 0.0001; Figure 5.2b).
Expression of PR1 correlated with HR severity and was significantly higher induced
by P. rapae and P. mannii, and also, although less strongly, by A. cardamines (Figure
5.2b. Lower HR severity correlated with lower PR1 expression. Notably, the Pierinae A.

crataegi, which scored in between A. cardamines and G. rhamni for HR severity, also
had an in-between PR1 expression. Colias spp. induced PR1 the highest among the
non-Pierinae species, but still about 100- fold lower expressed compared to P. mannii

(Table 5.A.8). Interestingly, PR1 expression was also induced by P. xylostella egg wash,
which showed no visual symptoms in these plants (Figure 5.2a).

HR-like severity correlates with increased H2O2 and cell death in a subset of Brassi-
caceae The screening for HR-like necrosis across different Brassicaceae revealed inter-
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Figure 5.2: HR-like necrosis and PR1 gene expression induced by egg wash of different butterfly
and moth species in B. nigra plants. For the experiment, two droplets of 10 µl egg wash were
applied onto one of each plant. a) Fraction of plants expressing HR-like necrosis at different
severities (0 = no response, 3 = strong necrosis). A total of N = 18 - 20 plants was tested per
butterfly species, for P. xylostella, egg wash for only six plants was available to test for necrosis. b)
Relative expression of PR1 gene upon treatment with egg wash of different butterflies/moths or
MES buffer as control. Transcript levels were measured by qRT-PCR on 4-5 biological replicates,
each composed of 4 pooled individual plants. Letters denote differences in HR severity or mean
transcript levels between different treatments (Wilcoxon rank sum test, P < 0.05).
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specific variation in HR frequency (Table 5.A.5). In addition, we also observed vari-
ation in HR severity between plant species that showed high HR frequency. To quantify
the differences observed, we then measured the area of necrotic tissue induced by P.

brassicae eggs in three species: B. nigra, B. olerace and C. hispanica. We found that
the necrotic area was largest in B. nigra, and significantly smaller in the other two spe-
cies (ANOVA, F = 17.028, df = 2, P < 0.001, Table 5.A.9). Previously, Pieris brassicae

eggs on A. thaliana were shown to induce components of plant immunity such as H2O2

and cell death despite absence of a visible HR-like necrosis (Little et al., 2007; Gouhier-
Darimont et al., 2013). Therefore, we investigated to which extent the visible bigger
or larger HR-like necrosis correlates with induction of H2O2 and cell death. Plants that
showed a small HR-like necrosis, i.e. B. olerace and C. hispanica, exhibited a high
accumulation of H2O2 and trypan-blue stained cell death compared to the extension of
visible necrosis (Figure 5.A.2). Brassica nigra showed a strong visible necrosis, larger
than 1 mm2 per 10 eggs, which extended further than the H2O2 and cell death accumu-
lation (Figure 5.A.2). These results suggest that components of the plant immunity are
induced regardless of the variation in HR-severity, and that B. nigra induces the visible
HR-like response most strongly.

Effect of HR-like necrosis on Pieris spp. egg survival on different Brassicaceae
species First, we monitored egg survival on wild B. nigra plants of Pieris spp. (P. napi

and P. rapae) most abundant under natural field conditions in the Netherlands. Egg
survival was 40% lower when eggs induced HR-like necrosis compared to survival of
eggs that did not induce a leaf necrosis (GLM: χ2 = 11.02, df = 1,P < 0.001, Figure 5.3a),
confirming previously reported results (Fatouros et al., 2014). Considering the variation
in HR severity and HR frequency between plant species, we investigated the effect of
HR severity in different species on Pieris egg survival. We tested egg survival on five
plant species from the first screening under greenhouse conditions (Figure 5.1): three
species that showed high HR frequency and contrasting HR severity (B. napus, B. nigra,
and C. hispanica) and two species with low HR frequency (B. rapa and A. thaliana).
HR-like necrosis significantly lowered the survival of singly laid P. brassicae eggs on
all three plant species that previously showed high HR frequency (GLM: χ2 = 38.41,
df = 1,P < 0.001, Figure 5.3b). On C. hispanica plants egg survival was significantly
lower than on B. napus plants (pairwise MWU:P = 0.006, Figure 5.3b). Conversely,
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egg survival was not affected by HR-like necrosis for B. rapa that generally showed low
HR severity (GLM: χ2 = 2.61, df = 1,P = 0.14, Figure 5.3c). On A. thaliana different
accessions, were no visible HR-like necrosis was observed, egg survival was 100%, the
highest of all plant species tested (Figure 5.3d).

Figure 5.3: Effect of HR-like necrosis on survival rates of singly laid Pieris eggs on different plant
species. a) Effect of HR-like necrosis on egg survival in field conditions. Survey of P. napi and P.
rapae eggs on B. nigra plants located near the river Rhine in Wageningen (NL). One to 13 eggs
were sampled per plant. b)-d) Effect of HR-like necrosis on egg survival under greenhouse
conditions. Three experiments were performed with singly laid P. brassicae eggs on different
accessions of B. napus, B. nigra, C. hispanica (b) and B. rapa (c) as well as P. rapae eggs laid on A.
thaliana (d). 10 single eggs were laid on each plant for experiment b), 5 single P. brassicae eggs on
each plant for experiment c), a single P. rapae egg per plant for d). If a plant expressed HR-like
necrosis under at least one egg it was counted as HR-expressing ‘yes’. Different letters indicate
significant differences (GLM,P < 0.001). Egg survival represents mean ± SE of hatched eggs for
each plant. If a plant expressed HR-like necrosis under at least one egg it was counted as
HR-expressing ‘yes’. Asterisks indicate significant differences in egg survival between plants with
or without HR-like necrosis. Different letters indicate significant differences in egg survival
between plant species, without taking HR-like necrosis into account (GLM, ns: not significant, **P
< 0.01, ***P < 0.001).

Discussion

Pierid butterflies and their brassicaceous host plants are a fascinating model system
of coevolutionary interactions, and research so far has explored the evolutionary and
genetic basis of these interactions by focusing on the diversifying selection on plant
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chemical defences, i.e. glucosinolates, and insect nitrile-specifier protein (NSP) detoxi-
fication genes (Edger et al., 2015; Nallu et al., 2018). Here, we attempt for the first time
to map the phylogenetic history of egg induction (i.e. hypersensitive response (HR)-
like necrosis) as a plant defence trait and its reciprocal co-occurrence in the herbivore
clade. We show that a strong HR-like necrosis induced by Pieris eggs most frequently
occurs in one clade within the Brassicaceae. Half of the tested plant species from the
Brassiceae tribe in Lineage II express HR-like necrosis with high frequency in response
to P. brassicae egg wash. The visual necrosis was accompanied with increased levels
of H2O2 in three representative HR+ plant species. Of the tested Brassica and Crambe

spp. (tribe Brassiceae), HR-like necrosis lowered egg survival both under natural and
glasshouse conditions, except for B. rapa that does not express a strong HR-like nec-
rosis as e.g. C. hispanica or B. nigra. Interestingly, egg survival was generally lower
on B. rapa, which could hint to plant defences other than HR-like necrosis or non-ideal
circumstances for Pieris eggs. Furthermore, we showed for the first time that only egg
wash from species of the subfamily Pierinae, that specialized on the Brassicaceae, i.e.
Pieris butterflies and A. cardamines, elicit a strong HR-like necrosis and high levels
of PR1 defence gene on B. nigra. Species that are specialized on Fabaceae or Rham-
naceae from the Coliadinae, Colias spp. and G. rhamni, and Dismorphiinae, L. sinapis,
elicited a weak necrosis or sometimes just a chlorotic response similar to that of So-

lanum dulcamara to Spodoptera eggs (Geuss et al., 2017). Our results suggest that the
elicitation of strong HR-like necrosis by Pieris eggs may have a single origin in the
ancestor of the Brassicaceae (Fig. 5.1) with variation in the frequency and severity of
the trait between species and accessions, whereas the trait is most strongly expressed in
the Brassiceae tribe. Moreover, we show that B. nigra plants specifically evolved strong
HR-like necrosis to the eggs of those pierid species that evolved effective glucosinolate
detoxification mechanisms.
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Evolution of HR-like necrosis in Brassicaea and Aethionema Four out of eight tested
Brassicaea species, as well as one Aethionema species showed consistent HR-like nec-
rosis to Pieris egg wash in at least one of the genotypes tested. In other plant species
in the Brassicaceae, we found no consistent induction of HR-like necrosis by Pieris egg
wash. It is unlikely that the genome triplication event specific to the Brassiceae clade
is the only factor involved in the evolution of HR-like necrosis, as one Aethionema spe-
cies responded to Pieris eggs with a strong necrosis. There may be ecological reasons,
such as overlap in spatial distribution between butterflies and plant species, that can
explain why HR-like necrosis appears more severe and at higher frequency within the
Brassiceae and Aethionema. In fact, besides many of the tested Brassiceae plants, Ae-

thionema are natural host plants for Pierinae species as well. Pieris ergane, Anthocharis

gruneri and Euchloe ausonia specialized on Aethionema species in their south eastern
European habitat (Tolman and Lewington, 2009). Because of high abundances of Pier-
inae species occurring on Aethionemeae, it could be that species of this basal clade of
the Brassicaceae retained a severe HR-like necrosis as an effective trait against eggs of
these butterfly species.

In other plant species tested, occasionally a single plant showed a light HR-like nec-
rosis. These plants might be able to detect insect eggs and respond with a general
immune response, as recently shown for A. thaliana (Gouhier-Darimont et al., 2013;
Gouhier-Darimont et al., 2019; Stahl et al., 2020). Alternatively, it could be a false-
positive response due to a contamination or a general stress response, as in rare cases,
also control wash induced a weak necrosis. In general, not all tested plant species within
the Brassiceae tribe within Lineage II expressed HR-like necrosis though. Variation for
the HR-like necrosis trait between genotypes of one species has been observed before
(Griese et al., 2017; Pashalidou et al., 2015a). It is therefore possible that we may have
missed HR-like necrosis expressing plants because of the selection of non-responsive
or less sensitive genotypes for some of the plant species or genus. For example, Sinapis

alba did not show HR-like necrosis (Figure 5.1) but previous work on the close relative
Sinapis arvensis showed that eggs of P. rapae and P. brassicae strongly induced HR-like
necrosis (Griese et al., 2020).

For the model species A. thaliana, a few accessions other than the ones included in
this study did show a chlorosis and/or some necrosis to P. brassicae eggs (Reymond,
2013; Groux et al., 2020). For half of the tested species here, only one genotype was
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tested, increasing the likelihood of selecting only nonresponsive ones (Fig. 5.1a; Table
5.A.1). Some plant species and accessions might have lost the ability to express HR-like
necrosis, or only do so rarely. Those plants may be less frequently used as host plants
for pierid butterflies, for example because of a phenological mismatch between the plant
species and its potential specialist herbivores. This mismatch can be especially true for
species belonging to Lineage I and III. For example, in central Europe A. thaliana is
usually not attacked by pierid butterflies, as it is rather small and usually completes
its life-cycle before pierid caterpillars could develop on the plant (Harvey et al., 2007).
Notably, A. cardamines was observed to deposit eggs on A. thaliana in North Sweden
where both life cycles briefly overlap (Wiklund and Friberg, 2009). Yet, P. rapae eggs
did not induce a leaf necrosis lowering Pieris egg survival on Swedish accessions of
A. thaliana (Figure 5.3d), neither did we observe a visible necrosis on the commonly
used genotype Col-0 in our experiments when using P. brassicae egg wash (Figure 5.1,
table 5.A.5). The observed variation in HR-like necrosis between genotypes of the
same species suggests that expression of this trait might have negative effects on plant
fitness and only evolves with high herbivore pressure. Alternatively, variability in a
defence trait might in itself be defensive as postulated by the moving-target strategy to
counteract the development of efficient plant defensive responses by herbivores (Adler
and Karban, 1994). Phenotypic variation in HR-like necrosis to eggs was previously
suggested to be part of such a moving-target game (Hilker and Fatouros, 2015).

Counteradaptations of brassicaceous-feeding Pierinae species Previous work has
shown that the NSP glucosinolate detoxification gene was a key innovation in the an-
cestral Pierinae enabling them to shift host plant from Fabaceae to Brassicaceae (Edger
et al., 2015). Interestingly, induction of a strong, egg-killing HR-like necrosis and high
levels of PR1 gene expression seem to be specific to Pieris (Pierini) and Anthocaris (An-
thocharidini) species belonging to the Pierinae subfamily that colonized the Brassicales
some 50 Myr ago (Wheat et al., 2007). We suggest that this may be a counteradaptation
of some brassicaceous plants to the nitrile-specifier genes that evolved in the Pierinae.
Because those nitrile-specifier genes detoxify glucosinolates and enabled butterflies of
those lineages to conquer the Brassicaceae, a new and separate plant defence mechan-
ism might have evolved. Reciprocally, pierid butterflies also may have found ways to
counteradapt to the egg-killing HR-like necrosis.
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Molecular and cellular responses to insect eggs When the response to Pieris eggs
was first described in B. nigra some 30 years ago (Shapiro and DeVay, 1987), the induc-
tion of cell death was only known from biotrophic pathogens, whose spread is limited
by the death of cells. It is now clear that cell death is a common phenomenon with
many different causes, that can be induced by several different biotic interactors, includ-
ing insects and nematodes (Balint-Kurti, 2019). In our study, we found that HR-like
cell death is induced in the Brassiceae tribe by P. brassicae egg wash, and in B. nigra

by all Pierinae species tested. To understand if the mechanism of this response is shared
between these different plant species, and in response to the different butterfly species,
detailed knowledge on the molecular responses to eggs, genes that are involved in the
detection and recognition, and elicitors of the response are required. An in-depth mo-
lecular characterization of the Pierinae egg-induced HR-like necrosis compared to other
microbial-induced HR goes beyond the aim of this study. Nevertheless, we have at-
tempted to start with a description of the molecular response to insect eggs by studying
trypan blue-stained cell death and accumulation of reactive oxygen species (ROS) in
three plant species, and PR1 expression in B. nigra towards nine insect species. In
this study, ROS accumulation and cell death were induced in all plant species tested,
whereas the strong HR-like necrosis and high PR1 expression was specific to B. nigra

and to Pierinae insect species. It is possible that also in other species and accessions in
the Brassicaceae that we have not investigated closely, a general immune response lack-
ing a strong cell death is activated by Pieris eggs, as was shown for A. thaliana (Col-0)
(Gouhier-Darimont et al., 2013; Gouhier-Darimont et al., 2019; Stahl et al., 2020; Valsa-
makis et al., 2020). Our data suggest that the strong HR-like necrosis is always accom-
panied by ROS and high PR1 expression. However, because our histochemical stainings
involved only three plant species (B. nigra, B. oleracea, C. hispanica), our observations
may have been confounded with possible plant interspecific variation in the H2O2 and
cell death-inducing pathways. To understand whether the different species in which P.

brassicae egg wash induce cell death share the same or similar mechanisms, requires
the identification of genes involved in egg detection and downstream defence response
activation in the responsive plant species identified in this study. At the moment, we are
undertaking genetic studies to identify putative plant receptors required for perception
of Pieris eggs in different Brassica spp.
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Elicitor of HR-like specific to Pierinae eggs Although induction of strong HR-like
necrosis and high levels of PR1 gene expression in B. nigra was specific to Pieris and
Anthocharis species, neither the non-Pierinae butterflies nor the moth species tested in-
duced a strong HR-like necrosis on B. nigra (Figs 5.1, 5.2; Table 5.A.6). This suggests
that the elicitor for HR-like necrosis is one or several molecules found only in Pierinae
eggs, rather than a general molecule present in (all) butterfly eggs. The differences in the
severity of HR-like necrosis elicitation between different Pierinae species could either
be caused by quantitative differences of these elicitor(s), or by changes in their chem-
ical composition. In A. thaliana, eggs from distantly related insect species were recently
shown to release phosphatidylcholines (PCs) that induce a general immune response (i.e.
pattern-triggered immunity) involving salicylic acid and H2O2 accumulation (Little et
al., 2007; Gouhier-Darimont et al., 2013; Gouhier-Darimont et al., 2019; Stahl et al.,
2020). A lectin receptor kinase, LecRK-I.8, might be involved in early perception of
eggs from two widely divergent species, P. brassicae and Spodoptera littoralis (Gouhier-
Darimont et al., 2019). Interestingly, low PR1 expression was induced by egg wash of
Coliadinae butterflies and P. xylostella in B. nigra also in our experiments. These results
support a model where a general egg molecule (PCs) is detected by many plants (includ-
ing A. thaliana and B. nigra) and a Pierinae-specific egg-associated molecular pattern
(EAMP) may be detected specifically by the Brassiceae tribe. This would be similar
to the detection of microbe-associated molecular patterns (MAMPs) by the plant im-
mune system (van der Burgh and Joosten, 2019). An exciting next step would be the
identification of the Pierinae-specific elicitor(s). Currently, we are analysing the chem-
ical composition of egg wash from different butterfly species to identify the compounds
inducing HR-like necrosis.

In conclusion, our findings demonstrate that various Brassicaceae plants can mount
defences against insect eggs and that these might be under similar selective pressures
as plant defences against feeding insects. A coevolutionary arms race between Pieris

butterfly eggs and plant species within the Brassiceae clade as well as species within the
sister clade Aethionema is likely to have occurred. These plants make use of necrotic
lesions to lower egg survival and in this way might have evolved a new mechanism,
possibly co-opted from pre-existing plant immunity mechanisms, to combat eggs of
specialist herbivores adapted to their host plants’ toxins.
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Material and Methods

Plants and insects For our study, we obtained seeds of thirty-one species in the Brassi-
cales (28 Brassicaceae and 3 Cleomaceae), from various sources. For each plant species,
between one and eleven accessions were grown (Table 5.A.1). Per accession, between
three and seventeen plants were treated with egg wash to assess elicitation of a HR-
like response by Pieris brassicae. Brassica nigra plants were used to assess elicitation
of the HR-like necrosis by different butterfly species. Finally, egg-killing was tested
for six plant species. In preliminary trials, plant species with unknown developmental
times were grown to assess their germination and flowering after sowing. Then, plants
were sown in a scheme to ensure that they had reached similar life stages (i.e. vegetative
growth) when used for experiments. Therefore, plants were between three and six weeks
old when being treated with butterfly eggs or egg wash. I order to assess the occurrence
of HR-like necrosis across the selected Brassicales species, we used a wash of Pieris

brassicae eggs. To assess induction of HR-like necrosis on B. nigra plants, we used egg
deposition by different butterfly/moth species and populations (for details, see Methods
5.A1 and Table 5.A.2).

Egg wash preparation Not all butterflies and moths used in this study naturally de-
posit eggs on all plant species that were selected. In order to be able to test those species
and screen a large number of plants efficiently, we developed a method to prepare an
egg wash that can be used to mimic oviposition as plant treatment. The development
and testing of this method will be submitted elsewhere. We showed that there is no
difference in the symptoms induced on B. nigra leaves between eggs and egg wash of
P. brassicae (Caarls et al., 2021). For this method, female butterflies of P. brassicae,
P. rapae or P. napi, and M. brassicae moths were persuaded to lay eggs on paper that
was pinned to the underside of a leaf. Wash from Aglais io, A. cardamines, A. crataegi,
Colias spp., G. rhamni,and L. sinapis eggs was made by carefully removing eggs from
leaves or inflorescences. Collected eggs were counted and washed overnight in MES
buffer. Concentrations of the egg washes we re adjusted based on the size of the eggs
used (for details see Methods 5.A2).
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Phenotyping of HR-like necrosis on Brassicales species Experiments were carried
out in a greenhouse compartment (22 – 27 ◦C, RH: 50–90%, 16 h : 8 h, light : dark). For
the screening of thirty-one Brassicales plant species, 5 µl of P. brassicae egg wash was
pipetted on a fully mature leaf (the third or fourth leaf from the top) of each plant. An-
other fully matured leaf (the third or fourth from the top) received pure water containing
Tween20 as a control. After four days, leaf disks were harvested of the area where egg
wash had been applied using a 1 cm cork borer and put in a rectangular Petri dish with
wet blue filter paper. Pictures were taken using a Dino-Lite digital microscope (AnMo
Electronics Corporation). These pictures were visually scored for expression of HR-like
necrosis (see below).

Elicitation of HR-like necrosis by diverse Pieridae species Female butterflies of P.

brassicae (two populations), P. napi and P. rapae (two populations) were allowed to lay
between five to ten eggs on two different B. nigra accessions (SF19 and SF48) (Table
5.A.1) (Griese et al., 2017). A. io, A. cardamines, Colias sp. and G. rhamni egg wash
was tested on both B. nigra accessions. A. crataegi, L. sinapis, P. mannii, M. brassicae

and P. xylostella wash was tested on B. nigra accession SF48. After 4 d, HR-like nec-
rosis was scored using a scoring system previously described by Griese et al. (2017).

Pathogenesis-related protein 1 (PR1) gene expression by diverse butterfly and moth
species In order to measure PR1 gene expression, 10 µl egg wash of P. rapae, P. mannii,
A. crataegi, A. cardamines, G. rhamni, Colias spp., M. brassicae and P. xylostella was
pipetted on the abaxial side of 20 B. nigra (SF48) leaves per butterfly/moth species ex-
cept for P. xylostella where egg wash for six plants was available. After 24 h, two 6 mm
diameter leaf disks were taken from egg wash application site and snap frozen in liquid
nitrogen. PR1 transcript levels were measured on 5 biological replicates composed of
4 pooled individual plants. RNA isolation according to (Oñate-Sánchez and Vicente-
Carbajosa, 2008), real-time quantitative PCR analysis and primers are described in de-
tail in Methods 5.A3 and Table 5.A.3.

Histochemical staining Pieris brassicae females were allowed to lay two egg clutches
of 5–20 eggs on a single leaf per plant. From every plant, one clutch was used for
histochemical staining (H2O2 or cell death) whereas the other one was used to score the
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necrotic leaf area. Samples were taken at 48, 72 or 96 h after oviposition by taking a
10 mm diameter leaf disc around the egg clutch.(for details, see Methods 5.A4).

Pieris spp. egg survival on HR-like expressing plants under greenhouse condi-
tion Experiments were done under long-day greenhouse conditions (21 ± 5 ◦C, RH:
45–70%, 16 h : 8 h, light : dark) for B. nigra, B. napus, B. olerace, B. rapa and C.

hispanica. Pieris brassicae females were manipulated to lay five to fifteen separated
eggs (i.e. not touching each other) on all lines previously used in the screening of
Brassicaceae species. The number of hatching and non-hatching eggs were counted
to measure egg survival rates. Previously, P. brassicae egg survival was only affected
when eggs were laid singly, not touching each other (Griese et al., 2017). The eggs were
left on the plant and four days after oviposition HR-like necrosis was scored as present
or absent. Egg survival on Arabidopsis thaliana, plants were reared under short-day
greenhouse conditions (21 ± 4 ◦C, RH: 70%, 16 h : 8 h, light : dark) to control for fast
flowering. Seeds from 36 different Swedish accessions of A. thaliana were obtained
from the HapMap population (http://bergelson.uchicago.edu/wp-content/uploads/2015/
04/Justins-360-lines.xls). Pieris rapae females were allowed to lay a single egg on one
leaf per plant according their natural behaviour. After five days, survival of eggs was
noted by counting the number of hatched caterpillars.

Pieris spp. egg survival assessed by field survey It has been shown that HR-like nec-
rosis has weaker effects on egg survival under glasshouse than under natural conditions
(Fatouros et al., 2014). A survey was conducted to record survival of P. rapae and P.

napi eggs on B. nigra plants from a natural population (for details, see Fatouros et al.
(2014), and Methods 5.A5).

Phylogenetic trees of Brassicales and Pieridae species We used a consensus tree
based by two recent studies (Huang et al., 2015; Guo et al., 2017) to place our tested
Brassicales species accordingly. Both studies analyzed representatives of the three dis-
tinct linages of the core Brassicaceae clade and the first-branching Aethionema and the
outgroup Cleomaceae (For details see Methods 5.A6 and Table 5.A.4).

We mapped the HR-like necrosis induced by the tested butterfly species according
to two recent studies: a phylogenomic analysis of Lepidoptera (Kawahara et al., 2019)
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and phylogenetic analysis of the Papiolionoidea (Wiemers et al., 2020). The first study
contained 994 taxa, whereas the second analyzed 496 extant butterfly species in Europe
using mitochondrial gene COI and ≤ 11 nuclear gene fragments. The European butter-
flies used were split in 12 subclades. The Pieridae were considered as a single clade and
the Nymphalidae divided into seven subclades (Wiemers et al., 2020).

Statistical analysis Statistical analyses were done using R (R Core Team, 2016). For
the screening of plant accessions, contingency tables and χ2-tests were used to determ-
ine which plant species/genotypes significantly expressed HR-like necrosis after egg
wash treatment compared to the control treatment. The contingency tables for the χ2-
tests were constructed with: the number of egg wash-treated leaves expressing HR-like
necrosis; the number of egg wash-treated leaves not expressing HR-like necrosis; the
number of control wash-treated leaves expressing HR-like necrosis; and the number of
control wash-treated leaves not expressing HR-like necrosis. With this set-up, all plant
accessions within each plant species were tested independently.

Egg survival was analysed using binomial generalized linear models (GLMs) in which
first all variables (plant species, flowering state, HR expression and all interactions
between the factors) were used. Based on Akaike information criterions (AICs), unne-
cessary variables were removed to obtain a more parsimonious model (plant species, HR
expression and interaction). Subsequently, EMMEANS test (R package EMMEANS)
or Mann-Whitney-U tests were performed as post-hoc tests.

Differences in induction of HR-like necrosis by different butterflies were tested using
binomial GLMs and, to test differences in strength, GLMs with Poisson distribution.
Dunn tests with Bonferroni-Holm correction were used as post-hoc tests. For difference
in HR-severity Kruskal-Wallis followed by post-hoc Wilcoxon Rank Sum test with Ben-
jamini & Hochberg correction were performed.

Quantification of HR-like necrosis and histochemical staining for each plant species
were compared with a Student’s t-test. Difference in HR-like necrotic area between
plant species was analysed with ANOVA, followed by Tukey post-hoc test with Benjamini-
Hochberg correction. Gene expression of PR1 was analysed using Kruskal-Wallis fol-
lowed by post-hoc Wilcoxon Rank Sum test with Benjamini-Hochberg correction. For
all the statistical analysis involving comparison of mean values (egg survival, histochem-
ical staining, gene expression), the choice of parametric or non-parametric methods was
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motivated after checking the assumptions of normality (Shapiro-Wilk normality test)
and homogeneity of variances (Fligner-Killeen test) on the raw data.
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Methods S1: Butterflies and moths Two populations of P. brassicae L., P. napi L.
and P. rapae L. were tested (Table 5.A.2).Furthermore, we tested egg wash from one
population of P. mannii Mayer, three populations of Anthochariscardamines L., one
population of Aporia crataegi L., one population of Leptidea sinapis L., one popula-
tion of Gonepteryx rhamni L. and Aglais io L. (Lepidoptera: Nymphalidae), and two
moths species Plutella xylostella L. (Lepidoptera: Plutellidae) and Mamestra brassicae

L. (Lepidoptera: Noctuidae) (Table 5.A.2). Finally, survival was measured for eggs of
P. brassicae, P. napi and P. rapae. Pieris brassicae, M. brassicae and P. xylostella were
reared on Brussels sprouts (B. oleracea var. gemmifera cv. Cyrus) in a climatized room
(21 ± 1 ◦C, 50–70% RH, LD 16:8). Pieris mannii, P. napi, and P. rapae were collec-
ted outside and reared in a greenhouse (21 ± 4 ◦C, 60–80% RH, LD 16:8), either on
flowering Iberis spp. plants (P. mannii) or Brussels sprouts. One population of A. car-

damines was obtained from thebutterfly farm Farma Motyli Zielona Dolina (Babidół,
Poland) as hibernating pupae. Hibernation was broken by storing the pupae at 4 ◦C in a
cold storage room for five months and another month outdoors. After hibernation, the
butterflies were kept in a greenhouse compartment (18 ± 2 ◦C, 50–60% RH, LD 16:8)
with flowering Cardamine hirsuta and Sisymbrium irio plants to obtain eggs. Aglais io

butterflies were kept in cages outside (May to June 2018) with cuttings of Urtica sp.
plants on which they oviposited. Eggs and/or adults of A. cardamines, Colias spp. and
G. rhamni were also collected outdoors (for locations see Table 5.A.2); adults were re-
leased again when sufficient egg depositions were obtained. Aporia crataegi eggs were
obtained from Worldwide Butterflies, UK (https://www.wwb.co.uk/). Leptidea sinapis

eggs were obtained from a population collected in Sweden (Table 5.A.2). P. brassicae,
A. crataegi, A. io, M. brassicae and P. xylostella lay egg clutches, P. napi sometimes
lays eggs in small groups, while A. cardamines, Colias spp., G. rhamni, L. sinapis, P.

mannii and P. rapae lay single eggs.
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Methods S2:Preparation of egg wash The concentrations of the egg washes was ad-
justed based on the size of the eggs used: from 200 eggs per ml for Pieridae to 1000
eggs per ml for A. io (compare database on egg size from more than 10.000 insect
species: https://shchurch.github.io/dataviz/index.html). To test the amount of eggs re-
quired, we performed an pilot experiment with B. nigra and different concentrations of
eggs. With an egg wash of 200 eggs per ml B. nigra consistently responded with strong
HR-like response. This was the concentration used to test Pieridae eggs. To wash smal-
ler eggs (P. xylostella, A. io), a concentration of 1000 eggs per ml was used.To screen
the Brassicales species, P. brassicae wash was made in purified water (Millipore) and
Tween20 was added at a 0.01% concentration to improve distribution of the egg wash
drops onto the waxy leaves of some species. To assess HR-elicitation by other butter-
fly and moth species, eggs were washed in MES buffer. As controls, paper alone, or
Urtica sp. leaves (A. io), a mixture of C. hirsuta and S. irio inflorescence stems (A.

cardamines), leaves of Rhamnus frangula L. (G. rhamni), and inflorescence stems of
Iberis spp. (P. mannii), paper (M. brassicae) or parafilm (P. xylostella) were washed in
the same manner. Eggs and leaves were kept in the solution overnight, after which the
supernatant without eggs was pipetted off and stored at −20 ◦C. As these egg washes
were tested on B. nigra plants, of which the leaves do not have a wax layer,no Tween20
was added to the washes.

Methods S3: RNA isolation and Real time qPCR analysis of PR1 genes 1 µg of
RNA was reverse-transcribed into cDNA using Bioline’s SensiFAST cDNA synthesis
kit (BIO-65054) in a 20 µl reaction volume according to the manufacturer’s instructions
and subsequently diluted 8 × in nuclease free water. Real time qPCR reactions were
performed using Bioline’s SensiFAST SYBR No-ROX Kit (BIO-98050) in 10 µl reac-
tion volumes, containing 3 µl cDNA and 500 nM of each gene-specific primer (Table
5.A.3) on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad). The following
PCR program was used for all PCR reactions: 95 ◦C for 2 min followed by 40 cycles
of 95 ◦C for 5 s; annealing temperature for 5 s and 72 ◦C for 10 s, with data collection
at 72 ◦C. To check for unspecific PCR products the reactions were followed by a melt
curve analysis. ∆∆Cq values were calculated using the Cq values of the untreated plants
and normalising using the Cq values of the reference genes GAPDH and ACT-2.
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Methods S4: Histochemical staining H2O2 accumulation was measured at 48 h with
3,3’-diaminobenzidine (DAB; Sigma) as previously described by Daudi and O’Brien
2012. Cell death accumulation was measured at 72 h with trypan blue (TB, Sigma) as
previously described by Fernández-Bautista et al. 2016. Samples taken at 96 h were
used to assess the egg-induced necrosis by carefully removing the eggs from the leaf
disc. Leaf discs with or without eggs and after histochemical staining were imaged
with a Dino-Lite digital microscope (AnMo Electronics, Taiwan).Pictures were ana-
lysed with Fiji (ImageJ 1.52p) using the plugin Trainable WEKA Segmentation v3.2.34
(Arganda-Carreras et al., 2017) with a customized script to measure the stained or the
necrotic leaf area in mm (Bassetti et al., 2021).

Methods S5: Pieris spp. egg survival assessed by field survey The survey was con-
ducted at a B. nigra patch along the River Rhine in Wageningen (Steenfabriek), The
Netherlands (coordinates: 51.96◦N, 5.68◦E) in one season and one butterfly generation
(August–September 2017). The total area monitored was approximately 100 m2 con-
sisting of ∼1000 plants. Plants were monitored for eggs at the edges of a patch or on
isolated growing plants so that not all∼1000 plants were monitored. Leaves with Pieris

eggs were collected and checked for the presence of a HR-like necrotic zone on the leaf.
After collection, leaves with eggs were kept in Petri dishes in a climate chamber (25 ±
1 ◦C, 50–70% RH, LD 16:8) until caterpillars emerged. All hatched and dead eggs were
recorded.

Methods S6: Phylogenetic tree construction of Brassicales We used the established
three-linage classification when planning and conducting our experiments. As some spe-
cies and genera used in our experiment were not present in neither of the aforementioned
studies, we established their relationships with other included species by calculating
our own phylogenetic tree using DNA sequences of two chloroplast markers (rbcLand
matK) and one nuclear genome marker (ITS2). The sequences were obtained from the
BOLD system website (ID numbers see Table 5.A.4) (Ratnasingham and Herbert, 2007).
The phylogenetic tree was inferred under maximum likelihood using RaxML v 8.2.4
(GTR+GAMMA, random seed and 1000 bootstrap pseudo-replicates) on the CIPRES
science gateway (Miller et al., 2010; Stamatakis, 2014). The three Cleomaceae species
were used as outgroups for the phylogenetic tree.
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Table 5.A.2: Origin of natural and reared butterfly populations used in the study.

Butterfly species Population Origin GPS

Aglais io PL Butterfly farm in Ba-
bidół

54.2617◦N, 18.4418◦E

Anthocharis cardamines FR Ban-de-Laveline,
Voges

48.2453◦N, 7.0661◦E

FR Gorges du Segre 42.4408◦N, 2.0803◦E
PL Butterfly farm in Ba-

bidół
54.2617◦N, 18.4418◦E

Aporia crataegi UK Worldwide Butterflies
Colias sp. FR Montgenevre, Alpes 44.5533◦N, 6.4130◦E
Gonepteryx rhamni NL North-East Wagenin-

gen
51.9864◦N, 5.6797◦E

Leptidea sinapis SE Fiby 59.5408◦N, 17.2131◦E
Mamestra brassicae NL Laboratory of Entomo-

logy, Wageningen Uni-
versity

Pieris brassicae NL Laboratory of Entomo-
logy, Wageningen Uni-
versity

51.9865◦N, 5.6634◦E

PL Butterfly farm in Ba-
bidół

54.2617◦N, 18.4418◦E

Pieris napi NL River Rhine, Wagenin-
gen

51.9607◦N, 5.6799◦E

FR Estagel, Pyrenees-
Oriental

42.7724◦N, 2.6996◦E

Pieris rapae NL River Rhine, Wagenin-
gen

51.9607◦N, 5.6799◦E

FR Estagel, Pyrenees-
Oriental

42.7724◦N, 2.6996◦E

Pieris mannii NL Wageningen 51.9705◦N, 5.6766◦E
Plutella xylostella NL Laboratory of Entomo-

logy, Wageningen Uni-
versity
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Table 5.A.3: Primer sequences and annealing temperature used in PR-1 qPCR

Gene Forward (5’ to 3’) Reverse (5’ to 3’) Annealing Temperature (◦C)

PR-1 CGCCGACGGACTAA
GAGGCG

ACACCTCGCTTTGCC
ACATCCA

60

GAPDH GGAGCTGCCAAGGC
TGTCGG

CCTTCAGATTCCTCC
TTGATAGCC

64

ACT-2 ACATTGTGCTCAGT
GGTGGA

TCTGCTGGAATGTGC
TGAGG

62
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Chapter 5 Coadaptation of HR-like necrosis

Table 5.A.5: Summary of HR-like necrosis induced by P. brassicae egg wash in different
Brassicaceae and Cleomaceae species. N indicates the number of treated plants for each species;
HR frequency indicates the portion of treated plants showing HR-like necrosis. The order is
alphabetical and does not reflect species relationships. χ2 and P-values were generated by
Chi-square tests (P < 0.05 in bold).

Plant species Genotype N treated Fraction HR χ2 P

Aethionema arabicum 84-56-1 6 0.33 0.6 0.44
84-56-2 10 0.5 4.27 0.04
84-58 15 0.6 10.16 0.001
Cyp 13 0.31 2.66 0.1

KE3873 5 0 0 1
KE3926OT-01 6 0.33 0.6 0.44

Tur 6 0.17 0
Aethionema carneum 3 1 2.67 0.1
Arabidopsis thaliana Col-0 16 0 0
Arabis alpina ARA 9 0.11 0

ARAB1 14 0.14 0.54 0.46
ARAB2 15 0.07 0
ARAB3 13 0.08 0

DOR 19 0 0
PAJ 20 0 0
STY 16 0.1 0.002 0.96
TOT 16 0 0
WCA 20 0 0

Bertero incana – 16 0.07 0 1
Boechra stricta LTM2 10 0 0 1
Brassica napus 4113 7 0.86 8.14 0.004

4115 14 0.43 5.3 0.02
BRA1679 17 0.76 17.93 < 0.001

continued on next page
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continued from previous page

Plant species Genotype N treated Fraction HR χ2 P

CR185 12 0.25 1.52 0.22
CR3195 15 0.86 18.54 < 0.001
CR3197 16 0.44 6.58 0.01
CR578 15 0.87 19.55 < 0.001
CR671 13 0.54 7.04 0.008
CR807 9 0.56 4.43 0.035
CR993 11 0.42 4.04 0.04

Brassica nigra SF19 8 0.63 2.4 0.12
SF48 6 0.83 5.49 0.02

Brassica oleracea K34-3 14 0.38 4.31 0.04
OH30-3 16 0.375 5.13 0.02
14027 10 0.4 2.81 0.09
W53-4 15 0.2 1.48 0.22

Brassica rapa RC144 6 0.17 0
R-o-18 13 0.15 0.54 0.46

Cakile maritima KM05-0093-10 3 0 0
Capsella grandiflora CAPS3 18 0 0
Capsella rubella CAPS2 11 0.09 0
Caulanthus amplexicaulus CAB 3 0.33 0
Cleome gynandra gyn100.1 12 0.25 1.52 0.22

GYN2 9 0.11 0
INC-06-01 4 0.5 0.67 0.41

ODS-15-002 11 0 0
TOT-8889 6 0 0
TOT-8892 14 0.08 0.001 0.97
TOT-8917 10 0 0

Cleome violaceae JH-HB813 13 0.07 0.001 0.97
Crambe hispanica CR2569 13 0.85 15.76 < 0.001

continued on next page
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continued from previous page

Plant species Genotype N treated Fraction HR χ2 P

CR2571 7 0.86 7.29 0.007
CR2572 2 0 0
CR2573 14 0.57 8.58 0.003
CR2574 15 0.87 20.46 < 0.001
CR2578 14 0.77 13.16 < 0.001

USDA388853 13 0.69 10.88 < 0.001
Descurainia sophiades BGH-01 15 0 0

DES1 16 0 0
DES2 6 0 0
DES3 16 0.06 0

Descurainia tetraploid – 8 0 0
Diptychocarpus strictus 05-0397-10-00 8 0 0
Eruca vesicaria USDA-PI6333218 4 0.25 0
Euclidium syriacum GC-0587-68 15 0.07 0
Iberis amara IBE1 13 0 0

IBE11 8 0 0
Isatis tinctoria – 15 0.07 0
Lepidium sativum LEP40 15 0 0

LEP46 13 0 0
LEP51 16 0.06 0
LEP54 13 0 0
LEP56 15 0 0
LEP57 15 0 0
LEP61 14 0.06 0
LEP62 14 0 0
LEP63 15 0 0
LEP64 16 0 0

MK2003-169 14 0 0

continued on next page
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continued from previous page

Plant species Genotype N treated Fraction HR χ2 P

Lunaria annua – 16 0.29 3.75 0.05
MK2006-705 5 0.4 0.63 0.43

Malcomia maritima MK2005-111 14 0.07 0
Rorippa islandica GC2006-89 16 0.1 0
Sinapis alba – 16 0 0

GC0560-79 16 0 0
Sisymbrium irio KM88-34-00-20-14 8 0 0

SIS16 11 0.09 0
SIS4 8 0 0

Tarenaya hassleriana 1100 4 0 0
Thlaspi arvense GC1211-67 16 0.13 0.53 0.47
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Table 5.A.6: HR- like necrosis (score ranging from 0 to 3) expressed by B. nigra plants elicited by
different butterfly species. Plants in which the eggs or egg wash tested did induce a HR-like
necrosis (HR+) and plants in which they did not (HR-) are counted. SE is given in ‘()’ after values.
Different letters indicate significant differences (different when P < 0.025) between butterfly
species, Dunn-test, Bonferroni Holm corrected.

Butterfly species HR severity HR+ HR- HR frequency

Aglais io 0 (0) b 0 40 0 (0) b
Anthocharis cardamines 1.63 (0.10) a 61 5 0.92 (0.03) a
Colias spp. 0.67 (0.10) ab 4 5 0.56 (0.18) a
Gonepteryx rhamni 1.11 (0.33) a 8 10 0.44 (0.12) c
Pieris brassicae 1.69 (0.13) a 53 12 0.82 (0.05) a
Pieris mannii 2.14 (0.40) ac 6 1 0.86 (0.14) ac
Pieris napi 2.46 (0.16) c 33 4 0.89 (0.05) a
Pieris rapae 1.64 (0.15) a 42 14 0.75 (0.06) ac

Table 5.A.7: HR- like necrosis (score ranging from 0 to 3) expressed by B. nigra plants elicited by
different butterfly and moth species. Shown are mean score and standard error. SE is given in ‘()’
after values. Letters denote differences in HR severity (Wilcoxon, P < 0.05). Number of plants on
which the eggs or egg wash was induced a HR-like necrosis (HR+) and plants in which they did not
(HR-) were counted and HR frequency calculated. Different letters indicate significant differences
between species (EMMEANS test).

Butterfly species HR severity HR+ HR- HR frequency

Anthocharis cardamines 1.55 (0.04) b 13 7 0.65 ab
Aporia crataegi 1.10 (0.05) bc 11 9 0.55 ab
Colias spp. 0.60 (0.04) cd 6 14 0.30 b
Gonepteryx rhamni 0.31 (0.03) d 2 17 0.11 b
Leptidea sinapis 0.70 (0.10) bcd 2 8 0.20 b
Mamestra brassicae 0.36 (0.04) d 3 16 0.16 b
Pieris mannii 2.95 (0.01) a 18 0 1.00 a
Pieris rapae 2.88 (0.01) a 18 0 1.00 a
Plutella xylostella 0.00 (0.00) d 0 6 0.00 b
Control (MES buffer) 0.21 (0.03) d 2 19 0.10 b
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5.A Supplementary material

Table 5.A.8: Relative expression of PR1 gene upon treatment with egg wash of different
butterflies/moths and MES buffer as control. N indicates biological replicates (average of 4 pooled
plants), PR1 relative expression is represented by median ± SE. Letters denote differences in mean
transcript levels between different treatments (Kruskal-Wallis rank sum test followed by Dunn‘s
multiple comparison test, P < 0.05, performed on log -transformed data).

Butterfly species N PR1 relative expression

Anthocharis cardamines 5 328.9 ± 51.6 b
Aporia crataegi 5 27.9 ± 9.3 bc
Colias spp. 4 19.44 ± 7.6 cd
Gonepteryx rhamni 5 5.86 ± 12.6 c
Mamestra brassicae 5 5.04 ± 0.9 d
Pieris mannii 4 2134.2 ± 239.1 a
Pieris rapae 5 1229.3 ± 159.5 a
Plutella xylostella 4 15.6 ± 7.3 d
Control (MES buffer) 5 1.1 ± 0.39 e

Table 5.A.9: Quantification of HR-like necrosis in B. nigra, B. oleracea and C. hispanica leaves
upon oviposition of P. brassicae egg clutches (10 eggs). Mean ± standard error (SE) of HR-like
necrosis in mm is presented below. Single data points are presented in Figure 5.A.2. Letters denote
differences in mean HR-like necrotic area (ANOVA followed by Tukey post-hoc test with
Benjamini-Hochberg correction, P < 0.05).

Butterfly species N PR1 relative expression

Anthocharis cardamines 5 328.9 ± 51.6 b
Aporia crataegi 5 27.9 ± 9.3 bc
Colias spp. 4 19.44 ± 7.6 cd
Gonepteryx rhamni 5 5.86 ± 12.6 c
Mamestra brassicae 5 5.04 ± 0.9 d
Pieris mannii 4 2134.2 ± 239.1 a
Pieris rapae 5 1229.3 ± 159.5 a
Plutella xylostella 4 15.6 ± 7.3 d
Control (MES buffer) 5 1.1 ± 0.39 e
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Chapter 5 Coadaptation of HR-like necrosis

Figure 5.A.1: Leaves from B. nigra treated with egg wash of different butterfly species and controls
inducing or not a HR-like necrosis. Pieris brassicae (P. b.), P. mannii, (P. m.), P. napi (P. n.), and P.
rapae (P. r.) and A. cardamines (A. c.) induce a strong HR-like necrosis. Egg wash of G. rhamni (G.
r.) and Colias sp. (C. sp.) induces a very faint response resembling a chlorosis and does not fit into
the established scoring system (faintness indicates 1 but showing up on both sides of the leaf
indicates 2). The control (buffer without eggs) does not elicit a HR-like necrosis. All egg washes
had the same concentration (200 eggs ml−1) and amount applied onto the leaf (5 µl). Two leaves
were needed as not all egg washes were available at the same time. A) and C) Abaxial side of the
leaf where the egg washes were applied onto. B) and D) Adaxial side of the leaf showing how
strong the HR-like response is on the side which was not treated with egg wash.
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5.A Supplementary material

Figure 5.A.2: Quantification of HR necrosis and histochemical staining of reactive oxygen species
and cell death in B. nigra, B. oleracea and C. hispanica leaves upon oviposition of P. brassicae egg
clutches. A) H2O2 by DAB staining, b) cell death by TB staining. A representative picture of the
staining is presented on the top right corner of each graph. Boxplots depicts 1st, 3rd quantile and
median, each dot represents a plant treated with an egg clutch (10 eggs). For each plant species N =
4 plants were used for both experiments. Asterisks denote statistically significant difference
between HR necrosis and histochemical staining (Student’s t-test, ns: not significant, * P < 0.05).
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Chapter 6 General Discussion

Introduction

The coevolutionary arms race between plants and insects has led to the development
of sophisticated plant defence and insect counter-defence strategies (Ehrlich and Raven,
1964; Futuyma and Agrawal, 2009). It has been suggested that the evolution of diverse
and new constitutive secondary defence metabolites at the dawn of angiosperm evolu-
tion has contributed to the success of flowering plants, which form the foundation of
most terrestrial ecosystems (Kubitzki and Gottlieb, 1984; Reimann et al., 2004). How-
ever, herbivorous arthropods have counteradapted in various ways such as by evolving
detoxifying enzymes to facilitate feeding (Gatehouse, 2002). Plants have responded and
enhanced their defences by evolving more sophisticated defence strategies, such as in-
duced rather than constitutively expressed chemical defences. Induced defences can be
more finely tuned by the plant to deliver the optimal defence strategy when under attack
by herbivores, while also limiting the use of resources (e.g. improved resource alloca-
tion). Furthermore, induced defences allow plants to produce the appropriate defence
only when specifically needed (Zangerl, 2003). An induction of defences is especially
important when plant defences are only effective against certain herbivores.

Different plant species use different defence strategies and even genotypes within a
species might differ in defences expressed, to maximize their fitness (Cipollini et al.,
2017). Specific plant species or plant genotypes can induce a balanced array of de-
fensive traits, such as specific mixtures of toxins and other chemicals, specifically detri-
mental for specific herbivores (Dicke and Hilker, 2003; Heil and Karban, 2010). While
the mixture of constitutive and induced chemical defences may already present a well
rounded sophisticated anti-herbivore defence, plants and herbivores do not exist alone
in the environment. Predators and parasitoids will search for and feed on herbivores,
and plants are able to recruit them in their own defensive struggles (Dicke and Sabelis,
1988; Heil, 2008; Price et al., 1980).

The aforementioned arms race between plants and herbivores is now understood to
also include interactions between plants and the predators and parasitoids of the herbi-
vores. For their multi-layered defences, plants attract, arrest and reward the enemies of
herbivores. There is a variety of such indirect defences. Beneficial arthropods that de-
fend the plant can be arrested by the food provided by extrafloral nectaries. Some plants
can also provide shelter for their defenders (e.g. domatia of Acacia trees for ants (Heil

156



6

and McKey, 2003)). Intimate interactions between plants and defenders will mainly
attract generalistic predators that can deal with a variety of herbivores.

Other more targeted approaches also exist. For example, plants can “call for help”
upon herbivore attack by releasing volatile blends that inform natural enemies about the
presence of herbivores. Specific blends can also carry information about the specific
species of herbivore, therefore specialist predators and parasitoids can be enlisted for
plant defence (McCormick et al., 2012). Especially parasitoids are often specialised
to attack only specific developmental stages of herbivores, which limits the window of
time for attack. An underappreciated but fascinating case of recognizing and defending
against a particular developmental stage is the detection of an insect egg by plants.

Significant evidence now exists of direct and indirect egg-induced defences being ubi-
quitous and that they can lower egg survival rates (Hilker and Fatouros, 2015; Fatouros
et al., 2016). Egg-induced responses are recorded for gymnosperms (Bittner et al., 2017;
Hilker and Meiners, 2002) and most angiosperm clades (Fatouros et al., 2016). To date,
there is not a coevolutionary perspective involving insect eggs and egg-induced plant
responses, especially macroevolutionary studies similar to those on secondary metabol-
ites and feeding stages of herbivores (Edger et al., 2015; Wheat et al., 2007). Therefore,
as of now it is unknown whether and how egg-killing defences shape both plant- and
insect populations over time.

Aim of the thesis and special note

The aim and originality of my thesis was to elaborate on the ecology and evolution of
plant responses to oviposition and which role egg killing might have played in the con-
tinuous arms race between plants and specialist herbivorous insects. To the best of my
knowledge, it was the first time that a macroevolutionary approach was used, to indic-
ate coevolution between butterfly eggs and their host plants. Not only did I show that
some egg-killing responses evolved in plants, but also the potential counteradaptations
of herbivorous insects to egg killing. To understand the role of egg-induced responses
in the evolution of host-plant selection, I evaluated their effect on herbivore preferences
and performances, and their effects on plant fitness. I examined the existence of natural
variation in egg-induced plant responses within a plant species, and how it affects not
only the survival of eggs and caterpillar performance on the plants but also how the
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plant responses influence the interaction with natural enemies of herbivores and con-
specific herbivore females. Finally, I looked at the prevalence of egg-killing necrosis
within a plant family (Brassicaceae) and their elicitation of egg-induced responses by
different pierid butterflies. A nymphalid butterfly (closely related to Pieridae but not
feeding on Brassicaceae) and two moth species (distantly related to Pieridae but feed-
ing on Brassicaceae) were added as outgroups. I used both laboratory and (semi-) field
studies to conduct my research.

The main questions of my thesis were: (1) How effective is the hypersensitive re-
sponse (HR)-like necrosis against eggs of the gregarious Pieris brassicae (Chapter 2)?
(2) Does variation in egg-induced responses exist within a plant species (Chapters 2 and
3) and how does this affect different trophic levels (Chapter 3)? I extended the number
of plant species and added a second Pieris butterfly species to understand (3) how egg
deposition influences preference and performance of a gregarious and a solitary Pieris

species (Chapter 4)? And finally, I expanded the collection of plants and butterflies
even more to answer (4) how widespread is HR-like necrosis among the Brassicaceae
and eggs of which butterfly species can induce it (Chapter 5)? With the results of this
thesis, our understanding of the role insect eggs play in insect-plant coevolution has
been expanded.

Note, that in two chapters, 2 and 3, I am hinting at a common-garden field experi-
ment conducted in two consecutive years (2013 and 2014). In both chapters, the results
gathered from the field take a small portion within the story of the paper. This could lead
to the mistaken impression that the field experiments were relatively small set-ups, eas-
ily done within a short period of time. However, in reality for both years, the set-up of
the field, the monitoring and data analysis took much of my time and effort. The initial
study question of the common-garden trials was to test whether egg-induced responses,
both direct and indirect, contribute to plant fitness. Sadly, the results gathered from the
field did in the end suffer from diluting effects of biotic and abiotic noise. I found small
effects of egg parasitoids that were less abundant than assumed, and HR-like necrosis
had no effect on the survival of clustered eggs. Since the treatments and plant expres-
sion of necrosis did not lead to different outcomes for herbivores, no differences in plant
fitness could be found and therefore the field work added only minor contributions to
insights obtained by this thesis. Field work will always be a valuable tool especially in
ecological research. That my common-garden experiment conducted over two summer
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seasons did not fulfil expectations is disappointing, but at least this experience can be
used as valuable experience for future field experiments being planned.

Below I link the results of my thesis with the literature on the subject. Finally, I
speculate on future directions my research can inspire.

Egg-killing a new counteradaptation in the arms race?

While toxic secondary metabolites evolved to protect plants from generalist insect herb-
ivores, specialist herbivores evolved counteradaptations, like genes encoding detoxify-
ing enzymes (Brattsten, 1991; Wittstock et al., 2004). As herbivores overcome plant
defences over time, selection pressure can bring forth plants with more, better, or novel
defences. In other words, the arms race between plants and herbivores further escalates.

The addition of more diverse glucosinolates in the Brassicaceae can be seen as an ele-
ment of such an arms race escalation (Edger et al., 2015). In some rare cases plants can
recruit a new class of chemical compounds into their defensive toolkit. The plant genus
Erysimum (Brassicaceae) evolved - next to the expected glucosinolates - cardenolides
as toxic metabolites (Jaretzky and Wilcke, 1932; Kowalewski et al., 1960) (Figure 6.1).
The novel gain of cardenolides may deter many glucosinolates-adapted Brassicaceae
specialist herbivores from feeding on Erysimum plants, even if more generalist herbi-
vores still feed on them (Züst et al., 2020). To date no specialist feeding on Erysimum

plants has been found, and especially Brassicaceae specialists do not feed on them (Züst
et al., 2020). While diversified chemical defences can be quite helpful in deterring herb-
ivores, limited resources make it difficult for plants to defend against all possible herb-
ivores. Expressing a defensive trait will come with costs in other areas such as plant
growth and ultimately fitness. However, measuring the costs of defensive traits can be
quite difficult especially in complex environments (Agrawal, 2011).
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Figure 6.1: (Previous page.) Proposed coevolutionary scheme between Brassicaceae plants and
Pieridae butterfly eggs. All Brassicaceae plants are to some extent protected from generalist
herbivores by the glucosinolate-myrosinase system. The colours of the clades indicate an
herbivore-host plant relation (co-diversification) and help to point out special adaptations and
counteradaptations. Some adaptations on the plant side further prevented specialist caterpillar
feeding. The genus Erysimum evolved cardenolides as additional defensive compounds (Züst et al.,
2020). Some plants, e.g. A. thaliana escaped phenologically from herbivory, meaning their
lifecycles do generally not overlap with the butterfly’s lifecycle. Besides phenological escape and
plant toxins, some Brassicaceae plants evolved egg-killing defences. The production of volatiles
upon oviposition to attract egg parasitoids has been shown for three Brassica plant species of the
Brassiceae tribe (Afentoulis et al., 2021; Fatouros et al., 2012) and was shown to vary within plant
species (Chapter 3), while HR-like necrosis against specialist Pieridae eggs evolved at least twice in
the Brassicaceae, in the tribes Aethionemeae and Brassiceae (indicated by HR on the phylogram)
(Chapter 5). This necrosis is specifically elicited by an elicitor found in the egg glue of species
from the subfamily Pierinae (indicated by E on the phylogram) (Chapter 5). On the herbivore side,
several counteradaptations to plant defences evolved. As specialist herbivores, some Lepidoptera
caterpillars adapted to the glucosinolates-myrosinase system by evolving NSP enzymes (Pieridae)
or sulfatase (Plutella xylostella). Butterflies of the genus Aporia do not feed on Brassicaceae but
Rosaceae, therefore circumventing Brassicaceae specific defences. Potentially to counteract
oviposition-induced defences, A. cardamines and P. mannii are both specialized to feed on Lineage
I Brassicaceae, of which tested plant species did not express HR-like necrosis (chapter 5). Together
with P. napi, A. cardamines also oviposit onto the inflorescent stem of their host plants where no
HR-like necrosis is expressed (E. Griese, N.E. Fatouros, personal observations). Pieris brassicae
lays egg clusters, an oviposition mode, which prevents egg killing by HR-like necrosis (Chapter 2).
Pieris rapae does not seem to have evolved counteradaptations to egg-killing necrosis. However, P.
rapae caterpillars showed an increased larval performance on plants expressing HR-like necrosis
(indicated by the red arrow next to the P. rapae caterpillar) (Chapter 4). It is not known whether P.
xylostella has evolved any counteradaptations to egg-induced defences of Brassicaceae (Chapter 5).

Similar to anti-feeding chemical defences, a plethora of anti-egg defences exist in
plants. Since only the 1980s, we know that responses to insect eggs are part of the
defensive toolbox of plants. Over time, different types of egg-killing responses have
been reported in many different plant families, see Figure 6.2, reviewed by Bertea et
al. (2020), Fatouros et al. (2016), Hilker and Fatouros (2015) and Hilker and Fatouros
(2016). Some egg-killing traits have so far only been reported for single plant species,
e.g. the production of ovicidal substances and the gummosis sealing (rice (Oryza sativa)
(Seino et al., 1996) and cherry (Prunus serotina) (Karban, 1983), respectively). Other
egg killing responses are more widespread over the plant kingdom. Neoplasm forma-
tion has been reported both in Fabaceae and Solanaceae (Doss et al., 1995; Doss et al.,
2000; Geuss et al., 2017; Petzold-Maxwell et al., 2011). Wound tissue growth has been
reported in the Apoxaceae, Myrtaceae and Lauraceae (Aluja et al., 2004; Desurmont
and Weston, 2011; Desurmont et al., 2021; Mazanec, 1985). Finally HR-like necrosis
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(or chlorosis with the release of reactive oxygen species) is reportedly widespread in
the plant kingdom. Fabaceae (Garza et al., 2001; Baruha et al., 2017; Das et al., 2021),
Brassicaceae (Fatouros et al., 2014; Gouhier-Darimont et al., 2019; Griese et al., 2021;
Griese et al., 2020; Griese et al., 2017; Little et al., 2007; Shapiro and DeVay, 1987),
Myrtaceae (although no egg-killing has been reported) (Oates et al., 2021), Solanaceae
(Balbyshev and Lorenzen, 1997; Geuss et al., 2017; Petzold-Maxwell et al., 2011), Apo-
cynaceae (Kalske et al., 2014), the monocotyledon family Poaceae (Yang et al., 2014),
and even in the gymnosperm family Pinaceae (Bittner et al., 2017). Interestingly, the
examples are mostly limited to crop plants or closely related species. This sampling bias
may leave high potential for more plant species with potentially new egg-killing traits
to be discovered. Direct egg-killing responses are mostly employed against specialist
herbivores, which can be assumed to be able to cope with anti-feeding plant defences
(Figure 6.2).

At the same time insect counteradaptations to those egg-induced defences have been
described (Desurmont and Weston, 2011; Griese et al., 2017). Therefore, I speculate
that a similar escalating arms race between anti-egg defences and insect eggs/gravid
females has evolved.
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Figure 6.2: Direct egg-killing defences are widespread in the plant kingdom. The phylogenetic tree
shows only plant families for which egg-killing defences could be found. The coloured circles on
the tree indicate one possible origin of each egg-killing trait. However, the small sample size of
species per plant family makes it hard to conclude anything definitive. Insect orders against which a
direct egg-killing trait has been observed are shown as silhouettes. Broadly there does not seem to
be a relation between the plant families and insect orders which they respond to. However, the
egg-killing responses are mainly expressed against specialist herbivores (filled triangles). The ‘?’
for the Myrtaceae necrosis indicates that while the release of reactive oxygen species has been
shown, no egg killing has been observed so far.
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Herbivore counteradaptations to egg-induced plant defences

For some anti-feeding arms races, the genetic basis on both sides (plants and herbivores)
has been established. Brassicaceae use as main toxic secondary metabolites glucosi-
nolates. Upon leaf damage, hydrolysis of glucosinolates by the enzyme myrosinase
leads to toxic compounds such as nitriles, thiocyanates or isothiocyanates. Two spe-
cialist detoxification mechanisms and the enzymes used for the purpose have recently
been described. Pieris butterflies detoxify hydrolysis products of glucosinolates using
nitrile-specifier proteins (NSPs) (Wittstock et al., 2004). Plutella moths on the other
hand change the chemical structure of glucosinolates, making them “unrecognizable”
for myrosinase, using glucosinolate sulfatase (Heidel-Fischer and Vogel, 2015; Ratzka
et al., 2002).

Armed with the knowledge of the genetic basis for the glucosinolate-myrosinase sys-
tem and the insect counterpart of NSPs, the arms race between the butterfly family
Pieridae and the plant order Brassicales has been beautifully shown in a macroevolu-
tionary context (Wheat et al., 2007; Edger et al., 2015). The macroevolutionary aspects
of coevolution have long been ignored (Futuyma and Agrawal, 2009). In the Pieridae-
Brassicales arms race the introduction of different and more complex glucosinolates in
the Brassicales and the evolution of different NSPs in the Pieridae could both be linked
to a shift in speciation rates (Wheat et al., 2007; Edger et al., 2015).

To demonstrate the existence of an evolutionary arms race between insect eggs and
egg-killing plant defences, as proposed in my thesis, more research is needed to validate
this hypothesis, which still is in its very early stage. So far, the phenotypic existence of
traits such as the HR-like necrosis and potential counteradaptations of Pierinae butter-
flies was demonstrated. Which receptor(s) and elicitor contribute to the trait is currently
investigated, and this will shed more light on the understanding of the evolution of in-
sect egg-induced HR-like necrosis. In Chapter 5 of this thesis, I showed that HR-like
necrosis is largely expressed in two groups of the Brassicaceae, in the tribe Brassiceae
and for the genus Aethionema. While those two groups are phylogenetically distantly
related in the Brassicaceae (Al-Shehbaz, 2012; Guo et al., 2017; Huang et al., 2015),
both are described as host plants for Pieris spp. (Réal et al., 1967; Fatouros et al., 2014;
Shapiro and DeVay, 1987; Friberg et al., 2015; Fei et al., 2014). The genus Pieris

and a closely related genus Anthocharis were also the only butterflies tested to elicit
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a strong HR-like necrosis on B. nigra plants. This two-sided specificity indicates that
this defence evolved specifically against brassicaceous-feeding pierid butterflies. These
specialist butterflies adapted to the glucosinolate defence and are even able to fine-tune
their NSP expression to the glucosinolate content of their host plant (Okamura et al.,
2019). Therefore, it might not be surprising that plants evolved different (egg-induced)
defences (Figure 6.1). Ehrlich and Raven (1964) proposed their idea of coevolution
based on the known plant toxins and butterfly taxa adapted to the plant taxa and their
toxins. Similarly, egg-induced defences and possible counteradaptations could have led
to co-diversification between butterflies and plants.

A specific elicitor only found in Pierinae egg secretions seems to induce the egg-
killing response in B. nigra plants (Caarls et al., 2021; Griese et al., 2021). Although,
I cannot be sure if the other butterflies tested would elicit necrosis on their main host
plants, I could not find any literature on necrotic responses to Pieridae eggs laid on
Rosaceae, Fabaceae or Rhamnaceae, and both my own and other observations confirm
this (Personal observation, N. E. Fatouros).

The elicitor was found to be present in the female accessory reproductive glands
(ARGs). A homogenates of ARGs from mated P. brassicae females did elicit plant re-
sponses in B. oleracea (Fatouros et al., 2015; Caarls et al., 2021). In general, the ARG
provides protein-rich secretions, the egg glue, which envelops the egg surface and helps
the butterfly to glue the egg onto the leaf surface. As such, the composition of the ARG
secretion will differ with the needs of the insect egg. Besides being used to glue eggs
to surfaces, egg secretions can provide anti-microbial protection and/or transmit sym-
bionts (Marchini et al., 1991; Flórez et al., 2017; Paniagua Voirol et al., 2018). Since
egg-induced HR-like necrosis is similar to a pathogen-induced HR, it was hypothesized
that bacteria transferred in the ARG secretion elicit the necrosis beneath the eggs (Fa-
touros, personal communication). However, the low number of bacteria found in Pieris

ARG secretions makes this unlikely (Paniagua Voirol et al., 2020). Chemical analysis
of the egg glue that dissolves in water and keeps its eliciting function after heating and
freezing, hint to a chemical (or mixture of chemicals) that is neither a lipid nor a pro-
tein (Caarls, Bassetti, Fatouros et al., unpublished data, Caarls et al. 2021). Recently,
phosphatidylcholines (PCs) were shown to play a role in P. brassicae egg-induced re-
sponses in A. thaliana (Stahl et al., 2020). These chemicals are part of cell membranes
and therefore not specific to Pierinae butterflies. Therefore, because of the elicitors spe-
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cificity to Pieris and Anthocharis eggs, I suggest that it is a chemical compound, which
the Pierinae developed after the split from the rest of the Pieridae.

Species of the other Pieridae subfamilies, like the Coliadinae and Dismorphinae did
not elicit a necrosis. With our data it is hard to conclusively reason if the expression of
HR-like necrosis in response to insect eggs is ancestral in the Brassicaceae or evolved
convergently, at least twice, in the Brassicaceae. While eggs of Aporia butterflies did
not elicit a response similar to eggs of Pieris butterflies, shifting to Rosaceae as a host
plant could have led to a loss in the elicitor. For example, in the way that the egg glue
might have had to adapt to be used on leaf surfaces of Rosaceae plants. The elicitor for
HR-like necrosis and other oviposition-induced plant responses is most likely produced
by the butterflies themselves and once found, will make further research possible.

HR-like necrosis seems to be especially widespread in the plant kingdom as an egg-
killing response. Many studies are observations and often effects on the egg survival are
not recorded or measured. Survival rates of Heliothis subflexa moth eggs on Physalis

spp. leaves were lowered by approximately 10% due to HR-like necrosis (Petzold-
Maxwell et al., 2011). Furthermore, the survival of Pieris spp. eggs can be reduced
by up to 60% on plants expressing HR-like necrosis (chapter 5), and when including
eggs being parasitized by parasitoids that are more attracted to plants expression HR-
like necrosis at the oviposition site, this reduction in survival can even increase up to
80% (Fatouros et al., 2014).

It is obvious from my thesis and previous research that HR-like necrosis can lower
egg survival (Shapiro and DeVay, 1987; Petzold-Maxwell et al., 2011; Fatouros et al.,
2014; Griese et al., 2017). Therefore, the question arises why butterfly eggs elicit such
negative responses? Why is the elicitor still present if it harms the embryos that much?
While there are no satisfying explanations yet, it can be speculated that the butterflies
simply have no choice. In order to increase their own reproductive success female in-
sects must evolve ways to circumvent or lower the effect of egg-induced plant defences.
Consequently, it is likely that different counteradaptations against egg-killing plant re-
sponses have evolved. For the Pierinae butterflies three main counter-adaptations to
egg-killing plant responses have been proposed: Egg clustering (Figure 6.3a), oviposi-
tion on inflorescences (Figure 6.3b) and a host plant shift (Figure 6.3c).
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Gregarious egg-laying as a counteradaptation to HR-like necrosis

In general, several different advantages of gregariousness in butterflies have been dis-
cussed (Stamp, 1980), but it seems that different selection pressures act in different
butterfly groups. For several butterfly species advantages for gregariously feeding lar-
vae have been shown. Hatching larvae feeding gregariously have an advantage com-
pared to artificially singly feeding larvae. Gregariously living nettle-feeding nymphalid
butterflies are able to raise their body temperature higher in sunlight compared to solit-
ary living ones (Bryant et al., 2000). A commonly held hypothesis is that aposematic
coloured larvae lead to the evolution of gregarious larvae and egg clustering (Sillén-
Tullberg, 1988). While the discussion around this topic is still ongoing, it seems in
general that most advantages proposed for gregariousness are found in the larval stage.

Protection from egg desiccation provides an alternative explanation for the origin and
maintenance of egg clustering in Lepidoptera and other insects (Stamp, 1980). Testing
the egg-desiccation hypothesis, Clark and Faeth (1998) studied the oviposition strategy
of the nymphalid butterfly Chlosyne lacinia. They measured survival of varying egg
batch sizes and egg-layering arrangements on the common sunflower (Helianthus an-

nuus) under controlled humidity levels. Both, eggs laid in larger numbers and with
greater number of layers were shown to survive better under low humidity conditions
than smaller, monolayered egg batches (Clark and Faeth, 1998).

In my thesis, I show for the first time that clustering eggs counteracts the egg-killing
effect of HR-like necrosis (Chapter 2, (Griese et al., 2017)). I compared the survival of
ten P. brassicae eggs laid as a small clutch with the survival of 10 singly laid P. brassicae

eggs. I show that P. brassicae eggs laid in clusters do not suffer higher mortality on
plants expressing HR-like necrosis. This begs the question, why are not more butterflies
using this strategy?

The reason for that could be that clustering eggs also has trade-offs. Gregariously
laid eggs and hatching caterpillars can invite cannibalism. Egg clustering also helps the
spread of infectious diseases and may provide an “all you can eat buffet” to parasitoids
and predators (Myers and Rothman, 1995). Some egg parasitoids hitchhike on gravid
females to get access to newly laid eggs (Clausen, 1976; Huigens and Fatouros, 2013).
This strategy is especially rewarding if many eggs can be found in close proximity.
Furthermore, some plant defences seem to be enhanced with larger numbers of eggs per
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plant, which is why some insects avoid oviposition on plants laden with conspecific eggs
(Bruce et al., 2010; Fatouros and Huigens, 2012; Meiners et al., 2005). These negative
consequences of egg clustering might partly explain why most butterfly species refrain
from it.

Other ways to counteract egg-killing by plants

Besides egg clustering, other ways to avoiding negative consequences of egg-killing
might have evolved, like oviposition on inflorescence or shifts to host plants that did not
evolve HR-like necrosis. As shown in Figure 6.3b, some pierid butterflies, especially
in the Anthocharini oviposit on inflorescence instead of the leaves. This enables the
hatching caterpillars to easily feed from the resource- and glucosinolate-rich flowers.
More importantly in the context of counter adaptations to plant defences, so far HR-like
necrosis has not yet been observed on inflorescence stems. This adds another benefit to
laying eggs on flower stems.

Other pierid butterflies, mainly in the genus Pontia and Euchloe might have under-
gone a host shift away from the Brassicaceae plants, which express HR-like necrosis,
towards the Resedaceae, for which such an egg-killing response has not been demon-
strated. Furthermore, some Pieris butterflies might have specialised on Brassicaceae
plants, which do not express HR-like necrosis, such as Pieris mannii that feeds on Iberis

spp., which is not part of lineage II (Beilstein et al., 2006; Nikolov et al., 2019).
So far, mainly P. rapae has been reported to suffer from egg mortality due to HR-like

necrosis under natural egg-laying conditions (Shapiro and DeVay, 1987; Fatouros et al.,
2014; Griese et al., 2021) (Chapter 3). In Chapter 3, I not only show that egg survival of
P. rapae is reduced by HR-like necrosis under greenhouse conditions, but the butterflies
actually preferred to lay eggs on plants with a high likelihood of expressing HR-like
necrosis, thus reducing the performance of their offspring.

According to the preference-performance hypothesis (PPH) or the ‘mother-knows-
best hypothesis’, ovipositing females should maximize their fitness by selecting plants
on which offspring survival will be high, thus female preferences reflect offspring per-
formances (Jaenike, 1990). Evidence in support of this hypothesis is controversial
and a number of ecological and/or life-history factors have been proposed to modify
the strength of this preference-performance relationship (Berenbaum and Feeny, 1981;
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Knolhoff and Heckel, 2014). In a meta-analysis, Gripenberg et al. (2010) showed sup-
port for the PPH when herbivore diet breath was taken into account: oligophagous
herbivores prefer good-quality plants for their offspring more than polyphagous insects.
However, other variables tested, such as egg distribution patterns, feeding by adults or
offspring mobility did not influence a positive link between preference and performance.
Hilker and Fatouros (2015) suggest that the PPH might be more often supported when
studies would include the most often neglected questions how the egg stage performs
and how plant-mediated effects of eggs affect offspring performances.

For P. rapae the negative effect that HR-like necrosis has on eggs seems to be offset
by the caterpillars feeding on plants expressing necrosis, where they gain more weight
after 7 days. Thus, I argue that in general (and certainly for the example of P. rapae)
the counteradaptation to egg-killing plant responses could be increased fitness of larvae
feeding on especially those plants killing eggs.

Conclusions and future directions

Egg-induced responses of plants are a vital part of the plants defensive toolkit and have
for a long time been underappreciated and understudied. Recently, more attention has
been paid to the ways in which recognition and responses to insect eggs may help plants
to better defend against insect attackers. The research presented in this thesis builds
upon previous research on egg-induced plant defences and helps to place it in a more
evolutionary context. It sheds new light on the interactions between specialist butterfly
eggs such as P. brassicae and Brassicaceae plants.

My results suggest that variation of egg-induced defences exist within plant species
(Chapter 2, Chapter 3 and Chapter 5) and that this variation (due to differences in volat-
iles released) affects behavioural changes of different trophic levels (Chapter 3 and
Chapter 4). This indicates that there is some trait variation within natural populations
on which natural selection can work. Furthermore, the results demonstrate that HR-like
necrosis, as an egg-killing trait, is clade-specific for Brassicaceae and its elicitation is
highly specific for Pierinae butterflies (Chapter 5). These results together with evidence
for a counteradaptation against egg-induced plant defences (Chapter 2) point towards
an ongoing arms race between host plants and specialist insect eggs.

While the results of my thesis do not clearly show an effect of oviposition-induced

170



6

defences on plant fitness in the system studied, other studies show that oviposition-
induced responses increase seed production (Pashalidou et al., 2015b; Pashalidou et al.,
2020). Egg-induced defences could potentially play an important role in crop protection
(Fatouros et al., 2016; Tamiru et al., 2015). HR-like necrosis has been demonstrated
to be effective in reducing the number of hatching caterpillars, especially under field
conditions (Griese et al., 2021; Fatouros et al., 2014). This is promising, as crops such
as cabbage, rape seed and mustard that are part of the lineage II in the Brassicaceae
express HR-like necrosis. Interestingly, in combination with OIPVs a double defence
exists for some Brassica plants, HR-like necrosis expressing plants also attract more
egg parasitoids (Afentoulis et al., 2021; Fatouros et al., 2014). A recent genome-wide
association analysis of stemborer egg-induced plant volatiles in maize identified markers
that might help breeders to select for indirect defence in maize crops (Tamiru et al.,
2020).

In a similar fashion the identification of the, as of yet, unknown elicitor located in or
on the insect egg will help further research on egg-induced responses. Light could be
shed on the receptor-genes for the elicitor in plants. On the insect side genes involved in
the production of the elicitor could be identified, as well as answering what biological
function the elicitor may serve for the insect. Using egg wash, which avoids getting
the contents of the egg mixed with the compounds on the leaf surface, the elicitor is
currently identified using HPLC and mass spectrometry. So far, a candidate class of
compounds for the elicitor is terpenes (Caarls, Bassetti, Fatouros et al., unpublished
data). Terpenes in general are produced by both plants and insects for various uses
(Beran et al., 2019). Candidate elicitor genes might encode enzymes of the terpene
synthase (TPS) gene family in the nymphalid Heliconius melpomene with mono- and
sesquiterpene synthase activities, and seem to have arisen independently from those in
other insect clades. Screening a large number of Lepidoptera species for copies of these
genes could then be used to improve the phylogenetic understanding of the origin of the
elicitor.

This research also brings up the question what the genetic mechanism is behind phen-
otypic differences in egg-induced HR-like necrosis. Recently, candidate genes were un-
covered which explain differences in plant defence inducibility by insect eggs (Groux
et al., 2020; Tamiru et al., 2020). For A. thaliana, it has been shown that a lectin receptor
kinase LecRK-I.8 is involved in the recognition of insect eggs (Gouhier-Darimont et al.,
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2013).
As more and more Brassica genomes become available, including those of B. rapa

and B. nigra (Perumal et al., 2020), finding responsive and unresponsive genotypes of
a plant species can be used as a first step to understanding the genetic basis for spe-
cific egg-induced defences, such as HR-like necrosis. Increasing the number of plant
genomes screened for fitting receptor genes will make it possible to zoom in on the
origin of the egg-killing necrosis or even to the origin of egg-induced responses in gen-
eral. Adding screenings on elicitor-producing genes in the insects, a macroevolutionary
picture of the arms race involving insect eggs will deliver a clearer picture beyond the
phenotypic one of Chapter 5 (Griese et al., 2021). Looking at egg-induced responses and
counteradaptations this thesis is a starting point of understanding egg-induced responses
in plants in an arms race scenario. As such it can inspire future research on macroevolu-
tionary questions as well as on in-depth understanding of the molecular basis for insect
egg-plant interactions.
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Summary

Since conquering the land some 400 million years ago, insects have been connected
intricately with plants. While mutualistic relationships, such as pollination, between the
two have been formed, many insects used and use plants as food sources. Thus, a co-
evolutionary arms race between plants and insect herbivores began. Plants developed
sophisticated tools to protect themselves from being eaten. Direct defences such as
mechanical barriers, toxins and low nutritional value are employed, as well as indirect
defences, whereby natural enemies of herbivores are recruited to help plants fending off
herbivores. However, especially specialist herbivores evolved many counteradaptations
such as detoxifying or sequestering mechanisms, or the ability to choose less defended
plants for oviposition and/or feeding. In this context, insect eggs could be considered a
vulnerable stage as they are stuck in place, until larvae hatch from the eggs. The time
between egg deposition and hatching of voracious larvae presents a special opportunity
for plants to get rid of the future threat. Different plant species have been shown to use
different egg-killing responses against various herbivores. Yet, so far plants and insect
eggs have not been studied in an evolutionary perspective, as feeding insects and plants
have largely been. Studying co-evolutionary interactions by considering egg killing and
counteradaptations to it, could open new ways to understand and investigate insect-plant
interactions.

Brassicaceae plants present a suitable study object to investigate egg-induced plant
responses. Brassica nigra and Arabidopsis thaliana plants are well known to show vari-
ous responses to Pieris eggs. Firstly, defence by formation of hypersensitive response-
like (HR-like) necrosis at the oviposition site was observed for Brassica nigra some
35 years ago. Secondly, priming of anti-herbivore responses by Pieris egg deposition
and subsequent effects on herbivores and higher trophic levels were recently reported.
Thirdly, oviposition-induced plant volatiles (OIPVs) are induced which attract predators
and parasitoids, and repel conspecific herbivores from oviposition. Lastly, variation of
egg-killing responses between and within plant species has been recorded. These re-

201



Summary

sponses are well documented for specific plant-insect egg pairs. However, often it is not
clear how specific the responses elicited are. Are they elicited by insect eggs in general,
or by specific species? Are they equally effective against different herbivore species?
Additionally, it is as of yet, unknown if counteradaptations of insect species to the egg-
induced plant responses in B. nigra and other Brassicaceae exist. Finally, while HR-like
necrosis is known as an egg-killing response in several, not closely related plant species,
little is known about how widespread it is in the Brassicaceae.

In this thesis, I explore egg-induced responses of B. nigra and other brassicaceous
plant species to Pieris brassicae and other pierid eggs. I focus on HR-like necrosis,
OIPVs and how egg induction changes insect behaviour and caterpillar performance.
Furthermore, I study how different plant species and plant accessions of the same spe-
cies differ in their expression of HR-like necrosis and OIPVs.

The aim of this thesis is to shed light on the ecology and evolution of lepidopteran egg-
induced responses in Brassicaceae plants by comparing responses between and within
plant species. I show how egg induction affects egg survival, caterpillar performance
and the behaviour of conspecifics and their parasitoids, and how it may vary between
different plant species and plant accessions. Additionally, I aim to provide evidence that
HR-like necrosis in the Brassicaceae is specifically elicited by pierid butterfly eggs, and
may be understood as a counteradaptation to these specialist herbivores.

Anti-herbivore responses and even anti-egg responses are well documented in the
Brassicaceae and their specialist herbivores. In the plant family Brassicaceae both crop
plants and model organisms such as A. thaliana are present. However, the first descrip-
tion of an egg-killing response in the Brassicaceae was in the wild crucifer B. nigra as a
response to Pieris egg deposition. In chapter 2, I made use of the bitrophic B. nigra-P.

brassicae system to study genotypic variation in induction of HR-like necrosis. I tested
different plant accessions for their expression of HR-like necrosis and how it affected
survival of clustered butterfly eggs. Both in greenhouse and field assays, some plant ac-
cessions expressed HR-like necrosis more frequently and more severely. Interestingly,
even severe HR-like necrosis had no effect on egg survival. This was surprising since
HR-like necrosis had previously been established as an egg-killing defence of B. nigra

against a closely related solitary Pieris species, P. rapae.
I then tested whether or not the clustering of eggs provided protection against the egg-

killing effect of HR-like necrosis. Indeed, egg mortality was higher when P. brassicae
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females were forced to lay single (non-touching) eggs instead of equally sized egg
clutches in which eggs touched each other. Egg survival was lowered by HR-like nec-
rosis for singly laid eggs. To explain this difference, I hypothesized that singly laid
eggs are more likely to die from desiccation, as more surface area is exposed to the
surrounding air. To test this hypothesis, I conducted an experiment were I showed that
under low humidity conditions survival of single eggs was lower than of clustered eggs.
Thus, I revealed not only that phenotypic variation in egg-induced plant responses of B.

nigra exists but also demonstrated that egg-clustering could be understood as a potential
counteradaptation to egg-killing plant responses.

Having proven variation in the expression of HR-like necrosis induced by clustered
P. brassicae eggs within B. nigra accessions, I continued to research variation in an-
other egg-induced trait, OIPVs and synergistic effects with HR-like necrosis. These
volatiles are so-called indirect defences, known to attract egg parasitoids and repel con-
specific herbivores. In chapter 3, I studied intraspecific variation between indirect
egg-induced responses of B. nigra and consequences for P. brassicae and its parasit-
oids. In this tritrophic system, I collected and analysed plant volatiles from both control
and P. brassicae egg-induced plants of two different plant accessions. Furthermore,
I tested the behavioural response of gravid butterflies (P. brassicae), egg parasitoids
(Trichogramma evanescens) and larval parasitoids (Cotesia glomerata) to control and
egg-induced plants of both accessions. The volatile blends of the differently treated
accessions could not be separated by a cluster analysis, but I found that the emission
of five individual compounds was induced or reduced by egg deposition. Additionally,
two more volatiles were released in differing quantities by the different plant accessions.
Both the preferences for OIPVs by egg-laying butterflies and host-foraging egg para-
sitoids were mainly influenced by egg induction rather than plant accessions. For C.

glomerata, I showed that larval parasitism rates were different between control plants
and plants previously exposed to eggs as well as between plant accessions. However,
as larval parasitism occurred at least a week later than sampling of the volatile blends,
these differences could not be linked to differences in volatile blends.

In the two previous chapters, my main focus was to study interactions between one
butterfly species (P. brassicae) and one plant species (B. nigra). While this system is
helpful for answering ecological questions, I increased the number of species to answer
more evolutionary questions. Therefore, in chapter 4, I additionally introduced a solit-

203



Summary

ary butterfly species (P. rapae) and seven more brassicaceous plant species. I tested if
the preference-performance hypothesis (PPH), according to which mothers will prefer
to deposit eggs on plants where their offspring has the best performance, holds for the
two butterfly species. In previous studies, egg induction has been neglected when testing
the PPH. I correlated oviposition preferences with the survival of eggs, and the tested
the performance of the feeding caterpillars by comparing control plants with plants pre-
viously induced by conspecific eggs. Only P. rapae showed a clear preference for some
plant species over others, while P. brassicae did not show a preference. While HR-like
necrosis lowered the survival of P. rapae eggs, females preferred to lay eggs on plant
species more prone to express HR-like necrosis. After hatching and three days of feed-
ing, caterpillar performance was not different between plant species, for neither butterfly
species. However, P. brassicae caterpillars performed significantly worse on plants pre-
viously induced by eggs than on control plants, while P. rapae caterpillars showed no
such difference. In contrast, if they fed on plants expressing HR-like necrosis to previ-
ously laid eggs, P. rapae caterpillars performed better than on plants that did not express
HR. I did not find such a difference for P. brassicae caterpillars. After seven days of feed-
ing, the performance of P. brassicae caterpillars correlated with oviposition preferences,
but only on egg-induced plants. This difference between control and egg-induced plants
was not observed for P. rapae caterpillars. In summary, I showed that egg-laying pref-
erence and offspring performance differed between the solitary and gregarious butterfly
species. More importantly, egg induction and plant responses to eggs were necessary to
fully understand preferences and performances of the two butterfly species.

After studying species-specific interactions between two Pieris species (adults, eggs
and caterpillars) and plants (and their egg-induced responses) in previous chapters, I
was interested in prevalence and specificity of the HR-like necrosis trait within the
Brassicaceae. In chapter 5, I used a phylogenetic approach to unravel the potential
co-adaptive relationship between pierid butterflies and Brassicaceae, in context of the
evolved HR-like necrosis as an egg-killing trait. I made a wash of P. brassicae eggs
to test 28 Brassicaceae and three Cleomaceae plant species for their ability to express
HR-like necrosis upon induction. Only species from the tribe Brassiceae and a plant
species of the Aethionemeae expressed HR-like necrosis. Conversely, I tested egg wash
and eggs of eight pierid and one nymphalid butterflies, as well as the cabbage-feeding
moths Plutella xylostella and Mamestra brassicae for their ability to induce HR-like
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necrosis in B. nigra plants. Eggs of Pieridae species adapted to feed on Brassicaceae
plants (belonging to the subfamily Pierinae) induced necrosis, while Pieridae species
feeding on host plants of other families, elicited a weak, chlorosis-like response. The
nymphalid butterfly and the moths did not elicit any visible responses. The expression
of the defence gene PR1 mirrored this result. PR1 expression was strongly induced
by Pieris spp. and Anthocharis cardamines, both Brassicaceae specialists, while other
Pieridae and the moths did not elicit PR1 expression or only a minor one. I also showed
that HR-like necrosis lowered survival of single Pieris eggs in the field and the green-
house, for four out of five plant species. In summary, my results suggest that eggs of
Brassicaceae-specialist Pieridae induce HR-like necrosis which reduces egg survival.
Thus, it seems some Brassicaceae evolved a trait fending off the initial step of attack
by the butterflies, the deposited eggs. However, whether there is a single origin of egg-
killing necrosis, with several losses, or at least two gains within the Brassicaceae cannot
be concluded yet.

In the general discussion (chapter 6), I expand on the idea of viewing egg-induced
plant responses in a co-evolutionary context. I show and discuss that direct egg-killing
traits can be found in many different plant taxa, including gymnosperms, monocots and
eudicots. While being widespread, only few examples in each taxon were investigated
on egg-induced plant traits. HR-like necrosis is the most ubiquitous egg-induced re-
sponse, and has been reported throughout the phylogenetic tree of plants. I discuss how
both direct and indirect plant defences can lower egg survival, and compare it to the dir-
ect and indirect plant defences against feeding insects, for which coevolution has been
demonstrated before. Furthermore, I point out several strategies employed by butterflies
to circumvent egg killing by plant responses, especially for HR-like necrosis. Lastly, I
speculate on the future direction of research on egg-induced plant responses. Unravel-
ling the, still largely unknown, underlying mechanisms involved would not only provide
fundamental knowledge about egg induction, but might also enable resistance breeding
in crops. Identifying the, as of yet, unknown elicitor associated with Pieris eggs, will on
the one hand be helpful in identifying receptor genes in the plants needed to perceive the
deposited eggs. On the other hand, it could be used to identify the genes responsible for
the biosynthesis of the elicitor in butterflies. With this knowledge it might be possible
to explain why those butterflies cannot help but eliciting an egg-killing response.

Overall, my thesis has provided additional evidence that egg-killing traits vary between
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accessions of B. nigra. While some evidence on this existed before, my research was
the first systematic approach to quantify the differences in HR-like necrosis expression.
Furthermore, I was able to show for the first time, that clustering eggs effectively pre-
vents egg killing despite HR-like necrosis expression. I showed that differences in single
volatiles exist between B. nigra accessions, even if no direct link to insect behaviour was
found. Additionally, I showed that to understand the evolution of oviposition choices
by butterflies, egg induction needs to be taken into account as well. Only then the full
picture of oviposition preference and caterpillar performance may be revealed. I showed
that elicitation of HR-like necrosis in Brassicaceae is specific to species belonging to the
Brassicaceae-feeding Pierinae. Finally, HR-like necrosis could only be induced in two
Brassicaceae tribes (Brassiceae and Athionemeae), known as well accepted host plants
of different Pieris butterflies. This provides some evidence for the counter-adaptive
nature of insect egg-induced responses and insect eggs.

My thesis concludes that egg-induced responses are in a similar state of ongoing co-
adaptive arms race as anti-feeding responses. Furthermore, egg induction needs to be
carefully considered when experimenting with plant-insect interactions.
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spędzimy ze sobą razem były tak dobre jak te pierwsze sześć. :)
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