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Abstract—In choice experiments with artificial leaves, we tested related
pyrrolizidine alkaloids (PAs) for their stimulatory effects on the oviposition
of the cinnabar moth, a specialist on the PA-containing famtecio jacobaea
The PAs fromS. jacobaeahat we tested stimulated oviposition. Monocro-
taline also stimulated oviposition although this PA is not found in plants of the
genusSenecioThe moths preferred ovipositing on filter paper with a PA mix-
ture extracted fron®. jacobaedo ovipositing on filter paper with single PAs.
Senkirkine, heliotrine, and retrorsine did not stimulate oviposition. The nonac-
tive retrorsine differs only in one OH group to the active senecionine, indicating
that small structural differences alter the stimulatory activity of PAs. However, a
PA mixture extracted from a nonhost plaBgnecio inaequidenthat consisted

of 81% of the nonactive retrorsine did stimulate oviposition. Oviposition prefer-
ences betweeBenecispecies seem to be determined by chemical compounds
other than PAs.

Key Words—Arms-race hypothesis, plant—insect interactions, chemical diver-
sity, oviposition, stimulantsSenecio jacobaeayrrolizidine alkaloids.

INTRODUCTION

The oviposition behavior of Lepidoptera is determined by a complex set of visual,
olfactory, and chemical cues (Papaj and Rausher, 1983). After locating the potential
host plant through visual and olfactory cues, acceptance of the host plant often
depends on chemotactile stimuli (e.g., Myers, 1969; Miller and Stickler, 1984).
Leafallelochemicals can be important oviposition stimulants for specialist butterfly
and moth species (Schoonhoven, 1972; Feeny et al., 1983; Honda, 1995). For
example, glucosinolates are known to stimulate ovipositioRferis species (van
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Loon et al., 1992; Renwick et al., 1992; Huang and Renwick, 1994); glycosides
and flavonoids iiCitrusspecies are oviposition stimulants for soRapilio species
(Ohsugietal., 1985; Honda, 1986; Honda, 1995 and references therein); and cnicin,
a sesquiterpene lactone, stimulates oviposition for the specialistPberttionche
inspersalLandau et al., 1994).

The stimulatory response of specialist lepidopteran species to allelochemicals
in their host plants presents an important dilemma for the plant. Plant secondary
metabolites may deter generalist herbivores while attracting specialist herbivores
(Linhart, 1991; van der Meijden, 1996). Many plant species display a diversity of
secondary metabolites, and often a variety of structurally related compounds can be
found within a plant. The evolution of this staggering diversity of compoundsiis still
poorly understood. One possible explanation for the diversity of structurally related
secondary metabolites is that new compounds evolve in a continuous evolutionary
arms race between a plant and its specialist insect herbivores. In such an arms race,
a plant that synthesizes new compounds is able to escape herbivory and the insect
herbivores, in turn, adapt to these compounds (Ehrlich and Raven, 1964). This
coevolutionary model implies that structurally related compounds differ in their
effects on specialist herbivores. Most emphasis has been on the toxicity of related
compounds when discussing the arms-race hypothesis. However, for specialists, for
which related compounds are mostly not toxic, as well as for generalist herbivores,
for which related compounds are mostly all toxic, there is little evidence indicating
differences in toxicity of structurally related compounds. Alternatively, related
compounds may differ in their stimulatory effect on specialists. Thus, within the
evolutionary arms race, plants may be able to (temporarily) overcome the dilemma
of contrasting selection pressures of specialists and generalists if a new compound
evolves that masks the plant for specialists and still deters generalist herbivores.
Under this model, it is expected that structurally related compounds differ in the
stimulation of oviposition of specialist lepidopteran species. The response to plant
secondary metabolites by specialist lepidopteran species can be highly specific,
acting only on specific compounds or combinations of compounds, or can be
more general, acting on a certain group of compounds (Honda, 1995). Huang and
Renwick (1994) found that all the aromatic glucosinolates they tested, except for
glucosinalbin, stimulated oviposition Bieris rapae while the tested aliphatic
glucosinolates did not stimulate oviposition. For anotRa@ris speciesP. napi
oleracea structurally related glucosinolates differed in their stimulatory activity
and there was no clear-cut relationship between activity and structure.

An excellent system for studying the evolution of related secondary metabo-
lites are the various pyrrolizidine alkaloids (PAsHanecio jacobaed his species
can contain more than 10 structurally related pyrrolizidine alkaloids (Witte et al.,
1992), and variation in PA composition 8 jacobaeds at least partly genetically
determined (Vrieling et al., 1993). PAs can be deterrent to generalist herbivores
(Van Dam et al., 1995; kfjele and Rowell-Rahier, 2000). In contrast, the specialist
Tyria jacobaeadcinnabar moth) sequesters PAs from its host pfarjacobaea
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(Aplin and Rotschild, 1972; Rotschild et al., 1979), and all life-stages. ¢é-
cobaeaecontain pyrrolizidine alkaloids (van Zoelen and van der Meijden, 1991).

If specialist herbivores, like the cinnabar moth, have been selective forces in the
evolution of different PAs, we expect that structurally related PAs differ in their
effects on the cinnabar moth. Larval performancd gicobaeaalid not differ-
entiate betweels. jacobaeglants with different PA composition (Macel et al.,
2002).T. jacobaeaean detoxify PAs fron8. jacobaedhrough N-oxidation by an
enzyme that must have been recruited during the coevolutionary adaptafion of
jacobaeado PAs (Lindigkeit et al., 1997; Naumann et al., 2002). Little is known
about the importance of PAs as feeding or oviposition stimulants for the cinnabar
moth. Adding PAs to the leaves & jacobaealid not increase oviposition (van

der Meijden et al., 1989), suggesting that PA concentration on the leaf surface is
not important as a proximate factor in the selection of plants for oviposition. It is
not clear if PAs in themselves can stimulate oviposition.

In this study, we addressed the following questions: (1) Do PAs stimulate
oviposition for the cinnabar moth? (2) If they do, is there a relationship between
stimulatory activity and structure of the PAs? (3) Are specific (combinations of)
PAs preferred over others? (4) Do PAs stimulate oviposition at a range of con-
centrations? We tested whether or not a PA mixture fnacobaeand a PA
mixture extracted from a nonhost plant specitgsr{ecio inaequidehstimulated
oviposition by the cinnabar moth. We also tested several single PAsSrgat
cobaea as well as related and nonrelated plant species for stimulating effects
on oviposition. To determine whether other chemical compounds can also play a
role in the oviposition preference of jacobaeagwe tested whether leafsap from
the preferred host plang. jacobaeaand from the nonhost plars, inaequidens
stimulated oviposition.

METHODS AND MATERIALS

Tyria jacobaeael-emale moths of. jacobaeaaised in the experiments were
either captured in the field or reared in the lab. Female moths were captured in
the dunes of Meijendel, The Netherlands, in the summer of 2000 and 2001. Moths
reared in the lab were collected from Meijendel as fifth (last) instar caterpillars in
the summer of 1999 and 2000. Each caterpillar was put into a glass tube without
food until pupation. Pupae were stored for 10 months in a cold growth chamber
(photoperiod L8:D16,4C, RH 70%) for hibernation. Following hibernation, pupae
were placed into another growth chamber (L16:D8, 20CIRH 70%) to emerge.
Prior to the oviposition experiments, male and female moths were kept together
for at least 1 week to mate. Lab-reared moths used for the experiments were 1—
3 weeks old. The age of the moths collected in the field was not known.

Pyrrolizidine AlkaloidsMost of the PAs, we used belong to the structural
group of senecionine type PAs, except for heliotrine, which is a lycopsamine type
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PA, and monocrotaline, which is a monocrotaline type PA (Hartmann and Witte,
1995). Senecionine-type PAs are mostly 12-membered, macrocyclic diesters with
a retronecine or otonecine base. Lycopsamine-type PAs are monoesters or diesters
containing a hydroxylated 2-isopropylbutyric acid as a necic acid. Monocrotaline-
type PAs are 11-membered, macrocyclic diesters with a retronecine base (Hart-
mann and Witte, 1995). The structures of the pyrrolizidine alkaloids we used are
given in Table 1. The pyrrolizidine alkaloid mixtures were extracted from flow-
ering plants ofS. jacobaeaand S. inaequidenausing a modified version of the
method developed by Koekemoer and Warren (1951) as described by Hol and
van Veen (2002). The composition of the PA mixtures (Table 2) was determined
by GC (HP 6890, 30 mx0.25 um, HP-1). GC conditions were, injector 2%0)
temperature program 0-22-5-250, split mode 1-30, carrier gag N.9 ml/min,
pressure 56 kPa, detector FID. All observerd peaks coincided with known PAs.
The PA mixtures were 99% pure as determined by a color reaction modified af-
ter Mattocks (1967). Monocrotaline and retrorsine were obtained from Sigma;
senecionine, seneciphylline, and senkirkine were obtained from Roth; and he-
liotrine was obtained from LATOXAN, France. In the plant, PAs mainly occur as
N-oxides (Hartmann and Toppel, 1987). It is not known whether PAs on the leaf
surface are free-base PAs or PA N-oxides. We tested free-base PAs to determine
whether they can serve as oviposition stimuli.

Oviposition Choice Experimentall tests were performed in a growth cham-
ber (L16:D8, 20:15C, RH 70%). In two-choice experiments, we tested the pref-
erence ofT. jacobaeador PAs using artificial “leaves” composed of filter paper.
Two white filter paper leaves (Whatmann 91, 10 cm long and 2 cm wide) were
attached to the bottom of a glass vial (2.5 cm diam.) with a small piece of tape
(Figure 1). The vials were partly filled with sand to secure stability and covered
with a white lid.

PAs were dissolved in methanol (5 mg PA per 1 ml methanol). We added
100! of test solution, PAs (2g/cn?) or methanol, to the artificial leaves. Single
PAs were all tested against the control (methanol). PA mixtures were tested against
the control and against each other. We also tested the prefereficmobbaeae
for the sap ofS. jacobaeaversus the sap db. inaequidensSaps were made by
squeezing leaves of the tv@enecispecies and collecting 1Qd of the sap that
was added to the artificial leaves. Further tests were performed with diluted pure
saps, by adding 50% of demi-water to each sap. A 1:1 mixture of both undiluted
saps was also made. Again, 10Dof diluted sap or mixture of saps were added
to the artificial leaves.

One vial with test solutions and one femdlejacobaeaavere placed in to
a transparent plastic cylinder (30-cm diam. 50-cm height) with top and bottom
covered with gauze. The vials were placed in such a way that direction of the
filter paper leaves was arranged randomly. Every 24 hr, the number of eggs on
each filter paper leaf as well as the number of eggs elsewhere in the cage (i.e.,
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TABLE 1. STRUCTURES OFPYRROLIZIDINE ALKALOIDS USED IN THIS STUDY

Name Structure Plant species

Senecionine: RCH3z
Retrorsine: RFCH,OH

Seneci®sp., e.g.S. jacobaedsenecio-
nine)S. inaequidenésenecioniner
retrorsine)

Seneciphylline Seneciesp., e.9.S. jacobaea

Senkirkine Senecisp., e.g.S. vernalis

Monocrotaline Crotalaria sp.

Heliotrine Heliotropumsp.
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TABLE 2. PA COMPOSITION(% OF TOTAL PAS) OF MIXTURES
EXTRACTED FROMS. jacobaeanND S. inaequidens

PA S. jacobaea S. inaequidens
Senecivernine 5.4
Senecionine 10.5 6.7
Integerrimine 4.6 3.6
Seneciphylline 174
Jacobine 30
Jacozine 3.6
Jacoline 3.6
Jaconine 25.2
Retrorsine 81.3
Erucifoline 5.1
Usaramine 1.9
Otosenine 1.1

other than on the paper leaves) was recorded. The cage covers an area of 50
70 cm, far greater than the surface area of the artificial leaves. Egg batches laid
on the cage were considered neither a negative nor a positive response to our PA
treatment since such egg batches could indicate that the moths had not encountered
the artificial leaves. Each female was used only once. Experiments were replicated
15-21 times, depending on the number of female moths available.

FiG. 1. Experimental design with artificial leaves. The glass vialis 6 cmin heightand 2.5 cm
in diameter, the filter paper leaves are Whatmann 91x Pcm. The vial was placed in a
transparent plastic cylinder with top and bottom of gauze. Test solutions were added to the
artificial leaves.
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RESULTS

On average (over all experiments), the moths laid 1.7 egg batches per fe-
male, and 23.9% of the moths did not oviposit at all. The percentage of fe-
males that did not lay any eggs did not differ among the experimegtts=(
10.80, df = 14, P = 0.73). Although egg batches were also found elsewhere in
the cage, in most experiments more than 50% of the eggs were laid on the artificial
leaves.

Oviposition Stimulation of PA3able 3 shows the results of the oviposi-
tion choice experiments using the different PAs against the control treatment.
T. jacobaeademales strongly preferred to oviposit on filter paper with the PA

TABLE 3. OVIPOSITION CHOICE OF T. jacobaeadBETWEEN PAS AND CONTROL

Choice No. of eggs No. of egg batches P N Lab/field
PAsS. jacobaea 1370 16 <0.001 18 Field
Control (methanol) 146 1
Cage 160
PAsS. inaequidens 374 13 0.002 17 Lab
Control 56 3
Cage 164 10
Senecionine 515 10 0.011 14 Field
Control 60 2
Cage 111 6
Retrorsine 438 7 0.705 11 Lab
Control 158 6
Cage 189 8
Seneciphyllind 363 13 0.024 11 Lab
Control 87 4
Cage 175
Senkirkine 356 10 0.102 9 Field
Control 64 2
Cage 554 10
Monocrotaline 939 11 0.009 10 Field
Control 0 0
Cage 33
Heliotrine 266 5 0.180 11 Lab
Control 117 2
Cage 290 10

Note P values of Wilcoxon’s signed-ranks matched-pairs test on number of egg batches on control and
on PAs. The last column indicates if field or lab reared females were Nsednumber of ovipositing
females.

a7.5,.g PAlcn? was applied instead of 25g/cn?.
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TABLE 4. OvIPOSITION CHOICE OF T. jacobaeaeBETWEEN PA MIXTURES FROM
S. jacobaeaS. inaequidensND SINGLE PAs

Choice No. of eggs No. of egg batches P N Lab/field
PAsS. jacobaea 351 11 0.180 14 Lab
PAsS. inaequidens 325 8
Cage 143 8
PAsS. jacobaea 654 17 0.020 12 Lab
Senecionine 162 7
Cage 117 6
PAsS. jacobaea 747 14 0.001 16 Lab
Monocrotaline 30 3
Cage 38 6

Note P values of Wilcoxon’s signed-ranks matched-pairs test on number of egg batches on PAs.
The last column indicates if field or lab reared females were ubke number of ovipositing
females.

mixture fromS. jacobaeaand also preferred the PA mixture frdgninaequidens

to the control. In the experiments with single PAs, senecionine and seneciphylline
had a stimulatory effect on oviposition. Both senecionine and seneciphylline are
foundinS. jacobaeavionocrotaline was also preferred to the control. Interestingly,
this PA is not found irSenecicspecies. Retrorsine, a PA foundS$ninaequidens

and otherSeneciaspecies but not found i8. jacobaealid not stimulate oviposi-

tion of the cinnabar moth. Senkirkine and heliotrine also did not have a stimulatory
effect on oviposition.

Preference for Specific PABemales did not distinguish between the two PA
mixtures fromS. jacobae@andS. inaequidengTable 4). When females were given
a choice between senecionine and the PA mixtuf @g#cobaeahey preferred the
mixture to the single senecionine. In addition, this PA mixture was also preferred
to monocrotaline (Table 4).

Different Concentrations of PAShe PA mixture fronS. jacobaeatimulated
oviposition at all three concentrations (Table 5).

Other Leaf ChemicalsSignificantly more eggs and egg batches were
laid on the filter paper with the sap & jacobaeahan on the filter paper with
sap ofS. inaequidengTable 6). The PA concentration in tl& jacobaeasap
(223 ng/ml) was twofold higher than the PA concentration in $iénaequidens
sap (108ug/ml), which might explain the oviposition difference. However,
moths equally preferred the pure sap ®f jacobaeaand a mixture of 50%

S. jacobaeasap and 5098. inaequidensap, and preferred this mixture to the
pure sap ofS. inaequideng$Table 6). This is a clear indication that besides PAs
other leaf chemicals irs. jacobaeaalso stimulate oviposition in the cinnabar
moth.
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TABLE 5. OVIPOSITION CHOICE OF T. jacobaeadBETWEEN THREE CONCENTRATIONS OF
THE PA MIXTURE FROM S. jacobaeaND CONTROL

Choice No. ofeggs  No. of egg batches P N Lab/field
PAsS. jacobae® pg/cr? 338 11 0.002 11 Lab
Control 0 0
Cage 96 5
PAsS.jacobaed.5 p.g/cn? 225 9 0.038 12 Lab
Control 22 2
Cage 342 12
PAsS. jacobae®.05 pg/cn? 361 8 0.034 11 Lab
Control 6 1
Cage 414 16

Note P values of Wilcoxon’s signed-ranks matched-pairs test on number of egg batches on control and
on PAs. The last column indicates if field or lab reared females were Nsednumber of ovipositing
females.

DISCUSSION

The attraction of Lepidoptera to PAs in food sources has been studied exten-
sively (Pliske, 1975; Bopjer,"1984, 1986; Schneider, 1987). To our knowledge, this
is the second study that shows that PAs can also be oviposition stimuli for specialist
lepidopteran species. Honda et al. (1997) showed that PAs Ransonia laevi-
gatastimulated oviposition by the danaid butteitiea leuconoeln our study, the
PAs fromS. jacobaeatimulated oviposition by the cinnabar moth. Monocrotaline
also stimulated oviposition even though this PA is not foun8.ijacobaear its
relatives. Furthermore, the PA mixture frdninaequidensa nonhost plant, also
stimulated oviposition. Our results show that the responge jatcobaeado PAs

TABLE 6. OVIPOSITION CHOICE OF T. jacobaeaeBETWEEN SAPS OF S. jacobaea
AND S. inaequidens

Choice No.ofeggs  No. of egg batches P N Lab/field
S. jacobaeaap 1464 14 <0.001 14 Lab
S. inaquidensap 2 1
Cage 10 2
50%S. jacobaeasap 420 20 0.196 15 Field
Sap mixture 214 19
50%S. inaequidensap 140 5 0.013 15 Field
Sap mixture 738 24

Note P values of Wilcoxon’s signed-ranks matched-pairs test on number of egg batches on saps. The
last column indicates if field or lab reared females were ubkegk number of ovipositing females.
an tests with sap mixtures no measurements were made of eggs on the cage.
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is not specific, since nonhost PAs stimulated oviposition. Senkirkine, heliotrine,
and retrorsine did not stimulate oviposition. Retrorsine differs only in one OH
group at C-12 from senecionine, a PA that did stimulate oviposition. Remarkably,
the PA mixture ofS. inaequidenswhich consists of 81% retrorsine (Table 1),

did stimulate oviposition.The preferencebfjacobaeaefor the S. jacobaedA
mixture over the single PAs senecionine and monocrotaline, and equal preference
for bothS. jacobaea@ndS. inaequidenBA mixtures, suggests thaéitjacobaeaés

most stimulated bySenecid PA mixtures irrespective of the composition of these
mixtures.

It is unclear whether females of jacobaeaean detect PAs inside the leaf.
The PA concentration we used in most of our experiments was comparable to
the average concentration of 0.5% dry weight that is found inside the leaves of
S. jacobaeaglants (Vrieling et al., 1993). PAs are present on the leaf surface of
S. jacobaeat an average concentration of 0.24/cn? (Derridj and Vrieling,
unpublished data). This concentration is comparable to thg 10.05 .g/cnt)
we used with different concentrations of PA mixture fr@&njacobaeand which
stimulated oviposition. Itis not clear whether there is a threshold value for PA con-
centration or whether the stimulatory activity of PAs are concentration-dependent.
The results of Van der Meijden et al. (1989) suggest that there is a threshold value
for PA concentration since adding PAs to leavesofacobaealid not increase
oviposition. If there is a threshold, it must be at a concentration that is lower than
0.05..g/cn? based on our results with different concentrations of the PA mixture
ofS. jacobaea

In previous oviposition experiments with plants, we have shown that the
cinnabar moth strongly preferr&ljacobae#o S. inaequiden@acel etal., 2002).

The cinnabar moth does not distinguish between the PA mixtur8s jatobaea
andS. inaequidenand, therefore, the oviposition preference of the cinnabar moth
for S. jacobaeas not based on the PA composition of these plant species. The sap
experiments suggest that the oviposition preference between thesgetveaio
species is determined by other chemical factors. A whole set of chemical cues
likely determines the oviposition behavior Bfjacobaeagof which PAs are only

a part.

Although the attraction of the cinnabar moth to PAs in its host plant certainly
presents an evolutionary dilemma for the plant, it is doubtful whether the cinnabar
moth is a selective force in the evolution of the diversity of PASijacobaeaOn
one hand, small differences in structure can influence the stimulatory activity of
PAs, as is shown by the active senecionine and non-active retrorsine. On the other
hand, a nonhost plant PA of a different structure (monocrotaline) stimulated ovipo-
sition. Furthermore, the PA mixture 8f inaequidenwith 81% of the non-active
retrorsine still stimulated oviposition. By producing a new PA within its existing
set of PAs,S. jacobaeanight not be able to escape oviposition by the cinnabar
moth.



PYRROLIZIDINE ALKALOIDS AS OVIPOSITION STIMULANTS FOR CINNABAR MOTH 1445

Acknowledgments This work was supported by the Gratama Foundation. We thank Helene de
Vos and Eric de Groot for their help with the extraction of PAs frBenecicspecies, Martin Brittijn
for the artwork, and Peter Klinkhamer, Ed van der Meijden, Heather Kirk, and two anonymous referees
for their valuable comments on earlier drafts of the manuscript.

REFERENCES

APLIN, R. T. and RTSCHILD, M. 1972. Poisonous alkaloids in the body tissues of the garden tiger
moth (Arctia cajaL.) and the cinnabar motfiyria (=Callimorpha) jacobaeat.) (Lepidoptera),
pp. 579-595ijn O. de Vries and K. Kochva (eds.). Toxins of Animal and Plant Origin. Gordon
and Beach, London.

BoPPRE, M. 1984. Redefining “pharmocophagy.’Chem. Ecol10:1151-1154.

BoprpPrE, M. 1986. Insects pharmacophagously utilizing defensive plant chemicals (pyrrolizidine alka-
loids). Naturwissenschaften3:17—26.

EHRLICH, P. R. and Raven, P. H. 1964. Butterflies and plants: A study in coevol&amtution18:586—

608.

FEENY, P., ROSENBERRY L., and Q\RTER, M. 1983. Chemical aspects of ovipostion behavior in butter-
flies, pp. 27—75n S. Ahmad (ed.). Herbivorous Insects: Host-Seeking Behavior and Mechanisms.
Academic Press, New York.

HAGELE, B. F. and RWELL-RAHIER, M. 2000. Choice, performance and heritability of performance of
specialist and generalist insect herbivores towards cacalol and seneciphylline, two allelochemicals
of Adenostyles alpingAsteraceae)l. Evol. Biol.13:131-142.

HARTMANN, T. and TopPEL, G. 1987. Senecionine N-oxide, the primary product of pyrrolizidine
alkaloid biosynthesis in root cultures enecio vulgarisPhytochemistr26:1639-1643.

HARTMANN, T. and WTTE, L. 1995. Chemistry, biology and chemoecology of the pyrrolizidine al-
kaloids, pp. 156-233n S. W. Pelletier (ed.). Alkaloids: Chemical and Biological Perspectives.
Vol. 9. Pergamon Press Elmsford, New York.

HoL, W. G. H. and MN VEEN, J. A. 2002. Pyrrolizidine alkaloids froi®enecio jacobaeaffect fungal
growth.J. Chem. Ecol28:1763-1772.

HONDA, K. 1986. Flavone glycosides as oviposition stimulants in a papilionid butt@dlyilio pro-
tenor. J. Chem. Ecol12:1999-2010.

HoNDA, K. 1995. Chemical basis of differential ovipositon by lepidopterous inséath. Insect
Biochem. Physiol30:1-23.

HONDA, K., HAYASHI, N., ABE, F., and YAMAUCHI, T. 1997. Pyrrolizidine alkaloids mediate host-plant
recognition by ovipositing females of an old world danaid buttelflga leuconoel. Chem. Ecol.
23:1703-1713.

HuaNG, X. and RENwiICK, J. A. A. 1994. Relative activities of glucosinolates as ovipostion stimulants
for Pieris rapaeandPieris napi oleraceaJ. Chem. Ecol20:1025-1037.

KOEKEMOER M. J. and WARREN, F. L. 1951. TheSenecicalkaloids. Part VIIl. The occurrence and
preparation of N-oxides. An improved method of extraction of $emecicalkaloids.J. Chem.
S0c.951:66-68.

LANDAU, I., MULLER-SCHARER, H., and WARD, P. I. 1994. Influence of cnicin, a sesquiterpene lactone
of Cenaurea maculos@steraceae), on specialist and generalist insect herbivbrésem. Ecol.
20:929-942.

LINDIGKEIT, R., BLLER, A., BUCH, M., SCHIEBEL, H., BOPPRE, M., and FARTMANN, T. 1997. The two
faces of pyrrolizidine alkaloids: The role of tertiary amine and its N-oxide in chemical defense of
insects with acquired plant alkaloidsur. J. Biochem245:626—-636

LINHART, Y. B. 1991. Disease, parasitism and herbivory: Multidimensional challenges in plant evolu-
tion. Trends Ecol. Evol6:392—-396.



1446 MACEL AND VRIELING

MACEL, M., KLINKHAMER, P. G. L., \RIELING, K., and VAN DER MEIIDEN, E. 2002. Diversity of
pyrrolizidine alkaloids irSenecispecies does not affect the specialist herbivigréa jacobaeae
Oecologial33:541-550.

MATTOCKS, R. A. 1967. Spectrophotometric determination of unsaturated pyrrolizidine alkaidks.
Chem.34:443-447.

MILLER, J. R. and SICKLER, K. L. 1984. Finding and accepting host plants, pp. 127-167,

W. J. Bell and R. T. Carl{eds.). Chemical Ecology of Insects. Sinauer Associates, Sunderland,
Massachusetts.

MYERS, J. 1969. Distribution of foodplant chemoreceptors on the female Florida queen bidearéiys
gilippus berenicdNymphalidae)J. Lepid. Soc23:196-198.

NAUMANN, C., HARTMANN, T., and GER, D. 2002. Evolutionary recruitment of a flavin-dependent
monooxygenase for the detoxification of host plant-acquired pyrrolizidine alkaloids in the
alkaloid-defended arctiid moffyria jacobaeaeProc. Nat. Acad. Sci. US89:6085-6090.

OHsuUG|, T., NISHIDA, R., and fokami, H. 1985. Oviposition stimulants dfapilio xuthus a Citrus-
feeding swallowtail butterflyAgric. Biol. Chen¥9:1897-1900.

PapAJ, P. R. and RUSHER M. D. 1983. Individual variation in host location by phytophagous insects,
pp. 77-124jn S. Ahmad (ed.). Herbivorous Insects: Host-Seeking Behavior and Mechanisms.
Academic Press, New York.

PLISKE, T. E. 1975. Attraction of Lepidoptera to plants containing pyrrolizidine alkaldifsiron.
Entomol.4:455-473.

RENWICK, J. A. A., RADKE, C. D., S\CHDEV-GUPTA, K., and SADLER, E. 1992. Leaf surface chemicals
stimulating oviposition byPieris rapae(Lepidoptera: Pieridae) on cabba@emoecolog$:33—

38.

ROTSCHILD, M., APLIN, R. T., GOCKRUM, P. A., EDGAR, J. A., FAIRWEATHER, P., and [EES R. 1979.
Pyrrolizidine alkaloids in arctiid moths (Lep.) with a discussion on host plant relationships and
the role of these secondary plant substances in the Arctitiak.J. Linn. Soc12:305-326.

SCHNEIDER D. 1987. The strange fate of pyrrolizidine alkaloids, pp. 123-I4R, F. Chapman, E. A.
Bernays, and J. G. Stoffelano (eds.). Perspectives in Chemoreception and Behavior. Springer, New
York.

SCHOONHOVEN L. M. 1972. Secondary plant substances and insects, pp. 1974a224;. Runeckels
and T. C. Tso (eds.). Structural and Functional Aspects of Phytochemistry. Recent Advances in
Phytochemistry, Vol. 5. Academic Press, London.

VAN DAM, N. M., VUISTER L. W. N., BERGSHOEFEC., DEVOS, H., and VAN DER MEIJDEN, E. 1995.

The ‘raison DEgtre’ of pyrrolizidine alkaloids irfCynoglossum officinal@leterrent effects against
generalist herbivored. Chem. Ecol21:507-523.

VAN DER MEIIDEN, E. 1996. Plant defence, an evolutionary dilemma: contrasting effects of (specialist
and generalist) herbivores and natural enentiesomol. Exp. Appi80:307-310.

VAN DER MEIIDEN, E., VAN ZOELEN, A. M., and $LDAAT, L. L. 1989. Oviposition by the cinnabar
moth, Tyria jacobaeagin relation to nitrogen, sugars and alkaloids of ragw®emnecio jacobaea
Oikos54:337-344.

VAN LOON, J. J. A., BAAKMEER, A., GRIEPINK, F. C., VAN BEEK, T. A., SCHOONHOVEN L. M., and
DE GROOT, A. 1992. Leaf surface compounds frdBrassica oleraceanduces oviposition by
Pieris brassicaeChemoecolog@:39-44.

VAN ZOELEN, A. M. and VAN DERMEIIDEN, E. 1991. Alkaloid concentration of different developmental
stages of the cinnabar mothyfia jacobaeag Entomol. Exp. Appl61:291-294.

VRIELING, K. and \AR DE BOER N. J. 1999. Host plant choice and larval growth in the cinnabar moth:
Do pyrrolizidine alkaloids play a roleBntomol. Exp. Appl91:251-257

VRIELING, K., DE VOS, H., and MAN W3k, C. A. M. 1993. Genetic analysis of the concentration of
pyrrolizidine alkaloids ofSenecio jacobaea. Phytochemis3®:1141-1144.

WITTE, L., ERNST, L., ADAM, H., and FARTMANN, T. 1992. Chemotypes of two pyrrolizidine alkaloid-
containingSeneciagpeciesPhytochemistr1:559-565.



