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Abstract
Plants are sessile organisms that need to defend themselves against various attackers.
Through induced defense mechanisms, herbivore attack can be directly affected or
natural enemies of the attackers employed (i.e. induced indirect defense). The black
mustard Brassica nigra has been shown to defend themselves against Pieris eggs
directly with a hypersensitive response (HR) (i.e. direct defense) that inhibits eggs of
further development. The objective of this research was to investigate a possible tradeoff between the direct response and the indirect response induced by eggs of the Large
Cabbage White butterfly Pieris brassicae in B. nigra. Induced plants were checked for
hypersensitivity response and, mostly young individuals do respond directly. However,
just a small fraction of the eggs are killed by the plant response. The performance of the
herbivores, on plants where hypersensitivity response was observed, has been assessed
and shows that caterpillars are lighter when developed on these plants. In olfactometer
bioassays, I tested whether two egg parasitoids species are attracted by ovipositioninduced plant cues to find their host eggs. I found that Trichogramma brassicae uses
oviposited-induced volatiles produced by B. nigra plants to find eggs of P. brassicae
while Trichogramma evanescens do not respond to these cues. The performance of eggs
parasitoids, on plants with hypersensitivity response, was examined. Results show that
T. brassicae can perform equally well on HR positive or negative plants, however the HR
negatively affects T. evanescens. Moreover, in the field, parasitism rates of Pieris eggs by
Trichogramma wasps were evaluated. The outcomes demonstrate that Trichogramma
wasps parasitized 65% of the eggs collected from B. nigra plants. This study reveals that
there is no conflict between the hypersensitivity response (direct response) and the
arrestment of Trichogramma wasps by oviposition-induced volatiles (indirect response)
in the studied population of B. nigra plants.
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Introduction
Plants need to defend themselves against different attackers. Next to constitutive
defense mechanisms, such as thorns, hairs or hard cuticle, plants use defense strategies
to respond to harassment by herbivores (Schoonhoven et al. 2005). Through induced
defense mechanisms, herbivore attack can be directly affected or natural enemies of the
attackers employed (Dicke 1999). These mechanisms are referred to as inducible direct
and indirect defenses (Dicke et al. 2003). In indirect defense, compounds biosynthesis is
induced by arthropod damage. It is well known that plants damaged by herbivores
produce secondary metabolites de novo and/or increases enormously volatiles
emission. However, even more subtle than damaged by arthropod feeding is the plant
response to insect egg deposition. Volatiles from different plant species induced by eggs
of a beetle, a bug and a sawfly were shown to attract egg parasitoids (Hilker et al. 2002,
Colazza et al. 2004a, Meiners et al. 2005).
Egg parasitoids are specialized to lay their offspring in eggs of other insects. But, how do
they find their host? Although sessile, insect eggs are an inconspicuous host stage
attacked by parasitic wasps, and lack intense long-range odors that can be exploited by
their enemies (Fatouros et al. 2008a). Actually, for some species, cues related to the
habitat are thought to be more important than from the inconspicuous host (Romeis et
al. 2005). But in fact, among several strategies, egg parasitoids in their host searching
behavior, also exploit long-range kairomones of the adult host stage (i.e. pheromones)
and use chemical espionage in combination with phoresy on the adult host (Fatouros et
al. 2008b, Huigens et al. 2009). Not surprising, chemical stimuli from the first trophic
level also play a role in the host-habitat location (Wajnberg and Hassan 1994). Chemical
cues from plants although easily detectable, are not trustworthy as it is not a guarantee
of host location (Vet et al. 1991). Using herbivores-induced synomones, parasitoids
have highly reliable and detectable cues to find their host (Figure 1), and can link both
through associative learning (Vet et al. 1991, Tumlinson et al. 1993).

Figure 1. Reliability-delectability problem related to constitutive chemical
information available from organisms at the first and second trophic levels (Vet
et al. 1991).
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In the elm and in the pine system the leaf surface is damaged during oviposition.
Inducible volatiles that attract the egg parasitoids in these systems are elicited by
compounds present in the oviduct secretion coating the eggs (Meiners and Hilker 1997,
2000, Hilker and Meiners 2002, Hilker et al. 2005). Although, there is no ovipositional
wounding in the bean system, evidence for the attraction of egg parasitoids by induced
volatiles have only been shown simultaneously with feeding damage (Colazza et al.
2004b, Colazza et al. 2004a). In the bean system the elicitor is unknown (Hilker and
Meiners 2006). Recently, it has been demonstrated that Brussels sprout plants
(Brassicae oleracea gemmifera), induced by eggs of the butterfly Pieris brassicae, start to
release chemical cues that recruit the egg parasitoid Trichogramma brassicae 72h after
egg deposition (Fatouros et al. 2005a). The oviposition-induced plant response is
elicited by benzyl cyanide (BC), a P. brassicae-male-derived anti-aphrodisiac, present in
the oviduct secretion egg cement (Fatouros et al. 2008a). This pheromone, transferred
to the butterfly female during mating, to reduce the females’ attractiveness (Andersson
et al. 2003) can also directly lure Trichogramma wasps (Fatouros et al. 2005a, Huigens
et al. 2009)
Interestingly, plants can also activate direct defenses in response to insect egg
deposition. They can directly defend themselves against herbivorous insect eggs by the
production of ovicidal substances and/or by plant tissue changes that either kill eggs or
isolate hatching larvae, as the formation of neoplasms or the so-called hypersensitive
response (HR) (Shapiro and Devay 1987, Balbyshev and Lorenzen 1997, Doss et al.
2000, Little et al. 2007). Benzyl benzoate has been identified as an ovicidal substance
produced by rice plants against the eggs deposited by the plant hopper Sogatella
furcifera (Seino et al. 1996). The neoplasm formation that impede larvae from entry into
the pod is mediated by long-chain α,ω-diols, that are esterified at one or both oxygens,
and are referred to as “bruchins” (Doss et al. 2000). The hypersensitive response is a
locally restricted necrotic zone of cells at the infection site (Shapiro and Devay 1987). In
a study, where shading has been shown to reduce the development of the necrosis,
detachment of eggs has been recorded (Balbyshev and Lorenzen 1997). Yet, oviposition
by pierid butterflies triggers defense responses in Arabidopsis thaliana (Little et al.
2007). Although Little and colleagues have not observed HR in Arabidopsis, they have
shown changes in the expression of HR-related genes after egg deposition (Bruessow
and Reymond 2007, Little et al. 2007).
Plants of the black mustard Brassica nigra were shown to defend themselves against
Pieris eggs by HR that inhibits eggs of further development. Shapiro and Devay (1987)
have shown that a necrotic zone developed 24h after egg deposition, and after 72h the
eggs dry out and often fall off. In individuals where the hypersensitivity response was
observed all eggs are killed by the plant response(Shapiro and Devay 1987). The annual
wild crucifer B. nigra provides a good opportunity to increase our knowledge on the
ecology and evolution of inducible defense mechanisms. Most studies on plant defense
mechanisms have dealt with crop species. As breeding practices do not focus on
increasing induced indirect defense qualities, it is expected that wild relatives of
agricultural plants have a higher level of induced indirect defense, compared to
cultivated plant species (Dicke 1999).
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Research aim and questions
In this study I was interested in the trade-off between the hypersensitivity response
(direct response) and the arrestment of Trichogramma wasps to plant cues (indirect
response) induced by P. brassicae eggs. My hypothesis is that if all deposited pierid eggs
are killed by the hypersensitivity response (HR+), as had been observed in individuals
of a population found in California (Shapiro and Devay 1987), the wasps are not
arrested by these plants. Plants with HR+ should not arrest Trichogramma wasps
because they would not be able to produce offspring from these eggs.
The objective of this research is to investigate trade-offs between direct and indirect
response in a Brassica nigra population. More specifically, I tried to answer the
following research questions:
1) Do plants of this population of B. nigra show HR?
2) Does HR affect herbivores performance?
3) Do B. nigra plants infested with P. brassicae eggs release volatiles that arrest
Trichogramma wasps?
4) Do plants with HR still produce parasitoid attracting cues? Or, do parasitoids avoid
plants with HR?
5) Are the eggs laid on HR plants still suitable for parasitism?
And, finally is there a conflict between the direct response and the indirect response in
the studied population of the black mustard B. nigra?
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Materials and methods
Plants and herbivores
Plant seeds of Brassica nigra were obtained from the Centre for Genetic Resources (CGR,
Wageningen, The Netherlands) from an earlier flowering accession CGN06619 (feral
population collected in 1975 from the Peloponnesus, Greece). B. nigra plants were
reared in a greenhouse compartment (22 ± 2°C, 70% r.h., L16:D8). Plants of 3 to 5
weeks old having respectively 6-8 to14-16 leaves were used for the experiments.
Pieris brassicae was reared on Brussels sprout plants in a climate room (22 ± 1°C, 5070% r.h., L16:D8) and was kept feeding on saturated sugar solution. For the
experiments, on each day, a B. nigra plant was placed into a large cage, kept in a climate
room with more than 100 adults, for at least 40 minutes to allow egg deposition. Later,
the plants were kept in the greenhouse compartment (22 ± 2°C, 50-70% r.h., L16:D8)
under a lamp of 400W and upwind position in relation to the intact plants, for 24 to 72
hours depending on the treatment.
Parasitoids
Trichogramma brassicae and Trichogramma evanescens were reared in Ephestia
kuehniella eggs under laboratory conditions (23 ± 2°C, 50-70% r.h., L16:D8). The wasps
were kept feeding on honey.
Hypersensitivity response
Induced plants were checked for hypersensitivity response after 24h and 72h. It was
observed whether eggs shrink or fall off of the plant. Furthermore, the distinctiveness
on the strength of the HR and the behavior of herbivores (e.g. migration after hatching)
was noted.
Herbivore performance
Plants infested with eggs and HR positive were kept in a greenhouse compartment (22 ±
2°C, 70% r.h., L16:D8) and observed until hatched P. brassicae caterpillars reach adult
stage. The development of HR was observed for 72 hours and then, just 1 or 2 egg
clutches were kept on the plant. All other clutches were gently removed with a forceps,
without damaging the plant. Once the caterpillars hatched, within 24h, 10 neonates
were transferred to a clean control plant and 10 caterpillars were kept on the HR
positive plant. The excess was discarded. The development of the caterpillars was
followed until day 7, approximately when they reach the 4th larval instar. On day 7 the
caterpillars were weighted. A sub-sample of 5 caterpillars was placed back onto the
plants and their development was followed until they reached the pupal stage/adult
stage. A clean control plant was offered to both groups of caterpillars, test and control,
at the same time, when a plant had been completely consumed. The sub-fraction of 5
caterpillars from test and control plants were weighted 24h after having reached the
pupal stage. The dry biomass of the adults was also determined. Butterflies were killed
by freezing and placed in the oven for 3 days at 80⁰C, in order to reach constant weight
(Gols et al. 2008). A Sartorius balance C2P (maximum of 2g) was used to weigh the
insects in the various life stages.
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Host location behavior
To test whether T. brassicae and T. evanescens wasps are attracted to volatiles from B.
nigra induced by egg deposition of P. brassicae, bioassays were conducted in a static
two-chamber olfactometer (figure 2)(Fatouros et al. 2005b). The experiments were
carried out in the laboratory at 21 ± 2°C using a fiber optic light source above the
olfactometer. For the bioassays, 2-5 days old, mated, oviposition-experienced female
wasps were used. An oviposition experience was given for a period of 18h prior to the
experiment with fresh eggs of P. brassicae, deposited on Brussels sprout leaves. The
wasps were always provided with honey solution prior to the experiment. Each
oviposition-experienced wasp was released on the walking arena in the middle of the
two chambers. The cylinder was randomly rotated after every
second observation. One excised leaf was used for each
treatment, and the leafstalk was placed in a vial containing water,
in one of the chambers, and the second chamber was kept empty.
The time the wasp spent walking above of the odor source was
observed for 300 sec using The Observer software 5.0 (Noldus
Information Technology©). Fifty wasps of each species were
tested per treatment. Trials of 10 of each species were carried
out on 5 different days with leaves from 5 different plants. When
T. brassicae and T. evanescens were tested on the same day they
were observed alternately. Each wasp was used only once and
then discarded.
Figure 2. Schematic
drawing of the static 2chamber olfactometer.
Table 1.`Overview of the two-chamber olfactometer bioassays.
No. Treatment
1
HR+ Leaf with eggs vs. clean air
2
HR- Leaf with eggs vs. clean air
3
HR+ Leaf with eggs vs. clean air
4
HR- Leaf with eggs vs. clean air
5
HR+ Leaf with eggs removed vs. clean air
6
HR- Leaf with eggs removed vs. clean air
7
Systemic leaf HR+ plant vs. clean air
8
Systemic leaf HR- plant vs. clean air

Induction time (h)
24
24
72
72
24
24
24
24

Plant treatments
As described on table 1, all the different treatments have separately been performed with
plants that show hypersensitive response (HR+) and plants with no HR (HR-). Leaves were
placed up to approximately 1cm below the gauze. In experiments 1 to 4 a leaf carrying eggs
was placed in one of the chambers and tested against clean air. Two different inductions
time period were tested to check how long it takes to B. nigra plants to start producing
volatiles compounds that can arrest Trichogramma wasps. Similarly, in experiments 5 and
6, leaves where the eggs have been gently removed with a forceps, just before the
experiment, were tested against clean air.
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In these last two experiments, it was tested whether parasitoidattracting volatiles were actually released by the plant and not
released from the eggs themselves. In experiment 6 and 7, it was
tested whether B. nigra plants responded systemically to egg
deposition. During the period in which the plant was exposed to
the butterflies for egg deposition, one leaf, above the leaf used in
the other treatments, was covered with gauze preventing the
butterflies to lay eggs on it (figure 3). This leaf previously covered
and thus egg-free was tested in the olfactometer.
Figure
3.
Schematic
drawing
of
systemic
induction with one leaf
covered with gauze.

Parasitoid performance
An egg clutch-carrying leaf from a plant was excised and a piece of it carrying 8 eggs was
offered to a 1 to 3 days old non-experienced female T. brassicae / T. evanescens wasp to
test whether they would successfully parasite the eggs. Twenty-four and 72 hours old eggs
on a leaf with HR (HR+), and without (HR-), were offered to the wasps on a 2cm2 piece of
leaf. The leaf was placed in a test tube and honey was provided to the wasp. Wasps were
removed after 48 hours. If caterpillars emerged they were also removed. Successful
parasitism was checked after 7 days and emerging wasps were counted after 12 days. In
the control experiment, a piece of leaf carrying 8 eggs was maintained under the same
conditions, but without the presence of the wasp.
Field survey
A field survey was performed to verify natural Trichogramma parasitism rates of Pieris
eggs on different Brassica plants. Plants of Brassica nigra and of different cultivated
cultivars of the white cabbage Brassica oleracea convar. capitata var. alba were distributed
in 3 different locations and recurrently checked for the presence of eggs of P. brassicae, the
Small Cabbage White Pieris rapae and the Green-veined white P. napi (figure 4). In location
number 3, referred to as Thijsselaan, clean B. nigra plants were placed in pots,
hypersensitive response was observed and eggs were collected after 72h. Although, these
plants were from the same seed batch as the ones used in the olfactometer experiments,
the seeds were from a different individual plant. All eggs or egg clutches collected were
checked for the presence of HR on the leaf and/or parasitism by Trichogramma wasps.
After collection, eggs were kept under laboratory conditions (23 ± 2°C, 50-70% r.h., L16:D8)
until caterpillars/wasps emerged. Caterpillars were fed with B. nigra leaves until
identification was determined and then, released where eggs have been collected. The
emerged wasps were reared in E. kuehniella eggs and honey was provided as a source of
food. The wasps’ species identity will later be verified using the ribosomal ITS-2 gene
method (Huigens et al. 2004).
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Figure 4. Locations where Pieris eggs were collected. Location 1: Rhine, Brassica
nigra plants; Location 2: Grebbedijk, B. oleracea plants; Location 3: Thijsselaan, B.
nigra plants.

Statistics
The presence/absence of hypersensitivity response was analyzed by chi-square tests with
a 2*2 contingency table (α=0.05; *, P≤0.05; **, P≤0.01; ***, P≤0.001; ns, not significant). A
non-parametric test for non-related samples, Mann-Whitney-U-test (α=0.05; *, P≤0.05; **,
P≤0.01; ***, P≤0.001; ns, not significant), was used to analyze the results of the field survey,
and of the parasitoids and herbivore performance experiments. Results of the static twochamber olfactometer bioassays were analyzed using Wilcoxon’s matched pairs signed
rank test (α=0.05; *, P≤0.05; **, P≤0.01; ***, P≤0.001; ns, not significant).
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Results
Hypersensitivity response
Mostly, young individuals
(3 to 4 weeks old) of the
studied
population
of
Brassica
nigra
plants
responded directly to eggs
deposited
by
Pieris
butterflies. The data show
that the hypersensitivity
response observed is age
dependent (P≤0.001, chisquare test 2*2 with
contingency table, Figure
5).

Figure 5. Percentage of induced plants that show
hypersensitivity response (HR+). P≤0.001, chi-square test 2*2
with contingency table.*15 out of 18 plants induced by P. rapae
eggs.

The hypersensitivity response, characterized by a necrosis at the infection site, was
already observed within 24h. Typically, already in 24h, the necrosis was visible from the
upper side of the leaf (figure 6a). After 72 hours the plant response was also observed
around the egg clutches (figure 6d). However, less than 20% of the deposited eggs
actually shrank or fell off from the plant. Caterpillars hatched on HR+ plants were
observed to avoid feeding on the leaf with HR+. They often started to migrate upwards
within 24 hours after hatched.
a

b

c

d

e

Figure 6. a) Brassica nigra plant viewed from the top with HR observed after 72h; b) Leaf of B. nigra
from the upper side with HR after 72h; c) Close-up of HR after 24h observed from the upper side of a
leaf; d) HR after 72h observed around an egg clutch of P. brassicae; e) Close-up of HR 72h observed
from the upper side of a leaf.

Herbivore performance
Results of the experiments on the herbivore performance show that young caterpillars
developed significantly different (P≤0.001***, Mann-Whitney-U-test, figure 7) on plants
where hypersensitivity response was observed compared to uninduced control plants.
Young caterpillars developing on HR+ plants were, on average, 28% lighter than
caterpillars that were fed on clean control plants.
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Neither the body mass of the pupal
stage (P=0.175ns, Mann-WhitneyU-test, figure 8a) nor the weight of
the adult stage (P=0.176ns, MannWhitney-U-test, figure 9b) were
significantly different between
individuals reared on HR+ and
control plants. The developmental
time until the adult stage and
survival of pupae and adults were
also not affected (see figures 8b, 9b,
10 and 11).
Figure 7. Body mass of caterpillars reared on HR+ plants
and on clean control plants. ***P=0.001 Mann-Whitney-Utest. Body mass in mg ± standard error is given.
Nherb.=number of herbivores Nplant=number of plants.

a

b

c

d

e

a

a

a

development time
mean of number of days (d)
test
40

b

c

d

e

a

development time
mean of number of days (d)

b

control

test

ns

c

d

e

b

c

d

e

b

control

ns

30
27

20

b

a

27

20

20

20

0
pupae

Figure 8. a) Body mass of herbivore pupae stage
developed on HR+ plants and on clean control
plants, P=0.1751ns Mann-Whitney-U test; b)
development time measured on pupae stage,
P=0.4500ns Mann-Whitney-U-test . Body mass
(mg) or development time (d) ± standard error is
given. Nherb.=number of herbivores Nplant=number
of plants.

adult

Figure 9. a) Body mass of herbivores adult
stage developed on HR+ plants and clean
control plants, P=0.1764ns Mann- Whitney-U
test.; b) Development time measured on adult
stage, P=0.548ns Mann-Whitney-U-test. Body
mass (mg) or development time (d) ± standard
error is given.. Nherb.=number of herbivores
Nplant=number of plants
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survival
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test
30

24

survival
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control

test
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25

24

20

20
10

N=9
N=33

N=9
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N=7
N=24

N=7
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0
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Figure 10. Number of individuals survived on
HR+ plants and on clean control plants at pupae
stage. Number of individuals ± standard error is
given. Mann-Whitney-U-test. Nplant= number of
individuals plants tested Nherb.= number of
herbivores tested.

Figure 11. Number of individuals survived on
HR+ plants and on clean control plants.
Number of individuals ± standard error is
given. Mann-Whitney-U-test. Nherb.= number of
herbivores
tested.
Nplant=
number
of
individuals plants tested.

Host Location Behavior
The results of the bioassays
in the olfactometer show
that T. brassicae wasps are
able
to
use
specific
chemical cues produced by
the induced plants to find
their host eggs (see figure
13, 15 and table 3 for
overview on the figures). T.
brassicae were significantly
arrested by volatiles of
leaves carrying 24h-old
eggs when tested against
clean
air
(P=0.004**,
Wilcoxon’s matched pairs
signed rank test, figure 13).
Figure 13. Mean residence time (s) spent by T. brassicae wasps
above odors of the different treatments in and above clean air.
Mean residence time (s) ± standard error is given. Wilcoxon’s
matched pairs signed rank test.

Leaves with HR+ carrying 24h old eggs also arrested T. brassicae (P=0.016*, Wilcoxon’s
matched pairs signed rank test, figure 13). In the control experiment, the wasps were not
arrested by an uninfested leaf (P=0.170ns, Wilcoxon’s matched pairs signed rank test, figure
13). When leaves carrying 72 h-old eggs were tested, the wasps were still arrested if HR
was observed, but not when HR was not observed. In contrast, T. evanescens do not use
specific cues produced by a plant infested with Pieris eggs. Although T. evanescens wasps
were arrested by 24h and 72h HR+/HR- plants (see figure 14 and table 2), they were also
arrested by volatiles compounds released by an uninfested leaf (P=0.007**, Wilcoxon’s
matched pairs signed rank test, figure 14).
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Volatiles of HR- leaves,
where eggs had been gently
removed,
significantly
arrested T. Brassicae wasps
(P<0.001***,
Wilcoxon’s
matched pairs signed rank
test, figure 15a). However,
the wasps were not arrested
to leaves with HR+ when
eggs had been removed
Wilcoxon’s
(P=0.1942ns,
matched pairs signed rank
test, figure 15b).
Figure 14. Mean residence time (s) spent by T. brassicae wasps
above odors of the different treatments and above clean air.
Mean residence time (s) ± standard error is given. Wilcoxon’s
matched pairs signed rank test.
Table 2. Mean residence time spent by T. evanescens above odors of the different treatments and
above clean air in the static olfactometer experiment. *Wilcoxon’s matched pairs signed rank test.
N= number of wasps tested.
treatment applied
clean air (s)
treatment (s)
p (≤0.05)*
N
72 h eggs HR-

80

217

0,0000

50

72 h eggs HR+

90

207

0,0001

40

24 h eggs HR-

92

204

0,0084

50

24 h eggs HR+

111

186

0,0015

50

clean leaf

113

183

0,0070

50

Furthermore, the results show that both HR+ and HR- plants responded systemically to egg
deposition (figures 15a and b and table 3). The time recorded and respective P values are
shown in table 3. The response of T. brassicae to volatiles of HR+ and HR- plants when P.
brassicae eggs were removed as well as the response to systemic leaves confirm that the
compounds used as chemical cues by the egg parasitoid T. brassicae were released by the
plant and not by the eggs themselves (Figure 15a and b).

Figure 15. a) Mean residence time spent by T. brassicae above odors of the different treatments and
the time (s) spent above clean air when HR+ positive plants were tested; b) Time spent by T. brassicae
above odors of the different treatments and time spent above clean air when HR- plants were tested.
Mean residence time (s) ± standard error is given. Wilcoxon’s matched pairs signed rank test
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Table 3. Mean residence time spent by T. brassicae above odors of the different treatments and
above clean air in the static olfactometer experiment.*Wilcoxon’s matched pairs signed rank test.
N= number of wasps tested.
treatment applied
clean air (s)
treatment (s)
p (≤0.05)*
N
24 h eggs HR-

107

190

0,0040

50

24 h eggs HR+

120

175

0,0116

50

72 h eggs HR-

125

170

0,1370

50

72 h eggs HR+

116

181

0,0116

50

systemic 24h HR-

122

176

0,0259

50

eggs removed 24h HR-

107

191

0,0008

50

systemic 24h HR+

111

187

0,0045

50

eggs removed 24h HR+

131

166

0,1942

50

clean leaf

135

160

0,1700

50

Parasitoid performance
Results of the wasp performance
experiment show that T. brassicae
performed equally well in eggs
laid on HR+ and HR- plants, when
24h and 72h old eggs were offered.
The parasitism rates of T.
brassicae wasps did not differ
between the two plant types
72hP=0.2666ns,
(24hP=0.6484ns,
Mann-Whitney-U-test, figure 16a).
However,
T.
evanescens
parasitized significantly more
72h-old eggs on HR- plants than
on HR+ plants (72hP=0.038*, UMann Whitney test, figure 16b).
Successful parasitism (%) - T. evanescens
HR+

HR-

*

100
% parasitized eggs

Field survey
In the field, Trichogramma wasps
can be considered important
mortality factors of Pieris eggs laid
on B. nigra plants (figure 14). Sixty
five percent of the eggs collected
were parasitized. Furthermore, the
parasitism rate of single Pieris eggs
(either from P. rapae or P. napi)
was 63% higher on black mustard
than on white cabbage plants
(P≤0.001***, chi-square test 2*2
with contingency table, figure 17).

90

ns
80
60

55

50

40
20

29

N=5

N=5

N=6

N=6

0
24h

72h

Figure 16. a) Percentage of parasitized eggs by T. brassicae
on HR+ and HR- plants (%). b) Percentage of parasitized
eggs by T. evanescens on HR+ and HR- plants (%). MannWhitney-U-test. N= number of wasps/plants tested.
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In total, 140 eggs have been collected from 3 different locations in Wageningen/The
Netherlands, and surroundings. On average, three out of five eggs collected on B. nigra
plants were parasitized. In contrast, only 2% of eggs collected on B. oleracea plants were
parasitized. All 42 eggs of a single egg clutch of P. brassicae collected on white cabbage
were parasitized.
Hypersensitivity response
was observed just once on
a single B. nigra plant.
However, 4 shrank eggs
have been collected from
two different individual
plants, however other
reasons than HR cannot
be excluded. On white
cabbage plants no HR has
been observed.

parasitism rate in the field

natural parasitism rate (%)

white cabbage
100

black mustard

***

80

65

60
40
20

N=44

2

N=49

0
plant species

Figure 17. Percentage of single Pieris eggs parasitized (%) on two
different Brassica plants, in the field. Chi-square test 2*2 with
contingency table. N= number of eggs collected.
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Discussion
The observed hypersensitivity response (HR) of B. nigra to P. brassicae eggs is not an “all
or none phenomenon” as described by Shapiro and De Vay (1987) in their studies on a
population found in California. My study shows that a relative small percentage of the eggs
are killed by the induced plant response, in the tested B. nigra population. Quite some
variation in the expression of the HR has been observed, within this population, and just a
small fraction of the eggs are killed by the plant response. Genetic variation could certainly
be expected, even within this population, as B. nigra plants are outbreeders. However, I
have shown that HR is negatively correlated with plant age. I could assume that young
plants invest more in defense mechanisms, but also that the elicitor of HR is more easily
absorbed when the wax layer is thinner, which is the case for younger plants. Hou et al.
(2005) found evidences of the wasp preference to young infested leaves compared to old
infested leaves of the same individual plants. The authors conclude that these results could
suggest difference in allocation of induced indirect defense in the studied plant (Hou et al.
2005). However, I have found no studies that investigate correlation between plant age and
investment in induced plant defense. Balbyshev and Lorenzen (1997) have shown the
effect of shade on the development of HR. It is still unknown whether the HR against insect
egg deposition depends on abiotic factors, such as light or temperature, or if it could be
more a matter of energy availability.
Even though the observed hypersensitive response did not kill most of the eggs deposited
by P. brassicae, the plant is primed by the egg deposition and directly affects caterpillars
that will feed on the plant. Young caterpillars were 28% lighter when developing on a plant
where HR has been observed compared to a clean control plant. Bukovinszky et al.
(Bukovinszky et al. 2009) have shown in their study that caterpillar weight positively
correlated with rates of encapsulation of Cotesia glomerata eggs. They argue that
constitutive and herbivore induced changes in plant chemistry can affect herbivores’
immune response to parasitism. Consequently, lighter caterpillars are more vulnerable to
parasitism. In the present study, no differences in body mass, development or survival time
were observed in later stages between individuals developing on HR+ and clean control
plants. However, when a plant had been entirely consumed, a clean plant was offered to
both groups of caterpillars that had been feeding on a test (HR+) and control (clean) plants,
at the same time. Thus, mostly, caterpillars were feeding on a plant that was not induced by
egg deposition for 24h, before pupation. This time period could possibly be enough for the
five instars to recover, and no difference has been observed in later stages. Actually, this is
what could be expected to take place in the field. In other words, once caterpillars would
be exposed to plants with HR they would migrate to another individual plant. Thus, it
would be interesting to give a choice to early instars of P. brassicae, and test whether they
would actively move to another individual plant when exposed to HR.
P. brassicae is a specialist and thus, physiologically well adapted to Brassica plants and
capable of detoxifying glucosinolates present in the plant tissue. Still, in the present study, I
assume that B. nigra plants produce changes in plant chemistry as a response to egg
deposition, and these changes do influence the development of the specialist, P. brassicae.
Chemical analysis still has to clarify which kind of chemical changes affect the early instars.
In the present study, neonates were transferred to a clean control plant and therefore, I
cannot ensure that the herbivores are affected by the hypersensitivity response itself or by
the fact that the plant has been primed by the deposited eggs.
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However, my results suggest that we could be underestimating the plant response when
bioassays are carried out to test, for instance, indirect response, and instead of having eggs
laid, larvae are placed on plants to allow feeding.
This study demonstrates that T. brassicae wasps use oviposition-induced volatile cues
produced by the plant to find eggs of the Large Cabbage White butterfly, P. brassicae. To
the best of my knowledge, this is the first study that shows induction of volatiles
compounds by plants, that arrest egg parasitoids, when no wounding takes place during
oviposition and therefore, the induction, in this system, is completely chemically mediated
(Hilker and Meiners 2006). In the elm and pine system the leaf surface is damaged during
oviposition (Meiners and Hilker 1997, 2000, Hilker and Meiners 2002, Hilker et al. 2005).
Although, there is no ovipositional wounding in the bean system, evidence for the
attraction of egg parasitoids by induced volatiles have only been shown simultaneously
with feeding damage (Colazza et al. 2004b, Colazza et al. 2004a). In my study, Brassica
nigra plants responded, also systemically, already 24h after egg deposition with the
emission of oviposition-induced volatiles. The systemic response shown here also occurred
earlier than in the other 3 systems where volatiles compounds play a role in the attraction
of egg parasitoids (Hilker and Meiners 2006).
Insect eggs are besides pupae the most inconspicuous host stage that is attacked by
parasitic wasps. They lack intense long-range odors that can be exploited by their enemies
(Fatouros et al. 2008a). Fatouros et al. (2005c) have shown that T. brassicae wasps were
arrested by non-volatile (or short-range volatiles) compounds induced and released by
Brussels sprouts plants and not by the eggs themselves. To test, whether the volatile
synomone was actually released by B. nigra and not by the host eggs themselves, eggs were
gently removed from the tested leaves. As a result, the wasps were still arrested by HRplants but not by HR+ plants. Yet, T. brassicae wasps were
arrested by volatiles released from an HR+ leaf carrying
24h and 72h old eggs. I hypothesize that the wasps are
exposed to volatile compounds locally released at the
necrotic zone when eggs were removed. Or the
compounds released by the leaf in combination with
compounds locally produced at the infection site could
result in a blend of compounds that did not arrest the
wasps (figure 15). A study showed the importance of
background odor information in the attraction of an egg
parasitoid (Mumm and Hilker 2005). Volatile analysis of
egg-infested HR+/HR- B. nigra plants by gas
chromatography could help to explain these differences.
Figure 15. Schematic drawing of a
HR+ leaf with eggs removed.

Page | 18

Although odors of Pieris butterflies are suitable to be tested with the two-chamber
olfactometer (Fatouros et al. 2005a), it appears that the two-chamber is unsuitable for
testing two different plant odor sources at the same time. In the present study, all different
treatments have been tested against clean air. From preliminary results, it seems that the
odor sources are mixed in the arena and the wasp is not able to distinguish, when two
different odors are tested against each other. The higher biomass of a leaf compared to a
butterfly could result in higher levels of volatile concentration in the arena where the wasp
is searching. Additionally, Schmelz et al. (2001) found evidence that excised leaves produce
greater response in terms of volatile emission than intact plants. Therefore, to better
understand the B. nigra system, it would be relevant to offer the wasps a choice between
odor sources emitted from HR positive and negative intact plants. The dynamic airflow Ytube system could be an option to investigate this.
When eggs of P. brassicae are laid on B. nigra plants, T. brassicae is arrested by induced
volatiles. Results of the wasp performance experiment show that T. brassicae can perform
equally well on HR+ and HR- plants, when 24h and 72h eggs were offered. Thus, there is no
apparent conflict between the hypersensitivity response and the arrestment of
Trichogramma wasps by oviposition-induced volatiles in the tested B. nigra population, as
T. brassicae is still able to produce off-spring in eggs exposed to HR. In contrast, HR seems
to influence the development of T. evanescens wasps. The parasitism rate was significantly
lower in 72h-old deposited eggs on HR+ plants than on HR- plants (figure 11b). However, T.
evanescens was arrested by uninfested B. nigra plants. Thus, it seems that T. evanescens do
not use specific cues emitted by B. nigra plants infested with P. brassicae eggs. T.
evanescens, assumed to be an extremely generalistic species, has also been shown to
associatively learn to use chemical cues after a rewarding experience (Huigens et al. 2009).
In my study an experience on P. brassicae eggs was offered to the wasps. However, eggs
were offered on a piece of Brussels sprouts leaf. I assume that an experience not just on the
host eggs but also cues from the host plant could be important for T. evanescens, and has
consequently influenced the results in the olfactometer experiment.
In the field, Trichogramma wasps represent a significant mortality factor of Pieris eggs
deposited on Brassica nigra plants. Sixty five percent of the eggs collected were parasitized.
Although the black mustard and white cabbage plants were distributed in different
locations, the difference found in terms of parasitism rate truly calls our attention. The
parasitism rate of single Pieris eggs was 63% higher in the wild black mustard than in
different cultivated cultivars of white cabbage plants (see figure 14). According to Romeis
et al. (2005,), egg parasitism rates can vary widely depending on the host plant. To my
knowledge, no studies have been done on oviposition-induced volatiles on white cabbage
plants. However, it has been shown that long range volatile compounds play no role in the
arrestment of T. brassicae by the closely related Brussels sprouts plants (Fatouros et al.
2005c, Fatouros et al. 2008a). Therefore, it would be interesting to compare the parasitism
rate by Trichogramma wasps of eggs laid on black mustard and Brussels sprouts plants in
the field, and investigate the relevance of volatile synomones in the attraction of the wasps.
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Conclusion
Although most of the eggs are not killed by the plant response, B. nigra plants that are
primed by egg deposition affect the development of young caterpillars. Young caterpillars
reared on HR positive plants were 28% lighter and can be expected to be more vulnerable
to larval parasitoids in the field. My results suggest that we could be underestimating the
plant response when bioassays are carried out, and instead of having eggs laid, larvae are
placed on plants to allow feeding. It still has to be shown which kind of changes in the plant
chemistry affect the performance of the specialist P. brassicae and which the elicitor of the
hypersensitivity response is. Furthermore, it would be relevant to investigate if the HR is
dependent on abiotic factors or if it would be matter of energy availability.
My study shows that butterflies eggs induce the production of volatile synomones by B.
nigra plants. The egg parasitoid T. brassicae is able to use these cues to find eggs of the
Large Cabbage White butterfly, P. brassicae. The next step is to determine whether the
differences in terms of induced volatile compounds are just quantitatively significant or
also of qualitatively significant. Moreover, it is essential to investigate if the indirect
response benefits B. nigra plants in terms of fitness. Yet, it has been shown that T.
evanescens do not exploit specific cues produced by induced B. nigra plants to find P.
brassicae eggs, but the question remains whether they could associatively learn to do so.
If all eggs would be killed by the hypersensitivity response, a conflict could be expected
between direct and indirect response. However, the results of the parasitoid performance
show that T. brassicae can perform equally well on plants with HR positive. In fact, only a
small percentage of the eggs are killed by the plant response in this studied population.
Therefore, I can assume that there is no conflict between the hypersensitivity response
(direct response) and the arrestment of Trichogramma wasps (indirect response) by
oviposition-induced volatiles in the studied population of B. nigra plants.
Trichogramma wasps can represent a large mortality factor of Pieris eggs deposited on B.
nigra plants as sixty five percent of the eggs collected in the field were parasitized. More
data on P. brassicae eggs is needed to link results from laboratory bioassays and data
collected in the field. To investigate the relevance of induced volatile synomones for the
wasps, it would be interesting to compare the parasitism rate of Pieris eggs on the black
mustard and Brussels sprouts plants in the field.
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