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Summary

Plants have evolved several defence mechanismasagdiack by herbivorous insects. The
most important pathway involved in induced planfedee against herbivore attack is the
octadecanoid pathway, inducing the production démnlee compounds in plants upon feeding
damage and oviposition by insects. The larvaPiefis rapae andP. brassicae are specialist
herbivores oBrassica plants. Plant defence compounds are induced bynigédarvae via the
octadecanoid pathway, which will have a negatifliémce on the performance of the larvae.
Furthermore, females prefer to oviposit on plahéd aire not yet infested with caterpillars.

Lipoxygenase, which is a key enzyme in the octaggdapathway, can be blocked by the
redox-active compound phenidone. In this resedheheffect of the inhibition of lipoxygenase
by phenidone on the oviposition behaviourPofrapae and P. brassicae was investigated.
Furthermore, it was investigated whether Weiris species discriminate between infested and
uninfested Brussels sprouts plants.

P. rapae does not discriminate between infested and uriedeplants, in contrast tB.
brassicae. Because of this, it could not be concluded whetheatment with phenidone did
have an effect on the oviposition preferenc®.afapae. Treatment with phenidone only had a
weak positive influence on the oviposition Bf brassicae. Further research is needed to
investigate whether phenidone treatment did noé laawveffect on the oviposition preference of

P. brassicae and whether it will have an effect on the ovipiositpreference oP. rapae.



I ntroduction

About fifty percent of all insects rely on plants for food.r®$a having to cope with being

attacked by herbivorous insects, have thereforelvedo several defence mechanisms
(Schoonhoveret al. 2005). Besides morphological defence mechaniskasslpines or wax

layers, chemical defence is extremely importanter@ical defence mechanisms can be
constitutive, that is, the defence compounds ameadl present in the plant, independent of
wounding caused by herbivores, or induced, whicamaghe defence compounds will only be
produced in response to herbivore attack. Defenogpounds can have a direct influence on
the herbivore, like toxic or repellent compoundshave an indirect influence by producing

compounds that attract natural enemies of the Yenbi

Pierisrapae (L.) and P. brassicae (L .)

The larvae of two cabbage white butterfliBseris rapae L. (Lepidoptera: Pieridae) ariéleris
brassicae L. (Lepidoptera: Pieridae) are specialist herbiganéBrassica plants, including the
economically important crop cabbad@ dssica oleracea). A singleP. rapae caterpillar can eat
an average of 27 cm? leaf area during its totakligpment and a singk. brassicae caterpillar
76 cm? (Theunissest al. 1985). Large groups of these caterpillars cars ttause a lot of
damage to these crops.

The small cabbage white butterfli?.(rapae L.) lays her eggs singlgnd preferably on
plants that stand alone (Davies and Gilbert 1988g cryptically coloured larvae complete
their larval development on a single host plang(Ri). The large cabbage white butterf (
brassicae L.), on the other hand, lays her eggs in batcHe$Ooto 150 eggs and prefers
clumped vegetation (Davies and Gilbert 1985, Le Wiias 1994). The aposomatically
coloured larvae feed gregariously and migrate tuhaar host plant once the original host plant
is defoliated (Fig. 1). FurthermorB, rapae females prefer to spread their eggs over different
host plants, whild?. brassicae females spend more time laying eggs on the samiephest
(Stamp 1980).

Because newly hatched larvae have limited mgbhiost selection by the mobile adults is
extremely important to determine the offspringtadiss (Tabashnik 1987). In order to find a
suitable host plant, butterflies make use of visolihctory and contact stimuli. Renwick and
Radke (1988) found that visual and contact stirardimore important cues in host plant

selection byP. rapae butterflies than olfactory stimuli. In other wordismight be that they



are not as much attracted by plant volatiles asgiical cues, but this is not yet confirmed by
further research.

As soon as the femal@ieris butterfly has landed on a potential host plant, iEties on
chemoreception to decide whether or not to acdepptant as oviposition site. As host plants
may contain oviposition stimulants and non-hostnfdacontain oviposition deterrents
(Tabashnik 1987), the final acceptance of a hasttpielies on a balance between different
concentrations of oviposition stimulants and —detes (Huang and Renwick 1993, Renwick
and Chew 1994)Important oviposition stimulants fdPieris butterflies are glucosinolates,
naturally occurring compounds in drassica plants (Renwick and Chew 1994). Specific
glucosinolate profiles may affect the attractivene$ plants as oviposition sites fé¥eris
butterflies. The glucosinolates glucobrassisin amgrin are found to be the most effective
oviposition stimulants (Renwiodt al. 1992, Van Looret al. 1992).

However, P. rapae and P. brassicae avoid laying eggs on host plants that are already
infested with herbivores (Sa#b al. 1999, Shiojiriet al. 2002). This for several reasons, first,
the eggs laid by the butterfliesuld be eaten by the already present herbivor@second, the
newly hatched larvae would face more competition fesources (Shiojiriet al. 2002).
Furthermore, herbivore attack induces the prodoabbdefence compounds in plants, which
could have a negative effect on the performancéhefjust hatched larvae or attract their
natural enemies (Shiojiet al. 2002).Pieris rapae and P. brassicae females are known to
switch to less acceptable host plants if eggswa&are already present on the preferred host
(Stamp 1980).

Figure 1: Abve: Eggs (left) and a caterpillar ftigof P. rapae. Source: http://www.unil.ch and www.pbase.com.
Below: Eggs (left) and caterpillars (right) Bf brassicae. Source: http://www.museums.org.za
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The octadecanoid pathway

There are three main pathways involved in induceditpdefence, namely the octadecanoid
pathway, the salicylic acid pathway and the ethgl@athway(Schoonhoveret al. 2005).
These pathways do not always act apart from eduoér,obut can also act synergistically or
antagonistically (Pieterset al. 2001, Schoonhovemt al. 2005). For example, both the
octadecanoid pathway and the ethylene pathway legte in the induced defence of Lima
bean plants caused by spider-mite attack (Horigchi. 2001), while these two pathways act
antagonistically in case of nicotine productiomwiihd tobacco (Kahkt al. 2000).

The most important pathway involved in induced pldefence against herbivorous insects
seems to be the octadecanoid pathway (Dicke andPéacke 2002). This pathway is known
to induce the production of defence compounds sparse to oviposition as well as feeding
damage by insectdasmonic acid (JA), a product of the octadecanaithvipay, is a major
signal molecule in plant defence, as it induces éxpression of genes leading to the
production of several defence compounds (Dicke\4aml Poecke 2002, Kessler and Baldwin
2002). The plant defence system can be induced by trealengs with JA.Bruinsmaet al.
(2007) observed thaPieris butterflies preferred control plants over JA-trelatglants as
oviposition sites. This was due to processes irptaet after JA treatment, as no difference in
the number of eggs was observed between greenczartpaper treated with an oviposition
stimulant and JA or green cardboard paper treatdd an oviposition stimulant only.
However, no changes were found in the leaf surfweosinolate profile that could explain the
observed behaviour.

Lipoxygenase (LOX) is a key enzyme in the synthadigasmonic acid induced by
wounding via the octadecanoid pathway (Arimaral. 2005). LOX transforms linolenic acid
into 9- and 13-hydroperoxides, which are then caedeto aldehydes and oxoacids (Kessler
and Baldwin 2002). Products from 13-(S)-hydroperolkyolenic acid can be further
transformed by several enzymes to eventually predidc(Fig. 3) (Kessler and Baldwin 2002,
Koch et al. 1999).Kessleret al. (2004) observed that LOX-deficient plants arahle to
produce defence compounds and thus are more sildedpt herbivore attack-urthermore,
herbivores gained weight faster when feeding on td2Kcient plants than when feeding on
plants with intact expression of JA. Octadecanaldgved from LOX activity might play a
direct role in host plant selection by making ispible for herbivores to differentiate between

plants with and without intact JA-signalling.



Phenidone, an inhibitor of the octadecanoid pathway

The redox-active compound phenidone (1-phenyl-plrdinone ) (Fig. 2) is known to inhibit
LOX activity (Fig. 3) (Engelbertlet al. 2001, Kochet al. 1999), by reducing the active form of
LOX to an inactive form.This blocking of LOX activity makes phenidone arfeefive
inhibitor of the octadecanoid pathway, and thughefplant’s induced defence system (Rairé
al. 1996).

Indeed, Engelbertlet al. (2001) found that Lima bean plan®héseolus lunatus) treated
with 1mM phenidone did not emit any volatiles inddcby the octadecanoid pathway.
However, Kimet al. (2003) observed that LOX activity was not comgletinhibited by
treatment of plants with 1mM phenidone, but woundkiced expression of LOX was delayed
from 3 to 6 hoursThe lack of complete inhibition of LOX could be dtethe fact that the
inhibitory effect of phenidone is not specific teetbiosynthesis of JA, as it also inhibits LOX
from animal origin (Hlastat al. 1991, Cucurowet al. 1991).In an experiment performed by
Heil et al. (2001), phenidone was found to inhibit the flofneatrafloral nectar induced by the
octadecanoid pathway in the plavicaranga tanarius and Bruinsma (pers. comm.a) found
that herbivore infested Brussels sprouts plantgecewith phenidone were less attractive to the
parasitoid waspCotesia glomerata than infested plants treated with a control sohuti
However, they were still more attractive then uestéd plants.
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Figure 2: Structure formula of phenidone.
Source: Hlastat al. 1999.
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Figure 3: Representation of the pathway of jasmonic
acid biosynthesis from-linolenic acid. Different
inhibitors are indicated. Source: Koetal. 1999.
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By inhibiting certain steps in the octadecanoichpaty, the importance of that particular
step can be investigated. This research will ingats the effect of phenidone, which inhibits a
step early in the octadecanoid pathway, on the asvijon behaviour ofP. rapae and P.
brassicae. It is hypothesised that treatment of plants withirgmibitor of the plant’s induced
defence system will positively influence the ovipios preference of the butterflie3he
following questions will be addressed: 1) Porapae andP. brassicae discriminate between
herbivore-infested plants treated with phenidond herbivore-infested control plants when
choosing an oviposition site? 2) [Porapae andP. brassicae discriminate between plants that
are infested with caterpillars and uninfested @amhen choosing an oviposition site? 3) Is
lipoxygenase-activity crucial in the octadecano@thgwvay-mediated plant defence against
herbivores? 4) Does phenidone treatment of plaffectathe performance oP. rapae
caterpillars? and 5) Is the observed effect dyghenidone itself or due to chemical changes in
the leaf surface caused by phenidone? This wiltl lema increased knowledge about the

interaction between herbivores and their host plantd the role of induced plant defence.



Materials and Methods'

Plants and Insects.

Brussels sprouts plantBr@ssica oleracea var. gemmifera L. (Brassicacea) cultivar Cyrus were
grown in plastic pots of 11 x 11 x 11 cm in a gtemmse at 20-28°C, 40-80% RH and a
16L:8D photoperiod. All experiments were done ugingweeks old plants.

Stock colonies of the small cabbage white buttdiigris rapae L. Lepidoptera: Pieridae) and
the large cabbage white butterfRiéris brassicae L. Lepidoptera: Pieridae) were maintained
on Brussels sprouts plants in a climatised roon2@&22°C, 50-70% RH and a 16L:8D
photoperiod.

Effect of pure phenidone on the oviposition preference.

To test the effect of pure phenidone on the ovipwsipreference oPieris rapae butterflies,
green cardboard paper of 8 x 11.5 cm was spray#diwinL 5 mM sinigrin solution (Janssen
Pharmaceutica, Tilourg, The Netherlands) using asaBa chromatographic sprayer
(Heidelberg, Germany). Sinigrin is a naturally acitlyg compound in Brassicaceae and known
to be an oviposition stimulant fétieris butterflies (Renwick and Chew 1994, Van Lacatral.
1992). The paper was allowed to dry and was sulesglyusprayed with 1 mL 2mM
phenidone solution or 1 mL water as a control, hefore the paper was introduced into the
cages with butterflies.

Pieris rapae butterflies seemed to have some trouble landingcardboard paper.
Therefore, in case d®. brassicae, intact plants were used which were sprayed wiithee 2
mM phenidone solution or a control (0.1% Tween flution until run-off one day before the
experiment. The plants were allowed to dry and veerigsequently introduced into the cages

with butterflies.

Surface application of phenidone.
Brussels sprouts plants were sprayed with 2 mM iploee (1-phenyl-pyrazolidinone, Sigma-
Aldrich) in 0.1% Tween 20 (polyoxyethylene sorbitamonolaurate, Sigma) solution or a

control (0.1% Tween 20) solution until run-off. TH& 5" and &' leaves counted from the

! The Materials and Methods are mainly based onréxreats performed by Bruinsma (unpub. results) and
Bruinsmaet al. (2007), unless indicated otherwise.



base of the plant were infested with eitRerapae or P. brassicae caterpillars, 5 caterpillars
per leaf. After 24 hours, the leaves were cut lo# plants and their petioles were placed in a
vial with tap water and introduced into the cageth wutterflies. ForP. rapae only, a second
experiment was performed where the caterpillarsregvihemoved from the leaves just before

these were placed inside the cages.

Systemic uptake of phenidone (P. rapaenly).

The 4", 5" and &' leaves counted from the base of Brussels sprauttplvere cut off the
plants and placed directly in a 1 mM phenidone tsmhuor in tap water as a control
(Engelberthet al. 2001, Kochet al. 1999). They were subsequently infested with pdtars,

24 hours prior to the start of the experiment (Hogyeth et al. 2001). Thereafter, the leaves
were introduced into the cages with butterflies.e Tdaimount of phenidone taken up was
determined by measuring the amount of phenidongtieal for every vessel just before and
after the experiment. A control vessel containimjyaap water was also placed inside the

cages to correct for evaporation.

Butterfly oviposition preference test.

Adult butterflies emerged from pupae in an ovigositcage of 67 x 100 x 75 cm in a
greenhouse compartment at 22-24°C and 50-70% Rtifichal light (sodium vapour lamps,
type SON-T, 500W, Philips, The Netherlands) wasdusethe cage from 8.00 am until 2.00
pm in addition to natural daylight. The butterfliere provided with a 10% sucrose solution
to feed on and a Brussels sprouts plant was intexlinto the cage to oviposit on.

In each oviposition cage of 67 x 50 x 75 cm, ondenaand one female butterfly were
introduced one day before the experiment. They weogided with 10% sucrose solution to
feed on. The next morning, one leaf treated witlkenpdhone solution and one treated with
control solution were introduced into the cages.the experiments to test the different effects
of the phenidone solution on the oviposition prefee ofP. rapae, the butterflies were
allowed to oviposit from about 8.30 am until 2.08.dor the experiments to test the effect of
caterpillar infestation and for all experimentsngd?. brassicae, the oviposition behaviour was
monitored during 15 minutesP( rapae) or 60 minutes(P. brassicae) in the morning.
Thereatfter, the butterflies were allowed to ovipegihout observation of their behaviour for

another 4 hours. The leaves were subsequently reifoom the cages and the
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number of eggs was counted. The experiment wasnoeetl using up 5 to 9 cages per day,

resulting in a total of 14 to 43 replications. Ealy, other pairs of butterflies were used.

Performance of Pieris rapaeaterpillars.

The performance oPieris rapae caterpillars on phenidone-treated plants and obipliants
was observed and compared. Brussels sprouts peméssprayed with a 2 mM phenidone in
0.1% Tween 20 solution or only 0.1% Tween 20 sofutas a control. After 24 hours, 30
newly hatchedP. rapae larvae were evenly distributed over two plants peatment and
placed in double cages of 60x100x75 cm, one cage tqgatment, in a greenhouse
compartment at 22-24°C and 50-70% RH. The plante weplaced by new plants twice a
week, so there was always a maximum of 4 to 5 d&jarval feeding on the same plant. The

number of days until pupation and the weight ofghpa were measured.

Infested and non-infested plants.

To test the effect of caterpillar infestation, #i& 5" and &' leave of Brussels sprouts plants
were infested with five caterpillars per leaf oftherr Pieris rapae or P. brassicae. After 24
hours, the leaves were cut off and their petiolesewplaced in vials with tap water and
introduced into the cages with butterflies. Forrapae, this experiment was also performed
using 15 caterpillars per leaf, and allowing 5 gatkrs per leaf to feed for 1 week prior to

cutting of the leaves and introducing them into¢hges with butterflies.

Statistical Analysis

Oviposition preference test without monitoring thehaviour: Each individual butterfly was
given a two-choice situation. In case the ovipositilata were normally distributed, they were
analysed with a paired t-test. In case they arenwsmally distributed, they were analysed
with a Wilcoxon matched-pair signed-rank test. Tdeta obtained from the caterpillar
performance test were analysed with ANOVA in cdseytwere normally distributed. In case
of non-normal distribution, they were analyzed wattMann-Whitney U test for differences
between treatments.

Oviposition preference test with monitoring the &abur: The data consisting of number
of eggs, number of batches, number of choicesr(défas a landing on a leaf or, in cas®.of

rapae, a series of short landings in a short amouninoé during which the butterfly stays
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very close to the same leaf) and total time sperhe leaf were analysed with a paired t-test in
case of normal distribution or with a Wilcoxon nfad-pair signed-rank test in case of non-
normal distribution. The data consisting of timeiluthe first choice, time spent on the leaf
during the first choice and number of eggs laidirduithe first choice were analysed with
ANOVA in case of normal distribution or with a Maidhitney U test for differences between
treatments in case of non-normal distribution.

All statistical analyses were done using SPSS 13.0.

12



Results

Effect of phenidone experimentswith Pierisrapae

Effect of pure phenidone

Green cardboard paper was sprayed with 5 mM smapiution, followed by either water or 2
mM phenidone solution to test the effect of puremtone on the oviposition behaviour of
Pieris rapae butterflies. The results are shown in Figure 4.9\mificant difference was found
in the number of eggs laid on green cardboard psyperyed with phenidone solution and the
paper sprayed with water (Wilcoxon Signed Ranks pes 0.305).
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Figure 4: Effect of pure phenidone on the ovipositbehaviour oP. rapae.

Average number of eggs laid on green cardboardrsmuayed with either

phenidone or control solution. Wilcoxon Signed Ratdst Z = -1.085; p =

0.305; 14 replications.
Surface application of phenidone
To test the effect of the surface application oémitlone on the oviposition preference of
Pieris rapae females (Fig. 5), Brussels sprouts plants wereyspravith either phenidone
solution or a control solution and subsequentlgsitdéd withP. rapae larvae. The butterflies

tended to have a slight preference for the coplieoits when choosing a suitable host plant.
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Figure 5: Effect of the surface application of pidene on the oviposition
behaviour ofP. rapae. Average number of eggs laid on Brussels spravtee
sprayed with either phenidone or control solutiMilcoxon Signed Ranks test
Z =-1.656; p = 0.099; 33 replications.

However, this difference appeared to be not sigaifi (Wilcoxon Signed Ranks test, p =
0.099).

To determine whether the presence of the larvadghenleaves was the cause of the
observed behaviour, the same experiment was repdatethe larvae where removed from the
leaves before these were introduced into the cakgain, the butterflies appeared to have a
slight preference for the control leaves, but thieence was not significant (Wilcoxon
Signed Ranks test, p = 0.358) (Appendix 1l.1la). Wihemparing the two different
experiments, no significant difference was foungancentage of eggs on the leaves sprayed
with control solution as well as the leaves treatgith phenidone solution (Mann-Whitney U
test, p = 0.856 for both experiments) (Appendicdd Band 1.1c). Removal of the larvae was

thus considered unnecessary for further experiments

Systemic uptake of phenidone
Leaves of Brussels sprouts plants were cut off@aded in vials with either 1 mM phenidone
solution or water as a control to determine theatfbf systemic uptake of phenidone on the

oviposition behaviour. No significant differencesmabserved in number of eggs laid on the
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leaves treated with phenidone solution and thosatdd with tap water (Wilcoxon Signed
Ranks test, p = 0.665). The results are shown jpeAgdix 1.2a.

The phenidone solutions changed colour within 2dr&idrom transparent orange to dark
purple with a black residue on the bottom of thesets. This residue is possibly not taken up
by the leaves. To determine the relation betweenatinount of phenidone taken up by the
leaves and the amount of eggs laid on these letheesmount of phenidone solution present in
the vessel was measured before and after the exgariand this amount was corrected for
evaporation. The correlation between the amounth&nidone taken up and the amount of

eggs laid appeared to be weak (Spearman Correlatio.086) (Appendix 1.2b).

Effect of larval infestation experimentswith Pierisrapae

Because of the insignificant results of the form&periments, it was hypothesised tiRat
rapae might not differentiate between caterpillar-infgsand uninfested plants, contrary to the
observations made by Shiojei al. (2002). The butterflies were given a two-choittaation

of clean, uninfested Brussels sprout leaves anagterom which 5 larvae had been eating for
24 hours. Furthermore, the butterflies were moadofor 15 minutes in order to get more
insight in their behaviour. Thereafter, the buttesf were allowed to oviposit for another 4
hours without observation. The difference betwdmnnumber of eggs laid on the infested and
the uninfested leaves turned out to be not sigmficafter the first 15 minutes (Wilcoxon
Signed Ranks test, p = 0.390) (Appendix 2.1a).h&teénd of the experiments, the butterflies
seemed to have a preference for uninfested coptesits (Fig. 6). However, this effect
appeared to be not significant after statisticalysis (Wilcoxon Signed Ranks test, p = 0.093).
Furthermore, the butterflies chose to visit botanpd just as often within the first 15 minutes
(Wilcoxon Signed Ranks test, p = 0.487) (Appendikb? and no significant difference was
found in the amount of time spent before the bfligsrmade their first choice (Mann Whitney
U test, p = 0.391) (Appendix 2.1c). The butterfls=emed to lay more eggs on the infested
plants during their first choice (Appendix 2.1duththese results turned out to be not
significant (Mann-Whitney U test, p = 0.572).

15
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Figure 6: Effect of larval infestation (5 larvaer peaf) on the oviposition
preference oP. rapae. Average total number of eggs laid on either clean
or infested Brussels sprout leaves. Wilcoxon SigRadks test Z = -1.679;
p = 0.093; 43 replications.

This experiment was repeated using 15 larvae @dr Kere, the number of eggs on the
clean, uninfested leaves was significantly highantthe number of eggs on the leaves infested
with caterpillars after the first 15 minutes (Wikam Signed Ranks test, p = 0.003) (Appendix
2.2a) as well as at the end of the experiment @Xda Signed Ranks test, p < 0.001) (Fig. 7).
Also, significantly more choices were made for thean leaves than for the infested leaves
(Wilcoxon Signed Ranks test, p = 0.007) (AppendBb2. However, the amount of time spent
until the first choice was made was similar (Manmhitiley U test, p = 0.870) (Appendix 2.2c)
and also no significant difference was found in bemof eggs laid during the first choice
(Mann-Whitney U test, 0.328) (Appendix 2.2d).

This experiment was repeated a second time uslag/ge per leaf, however this time the
larvae were allowed to feed for 1 week before tavés were cut off and placed inside the

cages with butterflies.
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Figure 7: Effect of larval infestation (15 larvaerpeaf) on the oviposition
behaviour ofP. rapae. Average total number of eggs laid on either clean
or infested Brussels sprout leaves. Wilcoxon SigRadks test Z = -3.531;
p < 0.001; 24 replications.

After 15 minutes, there was no significant diffezemn number of eggs laid on the infested and
the uninfested leaves (Wilcoxon Signed Ranks fest,0.055) (Appendix 2.3a). However, a
significant difference was found in number of eggghe end of the experiment (Wilcoxon
Signed Ranks test, p = 0.004) (Fig. 8). Furthermsignificantly more choices were made for
the clean leaves than for the infested leaves @dn Signed Ranks test, p = 0.006)
(Appendix 2.3b). No significant difference was abveel in the amount of time spent before
the first choice was made (Wilcoxon Signed Raniss, te = 0.682) (Appendix 2.3c) or the
number of eggs laid within the first choice (WilarxSigned Ranks test, p = 0.422) (Appendix
2.3d).

After one week of feeding, thB. rapae larvae had greatly increased in size and were
dispersed to other parts of the plant. This melaais &t the moment the leaves were introduced
into the cages with butterflies, often less thdargae were present on the leaf. In 16 out of 24

cases, no larvae were present on the leaf durmgxperiment.

17



@)
©
§ e
S
o
Q -
%2]
% *%*
2 s
S
o
c
)
(@]
©
o 20
>
<

| |
control infested

Figure 8: Effect of larval infestation (1 week @frdage) on the oviposition
behaviour ofP. rapae. Average total number of eggs laid on either clean
or infested Brussels sprouts leaves. Wilcoxon SigRanks test Z = -2.799;
p = 0.004; 24 replications.

Experiments with phenidone were not performed udidarvae per leaf or 5 larvae per
leaf with one week of feeding damage, as a der#itd5 larvae per leaf is not a good
representation of the natural situation and becatifiee problems with larval dispersion when
allowing larvae to feed for 1 week. Also, it is tkotown whether the phenidone solution might

lose its function after several days.

Effect of phenidone on the performance of Pierisrapae caterpillars

To determine the effect of phenidone on the perémce ofPieris rapae caterpillars, two
Brussels sprouts plants were sprayed with eithagemwaf 2 mM phenidone solution and
caterpillars were allowed to feed from these plamisl pupation. No significant difference
was found between the number of days until pupafitwnarvae that had been feeding on
plants sprayed with phenidone solution and larve had been feeding on control plants
(Mann-Whitney U test, p = 0.798) (Fig. 9). Also, significant difference was found in pupa
weight (Mann-Whitney U test, p = 0.990) (Fig. 10).
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Figure 9: Effect of phenidone on the performanicB.oapae larvae. Number

of days until pupation. Cumulative number of pupaeeach day after the newly
hatched larvae were placed on plants sprayed witarephenidone or control solution.
Mann-Whitney U test Z = -0.256; p = 0.798; 24 aBd-dplications respectively.
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Figure 10: Effect of phenidone on the performarice.oapae caterpillars.
Average pupae weight after larvae had been feemlingants sprayed with
either phenidone or control solution. Mann-Whithéyest Z = -0.024; p = 0.990;
24 and 19 replications respectively.

Six larvae for control and ten larvae for phenidbaee died or are escaped. One larvae that
had been feeding on phenidone-sprayed planthatilinot pupated at day 24.

19



Effect of larval infestation experimentswith Pieris brassicae

Because of the results obtained from the experisneith Pieris rapae, it was decided to start
with experiments to determine the effects of larirdkestation forPieris brassicae. The
experimental design was similar as for the effédarval infestation experiments witkieris
rapae, using 5P. brassicae larvae per leaf. However, the butterflies were nwoad for 60
minutes instead of 15, & brassicae spends more time ovipositing on the leaves tRan
rapae. The amount of eggs after the first 60 minutes tiodoe estimated, as counting the exact
number of eggs could cause the eggs to breaklaffdhe leaf.

After the first 60 minutes, the butterflies had whoa significant preference for the clean
leaves over the infested leaves. More eggs had lzeron the clean leaves than on the
infested leaves (Wilcoxon Signed Ranks test, p G9D. (Appendix 3a) and the butterflies
chose to visit the clean leaves more often thanirtfessted leaves (Wilcoxon Signed Ranks
test, p = 0.004) (Appendix 3b). Furthermore, sigaifitly more time had been spent on the
clean leaves than on the infested leaves (Appeda)ixThere was still a significant difference
in number of eggs laid on the clean leaves andnflested leaves at the end of the experiment
(Wilcoxon Signed Ranks test, p = 0,001) (Fig. 11).
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Figure 11: Effect of larval infestation (5 larvaerpeaf) on the oviposition
preference oP. brassicae. Average total number of eggs laid on either clean
or infested Brussels sprouts leaves. Wilcoxon SigRanks test Z = -3.244;

p = 0.001; 31 replications.
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No significant difference was found in the amouintime spent until the first choice was made
(Mann-Whitney U test, p = 0.421) (Appendix 3d), lewmsr, the butterflies spent more time on
the clean leaves during their first choice thartreninfested leaves (Mann-Whitney U test, p =
0.014) (Appendix 3e).

Effect of phenidone experimentswith Pieris brassicae

Effect of pure phenidone

To investigate whether pure phenidone influencesaviposition behaviour oP. brassicae
butterflies, intact Brussels sprouts plants weraygd with either 2 mM phenidone solution or
a control solution. Intact plants were used instebdardboard paper in order to get a better
representation d®. brassicae’s natural oviposition habitat.

No significant difference in number of eggs (Wiloox Signed Ranks test, p = 0.992)
(Appendix 4.1a) or number of batches (Wilcoxon 8mjrRanks test, p = 0.563) (Appendix
4.1b) was found after the first 60 minutes. Funtthame, the butterflies did not show a
preference for either the plants sprayed with pdh@me solution or the control plants in terms
of choices (Wilcoxon Signed Ranks test, p = 0.719¢)pendix 4.1c) and they spent an equal
amount of time on both plants within the first 6@naotes (Wilcoxon Signed Ranks test, p =
0.974) (Appendix 4.1d). At the end of the experitsethere was still no significant difference
in number of eggs (Wilcoxon Signed Ranks test, @.842) (Fig. 12) or number of batches
(Wilcoxon Signed Ranks test, p = 0.399) (Fig. ¥3%0, no significant difference was found in
the amount of time spent before the first choice wede (Mann-Whitney U test, p = 0.395)
(Appendix 4.1e) and the butterflies spent an eguadunt of time on the plant during their first
choice (Mann-Whitney U test, p = 0.698) (Appendikfi

Effect of larval infestation with phenidone-sprayed plants
This experiment was similar as the effect of larwdéstation experiment, however, plants
sprayed with 2 mM phenidone solution were usedeadtof unsprayed plants, to determine
whether treatment with phenidone would influence hutterflies’ preference for uninfested
plants negatively.

After the first 60 minutes, there seemed to beghdr number of eggs laid on the clean
leaves than on the leaves infested with larvae,ttateffect was not significant (Wilcoxon
Signed Ranks test, p = 0.060) (Appendix 4.2a).
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Figure 12: Effect of pure phenidone on the oviposibehaviour

of P. brassicae. Average total number of eggs laid on Brusselesr
plants sprayed with either phenidone or contraltsmh. Wilcoxon Signed
Ranks test Z =-0.211; p = 0.842; 22 replications.
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Figure 13: Effect of pure phenidone on the oviposibehaviour of

P. brassicae. Average total number of batches found on Brusgmisuts
plants sprayed with either phenidone or contralitsmh. Wilcoxon Signed
Ranks test Z = -0.241; p = 0.399; 22 replications.
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However, significantly more batches were foundlmdlean leaves than on the leaves infested
with larvae (Wilcoxon Signed Ranks test, p = 0.0ppendix 4.2b).

The butterflies did not discriminate between indgsand uninfested plants when making a
choice for a certain leaf (Wilcoxon Signed Rankss 0.131) (Appendix 4.2c) but they did
spend significantly more time on the clean leabhes ton the leaves infested with larvae during
the first 60 minutes (Wilcoxon Signed Ranks test,(0034) (Appendix 4.2d).

At the end of the experiment, the difference in bemof eggs was still not significant
(Wilcoxon Signed Ranks test, p = 0.058) (Fig. iMile there was still a significant difference
in number of batches (Wilcoxon Signed Ranks test0p005) (Fig. 15).
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Figure 14: Effect of larval infestation (5 larvaerpeaf) with phenidone-
sprayed Brussels sprouts plants on the ovipoditeaviour ofP. brassicae.
Average total number of eggs laid on clean or tef@$eaves. Wilcoxon
Signed Ranks test Z = -1.894; p = 0.058; 33 refitina.

No significant difference was found in the amouitime the butterflies spent until making
their first choice (Mann-Whitney U test, p = 0.643ppendix 4.2e). They seemed to spend
more time on the clean leaf than on the infestatldaring their first choice, but this difference
turned out to be insignificant (Mann-Whitney U tgst= 0.070) (Appendix 4.2f).
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Figure 15: Effect of larval infestation (5 larvaerpeaf) with phenidone-
sprayed Brussels sprouts plants on the ovipodit@aviour of. brassicae.
Average total number of batches found on eithaarcler infested leaves.
Wilcoxon Signed Ranks test Z = -2.784; p = 0.005réplications.

When comparing the results of this experiment wihle effect of larval infestation
experiment with unsprayed plants (Appendices 4rid) 42h), no significant difference was
found in percentage of eggs for both clean andstateleaves (Mann-Whitney U test, p =

0.952 for both experiments).

Effect of the surface application of phenidone with infested plants.

Brussels sprouts plants were sprayed with eithévl Zihenidone solution or a control solution
and subsequently, both were infested with larvatedothe effect of the surface application of
phenidone on the oviposition behaviour Bf brassicae. After the first 60 minutes, the
butterflies seemed to have laid more eggs on th&é@deaves. However, these results turned
out to be not significant (Wilcoxon Signed Rankstte = 0.209) (Appendix 4.3a). Also, no
significant difference was found in number of bashafter 60 minutes (Wilcoxon Signed
Ranks test, p = 0.370) (Appendix 4.3b) and theebilits did not show a preference for control
leaves or phenidone-sprayed leaves in terms ofcelo{Wilcoxon Signed Ranks test, p =
0.770 (Appendix 4.3c). Furthermore, the butterflggent an equal amount of time on both
leaves during the first 60 minutes (Wilcoxon Sigirahks test, p = 0.370) (Appendix 4.3d).
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Figure 16: Effect of the surface application of pldene on the oviposition
behaviour ofP. brassicae. Average total number of eggs laid on Brusselswpr
leaves sprayed with either phenidone or contraltgm. Wilcoxon Signed Ranks

test Z=-0.573; p = 0.573; 36 replications.
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Figure 17: Effect of the surface application of pldene on the oviposition
behaviour ofP. brassicae. Average total number of batches found on Brussaisut
leaves sprayed with either phenidone or contraltgmi. Wilcoxon Signed Ranks

test Z =-1.108; p = 0.282; 36 replications.
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At the end of the experiment, there was even ldgrehce in number of eggs laid (Wilcoxon
Signed Ranks test, p = 0.573) (Fig. 16).

No significant difference in number of batches vimsnd at the end of the experiment
(Wilcoxon Signed Ranks test, p = 0.282). An equaloant of time was spent until the
butterflies made their first choice (Mann-Whitneytést, p = 0.440) (Appendix 4.3e). They
seemed to spend more time on the control leavesgltire first choice, but this difference was
not significant (Mann-Whitney U test, p = 0.271)pf@endix 4.3f).
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Discussion

Effect of phenidone treatment of Brussels sprouts plantson Pierisrapae oviposition

Pieris rapae butterflies did not discriminate between green baetd sprayed with either
phenidone or a control solution. They did thus reatct to phenidone solution itself (Fig. 4)
which means it can be assumed that the observedttedf the other experiments with
phenidone are caused by the effect of phenidonprocesses in the plant, and not by the
compound itself.

Phenidone did not seem to have any effect on thposiion behaviour ofPieris rapae
butterflies. Rotschilat al. (1977) discovered th& brassicae butterflies discriminate between
clean host plants and plants on which larvae haen beeding. Satet al. (1999) found a
similar response foP. rapae and Bruinsmaet al. found that botHPieris species discriminate
between leaves sprayed with either jasmonic acich aontrol solution. It was therefore
hypothesised thaP. rapae would have a preference for leaves treated witenfmone.
However, the butterflies did not show a preferefaeeither treatment when choosing an
oviposition site (Fig. 5, Appendix 1.2a). When hmyia choice between control leaves and
leaves sprayed with phenidone solution, it was stigated whether larval presence could be
an explanation for the observed effect. There ctalda possibility that the butterflies have a
preference for leaves treated with phenidone, igsctimpound is known to interfere with the
octadecanoid pathway, but change their decisiomwhey detect feeding larvae on the leaf.
However, the results showed no difference withdhginal experimental design (Appendices
1.1a, 1.1b and 1.1c). It was preferred to contwith the original experimental design, as it
allowed larvae to continue feeding for another fewurs and thus continue inducing the host
plant’s defence system.

Apart from the amount of eggs per leaf, the refatietween the amount of eggs laid and
the amount of phenidone taken up by the leaf wassored when the butterflies had a choice
between leaves standing in vessels with eithemtaer or phenidone solution. The results
showed a weak relation (Appendix 1.2b). There cobdéd several four to explain this
observation. First, it could be possible that ptiene does not inhibit LOX activity and thus
does not interfere with the octadecanoid pathwdys TS however unlikely, as other studies
have proven phenidone to be an efficient inhibitiot OX (Engelberthet al. 2001, Kochet al.
1999, Paré et al. 1996). Second, phenidone mightbactaken up by the cabbage leaf in
amounts high enough to interfere with LOX activithis could be a more likely explanation,
as the colour of the phenidone solution changeu focange to dark purple with a black
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residu on the bottom of the vessel within 24 holirss expected that phenidone is no longer
taken up by the leaves when this black residu weasent. Third, the changes in leaf chemistry
caused by phenidone could be too small to be aztdit and induce a response in ovipositing
Pieris rapae females. This could also be an explanation for déffect observed when the

butterflies had to choose between leaves spray#ud either phenidone solution or control

solution. And fourthly, most likely, the butterfiecould not be making a difference between
infested and uninfested plants and thus any chacmesed by phenidone will not make any

difference in the behaviour of the butterflies.

Effect of larval infestation on Pierisrapae oviposition

Poelman (unpub. data) discovered tRatrapae butterflies did not discriminate between
undamaged leaves or leaves of whithrapae larvae had been feeding when choosing an
oviposition site for two white cabbage cultivarsafer-Shipper and Rivera). It was therefore
hypothesised. rapae butterflies might also not discriminate betweenamedged leaves and
leaves infested with caterpillars for the Brussssouts cultivar used in these experiments:
Cyrus.

When applying five larvae per leaf, on three leapes plant for 24 hours, the results
showed thaP. rapae butterflies did indeed not discriminate betweeraol, undamaged leaves
and leaves of which caterpillars had been feeding. (6). These results provide a plausible
explanation for the results obtained from the eixpents with phenidone. Chemical changes in
the leaf caused by phenidone will have no effecthenoviposition behaviour of the butterflies
if they do not show a preference for undamagedeleav

However, when either applying 15 larvae per leaaltow 5 larvae per leaf to feed for a
week, the butterflies showed a preference for thafested leaves (Fig. 7, 8). This effect was
stronger after the butterflies had had more timeviposit (Appendix 2.2a, Fig. 7, Appendix
2.3a and Fig. 8 respectively).

The butterflies’ behaviour was monitored for 15 oies for all larval infestation
experiments. The number of choices (defined asiassef short landings in a short amount of
time during which the butterfly stays very closetihe same leaf) the butterflies made were
positively related to the number of eggs laid, apeeted. In none of the cases did the
butterflies show a preference for one of the tveatiments when looking at the amount of time
spent before they made their first choice and tinaber of eggs they laid during their first
choice.
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This means the butterflies explore both plants igdaring the first minutes. Their preference
shows in the amount of times they visit a certaatf bnd probably not by laying more eggs on
the preferred leaf during one choice. During thetfi5 minutes, the butterflies often showed a
flying pattern in which they alternated fast betwdabe two different leaves (results not
shown).

These results suggeRt rapae butterflies rather spread their eggs over diffe@ants than
choose a single, best suitable host plant, unlegsyalarge number of larvae was present on
the leaf or the larvae had been feeding on theftgah week, which both resulted in a lot of
leaf damage. However, such a large amount as t&darer leaf is very unlikely to be found in
the natural situation, d& rapae butterflies lays single eggs. The experiment witemeae were
allowed to feed for a week is a better represeaatf the natural situation, however, the data
obtained from this experiment might not be a huddrercent accurate, as in most cases, the
larvae had dispersed to different parts of thetméter one week and no larvae were present on
the leaf during the experiment. Furthermore, thieilies showed no preference for one of
the two leaves during the first 15 minutes. Rsrapae lays its eggs singly and therefore
exploits more than one host plant, they will uspalbt spend more than 15 minutes near the
same host plant in natural situations. For theasams, the experiments to test the effect of
phenidone on the oviposition behaviourRofrapae were not repeated using either 15 larvae
per leaf or allowing 5 larvae per leaf to foragedowveek.

According to Davies and Gilbert (1989, rapae butterflies can be less discriminatory
than gregarious species when choosing a suitabéé plant, as they lay single eggs on
different, often isolated host plants. Root andefiar (1984) observed flight patterns Bf
rapae that causes an even spread of egpey called this the “egg-spreading syndrome”. This
explains the behaviour observed when the butterfii@d a choice between clean leaves and
leaves on which 5 larvae had been feeding for 2&4shavhere the butterflies preferred to lay
their eggs on both leaves and alternated fast lesiwiee two leaves, instead of choosing one,
most suitable host plant. The results show thabtlteerflies will only prefer undamaged host
plants when the alternative leaves are highly dathagr contain an unrealistically high

number of herbivores.

Effect of phenidone on the performance of Pierisrapae cater pillars.

If the octadecanoid pathway would be successfudgked by phenidone, the larvae feeding
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from phenidone-sprayed plants would not be exposé@ exposed to a lesser extent to plant
defence compounds that would have a negative mlien their growth. It was therefore
expected thaPieris rapae caterpillars that had been feeding on leaves sgrayth phenidone
solution would grow faster and obtain a higher pwmaght than caterpillars that had been
feeding from plants sprayed with control solutittowever, the results show no significant
difference in number of days until pupation (Fiy.0® average pupal weight (Fig. 10) between
the two treatments. The results might not be atewaa one third of the larvae that had been
feeding on phenidone-sprayed plants could not besored due to death, disappearance and a
larva that did not pupate. Another explanationtfa observed effect could be that new plants
were provided every 4 to 5 days, while the effdghiteenidone has not been tested after longer
than 24 hours. If phenidone does not lose its fancand the changes in leaf chemistry are
strong enough to affect the larvae, there is a ipiisg that the larvae do benefit from
phenidone activity, but might experience a negaéiffect because of the compound itself. It

was not investigated whether phenidone is toxi®farapae caterpillars.

Effect of larval infestation on Pieris brassicae oviposition

Contrary to the results obtained whenrapae had a choice between clean leaves and leaves
infested with caterpillarsP. brassicae did discriminate between clean and infested leaves
Figure 11 shows that the butterflies have a stqomederence for ovipositing on clean leaves
over leaves infested with five larvae. This wag®gsected, aB. brassicae lays eggs in clusters
of 10 to 150 eggs at a time. Spending so much &meell as leaving so much offspring on
one single plant makes proper host selection entme important folP. brassicae than forP.
rapae, who prefers to spread its egés.brassicae often visited both leaves at least once but
returned more often to the preferred leaf. No $icgmt difference was observed in the amount
of time that was spent before the butterflies choseisit either of the two leaves (Appendix
3d), however, they did spend significantly moredtion the clean leaves during the first choice
(appendix 3e) including oviposition. This suggetite butterflies either accept or reject a
potential host plant upon contact, as was foundRepwick and Radke (1988), Tabashnik
(1987), Huang and Renwick (1993) and Renwick aneMC{1994) forPieris rapae.

Although an amount of five larvae per leaf mightlboeer than in the natural situation, it
was considered unnecessary to repeat the experiwwitmia higher number of larvae &s

brassicae already detects a difference at lower densities.
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Effect of phenidone treatment of Brussels sprouts plantson Pieris brassicae oviposition

The results of theeffect of pure phenidone-experiment showed thd&. brassicae does not
discriminate between plants sprayed with phenidame plants prayed with control solution
(Fig. 12, Appendix 4.1a). It can thus be assumedottserved effect of the other experiments
with phenidone are not caused by phenidone itbelf,by the effect on the plant caused by
treatment with this compound.

As P. brassicae reacts stronger to the chemical changes in theinelaiced by herbivores
thanP. rapae, there was a possibility that the butterflies wibalso be more sensitive to the
chemical changes in the leaf induced by the apphicaf phenidone. First, the experiment in
which the butterflies had to choose between cleands and leaves infested with larvae was
repeated, but this time using plants sprayed wignplone instead of unsprayed plants. To the
contrary of the observed effect when using unsmgtagtants, there was no significant
difference in number of eggs between the infestad the clean leaves (Fig. 14, appendix
4.2a), although more egg batches were found onléam leaves (Fig. 15, appendix 4.2b). This
suggest there must be some effect of phenidonbkeoaviposition behaviour @. brassicae. It
is also interesting to see that the butterfliessehio visit both plants an equal amount of times
as can be found in appendix 4.2c, but spent mare on the clean leaves (Appendix 4.2d).
Still, no significant difference in number of eggstween both treatments was founds. This
means the butterflies laid more eggs per batchvatiin a shorter time on the infested leaves
than on the uninfested leaves.

However, when comparing the number of eggs founithetend of the experiment where
butterflies had to choose between infested andfested leaves using unsprayed plants, and
the similar experiment using phenidone-sprayed tpldar both treatments, no significant
differences were found (appendices 4.2g and 4T28.experiments could be compared as the
number of replications was almost equal (31 for mvksing unsprayed plantersus 33 for
when using phenidone-sprayed plants) so it is ahlikhat this result was caused by chance.
Although the difference in number of eggs was mgnifcant when using phenidone-sprayed
plants, it showed a quite strong tendency towaldancplants (p = 0.058) at the end of the
experiment. Phenidone treatment thus has somet effed¢he oviposition preference &
brassicae, but it does not seem to be very strong.

The results obtained when the butterflies had tmosh between infested plants sprayed
with control solution and infested plants sprayathwphenidone solution did not show any

significant differences for any of the observedeasp between the two different treatments.
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This suggest that the inhibition of chemical changethe leaf surface induced by phenidone
are not strong enough fé brassicae to be detected when the potential host plants batte
feeding damage.

Conclusion

According to the obtained resuli, rapae butterflies do not discriminate between clean @ant
and herbivore-infested plants when choosing anasition site. According to Sato (1999,
rapae does prefer cleaRorippa indica plants over infested plants, but this researchl wsey
few replications and the results may thus not bmiate. Poelman (unpub. data) used more
than 20 replications, as in this research, and daum difference in number of eggs between
clean and infested plants cabbage plants. It caasbamed. rapae butterflies consider an
even spread of eggs to be more important thanrfin@ single, most suitable host plant.
Shiojiri et al. (2002) found thaP. rapae did also not discriminate between clean plants and
plants infested withPlutella xylostella larvae, although the presence of these larvaeaser
the risk of just hatchedP. rapae larvae to be parasitized by the parasitoid w&spesia
glomerata. According to Shiojiriet al. (2002),P. rapae avoids parasitism by moving to a
habitat where the parasitoid is absent. It couldHa¢P. rapae uses the same strategy when
coming across plants infested with larvae of its\@peciesP. brassicae, however, lays large
amounts of eggs on the same host plant in clumpgdtation and thus will face more risk of
competition and parasitation for their larvae gytdo not select a suitable host plant.

The egg-spreading strategy Bf rapae is likely to be one of the explanations as for why
this species does not discriminate between infestedirol plants and infested plants treated
with phenidone. This explanation does not go Forbrassicae however. Although a small
effect was observed of the compound when the Wligterwere given a choice between
infested and uninfested leaves using phenidonemsgraglants, there was no significant
difference with the experiment in which the butiedgf had to choose between infested and
unifested plants using unsprayed plants. Furthesmoo difference was observed when
brassicae was given a choice between infested control leanesinfested leaves sprayed with
phenidone solution. The observed change in coléuh® phenidone solution after several
hours could mean the compound loses its functidar afeveral hours. This is however
unlikely, as similar concentration and way of pldeme application were used in two other

studies on Brussels sprouts plants by Bruinsmai@#908) who investigated the preference
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of different parasitoid wasp species farrapae-infested plants sprayed with either a control
solution or phenidone solutiomnd Bustos Salvador and Van den Biggelaar (stuckgdrt
2007) who investigated the preference Rititella xylostella on P. rapae-infested plants
sprayed with either control solution or phenidormduson. Bruinsma found thaCotesia
glomerata landed significantly more often on herbivore-inéeks plants treated with control
solution than on herbivore-infested plants treangth phenidone solution. The results of
Bustos Salvador and Van den Biggelaar showed Rhatlla xylostella moths preferred to
oviposit on leaves damaged By rapae larvae when using unsprayed leaves, but had no
preference when the leaves were treated with pbaridolution. This proves phenidone does
not completely lose its function after 24 hours.efiéh must be another reason as to why
phenidone has little to no effect on the ovipositiehaviour oPieris butterflies.

Kessler and Baldwin (2002) stated that not all Lidaforms are involved in JA-synthesis.
Indeed, Hlastat al. (1991) and Cucurost al. (1991) found that phenidone did also interfere
with LOX of animal origin. The possibility that phielone did in this case interfere with
another LOX and not LOX involved in JA-sysnthesishowever unlikely, as phenidone did
interfere with JA-synthesis in the experiments afiBsma (thesis 2008) and Bustos Salvador
and Van den Biggelaar (student report 2007).

Another possible explanation could be tRadris butterflies are less sensitive to the amount
of change in leaf chemistry caused by phenidone thaglomerata and Pl. xylostella, as
Poelman (unpub. data) also obserfRedxylostella significantly prefers leaves damagedmy
rapae caterpillars over undamaged leaves. According tm ki al. (2003), wound-induced
expression of LOX was not completely inhibited Hyepidone, but only delayed for several
hours. They did however use a lower concentratigphenidone. If LOX expression was also
delayed in this research, which would lead to dsdlayA production, this could provide
another explanation, apart from phenidone beingtive or being toxic, as to whi. rapae
caterpillars did not have any benefit when feedamgphenidone-sprayed plants opposed to
feeding on plants sprayed with control solutione Tarvae would still be affected by the plant
defence compounds, only several hours later. Fumihve, if LOX expression is only delayed
and not completely blocked, there could be stilbwggh production of plant defence
compounds to be detected Bybrassicae butterflies. However, a€. glomerata heavily relies
on the perception of plant volatiles in order tadfiit's host, it is more likely that LOX
expression is indeed delayed and the resultingerdifice in amount of plant defence
compounds produced is strong enough to be detbgt€l glomerata and Pl. xylostella, but
not strong enough to be detectedRbsris butterflies.
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Futureresearch

A lot of questions still remain after this researkthwould therefore be interesting to continue
investigating this topic. Phenidone, in this corication, has proven to be an efficient blocker,
or at least delayer, of LOX activity which is crakiin the production of plant defence
compounds mediated by the octadecanoid pathwagveral studies. Engelberéhal. (2001)
observed that Lima bean plants did not emit angtilek induced by the octadecanoid pathway
when treated with phenidone. Kiehal. (2003) found that wound-induced expression of LOX
was delayed in plants upon phenidone treatment @rehidone caused the inhibition of
extrafloral nectar production induced by the octas®id pathway irfMacaranga tanarius
(Heil et al. 2001)However, no clear effect was detectedrbyapae andP. brassicae. As the
egg spreading syndrome was the most plausible rexipten for the lack of effect in case IBf
rapae, it would be interesting to try a similar experme&vith phenidone allowing a few larvae
per leaf to feed for a longer period than a daytHarmore, higher concentrations of phenidone
could be used for the experiments with both buiesfto see if a more efficient blocking of
LOX activity can be achieved. Moreover, the effe€tphenidone on the performance of
caterpillars could also be tested fBr brassicae. More plants will be needed for this
experiments, a®. brassicae larvae consume almost three times the amountaffdeeaP.
rapae consumes. An experiment to test whether phenidseeH is toxic forPieris caterpillars
will be useful to rule out this possibility.

If phenidone fails to cause any effect on the osifpon preference oPieris butterflies,
different compounds could be tested which alsorfi@te with the octadecanoid pathway. For
example, DIECA inhibits allene oxide synthase attjwhich is the step after LOX activity in
the octadecanoid pathway and transforms 13S-hydsgpelinolenic acid into 12,13S-
epoxyoctadeca-9,11,15-trienoic acid, whitpropyl gallate interferes with the next step: adle
oxide cyclase, which transforms 12,13S-epoxyoctad®etl,15-trienoic acid into 12-oxo-
phytodienoic acid (PDA) (Fig. 3, Kodtt al. 1999). Measuring of JA levels can be used to test
whether these inhibitors, including phenidone, lyeadhibit JA-synthesis or delay it and to
what extent.

These experiments will help to gain more understandf the effect inhibiting the plant
defence system can have on the oviposition behawbwPieris butterflies, and will thus

provide more insight about the complex interactibesveen plants and herbivorous insects.
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Appendix 1 Effect of phenidone experimentswith Pieris rapae.

1.1 Theeffect of larval presence
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1.1a: Effect of the surface application of pheniglon the ovi-
position behaviour oP. rapae. Larvae were removed prior to the
experiment. Average number of eggs laid on Brussmisut leaves
sprayed with either phenidone or control solutMfilcoxon Signed
Ranks test Z =-0.930; p = 0.358; N = 34
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1.1b: Difference between the two surface applicatibpheni- 1.1c: Difference between the two swefapplication of phenidone
done experiments on which the larvae were eithiépstsent experiments on which the larvae whétese still present or removed
or removed prior to the experiment. Average nuntfexggs prior to the experiment. Average numbexgafs laid on leaves sprayed
laid on leaves sprayed with control solution. Malthitney U with phenidone solution. Mann-Whitney&st Z = -0.182; p = 0.856;
test Z=-0.182; p = 0.856; N = 33 and 34 respebtiv N = 33 and 34 respectively.

37



1.2 Systemic uptake of phenidone
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1.2a: Effect of the systemic uptake of phenidonéhaenoviposition
behaviour ofP. rapae. Average number of eggs laid on leaves treated
with either phenidone solution or tap water. Wiloo)XSigned Ranks test
Z=-0.443; p =0.665; N = 36.
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1.2b: Correlation between the amount of phenidaker up by the leaf and
the number of eggs laid on the leaf. Spearman ketioe = 0.392; p = 0.086; N = 20.
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Appendix 2 Effect of larval infestation experiments with Pierisrapae

2.1 Infestation with 5 larvae per |eaf
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2.1a: Effect of larval infestation (5 larvae peafjeon the 2.1b: Effect of larval infestationlévae per leaf) on the
oviposition preference d?. rapae. Average number of eggs laid ovipositiorPofapae. Average number of choices made
within the first 15 minutes. Wilcoxon Signed Ranést Z = -0.859; within the first 15 minutes. Wikom Signed Ranks test
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2.1c: Effect of larval infestation (5 larvae peafleon the 2.1d: Effect of larval infestationlévae per leaf) on the
oviposition preference d#. rapae. Average amount of time spent oviposition prefeecof. rapae. Average number of eggs
until the first choice was made. Mann-Whitney U tés- -0.870; laid during the first choice. Mannkithey U test Z = -0.576;
p = 0.391; N =17 for clean, N = 22 for infested. p = 0.576; N = 17 for clean, N = 22 for infested.
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2.2 Infestation with 15 larvae per leaf
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2.2a: Effect of larval infestation (15 larvae peaf) on the
oviposition preference d?. rapae. Average amount of eggs laid
within the first 15 minutes. Wilcoxon Signed Ran&st Z = -2.930;
p =0.002; N = 24.
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2.2c: Effect of larval infestation (15 larvae peaf) on the
oviposition preference d?. rapae. Average amount of time
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Z =-0.153; p =0.870; N = 10 for clean, N = 13 ifaflested.

Average no. of choices made

Average no. of eggs laid

20= ©)

155

* %
107

o =

| |
clean infested

(ON©)
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Z=-2.611; p =0.007; R4
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2.2d: Effect of larval infestatior® (Arvae per leaf) on the
oviposition preferenc®afapae. Average number of eggs

laid during the first choice. Mann-Whigrd test Z = -1.006;

p = 0.328; N =10 for clean, N = 13 for

infested.
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2.3 Infestation with 5 larvae per leaf, 1 week of damage
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2.3a: Effect of larval infestation (1 week of darapgn the

oviposition behaviour dP. rapae. Average number of eggs laid
after the first 15 minutes. Wilcoxon Signed Rarést Z = -1.919

p = 0.055; N = 24.
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2.3c: Effect of larval infestation (1 week of dareagn the
oviposition behaviour dP. rapae. Average amount of time
spent until the first choice was made. Mann-Whithetgst
Z=-0.592; p =0.682; N = 12 replications for clehl = 7
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2.3b: Effect of larval infestation (1lekeof damage) on the

oviposition behawviaf P. rapae. Average number of choices
made within the first 15 minuteslcdkon Signed Ranks test
Z =-2.578; p =0.006; R4
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2.3d: Effect of larval infestation (1lekeof damage) on the

oviposition behaviouPofapae. Average number of eggs
laid during the first choice. Mann-Whitndytest Z = -0.859;
p = 0.422; N =12 for clean, N =7 fofeisted.
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Appendix 3

Effect of larval infestation experiments with Pieris brassicae
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Appendix 4 Effect of phenidone experimentswith Pieris brassicae.

4.1 The effect of pure phenidone
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4.1c: Effect of pure phenidone on the ovipositi@hdwviour 4.1d: Effect of pure phenidone on thgosition behaviour
of P. brassicae. Average number of choices made within the Pdfrassicae. Average amount of time spent on the plant
first 60 minutes. Wilcoxon Signed Ranks test Z 7809; within the first 60 minutes. Wilcoxon SignRdnks test Z =
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4.1e: Effect of pure phenidone on the ovipositiehdviour
of P. brassicae. Average amount of time spent until the
first choice was made. Mann-Whitney U test Z = 90,8

p = 0.395; N = 9 for control, N = 9 for phenidone.
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p = 0.698; N = 9 for control, N 9 for
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4.2 The effect of larval infestation with phenidone-sprayed plants
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4.2a: Effect of larval infestation (5 larvae peaflewith phenidone-
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4.2c: Effect of larval infestation (5 larvae peaflewith phenidone-
sprayed plants on the oviposition behaviouP dfirassicae.
Average number of choices made within the firsh@futes.
Wilcoxon Signed Ranks test Z =-1.548; p = 0.13% BB
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4.2h: Effect of larval infestat (5 larvae per leaf) with
phenidone-sprayed plants on the oviposition biela of P.
brassicae. Average number of batches found after the figst 6
minutes. Wilcoxon Signed Ranks test Z =22;% = 0.015;

N = 33.
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4.2d: Effect of larval infestet (5 larvae per leaf) with
phenidone-sprayed plants on the oviposition Wielua of
P. brassicae. Average amount of time spent on the leave with
the first 60 minutes. Wilcoxon Signed Ratdst Z = -2.108;
p =0.034; N = 33.
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4.3 Effect of the surface application of phenidone with infested plants
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4.3a: Effect of the surface application of pheniglon the
oviposition behaviour dP. brassicae. Average number of
eggs laid within the first 60 minutes (estimat@yilcoxon
Signed Ranks test Z =-1.272; p = 0.209; N = 36
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4.3c: Effect of the surface application of phenig@m the

oviposition behaviour dP. brassicae. Average number of
choices made within the first 60 minutes. Wilcox@igned
Ranks test Z =-0.307; p = 0.770; N = 36.
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4.3b: Effect of the surface applicatibpteenidone on the
oviposition behaviourRotrassicae. Average number of
batches found after the first 60 minut@slcoxon Signed
KRaest Z = -1.502; p = 0.370; N = 36.
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4.3d: Effect of the surface applicatibpteenidone on the

oviposition behaviourotbrassicae. Average amount of

time spent on the leaf during the first 66utes. Wilcoxon
SignedkRdest Z = -0.915; p = 0.370; N = 36.



Average amount of time spent (minutes)

0
1 L 1007 *
5
£
40 3
n.s. =
% 75=
73
309 © -
2 n.s. ©
y— 50™
o
20 —
— c
>
£
104 S 255
)
(@]
©
Bl 2
>
0= < 0=
I I I I
control phenidone control phenidone
4.3e: Effect of the surface application of pheniglon the 4.3f: Effect of the surface applicatibpleenidone on the
oviposition preference d?. brassicae. Average amount of oviposition preferenceéPobrassicae. Average amount of
time spent until the first choice was made. Manniwdy time spent on the leaf during the first cleoiann-Whitney
U test Z =-0.793; p = 0.440; N = 13 for control=NL.6 UtestZ=-1.134; p=0.271; N = 13 for adohtN = 16
for phenidone. for phenidone.
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