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Plants are exposed to a suite of herbivorous attackers that often
arrive sequentially. Herbivory affects interactions between the
host plants and subsequently attacking herbivores. Moreover,
plants may respond to herbivory by emitting volatile organic
compounds (VOCs) that attract carnivorous natural enemies of the
herbivores. However, information borne by VOCs is ubiquitous
and may attract carnivores, such as parasitoids, that differ in their
effectiveness at releasing the plant from its herbivorous attackers.
Furthermore, the development of parasitoids within their herbiv-
orous hosts, attacking a given host plant, may influence the elic-
itation of defensive reactions in the host plant. This may, in turn,
affect the behavior of subsequent herbivores attacking the host
plant. Here, we show that the species identity of a parasitoid had
a more significant effect on defense responses of Brassica oleracea
plants than the species identity of the herbivorous hosts of the
parasitoids. Consequently, B. oleracea plants that were damaged
by caterpillars (Pieris spp.) parasitized by different parasitoid spe-
cies varied in the degree to which diamondback moths (Plutella
xylostella) selected the plants for oviposition. Attracting parasi-
toids in general benefitted the plants by reducing diamondback
moth colonization. However, the species of parasitoid that para-
sitized the herbivore significantly affected the magnitude of this
benefit by its species-specific effect on herbivore–plant interac-
tions mediated by caterpillar regurgitant. Our findings show that
information-mediated indirect defense may lead to unpredictable
consequences for plants when considering trait-mediated effects
of parasitized caterpillars on the host plant and their consequen-
ces because of community-wide responses to induced plants.
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Across their whole kingdom, plants have been found to interact
with carnivorous arthropods that act to control herbivorous

attackers of the plants. Such interactions between plants and
carnivorous arthropods may ultimately increase fitness of the
plants (1–3). Plant traits involved in such interactions include
those that provide a predator/parasitoid with a resource such as,
for example, food or shelter, or with information on the presence
and abundance of herbivorous prey/hosts (4, 5). Although re-
source- and information-mediated indirect defenses of plants
have long been collectively viewed within the context of ecological
and evolutionary theory of indirect defenses, interactions between
plants and carnivorous arthropods based on resource provisioning
are distinctly different from those mediated by providing in-
formation (6). Whereas resource provisioning can be obligate and
is often restricted to interactions with a limited number of car-
nivorous species, information emitted by herbivore-infested plants
is generally ubiquitous, allowing all other organisms to respond to
this information (5). Release of herbivore-induced volatile or-
ganic compounds (VOCs) by plants has been shown to attract
predators and parasitoids that may benefit the plants. At the same
time, the VOCs may attract other herbivores, affect interactions
between the plants and other mutualists such as, for example,

pollinators, and affect neighboring plants (5, 7–10). Plants may
benefit more from particular predators or parasitoids of their
herbivorous attacker than from others. Attracting a predator that
directly removes an herbivore is obviously more effective at re-
ducing herbivore damage than attracting a parasitoid that allows
the herbivore to feed on the food plant to complete its own de-
velopment. Many, if not all, herbivores are attacked by a suite of
parasitoid species (11) that each may affect the herbivore differ-
ently and, thus, may differ in their value in terms of indirect de-
fense to plants.
In addition to uncontrolled attraction of specific parasitoid

species, plants may experience another ecological constraint
caused by a network of trait-mediated species interactions be-
cause of differences in host regulation among parasitoid species
(12, 13). When a parasitoid parasitizes an herbivore, the parasit-
oid larva affects performance of the herbivore that, as a result,
interacts differently with the host plant (13, 14). One effect that
parasitoid larvae may have on herbivores is that, because of their
feeding, they alter the physiology of the herbivore and, conse-
quently, their oral secretions (13, 14). Compounds in the oral
secretions or midgut regurgitant of caterpillars have been found
to play a major role in the induction of herbivore-induced VOCs,
which is mediated by the jasmonic acid (JA) signal-transduction
pathway (15–19). Parasitoid larvae inside an herbivorous host
may, thus, affect herbivore-induced plant responses through their
effect on the herbivore. The resulting plant phenotype in turn
affects ecological interactions with and physiological responses to
other organisms associated with the plant (13). When induced
responses to herbivores parasitized by different parasitoid species
result in plant phenotypes that differentially affect subsequent
colonization by other herbivore species, then information-medi-
ated indirect defense may lead to unpredictable fitness con-
sequences to the plant.
In The Netherlands, Pieris rapae and Pieris brassicae (Lepi-

doptera: Pieridae) colonize Brassica oleracea plants early in the
season, and their caterpillars are attacked by several species of
parasitoids (20, 21). Among the most common herbivores that
arrive later in the season is the diamondback moth (Plutella
xylostella; Lepidoptera: Plutellidae), which prefers to lay her eggs
on herbivore-induced plants over undamaged control plants (22–
25). Here, we studied whether different parasitoid species that
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attack Pieris caterpillars differentially affect elicitation of plant
defense responses via the regurgitant of their herbivorous hosts.
We also tested whether such plant defense responses result in
plant phenotypes that differentially affect the oviposition behavior
of late season herbivores (i.e., diamondback moths). To cover the
large taxonomic diversity of parasitoids found in nature, we se-
lected three parasitoid species in widely different evolutionary
lineages: two parasitic wasps, Cotesia glomerata (Hymenoptera:
Braconidae) and Hyposoter ebeninus (Hymenoptera: Ichneumo-
nidae), and one parasitic fly, Compsilura concinnata (Diptera). To
evaluate whether parasitoids affect different host herbivore spe-
cies similarly, we compared the effects of parasitoid species on
plant defense responses when parasitoids were developing in
caterpillars from one of two closely related cabbage white but-
terflies, P. rapae and P. brassicae. In nature, caterpillars of these
butterflies are attacked by the three parasitoid species mentioned
above (20, 21). The two Pieris species themselves induce different
defense responses in plants (26–28). To assess plant defense
responses, we cloned nine genes from B. oleracea involved in
different signal-transduction pathways (compare SI Text; Figs. S1
and S2). In the JA pathway, we cloned the JA-regulated tran-
scription factor (BoMYC) and the JA-regulated genes coding for
defensin (BoDEF) and vegetative storage protein (BoVSP), as well
as the gene coding for the enzyme lipoxygenase (BoLOX), which is
a key enzyme in the JA pathway. In the shikimate pathway, we
cloned the phenylalanine ammonia lyase gene (BoPAL) that
regulates the conversion of phenylalanine into cinnamic acid,
which is an important step in salicylic acid (SA) biosynthesis and
the formation of many plant secondary metabolites. Additionally,
we cloned a marker gene for SA signaling (BoPR1) and a marker
gene in the ethylene pathway (BoACS). We further cloned two
genes involved in the regulation of biosynthesis of defensive
metabolites: BoPIN that codes for a protease inhibitor, and
BoMYR that codes for myrosinase, which plays an important role
in the formation of brassicaceous-specific secondary metabolites
through the glucosinolate–myrosinase system. Protease inhibitors
as well as glucosinolates and their toxic breakdown products affect
herbivore performance (29).We quantified transcript dynamics of
these genes through real-time quantitative PCR (qPCR) at 2, 6,
and 24 h after induction and compared plant responses to regur-
gitant of the two herbivore species (P. rapae, P. brassicae) when
parasitized by three different parasitoids (C. glomerata, H. ebeni-
nus, or C. concinnata) or when unparasitized (Table S1). We
further ran two-choice oviposition preference experiments in
which adult female diamondback moths were tested for their
preferences for B. oleracea plants induced by unparasitized or
parasitized caterpillars of the two Pieris species.

Results
Plant Responses to Regurgitant of Parasitized Herbivores. To test
whether parasitoid species differentially affect plant defense
responses via their herbivorous hosts, we applied regurgitant of
unparasitized or parasitized caterpillars to small manually punc-
tured holes in B. oleracea leaves and quantified the expression
levels of nine defense-related genes. Compared with undamaged
B. oleracea plants or B. oleracea plants with mechanical damage
that were treated with water as a control, B. oleracea plants that
were both mechanically damaged and treated with caterpillar
regurgitants had significantly higher expression levels of the
BoPAL and BoPR1 genes that are associated with induction of the
SA pathway (Table S2). Compared with true herbivory by neonate
caterpillars, an application of regurgitants to mechanically dam-
aged leaves resulted in similar to slightly higher expression levels
of three genes related to JA signaling (BoLOX, BoMYC, and
BoVSP) after 2 or 6 h. However, after 24 h, the expression levels of
the JA-regulated genes in response to true herbivory were sig-
nificantly higher than the expression levels of the genes in re-
sponse to mechanical damage plus an application of caterpillar
regurgitants. These results indicate that ourmethod of regurgitant
application mimics true herbivory up to 6 h after regurgitant was
applied, but true herbivory differentiates over a longer time,

possibly caused by continuous damage in natural herbivory,
compared with a single damage time point in mechanical damage
treatments (30). True herbivory by early-instar caterpillars of both
herbivore species induced transcriptional responses in B. oleracea
plants that gradually built up to the highest expression after 24 h,
compared with a peak in expression after 2 h when plants were
treated with regurgitant.
When comparing the effects of regurgitant from two different

herbivores (P. rapae and P. brassicae) that were parasitized or
unparasitized, we found no significant differences in expression
levels of the nine defense genes for responses to regurgitant of
P. rapae or P. brassicae (Table S3). Of the nine defense-related
genes, only one (BoDEF) had its expression level affected by in-
teractive effects of host herbivore and parasitoid species identity
(Table S3). Hence, the parasitoid larvae affected the expression of
eight other defense-related genes in plants similarly through
a different host herbivore species (Fig. 1). Intriguingly, parasitoid
species themselves differed widely in their effects on plant tran-
scriptional responses through their herbivorous host (Fig. 1, Figs.
S3 and S4, and Table S3). The differential effects of parasitoids on
plant transcriptional responses of the nine genes were most pro-
nounced 2 and 6 h after the application of caterpillar regurgitant
to the plants. Although the expression levels of all these nine genes
dropped 24 h after treatment application, four genes, all related to
JA signaling (BoLOX, BoMYC, BoVSP, and BoPIN), still showed
significant expression differences among the three parasitoid
species interacting with the plant (Table S3). Across these four
genes, responses of plants to regurgitant from unparasitized her-
bivores and those parasitized by the gregarious species C. glom-
erata were similar but generally differed from responses to
regurgitant of caterpillars parasitized by the solitary parasitoidsC.
concinnata and H. ebeninus (Fig. 1 and Table S3). Levels of ex-
pression of each of the four genes were highest for regurgitant
from caterpillars that were parasitized by the solitary wasp
H. ebeninus, followed by regurgitant from caterpillars parasitized
by the solitary fly C. concinnata (Fig. 1).

Herbivore Oviposition Preference for Plants Induced by Parasitized
Caterpillars. In two-choice tests, diamondback moths preferred to
oviposit on plants induced by feeding of parasitized or un-
parasitized caterpillars of the two Pieris species over undamaged
control leaves (P< 0.001 for all pair-wise combinations;Wilcoxon’s
matched-pairs signed-ranks test; Fig. 2A). For herbivory byP. rapae
and P. brassicae, leaves damaged by unparasitized caterpillars or
those parasitized by different parasitoid species differed in their
attractiveness for oviposition by diamondback moths. Leaves in-
duced by unparasitized caterpillars received larger numbers of
eggs than leaves induced by parasitized caterpillars (P < 0.001;
Wilcoxon’s matched-pairs signed-ranks test; Fig. 2B). For both
herbivore species, caterpillars parasitized by C. glomerata induced
plant responses that were more attractive for diamondback moth
oviposition than responses induced by H. ebeninus-parasitized
caterpillars (P. rapae: P=0.004; P. brassicae: P< 0.001;Wilcoxon’s
matched-pairs signed-ranks test; Fig. 2B). Diamondbackmoths did
not differentially oviposit on plants induced by unparasitized cat-
erpillars of either herbivore species (P= 0.664; Fig. 2C). However,
when these caterpillars were parasitized by the same parasitoid
species, the moths differentially oviposited on the leaves (P <
0.001; Wilcoxon’s matched pairs signed-ranks test; Fig. 2C): the
moths laid more eggs on plants induced by parasitized caterpillars
of P. rapae than on plants induced by parasitized caterpillars of
P. brassicaewhen eitherH. ebeninus orC. glomerata had parasitized
the herbivores (Fig. 2C). Although parasitized and unparasitized
herbivores differed in the amount of damage they inflicted to the
plants (Table S4), oviposition preferences of diamondback moths
were not explained by the difference in amount of feeding damage
inflicted to the two leaves offered in two-choice tests (Table S5).

Discussion
Our results show that various parasitoid species differentially
affect the interactions of their herbivorous hosts with a host
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plant, and that this is mediated through changes in regurgitant of
the herbivores. Most notably, species identity of the parasitoids
had stronger effects on induced plant defense responses than
species identity of herbivorous hosts of these parasitoids. That is,
each of the three parasitoid species provoked different defense
responses in B. oleracea plants, and such different responses were
consistent across the two herbivorous hosts of the parasitoids (Fig.
1). These results are supported by our targeted plant-gene ex-
pression approach, although this method does not identify the
mechanisms underlying the species interactions studied. Parasit-
ism affected the expression of three genes encoding early signal-
ing in the JA pathway and was found to also affect the expression

of BoPIN that codes for a protease inhibitor downstream of the
JA pathway (31). The induced responses of B. oleracea plants to
unparasitized or parasitized caterpillars of the two herbivore
species, as expressed in the transcript levels of genes in the JA
pathway, resulted in plant phenotypes that were differentiated in
terms of oviposition responses by the subsequently colonizing
diamondback moths. Plants damaged by unparasitized herbivores
showed lower expression levels of genes related to JA signaling
than plants damaged by parasitized caterpillars. Furthemore,
plants damaged by unparasitized caterpillars were more attractive
to diamondback moth oviposition than plants damaged by para-
sitized caterpillars (Fig. 2B). Diamondback moths laid fewest eggs

Fig. 1. Expression levels of BoLOX, BoMYC, BoVSP, and BoPIN genes 2 h after treatments were applied to B. oleracea plants. Treatments: undamaged plants
(Ud, white bars); mechanical damage consisting of three needle punctures (Md, black bars); herbivore treatments with P. rapae (light gray) or P. brassicae
(dark gray): true herbivory (Th), mechanical damage plus regurgitant from unparasitized caterpillars (Up) or caterpillars parasitized by Cotesia glomerata (Cg),
Hyposoter ebeninus (He), or Compsilura concinnata (Cc).
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on plants induced byH. ebeninus-parasitized caterpillars that also
elicited the strongest responses in transcript levels of genes in-
volved in plant defenses to caterpillars (Figs. 1 and 2B). Herbivory
by unparasitized caterpillars of the two Pieris species did not result
in differential oviposition by diamondback moths (Fig. 2C).
However, parasitism of the two Pieris species caused oviposition
preferences by diamondback moths, such that plants damaged by
parasitized P. rapae were more prone to oviposition by the di-
amondback moth than plants damaged by parasitized P. brassicae
(Fig. 2C). Thus, parasitism of herbivores strongly affected the
interactions between the herbivores and a host plant. Specifically,
attracting parasitoids, in general, benefitted host plants by re-
ducing the pressure of colonization by diamondback moths. That
the species identity of a parasitoid influenced colonization pres-
sure of the host plant by diamondback moth, indirectly via a par-
asitoid species-specific effect on regurgitant of herbivorous hosts
of the parasitoids, is noteworthy.
Larval development of the three parasitoids inside their cater-

pillar hosts had differential effects on regurgitant of the cater-
pillars, as indicated by the coloration patterns (Fig. S5). The
gregarious hemolymph-feeding larvae of C. glomerata had less
profound effects on the color of the regurgitant, as well as plant
gene expression resulting from feeding by their host, than the
solitary larvae ofH. ebeninus that start feeding on herbivore tissue
early in their development (21). In addition to their feeding pat-
tern, compounds in the saliva or regurgitant of herbivores have
a major effect on the interactions with the plant (19, 30). Plants
may distinguish the type of attacking herbivore by the perception

of herbivore-associated elicitors (3, 19, 32), but herbivores may
also suppress plant responses by elicitors in their saliva (33, 34).
The elicitors in saliva are often species-specific and diverse in
structure (35, 36). They range from plant cell wall fragments (37,
38), peptides derived from ingested plant proteins (39), to fatty
acid–amino acid conjugates (16, 40), sulfur-containing fatty acids
(41), and enzymes (15, 42). In regurgitant of Pieris caterpillars, the
enzyme β-glucosidase has been identified as playing amajor role in
eliciting plant responses after herbivory, including volatile emis-
sion (15). In the present study, volatiles produced by B. oleracea
plants damaged byH. ebeninus-parasitized Pieris caterpillars could
have made those plants less apparent or less attractive to di-
amondback moths. These moths have been suggested to locate
their host plant on the basis of volatile compounds specific for
their brassicaceous host plants (i.e., glucosinolate breakdown
products), which are released in larger concentrations after her-
bivory by unparasitized Pieris caterpillars (43). Additionally, di-
amondback moths may have been selected to exploit volatile cues
of plants attacked by Pieris caterpillars, because diamondback
moth caterpillars are parasitized less frequently when they feed on
plants with Pieris caterpillars (22). The effect of parasitoids on the
composition of caterpillar regurgitant, and the nature of genetic
andmetabolic changes in plants after induction that are causal to a
change in behavior of the diamondback moth, merit further
investigation.
Salivary compounds may have evolved to allow herbivores to

optimize nitrogen intake (35) or to suppress plant defense re-
sponses (33, 34). In an evolutionary arms race, plants may have

Fig. 2. Oviposition preference of diamondback moth (P. xylostella) for B. oleracea leaves induced by feeding damage of parasitized or unparasitized cat-
erpillars of P. rapae or P. brassicae. Treated leaves were offered in two-choice tests, testing (A) leaves damaged by unparasitized (Up) caterpillars, H. ebeninus-
parasitized (He) caterpillars, and C. glomerata-parasitized (Cg) caterpillars of P. rapae (Pr) and P. brassicae (Pb) against undamaged leaves; (B) pairs of leaves
damaged by the same herbivore species but parasitized by different parasitoids; and (C) pairs of leaves damaged by different herbivore species that were
parasitized by the same parasitoid species.
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evolved to recognize the type of attacker through their elicitors
and respond with enhancing their resistance level to the attacker.
However, when parasitism of these herbivores leads to altered
composition of saliva of the herbivore, this may disrupt the po-
tential of herbivores to modify plant responses or plants to accu-
rately recognize the type of attacker. We show that this may lead
to variation in plant phenotype when plants are colonized by dif-
ferent parasitoid species, as is a likely result from ubiquitous
volatile information upon herbivory. These plant phenotypes in-
fluence subsequent colonization of the plant by other herbivores,
and thus parasitoids may mediate community changes through
their effect on herbivores, and indirectly affect plant fitness. In our
study, parasitoids indirectly benefitted B. oleracea plants by mak-
ing them less susceptible to diamondback moth attack. However,
within insect communities, herbivore species may respond con-
trastingly to induced plants (23, 24), and induced responses may
also affect interactions with beneficial organisms such as polli-
nators (9, 10, 44). The net benefits or costs of the responses to
attack by parasitized caterpillars may thus heavily rely on the
composition of the local insect community.
Clearly, our results show that information-mediated indirect

defense may lead to unpredictable consequences for plants when
we consider effects of parasitized caterpillars on the host plant.
Our study contributes to the awareness that evolution of in-
formation-mediated indirect defense is prone to disruptive se-
lective forces when considering community-wide effects and
trait-mediated species interactions.

Materials and Methods
Plants and Insects. B. oleracea var. gemmifera cv. Cyrus (Brussels sprouts) were
sown and grown in a greenhouse compartment (20–30 °C, 50–70% relative
humidity, 16 h light/8 h dark photoperiod). Five- to six-week-old plants that
had six to seven fully developed leaves were used in all reported experiments.

Caterpillars of P. rapae and P. brassicae were routinely reared on B. oler-
acea var. gemmifera cv. Cyrus plants in a climate room (20–24 °C, 50–70%
relative humidity, 16 h light/8 h dark photoperiod). Under similar conditions,
we reared three parasitoid species, each cultured on the two Pieris host spe-
cies. We used two solitary parasitoids: the endoparasitoid wasp H. ebeninus
and the parasitic fly C. concinnata that each oviposits a single egg per cater-
pillar (20, 21), and the gregarious endoparasitoid C. glomerata that lays 15–40
eggs in a single caterpillar (45).

Plant Responses to Parasitized and Unparasitized Herbivores. To study plant
responses to unparasitized and parasitized herbivores, we quantified ex-
pression of nine genes that respond to caterpillar feeding (Table S1). To rule
out quantitative feeding effects by differential herbivore behavior when the
herbivores are parasitized by different parasitoids, we standardized the
amount of damage per treatment. We punctured three tiny holes (≈0.5 mm2)
within an area of 2.5 cm in diameter (indicated in Table S1) to the youngest
fully expanded leaf of each plant, using a sterile pin needle. After puncturing,
3 μL of freshly collected regurgitant fromunparasitized or parasitized P. rapae
or P. brassicae caterpillars was applied to the tiny holes on these mechanically
damaged leaves (1 μL of regurgitant for each hole). The parasitized cater-
pillars were parasitized by either C. glomerata, H. ebeninus, or C. concinnata.
Regurgitant of parasitized caterpillars was collected from fourth-instar cat-
erpillars that contained full-grown parasitoid larvae. To obtain enough
regurgitant for each treatment,we used a capillary to collect regurgitant from
several caterpillars, each regurgitating between 1 and 5 μL (14). There were
clear differences in color among regurgitants collected from unparasitized
caterpillars and caterpillars parasitized by different parasitoids (Fig. S5).

As control treatments, we included plants with punctured leaves that were
treated with water instead of regurgitant. Furthermore, we compared the
effect of our puncturing method on gene transcription in undamaged plants
andplants thatweredamagedbyherbivoryof freshlyhatchedfirst-instar larvae
of P. rapae and P. brassicae. We harvested leaf disks (2.5 cm in diameter) at 2, 6,
and 24 h after the treatments were applied. The disks included the damaged
sites andwere collected by punching as described by Zheng et al. (46). Each leaf
disk from an individual plant was immediately placed into an RNase-free 2.2-
mL microfuge tube as one biological replicate. These samples were immedi-
ately frozen in liquid nitrogen and stored at −80 °C for RNA isolation.

Isolation of RNA and Real-Time qPCR. We cloned nine target genes and
designed primers on the basis of their sequences (Table S6; compare SI Text).

As for real-time qPCR, the primers were designed using Beacon Designer
software (Premier Biosoft International) (Table S7). The RNA extraction,
purification, cDNA synthesis, and the procedure of quantification of gene
expression were the same as described by Zheng et al. (46, 47). The
iScriptcDNA Synthesis Kit (Bio-Rad) was used for synthesis of cDNA from 1 μg
of total RNA in a total volume of 20 μL. IQSYBR Green Supermix (Bio-Rad)
was used for PCR. The final amount of cDNA template assayed was equiv-
alent to 10 ng of RNA. All quantitative RT-PCRs were performed in duplicate.
The following PCR program was used for all PCRs: 95 °C for 3 min for 1 cycle,
followed by 40 cycles of 95 °C for 15 s and 45 s at 56 °C, with data collection
at 56 °C. The PCR products for each primer set also were subjected to melt-
curve analysis. The melt-curve analysis ensured that the resulting fluores-
cence originated from a single PCR product and did not represent primer
dimer or nonspecific product formation during the PCR. A water no-tem-
plate and a minus RT (10 ng of RNA) control were included to detect any
spurious signals arising from amplification of any DNA contamination or
primer dimer formation during the reaction. The target gene expression
relative to BoGAPDH expression was quantified by comparing the threshold
cycle for each PCR with their respective dilution series and dividing the
resulting quantities. The BoLOX/GAPDH ratios for all samples were related
to the ratio for untreated plants, which was set to 1 (46, 47). The quantifi-
cation of gene expression was performed with a Rotor-gene 6000 (Corbett).

Herbivore Oviposition Preference. To studywhether plants that are induced by
feeding of unparasitized Pieris caterpillars or those parasitized by different
parasitoid species differ in their interaction with subsequently colonizing
herbivores, we offered female diamondback moths (P. xylostella) two-choice
tests between Brassica leaves that differed in induction treatment (23). One
week before the choice assay, B. oleracea plants were subjected to one of
seven induction treatments: (i) undamaged control, unparasitized herbivore
damage by (ii) P. rapae or (iii) P. brassicae caterpillars, (iv and v) damaged by
caterpillars of either herbivore species parasitized by H. ebeninus, or (vi and
vii) damaged by caterpillars of either herbivore species parasitized by
C. glomerata. For parasitism of these caterpillars, mated females of either
parasitoid species were individually presented with single early second-instar
caterpillars, and each female was allowed to parasitize up to 10 caterpillars. A
caterpillar was considered to have been parasitized when a female parasitoid
had been observed to insert her ovipositor into the caterpillar, resulting in
oviposition in 98% of the cases (13). Each plant was infested with two early
second-instar caterpillars thatwere allowed to feed for 7 d. On themorningof
the experiment, we cut the leaves of the plant, placed them in glass vials
containing tap water, and matched them with a similar-sized leaf of another
treatment. The pair of leaves was placed in a plastic cylinder (diameter 13 cm,
height 22 cm) in which a male and female moth were released. The females
were allowed to oviposit overnight, and the number of eggs on each leaf was
counted the next morning. To address whether each induction treatment is
more attractive to P. xylostella for oviposition than undamaged leaves, we
tested each of the induction treatments against an undamaged control leaf.
To study whether parasitism of herbivores by different parasitoid species
affects plant responses elicited by the parasitized herbivore, each of the un-
parasitized and parasitized Pieris caterpillars were paired to another treat-
ment within the herbivore species (i.e., conducted for both P. rapae or
P. brassicae). Finally, to test whether herbivore species themselves induce
plants differently, and whether those differences are maintained when her-
bivores are parasitized, we matched pairs of leaves with a similar parasitism
treatment but of a different herbivore species.

Leaf Damage Assessment. To analyze whether oviposition preference by di-
amondbackmoths correlatedwith the amount of leaf damage inflicted by the
different plant treatments, we quantified the amount of damage on each leaf
thathadbeenused in theovipositionexperiments. The leaveswere tapedonto
a white paper sheet and scanned with a Hewlett-Packard Scanjet 3570c. The
scans were analyzed for the size of damaged leaf surface by counting the
number of pixels making up the damaged area using Scion Image 4.0.3 for
Windows. The number of pixels was converted into mm2 by comparison with
the number of pixels that make up a reference 1-cm2 square. Per oviposition
choice test, we quantified the relative amount of damage on leaf A by di-
viding it by the total amount of damage on leaf A+B. Over the replicates of
each pair-wise treatment comparison, we correlated the leaf-damage values
of treatment A with the relative number of eggs on treatment A, following
the same formula A/(A+B). Pearson’s correlation tests were applied to each of
the treatment combinations separately.

Statistical Analysis. Oviposition preference of diamondback moths (P. xylos-
tella) was analyzed using Wilcoxon matched-pair signed-rank tests for each
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of the treatment comparisons. We constructed two multiple ANOVA (MAN-
OVA) models to analyze the relative expression of nine genes, for which the
data were log-transformed to reach normality. The first model was constructed
to test whether our method of manual damage is a good mimic of true her-
bivory. We included the data from undamaged plants, plants damaged by
caterpillars, manually damaged plants treated with water, and those that were
manually damaged and treated with regurgitant of unparasitized caterpillars.
TheMANOVAmodelwas constructedwith thefixed factors damage treatment,
time (2, 6 and 24 h), and interaction between the two terms. Post hoc, differ-
ences between the four damage treatments were tested using Tukey tests.

We constructed a second MANOVA model to address whether parasitoid
species differentially induce plant responses through their herbivore hosts. For
thismodel,weincludedthedataonmanuallydamagedplantsthatweretreated

with regurgitant of unparasitized or parasitized caterpillars. The model was
constructed with the fixed factors herbivore (P. rapae, P. brassicae), parasitoid
(unparasitized, C. glomerata, H. ebeninus, C. concinnata), time (2, 6, 24 h), and
full factorial interactions of the terms.We used post hoc Tukey tests to analyze
the differences in gene expression for the four levels in the factor parasitoids.
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