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Conflict? Carnivores

Indirect

resistance

(volatiles/

Direct food/shelter)
resistance
(toxins/
hairs/wax)
Plant

Fig. THe Imultitrophic effects of plant resistar
such as toxic secondary metabolites or hairs,
herbivores directly. Indirect resisdiadueedr ait
vol atiles or the provision of alternative foo
natur al enemi es. Secondary plant met abolites
mi ght also negatively affect the natural enemi
to an evolutionary conflict between direct anc
by Cindy ten Broeke.
A multidisciplinary approach, combining
chemistry) and ecological (perf ormance, a
aspects, was used to address these objec:
and | aboratory conditions, as wel | as und
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di scussed, plants that possess natur al
tur al enemies of attacking herbivores a
netically engineered for an enhanced dir
st herbivores may also exhibit traits th
rbivores. Therefore, i nformati on on t h
sistance traits is essential in studying
this thesis, the ecological effects of

rbivores ar e addressed, and the knowl ed
ndament al ecological studies is applied i
2 Transgenic crops

ansgenic pl ants ar e genetically engi nee
ganism belonging to a different species
ant species, the plants are called cisge
ransgenicbd wi | | be generically used f
ansgenic pl ants can contain genes that
thogens, herbicides or abiotic stresses,
l ue, storabNaptetom!|l FITRO®Br tfaits can b
ch faster by genetic engineering than by

rmers can gain benef-iéesisftraonm gtrroawisngge nii

ch as a reduction in production costs du:
bour, and yield increasesKadwmwd tzandedatec¢
99 Since their first commercialisation i
ansgenic crops has increased enormously,
8 mi I I ion hedtaamees)20aAt20A0es(ent , al | co
ail ablreesiss ant transgenic crops ar e air
ainst pests, and all of Btalte dd usx grhaigs nge
toxins that negati velAy oafsfoemc ta ngp esciafii c2
en et Ja.l . Tr0r0Bgeni ¢ crops wi t h enhanced
emies of pest herbivores are not yet comr

2.1 Ecological risks of growing transgeni
th the rapid global increase in the cul't
ny new biotechnological devel opment s, a
taining insight in the ecological ef fec
ol ogi cal knowl edge was considered essen
vironment al ri sks of transgenic crops, b
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behind the biotechnd®Glchaitd ell adev &l dPpme

Several ecological issues have to be 1
crops into thGommeri retnDaht o8 0@3 Sahol t

and DickSEno2w 05t ;RBbme?2808t) .alT.he2thcerns r
the invasion of transgenic crops into ne
transgenic crops with wild relatives, hor
resistance in target oFfgamgiest ms Capradn iees fnfeet o t
al . ;5300% et )dIn. thGd®6B5 thesis, the target or
organism to which the transgene is ai med
no-harget organism is defined as any organ
is not the intended target of the transg:¢
the potenti al n e gtaatrigveet eofrfgeacntiss nosn anroen of r
(Gr oot and JDRocnkeei s2 0e0t2) al Ef 28668a of transge
no-harget organisms can be due to the int

croep.,8s a result of t hBett dxixn cpredBdagcapks Dy
(Gr oot and Kilake& 20)0.2alHowx2W®5, transgenic
have effects caused by unintended changes

of the tr anbsugtetnoinc epfSmanltv €2t008I r cho0eé9H ,al . 2
such as | ower glucosinol at e l evel s i n
convention@dunl ih@G4a nd hi gher l'ignin con

commer ci al BtaorSaxersa odnd 9Ht.otSkeyh 2W0M0ilnt er
changes may only become <cl ear under spe
Birch et .al. 2007

1.2.2 Thepr €ER&Ot
European Union (EU) regulatory bodies re
assessments (ERAs) before they permit t he
into tdeeosgsbem. Because in the EU trans
new entities, risk assessments for transg
risk assessments that apply to conventio
require the evaluation of potenti al adve
transgenic crops @&mrbpeaprnCbmadomeHoywe@ @O ]
at the start of this thesis project i n
guidelines with regard to how such =ecol o
carried out.

The Dutch government considered it prc
ecol ogi cal knowl edge on transgenic crops
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Therefore, in 2007, the Dutch government

ai med at strengthening the ecological ri sk
ERGO (Ecol ogy Regarding Genetically modifi
main objectivprofr amme EREGSGOt o study the eco
crops to be abl e -bhaseddevguioge lecnoelsogfyor as.
ecological effects of new rtorgamsrgreeniics chraospesd.
three desktop studies by t he Dut ch Advi s
Modi ficati oB6r d COGEMKalp.l s2 @03 ;D<K ocvkael chOuk3

et al), 20MB encompasses three fields of spe
1) Multitrophic interactions in transgenic
2) Effects of hybridisation and introgres

relatives;

3) Effects of transgenic crops on the funct
One of the projecpsogqgui aminea Itihek ERiGIDe f i r st
field of interest and focusses on the ecol
aboveground and bteal rogwegtr o @ n @ a nniosnms . The cu
resul ts from this project. The aim of t h
cological met hod to evaluate the effects
nd indirect pl ant rteasrn geatanoegdmiasms, i onr
aseline informationo. The baseline inforn
ffects-tangetonorgani sms t hat already e Xi ¢

ieties of the crop speci esst.udlemda-spr dPjhec t

N o0 —~< ® T Q9 o
Q
-

this thesis) focussteasr gen abr gveng frsanesu € sRrsDn
n bel owgroaaumgdketnomKgaousm@0@28 PlbDusses on
he characterisation of di rectHoauschyiamdi r ec
0132

I n accordance with the -geogramme, mt hod a phpe

research objectives of this thesis are:

1) To assess baseline variation in effect
resistance traitstangabovrgamiusnms non

2) To compare the baseline wvariation with
altered in direct and i aAdirrgeedt orresains tsamsc
assess whether transgenic effects exceed

3) To assess the validity of wusing -greenho
target effects in the field;
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4) To develop guidelines for regulato
Crops eamrgem organisms in relatio 1
combined effort wi t-6t udedhd 6 h(g a n;it
Kabouw)2012

The information on the interactions betw

gained during the fundament al ecol ogical

address these applied objectives.

1.2.3 The baseline variation

Conventionally bred varieties of a crop

variation in tther gedtf ecrtgsamins msoon Thi s var.i

be | arger than the wvariation between one

genotype into which the transgene was i

properly assess the ecological effects of

represent the 6baseline variationbd: t he
sel ecti oetnr aonfsgrean ¢ varieties, across sets

By comparing the effects of the transgeni

is possible to assess whether the transge

no-harget organi sms compared t o t he vari
traditional breeding. For a proper repre
fundament al ecol ogical knowl edge on the
insects in the study system is required.
1.3 The study system

1.3.1 Plant materi al

This thesis focusses on plants of the fam
i mportant crops such as cabbage, broccoli
oil seed rape, as welAlr abisddphsei GhotdhedH & palmdan |
Brassicaceous plants, also known as <cruc:
that are involved in direct and indirect
their vol atile breakdownvgmodoetke aadd ob

200Bukovinszky ;Hdopkilns 2a0t0%hilaj i200 9e.t al

Glucosinol at es (GLS) @t & diaenong e ctomead a rbye
met abol ites. Upon tissue damage, the GLS
become exposed to the enzyme myrosinase,
speci al cell s. As a result of the myrosi |
sever al toxic compounds such as (iso)th
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breakdown products negatively affect a wid
Bones and Ro;sHsailtkerer 2 ah&d G e;rHsohpekni znosn e2t0 06|
2009 Specialist herbivores of Brassicaceace
adaptations to detoxify GLS or inhibit the
(Ratzka et;WalttsPOOR )et saelqueXBHBEd&ncGLlsS e(t al
200;lkbazana et; Mgll.l e2)0,0W009 use GLS and their
products as ovipositivanobLodrediGagl g6il®9Ra
and Tj al [Minlges thoIGLS2x®:»M al so affect the
of her riewdreewsed( i n Gol s .anrrdrHearxvaenp | 200 GL S f
pl ant can negatively affect the performanc
feed on herbivores oFr dmaiss i ety aaalb.aed pthlalet s
al . ;Bhajder and; Hoalrevre yet2 00IF.ur2thkes mor e, V C
breakdown products of GLS act as attractiyv
parasitoids of h er bi-cvoorrteasi ntihragt apflleaendin €0 n@a nGd. S
Mithen, B2@Gh@e et;Mamm 20034l . B2@d@8&8i caceous p
al so emit other c¢classes of VOCs that are i

enemies, such as terpenoMdmmamhdgDeekel 1L
Shiojiri)et al. 2010

The Brassicaceae plant family exhibits
indirect resistance traits, providing an i
and applied objectives ofBrtahsissi ctahlosl)esr.aclem
for instance, centuries of breeding have r e

al so called cultivars, thaKKudhfhfdert;imalthd9l
Gol s et aPoel210an8 bet ; Kkd b. o uav0 0Bth )al a n d2 Otl0e
attraction of Qhatnurand ehiede sy (L1803 et al
Kalule and ;Woebman2604alThe200a%ar atory of E
has a |l ong history i-nnsdautdyi migpeeBagalseso rcsac e @
theses of GgeVeorsv I2Be0tdek @y ar Barmui hG03EGo2 GO 8
200Boel manYaa@g820Mm08ren .2BBSed on the resul
previousheBh® ogkgaardePnroelmasg) ,2008ur whi t e
cabbage cBul tolvearrasccefamamirtadhlapat hat di ffer in
direct and indirect resistance to herbivor
were used to represent the baseline variat
cultivated plants on herbivores and their
Because it is easily transfAdramediard h:
al . )2,008he model t hhwmansanael ected for t he
transformatiAnst h®cibdgpent have been shown
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I chneumoni de
Predat Chrysopeerha GeneralisBrevicoryné. Speci al iet
Stephens ( Ne My zus pe&rudize Gener al i st
Chrysopidae) (Hemi pter a: e)
Epi syrpahatsus Generali sBrevicoryné. Special iet
de Geer (Dig Myzus penudize General i st
Syrphidae) (Hemi pter a: e)

Al t hough D. rapae parasPtkereetmahytadapBiodonpeéedi
a specialist of aphids f eBlddamde oen) balmd s# @cCadc e otuls
main parasitoi dBuokfoVvB.n skzrkay$ STt aaele. (i 30 & t much kr
about the number of host species of H. ebeninu
and P. brassicae are sepoetgd BHarphegtetspatbi e0t

1.3.3 Selection of traits and environments
The multitrophic effects of plant resistan

conditions in the field, as wel |l as under
conditions. Due to |l egislative constraints
transfArmedal nceoswadbll y be studied in the | a
field, the population dynamics of the inse
cultivars were determined by recording the
on a weekly basis. The attraction of t he
cabbage cultivars was determined by guan
herbivores and predator oviposition on the
I

aboratory, t he perfor mance of t he sel ect
cabbage cultivars-tape/ andobAamehadvihada
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was determined. This was done by meas

of successful parasitism in the case 1
adult weight. For aphids, al so the nu

to calculate the estimated intrpi.nsTlke ra:
behaviour of the insect species was det el

towards a -phantei bi bwesays.

1.4 Thesis outline

I n t he i rCthragpd wkedted2rvyal ue of transgenic plar
I ntegrated Pest Management is discussed.
divided into two main parts. The results

multitrophic effects of plant resistance
the step from basic ecology towards appl

effects of transgenic crops i s made.

Part 1 : Multitrophic effects of plant res
Chaptebgfsoc3us on the effects of intraspeci!
ofB. ol eornacheear bi vores and their natur al en
cultivars that di ffer in direct and indi./
their effects on several herbivorous and

greenhouse and field conditions.

I Chaptetrhe3, mediyated effects of GLS on afg
studied under greenhouse conEdi thiaoltsed tTuwso
C. cdwaea fed eisttlhyearsaeBGLBg sB.echrad)sissitc aaep
or a-seqgqoestering gdMnepalsshadpeixdretes GL
honeydew, reared on four di fferent whi t
anal ysesplodnthomshl oem as well as the aphic
wer e perfor med to correl ate predator pe
chemistry.

Chaptdesdribes the rel at-ineedi atmpoup antcdmo f
t opown forces on herbivore abundance in t1l
t he popul ati on dynamics Pof xyéwetdell | eher t
brasgi cared carBi v drad,uCG at(aasrDn e ar aagprad® .

semi cl aiurssuent t species were recorded on fo
throughout the season. To assessipthaedrel
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t opown f orces, chemical and mor phol ogi cal
quantifiedp)(bantdomparasitisation of her bi
oviposition on plants inoculated with a «cc¢
assessedown)o.p

Chaptedi s®Eusses whether t he Joawtocvoenger oahd be
interactions can be affected by plant geno
Two white cabbage cultivars were selected,
either nematodes or microorganisms and a s
AbovegrounR. kmhrpd)paipgdati on devel opbent and
rapdétness parameters were quantified to t
were affected by belowground soil treat mer
had an effect.

Chapte8di sbcuss theé. eft heedcosiiyepfes t hat di ffer

direct and indirectgenesistahyAttrmaiad ® amad
I i nes wi t h enhanced direct or indirect
carnivorous insect species under | aborator)

I Chaptamdchapt ert MAreet halcioarypes that di ffer
content and onre ttrhahd anfemravmietdh modi fi ed conc
GLS were used to test the effects of GLS ol
phl ofeemedi ngB.aphi dsgdamcchet he performance and
one of it<E.prhbadateadn paf abs.i troaifdasep(t)e;r &nd

2) the performan8poaddptae rgiinentaargili astpe(ci al i st
P . ryapeaechewi ng herbivore and &n ebgothasted
(Chapt)er 7

I Chaptehe8effects of modi fied VOC emissior

behaviBur bobaasidcakRhe behaviour of tBvo of it
bal t emands rapaer e st udAi.e dt h adldioaenesp e s wer e
transformed to emit one novel volatil e con

two endogenous compounds.

Part I 1: From basic ecology to application
Il iChapt,ert e main ai-pr mjffedthei EREGHDIdr essed. I n
the fundament al ecol ogi cal knowl edge on th
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insects reported in the previous chapy

environment al ri sk assessments of tr l
guidelines for the COGEM to assess ap

introduction of new transgenic crops, as
This chapter is a combimaedjefcterti nwfol v bd

ERGQroj ect.

FinaCHapt epr dwWi des a summari sing discussi

and applied research findings. Her e, t he
di fferences in effects of direct and indi
herbivorous and <car ni v oedeoputsh iknmscewltesd g ea nodf
multitrophic interactions is essential i
crops. Future perspectives on the wuse of
the value of the information from this th
of new transgenic crops will be discussed
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Abstract
Al t hough I ntegrated Pest Management (1 PM)

worl dwi de, further i mprovement of I PM effe
transgenic technolroegsyi sttaandr epdtaentisnsceacnt of f ¢
t he l'imited avail abielsiitsyt amff hulgthil warisns e
avail ablresissdaant transgenic crops show cl e
and there are many exciting new devel opmen]
enhance biological control . Ef fective eval
t hat transgenic plants ddangetresb@lkectsn U
conditions are met, there wildl be ample op
become key components of environmentally
management systems. Here we discuss t he
incorporating transgenic plants in | PM.
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1 Pest control in a changing wor
riculture is continuously being adapte
ciety. The ever growing human popul ati o
d labour productivity, has dramatic ,)

nturies, field enlargement, speci alfivs
iformity and higher crop plant dens
agriChadwirek (and ;NWamemt 49.932D0ORIi ng t h

ocess, pest control |l argely relied on
itial effectiveness, ease of uBent rel a
95 However, the increasing use of pesti
sulted in a number of -upr wbd | eimmss,e cq4 u crhe sa
vironment al pollution afthadwcokdany pMas
9KortenhofPfi médao9a). 2DWeE demand f or envi
iendly pest contr ol techniques has st

blicationSidfentth e pldd®®dkg, which highlighte
fects of pestici Caag som) tlB&S 2envi ronment

Environmentally sound crop protection
citing new devel opment s i n biotechnol
gineering, of fer appealing possibiliti
scuss how biotechnology can provide o]
nign pest management systems.

2 I ntegrated Pest Management

keep pests under control in modern ag
l ely on pesticides, an approach <call ed
s been developed (Box 2.1). Al t hough e
ccessfully devel oped for many crops W
ogr ams will-spreamdt apmwlideati on. A major
me from new cultivars with high 1levels
assical breeding for incr eacsredunhionsg apnl de
bowmt ensive and the desired beneficial t
th undesirable ®Deaitt ISTEEIhn)k2a0E®D rdtr raegr) ma(r
sect resistance in some cases compr omi
thropods, which are an i mport akhdr ecompo
9Ri cke )1.99Q@lIbassi cal breeding has rarely
neficial to carnivores and instead migh
aPoppyY and Sut)herllnantdhi2s0004pi ni on articl e
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Fig. SRewi se (tiered) approach for testing the
target organi sms DugummareitsPes pfyr2a0d8 Sut;her |l and
Andow and ZwB8hiremh 26ChBar| @910dn and Dihekeel2@®adr

no-harget species have to be selected, after
|l aboratory and increases in cofmpdleki awyd amide Irce
ups, with knowledge gained in previous steps |
tiers should not be just considered as sequen
feedback between the tiers is necessary durin
from one | eveétxahionéd odte armot her l evel to fil
knowl edge gaps. Only when the etfafregeetts oorfg atnriasn
have been tested at all/l |l evel st acgreta eff dleicd sl &
transgenic crop be made.
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Abstract
Pl ant resistance agai nste.hbeyr bprvood weci ncga nt oaxci

and indergpgtlayttf acting natur al enemies o f
secondary metabolites that cause direct re
as glucosinolates (GLS), negatively influe
in a conflict between direct and indirect f

Our objectives wereneld) atedt esf ebesbiobo
t he performance of t wo generali st predat
(Epi syrphusabdl tbat goasmmon @Ehegrsolpacpwai mt@r e
and 2) t o test whet her intraspecific pl

perf ormance.

Predators weBree iedoreyinghear-&&adu €eaateer i ng
specialist aphidspoadatficonmaMpsuapphesai oae
no-eequestering generalist aphid that excre!
on four di fferent wiPireel actabbpge f cumanevar |
concentrations Bandbrparsosfidclaged athitn phl oem wer

measur ed, a novel approach as previous s
concentrations only in total l eaf materi al
I nterestingly, Bhebsasasli@adteistelayphsaques
GLS from its host plant. The performance o
was | ower thadn wypees iWhaeehB.f eldr asebBcad on
di fferent cultivars, di fferences in predat

GLS profiles among the aphids.

We shovwat not only the prey species, buit
have an effect on the performance of predat
tritrophic system tested, there might be a
plant resistance.
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Ef fects of GLS on aj

3.1 I ntroduction

Pl ants have two different resistance mech
namely direct and indirect resistance. C
through ephgbocabk) (ore. glhhaminsalor( di gesti bil
plant traits. I ndirect resistance influen
of herbivoresgt.hé&r oeungihs si on of -ivnod uacteid e
secondary plant met abolites tHKartbaamt't

Bal dwi nDil®l®&d and Bal dWiewmoB@Gaby plant
medi ate direct resistance, however,

also negatively influence natur al enemies

feeding on the herbivore that contains th
through reduced hBsanoi s pe feHyaarlyea? ©2000a5(

2006 This may result in a conflict betwee
(Sznajder and;Galryegn0d3Weph 23002 except
(se*znajder and ;Batseeyan200Barvey 2009 anc

thed)eindirect and indirect resistance S
independently, disregarding the potenti al

To study effects of secondary plant m
herbivores, we focus on glucosinol ates ( C
metabolites that are characteristic for t
show considerable variation in concentrat
this fGamsl ¢t (;a&lan D@m8r) . aWheBOBBrbivores
pl ant ti ssues, GLS become exposed t o my
spatially separated from GLS in intact pl

to compounds such as (iso)thiocyanates an
on the side chain of t he GLS. These hydr
vari ety dfoniess eamtds R(gslal keer 2a068 Ger.shenz
GLS and their breakdown products have negd
herbi wargeys deterring feeding Hal kdear earsd
Gershenzon Hopkd e s et ) .al Spex00d i st herb
brassicaceous plant s, in contrast, have e
GLSRAt zka etWiallt st2dddOKR) et aald. u2@04 hese com
feeding or ovipwantLoanseéeMinlad sa ndlt) 9RIGL S2 00!
also affect organisms on higher trophic
enemies of herbivores are attracted by v
Bradburne and; BMiatnldeen e2;0MaOmm 2003l . G2 &0 8
from the host plant may, however, al so ne
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feed owoBLS&I ni ng Fhrernkcii so reetsV a(h h a e2l0e0nl be t al
2008znajder and) HaBomg 82p68ialist herbivor e
from the host plant and use these as a def
Mel L er et; Bali dged0et Malll.er208&”d Brjakefielc
Sequestration of GB 1Se \biyc otrhyen eh ebrrpaHsesoircpat ee r a :
Aphidi dae), for exampl e, has been shown t
gener ali st predatorFy asgechb easKaaadyRRiODdDbal( .
200FRratt) .2008

The objectives of this smadiyatwed ee flf) e a tc
of GLS on the performance of t wo gener al
hoveEPpPliyvyyf phusded aGe erast uBi pt eama: t dyer whoindneoe)
green | achewismgpe(r Saepaerensesa Neuropter a: Chry
2) to test whet her intraspecific plant vV al
The predators wRerebrfadsMegiatelserp eSS wsli zare
(Hemi pter a: Aphi di dae) red8radspboa fLober avhe a
convaapivaahpcaul ti vars that have previously

in their GLS profiles aBrdo ekega asrtdaenn; ee tt oa lh.e
Poel man et;Kalbou0®8&8b)&8BIrev2@bdygneanhit.assi cae
persidcéaéer in the concentration of GLS, as
hydrolysis produBaoteyiacfortymessedgq u@lsS.ec d3e GLS fr
the phloem of its hostprpldactdamyloseahaises

et al ; Fr2a0nOcli s e)t. alUpon20t0ti2ssue damage by ¢
sequestereBd GQlrsasisitmmeaéento contact with aphi
causing the formation of Btobdges betalkdawn2

Kazana et) Mylzus2 Opoadroseisc aneo t sequester GLS, k
them in the honeydew, and does not cont ai
down the GLS that are present in the gut
(Franci s et).al AphadO0lpredators wi || t her ef

concentrations of toxic GL S breaBdown pr
brassi daue not whM.n FeredWmgdh ymot hesi zed t ha

on the difference in concentrations of GLS
perfor m&€nceaarhte.a balwielalt ubse | oBer bwhesi tae
than wheéln pedsiFeuae her mor e, we expect t hat

composition a-mbagtthbal hbgars would affect
of the aphids feeding on these cultivars,
breakdown products (which depends on the s
and thereby the performance of the natur al
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Ef fects of GLS on aj

Ef fects of seque®Btr dtriacemi efpdGlHS pbydat
(mainly | ady bird beetles and howergf.l i es
Francis etKaazlana2Oeltifhaht t)2.200Br evi ous stud,]
(1) only reported the GLS concentrations
insect itsel f, or (2) l'inked GLS concent
concentrations in the aphid, whereas aphi
on phloem sap exclusively. Our study
analysed GLS concentrations as well 3
aphids feeding on this phloem sap. T
analysis of the effects of GLS sequestrat

main predator species, of which one, the

subject of testing effects of GLS on its
intraspecific plant vari atpgroend atnorGLiSn tceornapx
i n t he context of a possibl e conflict

resistance.

2 Materials and met hods

3.2.1 Plants and insects

We used four wvBhriatses iccab lboa geeroajevgaart. ah lah a
cultivars: Christmas Drumhead and Badger
Resources, CGN, Wageningen, The Net her |
pollinated cultivars, and Lennox and Rive
The Netherlands), representing more rece
were cultivated in a greenhoud@%croelpat it me
humi dity (RH) and a 16: 8 h l'ight:dark (

dropped bel duR2i00g Wt me photoregi me, suppl
was provided by s-odPbimlipmpsE(S®SONoven, Th

Seeds were germinated on peat soi l (Len
Net herl ands) and after 8 days, individua
same peat soil in 1.45 L pots. AlIl plants
by applying Kristalon Blauw (Hydr-B-K-Agri ,

Mg O) 6283 micro 2.t mdeL soi l twice a week
weeks onwarek. d Spikants were used in the e:

Brevi cor yneanhifyazsussi cpaesresriec areear ed on th
white cabbage cultivarBsr asmsd c BrlLod @ daxcvearp.r
gemmi teracCyrus) in greenhouse coOhmPpaRBH ment
and a 16:8 h L:D photoregi me. Fresh plant

47


file:///E:/PhD%20plek%20Ento/Documenten/Proefschrift/Leesversie/Thesis%20reading%20version%20M%20Kos%20GOED.docx#_ENREF_111#_ENREF_111
file:///E:/PhD%20plek%20Ento/Documenten/Proefschrift/Leesversie/Thesis%20reading%20version%20M%20Kos%20GOED.docx#_ENREF_175#_ENREF_175
file:///E:/PhD%20plek%20Ento/Documenten/Proefschrift/Leesversie/Thesis%20reading%20version%20M%20Kos%20GOED.docx#_ENREF_235#_ENREF_235

and plants were water&d eoeemsy&aehreasdiaggae T
cultures wer e origiB.al loy ercend dtahet edi cfimomy
Wageningen (The Netherlands) in 2004 and 2

Epi syrphuspbpde €€andcscaeggsa were provided

Koppert Biological Systems (Ber kel en Rode
in a greenhouse comparTth®wnRHaan@2alN1@: ACh
phot or €gi mgr phusp bpd e evagdruess kept in gauze ca

67 cm) and adults emerging from the pupae
and -bekl ected pollen provided by Koppert

were allowed to | ay eggs on BrussBls spro
brassomMaeperAfitceare.egg hatch, neonate | arvae
used in the (&Noperi menthas been Cecemtringadi s
is actually a complex of Hmany etyplacd®oRI
the splecicfawmeased was identified by Kopper
as the sibCi ngf fiprics es

3. 2. 2 pAeprhfiadr mance

Al l experiments were performed in a greenh
66070% RH and a 16:8 h L:D photoregi me. Aph
whit e cabbage cultivars was assessed, be
perf ormance of a natur al enemy i s of ten

performance of Besr dypyset;cahpy d®®8and Haryv
2003 Data on p eBr.f or rmamaiectalred f our whit e c
cultivars wer e derived f2r0o0n8 BWeo ecelkhgasasdemd
performanceeagdsciccoaredi ng to the protocol of
2008to allow for direct comparisons of per
the selected cultivar-weelOf okdcphpl ant $i war g
wi tMh perbsyi cpaleaci ng one neonate nymph on ea

Pl ants were placed individually in gauze r
the greenhouse. Pl ants were watered every
the same way as Pdaandrsi meadl Niymmdpehirest syer e moni t
daily to estimate their development ti me (
reproduction) and nymphal survival was Sco
most of the individuals had reproduced. Fr
aphids on each pl ant was recorded t wice
experiment. Aphid multiplication factor was

aphids at day 11 of the experiment to 1.
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Ef fects of GLS on aj

3.2.3 GLS analysis
I n order to examine BGL Sbrcadknsceednaterga toino ncgi fif

cultivars, and to Iink this to GLS conc
cultivars, wewdelk ecltedpll®dntss xof each cul't
neonate nymphs by allowing adults to repi
which the adults were removed from the p
third instar, half of the aphids on
resulting in 10 replicates of several
ti me, we collected phloem exudate fro

of each of these 10 plants per cultivar.
procedure of BO6f9Bmwern hetmi amlor @daptations:

EDTA solution, initially placed the peti
solution to remove any plant chemical s f
placed the petiole for 2 hours in a new
met hod inherently sampled a small amount
phl oem sap. Therefore, if we refer to phl
these potenti al contaminants from the mes
dried at 80 AC for 3 days and its dry w
(Met-Tdleedo PM200, Ti el , The Netherlands)
adul thood, the remaining aphids were coll
10 replicates of sever al hundred adul' t a |
additional phloem samples were taken from
|l eaf of each of these 10 plants per cul ti
separately for third instar nymphs and ad
di fferences in GLS sequestration between

All samples wzdeAG riommediagdt ely after

sampl es wewde i fd,eeavei ghed and ground t o
Approxi mately 50 mg of the ground materi a
of adult aphids wasc eaetirgihfeudg ei nttuob ea. n@LcS ow
and purified by using thz20mébahddg&abbuwaet

(2010 a and GL S content waspermrsecremarde blyi c
chromatography (HPLC). GLS detection was
array detector wi t h 229 nm as t he i nt
concentrations of sinigrin (Acros, Morris
as an external standard. The cor rle9cdt7i on f
and t he European 9 Lo mweurne t yu s g d t o cal c
concentrations of the GLS. We identified
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HPLC retention times and wultraviolet spect
Reichelt (Max Planck Institute for Chemica
certified rapeseed standard (Community Bu
Bel gium, -86de RBCR

To extract GLS from the phloem, we used

from the collected 2 ml of EDTA solution
solution was boiled in a water bath at 70 /
15 min to inactivate myrosinase activity,
onto a Sephadex column. To concentr-ate the
dried eluate was glesunspernde dvfaitreE0D®O

3.2.4 Predator performance
Performance of predathorscewass ttuadti @dhsi.n Weo a
performanck. obfalltoethht usafremdcd aeNl.t hpparosrB c ae

brassrieareed on each of the four white cabb
eight prey species x plant cultivar combi n:
individual predator | arvae were monitored
set up in a randomised design. Neonate | ar)
a Petri dish (B 9 cm) with filter paper on
Larvae wadel fwWidt uwmaphi ds of mi xed instars
natur al situation in which aphids occur i
selected prey treatment that were provided
corresponding plant cultiwvar. Each day the
repl aced. Sur vti@vdau | tr adteev, e | logormean t ti me, pup.
sex, adult dry weight, head width, and win

wei ght was obtained by weighing adults that
at 80 eC for 3 days on a microbalance (Sar
Head wi dt h and wi ng l ength wer e measur ed
(Ol ympus SzX12), attached to al)diagnidt atl hec an
program I mage Focus (version 1.0).

3.2.5 Statistical anal ysi s

Statistical analyses were perfbemedi asjng
Chicago, I'lTlTinoi s, USA) , unl ess i Mdicated
per siwaae anal ysed by | ogistic erddgriesnsi othSN r
International, UK) . Bterveen sofponrermet d tti omeo batassi nl
and analysed by -ANOVA ®®nd fmpostcultivar C ol
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Aphid mul tiplicat-i oansffaoatmerd wvaansd Iroegpeat e
ANOVA antopo#®Bt for cultivar compari son:
the i mpact of different cultivars on the
consideredsudj ectoirfactor an-dgulcjud dtisr af a at
Differences in aphid multiplBicatria@mdfcact o
M. perweirccaeanal ysed by repeated measures A
Differences in indole, aliphatic i
and aphids among the cul ti vWaarlsl -itveesrtes , 3

assumptions on nor mal i tWwhi weeg WMi dleas

Bonferroni correction for t he number of
compare the mean differences between the
aliphatic and total GLS <concentrations b
stages and between both phloem sampling
Whitney U tests. Correlations bet ween [
concentrations in the phloem and the con

the aphids feeding on those plants were
test .

To analyse GLS profiles of phloem and
|l atent sdtirsuccrtiumiensant -DeAnal ysd s pd PtLiSal | eac
projections to |l atent Pt r(ulediut esn,(PUBIRT T
Ume -, SwWEdiekh3sdgn pPLBDIA. i20&6 multivariate
analysis that we wused to test i f GLS prc
ultivars differed significantly and if G

ltivars also differed significantly. PL

alysis that we used to test the relatio
d GLS profiles in aphids -pfreoecceisnsg doant at, h
ncentratiom®r meelriese-tdt gt mealn and scal ed

< O Q2 9 O O
®Q O S5 S C

ri ance.

Survival and s ex rati o of predators
regression in Gen Stat, including t-he fac
probabilities were -wiadeuldafédr @roc etse sh e tpwna
Devel opment ti me, adul t dry weight, wi n
anal ysed usiwmag aultthireari ate analysis of
including the factors prey species, pl an
MANOVA i s used to test di fference among
variables simultaneousl y. Besides this 060

results from the wunivariate analysis for

51


file:///E:/PhD%20plek%20Ento/Documenten/Proefschrift/Leesversie/Thesis%20reading%20version%20M%20Kos%20GOED.docx#_ENREF_104#_ENREF_104

Pupal wei ght was not included in the MANO

could not be determined, and waswatyher ef or
ANOVA on the factors prey species and pl an
normally di stritbruaredf odmati onl ogas appl i ec

di fferences amongst prey treat menhesc were f
Tukey test.

3.3 Results
3.3.1 Aphid performance
Ny mphal S WM. vipweavwsascfaen average 63 N 3% ( mea
did not di ffer among cud.tfi.v3a,r sd e(vioagn cset i rca tr
1.3P5 0.256) . Devel opment time differed ar
Fs 181 7.PK1,0. 001) . Nymphs on cultivar Lennox
the other threoccul3DbDvaest ;podeével opment t
13.0 N 0.4 days [mean N SE], on the other
0.2 days) . Aphid multiplication factor inc
ANOV A 357 337P<x00.001) and was different be
(repeated meashksrsss 5ABBYA,. 002) . At the end
experi ment (day 34), t Me pnaurvdadispdmocraet i toma nf a
twice as high on Christmas Drumhead and Ba
N 17 per plant respectively) than on River
per plant respectively).
Brevicorynenudrnaopdiicad i on factoM.s incre
persimohei plication factors Firepelabt2@dl 6measu
< 0.001) (Fig. 3.1). The ranking of the fo
aphid multipl Rathoaediach®se ol tivars was
thaM. oper(skiicgae 3. 1) .

3.3.2 GLS

3.3.61LS1in phloem of white cabbage plants
At both phl oem sampling ti mes, phl oem
concentrations of indole GLS than aliphat
cultivars coWbinedy (ManhUrstl56RMPO; GQ1,;
second s &mpl3i0B«xV0Q. 001; Table 3.1). Ar omat
detected in the phloem. There was no differ
phl oem between both sVWhnmptlnietyg= US5i5M&sH 0( Mann
0.053; Table 3.1).
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-
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Days after infestation

Fig. MBltiplication factors (mean N SE) of Y

Brevicoryne brassicae (dotted |l ines) during 3
cultivars: Rivera (grey triangle), Lennox (g
square) and Badger Shipper (black diamond). C
were tested separately per aphid species, an

bet ween aphids reared on the different white
(pohsatc LSD testi&)pem dphildc species x cultivar
brassicae were derived?2f0Q&8m Broekgaarden et al

There wer e no di fferences i n concent
aliphatic GLS in the phloem among the di
tedt. £. 3= 1pler CuUR*i ®9a®s5 for al |l anal yses)
second sampling time when the phloem of
higher total GLS concentWhdttinahss UWt1hPadn0 ,L e n n
0.004) . GLS profiles in the phloem were r

signifi-DAntomp8nents could be extracted).
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3.3.2.2BrGdvsi dmmryne brassicae
In third instar and adul't aphids, concen:
than concentrati onsWhift nenyd oU,eUHE3 B& gHMadsn:
< 0.001; adml14R900dBd0O01; Table 3.1; Fig.
to phloem sampl es, in which indole GLS
those of aliphatic GLS. Ar oBmathirca $@Lu aveer e
aphids contained on average two ti me
than third instar nymphs whenWhivendayge
= 326P<000.001; Table 3.1; Fig. 3.2),

Drumhead contained only about 70% more GL
3.2). Compared wi t h third instar nymphs
concentrations of aliphatic and | ower C C
averaged over aWhic¢cwmletyi Wal =a |2 adRm®m0d,c 00 1 ;
inddal=e 520P.=00,. 024; Table 3.1; Fig. 3.2).
I n both aphid devel opment al stages,
concentrations of indol e, aliphatic and t
di fferent cultivard. # .KBrpukOa.l05Wafldri salH teemsa
3.2)h. contrast to the total GLS concentrat
nympthisd di ffer among nymphs re@3 eBDA8n the
principal RXmpo ne n®R&¥Iyom 0. VB3I 0. FO L.
3.3BLPHPA mostly separated GLS profiles of
Drumhead and Badger Shipper from profiles
Lennbikg( Bi@®a)3.3b shows the contribution
the discrimination among the aphid group:
compon6&hsSsprofiles in adult aphids did no
on different culti-WArsofmponsengsei EouohdtbeélL
3.3.2.3 Correlations bBtwekeooGiLSei hrpbtbe
No correlations in indole, aliphatic and
phl oem of a plant and aphids feeding on t
devel opment al stages (Ymd airerma weg €c Or8rBenvleatn
and 0.2P6& &ané5 for all correlations). Fu
relationship between GLS profiles in the
feeding on t hese pl ants at both sampl i
components could be extracted).
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Fig. Tt 2l glucosinolate (GLS) <concentration ( me
(L3) and adult Brevicoryne brassicae when rear
River a, Lennox, Christmas Drumhead (CD) and B:
based on their biosynthetic origin, divided int
aphid stage x plant cultivar combinations and
aphids collected from one plant were pool ed.

3.3.3 Predator performance
3.3.3.1 Survival

Survi v@al oduntnal adul t emergence was on a
speci es, pl ant cultivar or the interaction
C. ca(flneqi stic Prpedr &bsifoor, both factors and

Survi Eal baf uretaitlusadult emergence was on av
o fE . balwesatasfected by prey specfies, (logi
deviance r aP<i 0o0.=00111). 7a%, it wWMas blrag&én Bwteen f
survival) t hM.n pnehresni Cfdeeds ur vi val ) . Pl ant (ol
interaction with prey Especaildsrattadalno( led dies
regred®si ®@n05 for both anal yses).
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projection to | ate
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ivars ar e Ri v 8
Chri st mas Dr 3
Badger SaS$Sopoeree
pl ot of the first two
PL®A, whi ch shows
di stinction GLS »pr
br as ny mphs rear e
di fferent cultivars. I
percentage of variatio
is indilcaagackidng pl ot of
first two compAnents ¢
whi ch shows t he contr
each of the GLS compo
the discrimination bet
brassicae groups rear e
four plant cultivars.
GNA gluconapi n, |
glucoiberin, I BV = gl t
PRO progoitrin, R /
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whi t e
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di sc
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and predato
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bet ween th
effects on perfor ma
general, both predat
Mwh @re rddemdpmatrheed gwei ntehr at
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astest and adults were |l arger when fed
enerali st aphid) reared on Christmas Dr
evel opment was sl owest and adults were s
ivera and Lennox (FEg. b8l #detahtleua ge.f f2.c8) .0f
ultivar on development time and adult si
n the prey species (Table 3.2), but mo
bserved.ac affmirg. 3.4; Fig. 3.5).

3

.3.3.3 Effect of predator sex

ex ratios wer eC48etadmdald 2% ffednal leasl tfeoat us
nd di d not di ffer among t he di fferent
ombinations (| oPgyi s@.i5 rfeqgrr ealsli ooombi nat i
he predatory | arvae affected their per f
rey species C.r chaorsteapkeantdevel oped sl owe
24.3 N 0.2 days [mean N SE] and 23.8 N 0
nt o heavier adul ts t han mal es (2.04 N
espectively). Debv.e | malinfteanrdd luesismeasn do fmal es
.3 days and 20.1 N 0.3 days respeR.tively
rasskEcabalfteemaluess devel oped into |lighter
0.10 mg and 3.91 N 0.15 mg respectively
4 Discussion

.4.1 Prey species effect

he two predad.or c asapnedeai e  a |, teexdti bs It cevde r
evel opmé&nt bahdxhitbuist ed | ower survi val w h
erbiB.orker asstitaare when fed t heM.geprea.rsa lciaset
| though the two aphid species probably
i fferential population growth on white ¢
ifference in predator performance can be
he difference in concentrations of GLS a
he preyGespeciamsd HaBveyi 2009 ne elmruasdieaase

LS in high contedttameenshi ghé60O than in
ost pl ant, accor di2rod) 9t oa nHlo pckoinntsa i etts 4 It.s
pecific myrosinase that hydrolyses the
atural X*orens est;fFfalanc26G0BtMyalus 2 @0loZisc ae
ot sequester GLS, and excretes Ftrlmenciisges
t al.),20®multb it does contain GLS in the ¢
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Development time (days)

# oo

predators. MHowewrvdedre&ssaen ot contain myrosinas
break down the GLS into toxic breakdown pr
mu c h hi gher concentrations of GLS and GL
feedi Bg ®mastbanaawhen Meedgiemgiwhdaeh seems t
correlate negatively with predator perfori
experiment .

I nterestingly, we document t h 8t t he S
brassfcam the host pl antds phl oem is sel
dominated in the phloem of white cabbage p
the aphids. (Note that our method of <coll e
a small amount of mesophyl | fluids mixed
concentrations were more than two times hi
i nstar nymphs, confirming theo@bg@dratati on
brassdacmtei nues to sequester GLS during its
from the third instar to the adult stage,
higher concentrations, whil e concentration
high sequestration of aliphatic GLS, but n
by the difference in toxicity bet ween b ot

products of plant aliphatic GLS is prevent

Chrysoperla carmea a Episyrphus balteatus
ab b b
Rivera Lennox  CO BS Rivera Lennmox CD BS Rivera Lenmox CD BS Rivera Lennox ©CD BS
Myzus persicae Brevicoryne brassicae Myzus persicae Bravicoryne brassicae

Fig.D8vel opment time in days (mean + SE) of Chr
balteatus when fed Myzus persicae ofr Brevicory
di fferent white cabbage <cultivars: Ri ver a, Ler
Badger Shipper (BS) . Within a prey species, di
significant differences related dato tppheyl deélingofr
< 0.05 (Tukey post hoc mul tiple comparison te
combination is indicated in each bar
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Adult dry weight (mg)
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Chrysopeda carnea Episyrphus balteatus

b
L=

-
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=
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path taken by aphid st yTljeatlsl ithgi i e amnh tHog
1993 thus allowing aphids to ingest phl
compounds into contact Awdtbapsant,admynbsi
Vos et @aki.m 2a0n0d7 Ja)n.delr n®dl0er GL S, in contr
shown to be Dbroken down to toxic hydr ol
myr osi nas &i ac taindi tJya;iKder e20Wm7 .| 2D®dIBe GLS r
therefore, beBdebr amsanst aka sf osugg@9®99€4d
providing an explanation for the | ow
undergo fast enzymatic degradation b
the | owest a@triodiucegdofnmyapbki dhase is obseryv
(Franci s e), abknd 2608 her sequestraBion of
brassmaywet herefore | ead to higher toxicit
aphid performance itself.

The mechanism underlying the high sec
but | ow sequestratB.onbrods ciuncddoedbee GLhSatbyt r ar
for GLS wupt arkaey ilne irnastelcears s p e esiefqiue.s t Whii Ing
sawfAltyhal i aserquuseasd er s mostly aliphatic GLS
GLSMYIl I ern ,2@0dt her specAesl| jofbathd e grensilso
to be able to sedpedtzeret) .mddh fe00AOEN gt el vy,

4.8 1

Rivera Lennox GO BS Rivera Lennox GO BS Rivera Lennox <D BS Riwvera Lennox GO BS
Myzus persicae Brevicoryne brassicae Myzus persicae Brevicoryne brassicae
Fig. AB8ubt dry weight in milligrams (mean +
Epi syrphus balteatus when fed Myzus persicae ¢
of four different white cabbage cultivars: Ri
and Badger Shipper (BS) . Within a prey speci

indicate significant differences relatedheo p
|l evel of P < 0.05 (Tukey post hoc multiple col
combination is indicated in each bar
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3.4.3 Conclusion
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tur al enemies by vol atil e breakdown pro
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Our findings suggest that plants might
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and their natur al eBn. e noil eesrudocned acarch adr it hg t
seasons. We assessed thapimppopceanma dfer br
abundance by quantifying chemical and mor p
and we assessed thdowmpbotaaseonf héeopivore
by quantifying parasitisation of herbivore:
the cultivars.

4. 2 Materials and met hods
4.2.1 General approach

A single common garden was established i
Wageni ngen, The Netherl ands. I n this comma
pl ot s containing a monocBI|t wl ecwldteciavme s of
resulting in eight pl ots per cultivar. I n
several experiments.

To quantify the abundance of several h e
ti me, we monitored the nine central pl ant
herbivorous insect species that represent
communiB.y olngPaeleman et) .all.n 280d0®ibt i on, we s
abundance of the associated natur al enemi e

over two field seasons (2008 and 2009) t o
over ti me.

To i nvestigate -upwpheftohrecresboetxtpolmai ned t he
di fferences in herbivore abundance, we quart
traits of the cultivars in the field. We u
as we used for quantifying insect abundance

To investigat-dowhefbecestopxpl ained t h
di fferences in herbivore abundance, we ass
and predator oviposition on pl ant s i nocul
herbivores. We selected plants in each plo
We used a fixed number of -dle @ sdbatpyeorr eesntt o 1
ef fect sdoown tcoopnt r ol of herbivores and to f
attraction and arrestment of natural enemi e

By combining the results from al/l exper
of Dboeutpt oamdowapf orces on herbivore abundanc

4. 2.2 Plants and insects
Four whi t eBrcaasbshiacgae Lo(l ecromev@mért.atlapacul ti var s
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were wused: Christmas Drumhead and Badger
Resources, CGN, Wageningen, The Netherl al
pollinated, cultivars, and Lennox and Riv
The Netherlands), representing more recen
F1 hybrids. Seeds were germinated on peat
The Netherlands) in a g76&%nhelbatiae B0
and a 16:8 h light:dark (L: D) photoregin
received additional nutrients oQé&PeK-a weel
Mg O; -6-293) ; Kristalon Bl auw, Hydr o Agri, R
Mini mum |light intensity was masnthy-nte
pressure sodi ulm IPahmplsi p(sSONiIi ndhoven,

For the inoculation treatments 1in
chewi Pgutell a tyl oqtdelalmondback mot hj;

Yponomeuti dae) and Bheviphd royeme shirgddashidpcaagee
aphi d; Hemi pter a: Aphi di dae) (Fig. 4. 1)
Spro®Bt so( dr.acgeeanmi teGyar us) in a climatised
2AC,- 7% RH and a 16:8 h L:D photoregi me.

Fig.Catdrpillar of the diamondback moth, Pl ute
cabbage aphid, Brevicoryne brassicae (B) (ph
www. bugsinthepicture. com).
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4. 2.3 Common -ugpar den set

Ten days after germinati on, individual see
cubes -anfdhha-WwWéek ol d plants were moved out si
acclimatize to field condiweieckhs. planwveekvetl §

transplanted, with their soi l cubes, into
established 32 plots (6 x 6 m), each cont a
one of the four cultivars. Cultivars were
design. The plants were planted in a 7 x 7
bare sam Is.t rA p6 & oWwimawnvwiotghr asses separated th
The common garden was fertilized once at t
dry pellets of organic fertiliz®K; (-COI terr:

4-6mi cr o) .

4.2.4 Insect abundance

From week 23 (early June) unt il week 36 (
year s, the nine central pl ants of each pl
presence of the foll ewinnorgi rcsadcetr ps d d airess :an
P. xyl astdelplugdaei t s pDa raadseigtnoai ds e riied Il @®wns u m

(Hymenopter a: Il chneumdni daaapshacdleo mnds ioz d e
aphids; mummi es (pupae of the parasitoid i
aphid pabiasent otiide Mt b ntroasphae ( Hymenopter a: Br

|l arvae and pupaeEmifs ytripeh up debchdGtcerat (sDi pt er
Syrphi dae) and eggsof Itahrev afeh eagdmadd prup eae car n.

Stephens (Neuroptera: Chrysopidae) . For e
number of each of the selected insect speci
4.2.5 Chemical and morphol ogi cal traits of
In 2008, we quantified GLS, amino acid, an
aged | eaves of the nine central plants of
met hod based on the results from 2008. B ¢
contents of plants in 2008 were not corre
Resyl twe assessed only GLS composition in 2
chemical composition among |l e’y 0o amgesst we
l eaf), i mtgerdme(dt edtfaeee A"yBungest | ea’f’ and «
ol dest |l eaf) |l eaves separat@byliemv2809n Ea:d
Further mor e, we included measur ements of

observed that the cultivars differed great!/l
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4.2.5.1 Chemical traits (2008 and 2009)

Leaf materi al of four pl ants of each plo
abundance (week 29; mid July) in both yea
plot. Al pl antf rnroazteenr iianl |wagsu ifdl ansi-8tOr oAg e n ,
C freezedri ddeaae ground into a fine powd
100 mg was wused in the analysis. GLS ana

described by Xab®aaw detvan .Dam2@ah& ©OSomehl é
sugars and amino acids were extracted and
by van Dam a2n0d) 80o men (

4.2.5.2 Morphological traits (2009) 4
In 2009, an index of the development a
plots, on whi ch i nsect abundance was me
according to 1d%e96MoEhe eteladvarn(t part of th
2.0 (first l eaf appearance), through 3.0
(opti mal harvest stage) to 4.9 (overripe
In week 29 (mid July), four of the ni
for measuring morphological traits. We me
weighing the shoot. For analysis of the a

the cultivars, a leaf disk i wlhsacdiaimeben
intermageat eeaf from three plants per p I
di pped in 50 ml chloroform (99 %, BDH | ab
seconds to collect |l eaf surface wax. The
to a volume of 1 ml by gently |l eading a
heating it stood0A@Ge HRifmiy sampl ewswiaghe@dpet
gl ass cover slip (24 x 40 mm). Af ter t h
amount of wax was-wdegkrmgnetebygover slip.
the amount of wax for the three sampled p

Leaf toughness was measured separatel

aged and old |l eaves of four plants of eac
is required to penetrate the |l eaf as an
Il nstron hardness meter (lnstron 4301, Il ns
3.18 mm that generates a maxi mum force of
adaxi al side of the | eaf, in the centre
avoiding penetration of other veins.
Light refl ectance by the | eamadgedcduarndace
old |l eaves of t wo plants per pl ot was m
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ectrophotometer (Perkin EIl mer , Lambda

el ton, Connecticut, USA) . Measurements w
e leaf, in the top right corner, avoidior
rcentage reflectance at 330 nm (represe
ght), 550 nm (representing relative refl

epresenting relative reflectance of pho
|l mes andOB&iller (

2.6 Parasitisation and predator ovVi posi
rbivores
assessed parPasixylscatieoinpadB.ar &r anngdi cae

hids on plants inoculated with a control
ant of every plot was inoculated weekly
(early September). Every week we used a
ne central plants and the outer rows of e

.2.6.1 ParRsixylsadti@inl af

ants were iPnocxuyllaotsetdeHwiaoldd weeks of 2008

2009. Twemsyasecandrpillars were placed
collected after three days, and reared o
th or adult parasitoid emergence. The se;
a probl efmn wiywlhoethled hg t hat started in

rasitiP.atxylnostf2008 was assessed only un
ly) .

2.6.2 ParBsilinsatd omeedat or ovi position
ants were iBhoclurd admseidt e tdhven weeks of 20
u

I't aphids in c¢clip cages were transferre
hids and clip cages wer e removed after
oduced was standardized to 30 nymphs pe
mphs were recollected from the field, fe
ared until mummy f ormati on.

However, we adapt eBd oburraarpehtctdaed ifnor200 9,
cause we observed that with increasing a
hids transferred to two of the cultiwvar
amatically (data not shown) . To assure s
ed gregnbwaosel ant s. I nocul ation was done
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week 23 (early June) unt il week 36 (earl
oviposition by aphid predators could be t
on the plants. To obtain potted plants, [
1.45 L pots eight days after germination
weeks ol-glixThdultty aphids in clip cages we
|l eaves of 15 Bl amltesruabcteiaeach Adult aphids
were removed after three days, and the of
to 90 nymphs per plant. The plants were
and randomly distributed over 20 newly de
of the same cultivar. These newly dey

m established in the middle of t he

described plots. After three dmR.yshaltth

eggs Candcaegqeesa was recorded. To Dc healp afeor
the recovered aphids were fed with Bruss:¢
mummy f or mati on. Per plot, we averaged th

in five r @&pl iod axtruelstdmear per week.

4. 2.7 Statistical analysis

4.2.7.1 I nsect abundance

Statistical analyses were perfblemedi as,j n
Chicago, I'1lTinoi s, USA) , unl ess indicatec
the selected insect species was analysed
structured repeated measurements mixed mo
type AR (1). The average number of the se
pl ot w-acsr | sogguoaorte nor mal i zed (based on w h
provided the best mod e | fit), and model | «
36) , and the factorial interaction. Pl ot

di fferences bet ween cultivahsec weEb teoemps
Larvae andCpupawemeéh only observed occasi
omitted from the analysis.

We al so tested di fferences i n t he f
herbivores t hat wer e parasitized using (
( GL MMs) in the prb'gdiami GenSVEN (ARernatic
was included as a random factor. The st uc
mo d e | were determined per model: weeks i

contain any of the relevant herbivores wi
GLMMs and GLMs (Generalized Linear Mo d e |
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binomially distributed dependent variabl e v
the model (binomi al di stribution, l ogit i
factors cultivar, study week, affdacttiog iiant el
design. See Table S4.1 in Supporting Infor
each GLMM analysis.

4. 2.7.2 Chemical and morphological traits ¢
We used two different statistical approac
chemical and morphol ogical traits on inse:@
di fferences in plant traits among the cul
intraspecific chemical aBh.d aroagrpdnmdaoghemace b w
potenti al for di-ff ecenteesl i af bbetbmvores
Second, to correlate pl ant traits wi t h i
mul tivariate regression analyses, in which
the different chemical and morphol ogical p |
Di fferences i n tot al concentrations |
met abol i tlRs @almomajcdaar s were analysed by at
( ANOVA) or, if assumptions on nortneasltist.y we'H
For al | ANOVAs perforhmead Tuwkeayhitse ssttsudwer e o
pairwise differences among means-testiail ar |
Ma nWhi t netyes tUs wer e used for pairwise di
concentrations of indol e and aliphatic G
Because the only aromatic GLS (gluconastu
amount s, this compound was excluded fro
uni denti fied sugar was found that contrib
content; this sugar was not included in the
Changes i n devel opment al stage i ndex
analysed as described above for the insec:

pl ant weight per plataywadANO¥mMalomsdadheby acner
The amount of wax on t haegesdurlfeaacvee so fwaisnhtaemnran
by Kr-wWakhitsesHHs. The force necessary to pe
averaged pearormpladt zedognd -wapnl ANOVADbYy ot wo h
factors cultivar, | eaf age, and the facto
reflectance at 330 nm, 550 nm and -670 nm
square root transfor meady aAlNdOVaAnal ysed by t wc
Met abol ite profi-aged of eandxer wmedieataenal )
projection to-dliatcentmi tamu DtADrad g sS$(MICRAL S
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edition, Umetri cs Er iUmeesgn Sejpe deadhAS gD 0 &
multivariate discriminant anal ysis that \

acid and sugar profiles differed among cu
The relationship between <c¢chemiBcal an
olerp¢a@aamts and insect abundance on those

()

ast squares projections toP,] adrenapprnoac

similar to r egBEreiskssisoonn genta IBybsti sR OO year s a
di fferent pl ant traits we <construtched se
variable importance in the projection (V
VI P value higher than 1 are most i nf
2006No. preocess datOh#dA faomd PLS anal ys-i s 4
nor mali zedntmealn and scaled to unit v
4.2.7.3 Parasitisation and predator oVi
herbivores

The fraction of expRrri mghuoaltlkey palBll eras e @
br assaphieds t hat were recovered from the
caterpillars or aphids that Dverse miadglaasu su !l
adul ts t feetmawer & n t he parasitisation a
experi ment were analysed by Generalized
Table S4.1 for a detailed descrsiipglteidont of
probabilities werewcakbcd|l hfedehoestsebéet wae

>

umbeE. obhalart.t ucsaegngesa wer e anal yWadd i sy HKr
tests because these data were not nor mal |
factor cultivar.

4.3 Resul ts

4.3.1 Insect abundance

I'n both years, all insect species showed
(ti me effect, repeated PmeaBGuo@s moxedal Imc
speci es; Figs 4.2 and 4. 3; Table S4.2). l
plant cultivar consistently affected inse
measures mi xPe<d OmoOdOell sf,or al | insect speci ¢
year s; Table S4.2). Overall, herbivores &

abundant on Badger Shipper and Chri st mas
and Lennox [Figs 4.2, 4.3 and S4.1; Tabl
show the data of the study vyear in which
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Fig. ABu2dance of Plutella xylostella caterpilla
plants of four Brassica oleracea cultivars in &
the | epidopteran herbivore P. xylostella (mean
(B) the parasitoid Diadegma semiclausum (mean n

hi ghest P2009lamdr e20B8 bpoassandaeFi g. S4.1 s

the data of the other study year].

The fractions of herbivores that wer e
time in both yearsPt0OmeOoOrffferctboiGh MMer bi v
S4. 3) . For eyvyarwsheobdvooepl ex, the fracti
was parasitized was often small est on cul

herbivore numbers (Christmas Drumhead and
although differences among cultivars were

4. 3.
4. 3.
GL S

2 Chemical and morphol ogi cal traits of
2.1 GLS
profiles were comparabl e between both

among Bt heol ecruwlcteiavar s (cultivaDA edrfiercai,p a2 0 (
compone&iXdus&, 0. BYQw 0. @21m 0.431; 2DA9: 3 PL

principal ®RXmpOnNnenREL.+~ 0. RN3Gm 0.405). The
PL®»A models showed t hat Ri vera and Lennox

profile, whil e Christmas Drumhead and Badc¢
each other and from Rivera and Lennox (Fig
Chri st mas Drumhead had t he hi ghest and E
concentrations of mo st GLS. Ri vera and Len
and sinigrin concentrations (Figs 4.4C and

n general, young | eaves contained the
| owest concentrations of indol e, aliphati

among cultivars differed to some extent (Te
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Mumber of parasitized B brassicn Mumber of &, brasaicam aphids

Humber of G, sarnes eggs
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EHEZEH

a HABEE

M) Browicoryme brasshoao

Numbar of cifer aphids
5 "
-

B) Odher aphids

—=— Rivia

= Lennox

—#— Christemas Drumbasd

-

Badger Shipper

) Dianrofela rapan

E| Chrysoparia carmes

Fi g.ABurBdance

of aphi

1 O Episprphus baiteaius

ds and

their

parasitoids

four Brassica oleracea cultivars in a common ¢
Brevicoryne brassicae (mean number of aphids g
number of aphids per pl ant N SE) ; (C) the apl
number of parasitized B. brassicae per plant K
bal teatus ( mean number of l arvae per pl ant
Chrysoperla carnea (mean number of eggs per pl

I n both years, insect abundance was
(2008: comPlbaRXt , 0. BYZE, 0. D345 0. 045; 20009:
PLSomponkeXt ,0. BR.Y4, 0. ©0=9,0. 101, Figs 4.5A
Based on the -viai glessti nVIbPot h year s, gl uc
abundance of herbivores and their natur al
with | ow concentrations of glucoiberin ar
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Fig.MuwlLtdi vari ate analysis of the glucosinol ate
pl ant s of four Brassica ol eracea cultivars:
Drumhead (CD) and Badger Shipper (BS) . Al ong
percentage of variation explained is indicatec
projection t o -diastcernitmi sitamu c-DeAnjeeldyss sd (PhL St he
profiles in 2008 (A) and 2009 (B); LoAing pl
based on the relative concentrations of differ

(D); Score plot of 't he-DfA rbsats etdwoo nc a rhipeo naem tnso aaf
in 2008 (E). Note that in (E) only the first g
the model . Score plots show the distinction i
Loading pl ots show the <contribution of
di scrimination bet ween t he cultivars. A 4
glucoiberin, I BV = glucoiberverin, PRO =

sinigrin. I ndol e GLS: GBC-g4 uglobbc alsrsa £3-ing i :
met hoxyglucobr alsydrrcoxy gl4wOdHo r adssi ci n.

GL S, i ke gluconapin, progoitrin, and {
herbivore and natur al enemy abundances
abundance of the natural enemies was high

their host or prey (Fig. 4.5A and 4.5B).

4.3.2.2 Amino acids and sugars

The total concentrations of amino acids
cultivars (Table 4.1 and S4.5). Amino aci
among cultivars (chA tpwiamciegfdI®ca o hplh AdPdLNS
RY= 0.895#%,0.124) , although the variation
model was smal.l (17. 4%; Fig. 4. 4E) . PLS a
insect abundance with amino acid profiles

Three sugars were identified: gl ucose
were no differences in total sugar concert
the sugar profiles among the cultivars. F
show a correlation between insect abundan

4.3.2.3 Plant morphol ogy

Pl ant devel opment al stage index values d
(repeated mixed dmdd&Es184dROVDEQGvARO 1d . £t.i me :
13F= 390P630.001; dnterd®ct ilolnP3x5,0. 001) .

Christmas Drumhead and Badger Shipper dev
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