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SUMMARY
It is increasingly evident that plants interact with their outsideworld through the production of volatile organic
compounds,1–5 but whether the volatiles have evolved to serve in plant defense is still a topic of considerable
debate.3,6–8 Unharmed leaves constitutively release small amounts of volatiles, but when the leaves are
damaged by herbivorous arthropods, they emit substantially more volatiles. These herbivore-induced plant
volatiles (HIPVs) attract parasitoids and predators that kill insect herbivores,9–12 and this can benefit the
plants.13,14 As yet, however, there is no tangible evolutionary evidence that this tritrophic interplay contrib-
utes to the selection forces that have shaped the volatile emissions of plants.2,3,5–8,15 With this in mind, we
investigated the evolutionary changes in volatile emissions in invasive common ragwort and the respective
defensive roles of its constitutive and inducible volatiles. This Eurasian plant has invaded other continents,
where it evolved for many generations in the absence of specialized herbivores and their natural enemies.
We found that, compared to native ragworts, invasive plants release higher levels of constitutive volatiles
but considerably lower levels of herbivore-induced volatiles. As a consequence, invasive ragwort is more
attractive to a specialist moth but avoided by an unadapted generalist moth. Importantly, conforming to
the indirect defense hypothesis, a specialist parasitoid was much more attracted to caterpillar-damaged
native ragwort, which was reflected in higher parasitism rates in a field trial. The evolution of foliar volatile
emissions appears to be indeed driven by their direct and indirect roles in defenses against insects.
RESULTS AND DISCUSSION

Plant invasions can be considered large-scale evolutionary ex-

periments, with major shifts in herbivore and natural enemy

pressures.16 Invasive plants often escape from the coevolved

herbivores that occur in their native range and encounter novel,

unadapted herbivores in the invaded ranges.17,18 Such shifts in

insect associations exert altered selection pressures, which

can lead to evolutionary changes in allocation patterns to de-

fense and growth.19 Invasive plants are therefore also highly

suited to test the importance of insects for the evolutionary

trajectory of plant volatiles. We did this for Jacobaea vulgaris

(common ragwort), which is native to Eurasia and has been intro-

duced more than a century ago independently in New Zealand,

Australia, and North America.20 In its native range, J. vulgaris is

attacked by a number of specialist herbivores, but most damage

is caused by the caterpillars of the cinnabar moth Tyria
3450 Current Biology 31, 3450–3456, August 9, 2021 ª 2021 The Aut
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jacobaeae, which can have a strong impact on the plant’s

fitness.21 The caterpillars are frequently parasitized by the

specialist parasitoid Cotesia popularis, with parasitism rates

that can reach up to 37% in the field.22 No specialist herbivores

occur in the invasive ranges.17 If herbivores and their natural en-

emies play a role in the evolution of volatile emissions, we would

therefore expect differences in the emissions between native

and invasive J. vulgaris populations. Based on this expectation,

we formulated the hypotheses that (1), in its native range,

J. vulgaris has been under selective pressure to minimize the

release of constitutive plant volatiles (CPVs) to avoid detection

by its specialist herbivores but to produce high levels of herbi-

vore-induced plant volatiles (HIPVs) to reliably attract natural en-

emies and (2), in its invasive range, in the absence of its main

specialist herbivore and the natural enemies of this herbivore,

J. vulgaris has been freed from the selective pressure to produce

HIPVs, and the emissions of CPVs may have been boosted to
hor(s). Published by Elsevier Inc.
creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Host plant preferences of a specialist and generalist moth species

(A and B) Attraction of female T. jacobaeae moths (A) and female M. brassicae moths (B) to the odors of undamaged native and invasive Jacobaea vulgaris

genotypes and two controls (blank) in a four-arm olfactometer (n = 5 for Australia [AUS], n = 5 for New Zealand [NZ], n = 8 for Western North America [WNA], and

n = 18 for Europe). Values are means of number of moths choosing an olfactometer arm ± SE of 18 replicates for both moth species. 75% and 86% of the

T. jacobaeae andM. brassicae, respectively, made a choice. Generalized linear mixedmodels (GLMMs) with a Poisson error distribution: (A) origin: c2
(2) = 64.813,

p < 0.001; range within origin: c2
(2) = 0.724, p = 0.70; (B) origin: c2

(2) = 88.348, p < 0.001; range within origin: c2
(2) = 1.324, p = 0.52. Different letters indicate

significant differences among treatments at p < 0.05 with a Tukey post hoc test, whereas ns above the three invasive ranges represents no significant difference

among the three invasive ranges.

(C and D) Proportion of T. jacobaeae (C) andM. brassicae (D) females that chose an undamaged native J. vulgaris over an undamaged invasive J. vulgaris in the

olfactometer assay plotted against the differences in the amounts of constitutive plant volatiles (CPVs) released between the invasive and native J. vulgaris of the

same pair. Logistic regressions (binomial GLM): (C) c2
(1) = 7.635, p = 0.006; (D) c2

(1) = 28.147, p < 0.001. The solid line indicates the predictions from themodel and

the dotted lines the confidence intervals of the predictions.

See also Figures S1, S3, and S4A and Table S2.
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better deter generalist herbivores. We test these hypotheses

with a series of manipulative experiments.

Moth preferences and constitutive volatiles
In a first experiment, we collected CPVs from undamaged native

and invasive J. vulgaris genotypes and conducted olfactometer

experiments to test the responses of two moth species, one

whose larvae are adapted to feed on J. vulgaris and one whose

larvae rarely survive on it. The specialist T. jacobaeae preferred

(by a marginal difference; p = 0.0767) the odor of invasive geno-

types over the odor of native plants, whereas the generalist Ma-

mestra brassicae strongly preferred the odor of native genotypes

over invasive ones (Figures 1A and 1B). For both moths, the per-

centage of females choosing a plant in each invasive-native pair

was correlated with the difference in CPV production between

the two plants but in opposite directions: T. jacobaeae preferred

the high-emitting plant within each pair, whereas M. brassicae
preferred the low-emitting plant (Figures 1C and 1D). In the

oviposition assays, T. jacobaeae females laid three times as

many egg batches on invasive genotypes than on native geno-

types (Figure 2A). In contrast, M. brassicae females laid more

than double the number of egg batches on native genotypes

compared to invasive genotypes (Figure 2B). For both moths,

there were no significant differences among plants from the

three invasive ranges in the number of egg batches they laid (Fig-

ures 2A and 2B). The number of egg batches laid by T. jacobaeae

increased with increasing total CVP emissions, although it

decreased for M. brassicae (Figures 2C and 2D), further corrob-

orating the importance of these volatiles for the moths’ oviposi-

tion decisions. Figures 3A–3D present the amounts of emitted

volatiles, classified on the basis of the common metabolic path-

ways through which they are produced.23 On average, invasive

J. vulgaris genotypes used in this experiment produced 74%

more CPVs than native genotypes (Figure 3E; invasive =
Current Biology 31, 3450–3456, August 9, 2021 3451
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Figure 2. Oviposition preferences of a specialist and generalist moth species

(A and B) Mean number of egg batches laid by (A) T. jacobaeae and (B)M. brassicae on native and invasive J. vulgaris genotypes originating from different ranges

(n = 5 for AUS, n = 5 for NZ, n = 8 for WNA, and n = 18 for Europe). Values are means ± SE. GLMMs with a Poisson error distribution: (A) origin: c2
(1) = 20.169, p <

0.001; cage: c2
(1) = 2.704, p = 0.10; range within origin: c2

(2) = 5.968, p = 0.05; (B) origin: c2
(1) = 21.488, p < 0.001; cage: c2

(1) = 3.923, p = 0.048; range within origin:

c2
(2) = 1.188, p = 0.55; origin 3 cage: c2

(1) = 0.108, p = 0.74; range within origin3 cage: c2
(2) = 9.976, p = 0.007. Different letters indicate significant differences

between plant origin at p < 0.05 with a Tukey post hoc test. ns above the three invasive ranges represents no significant difference among the three invasive

ranges.

(C andD) Log-linear regressions (Poisson GLMM) between CPV emissions of a given plant and the number of egg batches it received from Tyria jacobaeae (C) and

Mamestra brassicae (D). (C) CPVs: c2
(1) = 9.673, p = 0.002; cage: c2

(1) = 1.456, p = 0.23; CPVs3 cage: c2
(1) = 3.581, p = 0.058; (D) CPVs: c2

(1) = 44.257, p < 0.001;

cage: c2
(1) = 6.287, p = 0.012; CPVs 3 cage: c2

(1) = 1.600, p = 0.21. The solid line indicates the predictions from the model and the dotted lines the confidence

intervals of the predictions.

See also Figure S1 and Table S2.
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192.6 ± 20.6 ng/12 h versus native = 110.8 ± 10.6 ng/12 h). The

difference in CPV emissions between native and invasive plants

was due to the higher emission by invasive plants of fatty acid

derivatives and terpenoids (Figures 3A–3D).

Contrary to HIPVs, the importance of CPVs in multitrophic inter-

actions has been largely ignored. Relatively few studies have

looked at how CPVs may repel or attract herbivores,24,25 and it

has not been considered that these effectsmay differ for specialist

and generalist herbivores. Clearly, CPVs of invasive J. vulgaris

plants are far less attractive to the generalist M. brassicae, and

this is reflected in reduced oviposition on invasive plants (Figures

2B and 2D). In a previous study,26 female moths of another gener-

alist (Spodoptera exigua) showed the same oviposition preference

for native plants. In thenative range,wheregeneralists andspecial-

ists areboth present, the productionofCPVs thereforepresents an

ecological dilemma for the plant because, unlike generalists, the

specialist T. jacobaeae is attracted by CPVs, as is evident from

its preference for invasive J. vulgaris genotypes (Figures 2A and
3452 Current Biology 31, 3450–3456, August 9, 2021
2C). This implies that the change in herbivore selection pressures

is driving the evolution of plant CPVs, as supported by significant

differences in all of the measured variables (egg batches, attrac-

tiveness, and CPVs) between invasive and native genotypes.

Thesechangesgo in thesamedirection for all three invasive ranges

(Figures 1, 2, and 3E), which have distinct climatic conditions (Fig-

ure S2), and therefore, differences in abiotic factors do not explain

the observed changes. The recent introduction of T. jacobaeae in

some invasive populations27 offers a great opportunity to study

what happens if the selection pressure on CPV is reversed.
Herbivore-induced volatiles and parasitoid attraction
In a second experiment, we collected volatiles from native and

invasive J. vulgaris genotypes before and after infestation by cat-

erpillars of the specialist moth and compared the volatile compo-

sition and quantities of these HIPVs. In an olfactometer experi-

ment, we tested the odor preferences of females of the
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Figure 3. Constitutive plant volatiles (CPVs) emission by native and invasive Jacobaea vulgaris genotypes

(A–D) Total emission of CPVs from different metabolic pathways: aromatic compounds (A); fatty-acid-derived (FAD) green leave volatiles (GLVs) (B); other FADs

(C); and terpenoids (D). This comparison of VOC groups emitted by invasive and native Jacobaea vulgaris genotypes is based on the volatiles collected during the

moth olfactometer test. Values are means ± SE. Linear mixedmodels (LMMs): (A) c2
(1) = 0.531, p = 0.47; (B) c2

(1) = 2.654, p = 0.10; (C) c2
(1) = 14.752, p < 0.001; (D)

c2
(1) = 6.001, p = 0.014. This classification of VOCs is based on the most common metabolic pathways used by plants to produce volatile compounds. Asterisks

indicate significant differences between origin; *p < 0.05; ***p < 0.001; ns, not significant.

(E) Total leaf volatile emission of invasive and native J. vulgaris genotypes originating from different ranges used in the moth olfactometer experiment. Values are

means ± SE (n = 10 for AUS, n = 10 for NZ, n = 16 for WNA, and n = 36 for Europe). LMM, origin: c2
(1) = 13.257, p < 0.001; range within origin: c2

(2) = 5.409, p =

0.067. ***p < 0.001, ns above the three invasive ranges represents no significant difference among the three invasive ranges.

See also Figure S3 and Table S4.
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parasitic wasp C. popularis when offered choices between the

HIPVs of plants from different origins.

After infestation by T. jacobaeae larvae, native genotypes

emitted onaverage 27.3 timesmore volatiles,whereas the invasive

genotypes showed only a 4.9-fold increase in the total amount of

volatiles after infestation (Figure 4A).Moreover, the difference in to-

tal emissions before and after T. jacobaeae infestationwas consid-

erably greater in plants from native than from invasive ranges (Fig-

ure 4B). These differences go in the same direction for all three

invasive ranges (Figures 4A and 4B), which have distinct climatic

conditions (Figure S2). In the parasitoid olfactometer bioassays,

the odors of native J. vulgaris genotypes infested with

T. jacobaeae larvae were three times as attractive to C. popularis

females than the odors of the non-infested native J. vulgaris geno-

types (Figure 4C). More importantly, native J. vulgaris plants that

were damagedby T. jacobaeaeweremore than twice as attractive

as similarly damaged invasive plants (Figure 4D). The wasps’

behavioral responses matched the measured differences in HIPV

emissions between invasive and native J. vulgaris plants (Fig-

ure 4E). The preference of female C. popularis wasps for native

J. vulgaris genotypes infested with T. jacobaeae in each invasive-

native plant pair tested (10 parasitoids usedper pair) was positively

associated with the difference in HIPVs emission between the

pairs. It should be noted that, in cases where the total amount of

HIPVs did not differ between native and invasive genotypes, the

parasitoids did not distinguish between native or invasive plant

odors (Figure4E). Thedifferences inHIPVsemissionbetween inva-

sive and native plantswere only quantitative, as the composition of

the VOC blends emitted by native genotypes after infestation was

not different from that of invasive genotypes (Figure S3).

Native J. vulgaris released a more than 2-fold higher amount of

HIPVs than invasive genotypes after infestationwith T. jacobaeae,
which was reflected in reduced attraction of C. popularis females

to HIPVs from invasive plants. This supports our hypothesis that

invasive J. vulgaris genotypes have evolved reduced levels of

HIPVs because, in the absence of T. jacobaeae, they have no

longer a need to attract parasitoids. This is in general agreement

with the notion that HIPVs serve as an indirect defense function by

attracting natural enemies.6,10,12

Parasitism rates in the field
In a final experiment, we tested, under realistic field conditions,

whether the observed odor preferences of the parasitoid result

in differences in parasitism rates. Lab-reared T. jacobaeae cater-

pillars were distributed equally over native and invasive

J. vulgaris plants that had been placed in a native J. vulgaris pop-

ulation with naturally occurring T. jacobaeae and parasitoids

(Figure S4B). Twelve days after placing caterpillars on the plants,

they were recollected and brought to the laboratory. We

retrieved circa 18% of the released T. jacobaeae larvae, with

fewer larvae (on average 5.7 larvae) retrieved from pairs of native

than from pairs of invasive plants (on average 8.53 larvae). In to-

tal, 614 larvae were found back on invasive plant pairs versus

422 on native plant pairs (generalized linear mixed model

[GLMM] with a Poisson error distribution: origin, c2
(1) = 8.119,

p = 0.004; block: c2
(2) = 21.3, p < 0.001; Table S1). The parasitism

rate of T. jacobaeae larvae retrieved from native genotypes was

significantly higher (14.3%) than for larvae from invasive geno-

types (8.6%; GLMM with a binomial error distribution: origin,

c2
(1) = 6.2652, p = 0.012; block: c2

(2) = 28.473, p < 0.001), and

this difference remained significant after removing the two pairs

of invasive plants from the analysis that carried additional

T. jacobaeae larvae from a natural laid egg batch (GLMM with

a binomial error distribution: origin, c2
(1) = 4.445, p = 0.035;
Current Biology 31, 3450–3456, August 9, 2021 3453
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Figure 4. Differences in herbivore-induced volatile (HIPV) emission between native and invasive plants and its effect on parasitoid attraction
(A) Total emission of HIPVs of invasive and native J. vulgaris genotypes originating from different ranges used in the parasitoid olfactometer experiment. One

paired sample from NZ was lost. Values are means ± SE (n = 5 for AUS, n = 7 for NZ, n = 12 for WNA, and n = 25 for Europe). LMM, infestation: c2
(1) = 205.147, p <

0.001; origin: c2
(1) = 3.49, p = 0.062; range within origin: c2

(2) = 0.396, p = 0.82; infestation 3 origin: c2
(1) = 12.235, p < 0.001; range within origin 3 infestation:

c2
(2) = 8.238, p = 0.013. Asterisks indicate significant differences between origin in infested plants; ***p < 0.001; ns above the three invasive ranges represents no

significant difference among the three invasive ranges. There were no differences between origin or among ranges in uninfested plants.

(B) Differences in total VOC emissions (after� before) between native and invasive regions. LMM, origin:c2
(1) = 18.936, p < 0.001; rangewithin origin: c2

(2) = 1.801,

p = 0.41. Asterisks indicate significant differences between origin; ***p < 0.001; ns above the three invasive ranges represents no significant difference among the

three invasive ranges.

(C and D) Parasitoid attraction.

(C) Number of females of C. popularis attracted to the odors of native J. vulgaris genotypes infested with 15-s instar T. jacobaeae versus uninfested native

J. vulgaris genotypes.

(D) Number of females ofC. popularis attracted to odors of native J. vulgaris infested with 15-s instar T. jacobaeae versus invasive J. vulgaris infested with 15-s instar

T. jacobaeae from three ranges. Overall, 84% and 81% of the C. popularis parasitoids made a choice, respectively, in (C) and (D). GLMM with a Poisson error

distribution: (C) origin: c2
(2) = 40.411, p < 0.001; (D) origin: c2

(2) = 114.003, p < 0.001; range within origin: c2
(2) = 0.125, p = 0.94. Different letters indicate significant

differences among treatments at p < 0.05 with a Tukey post hoc test. ns above the three invasive ranges represents no significant difference among ranges.

(E) Proportion of females of the parasitoid C. popularis that chose the odor of native plants over invasive plants of J. vulgaris, both infested with 15-s instar of

T. jacobaeae, plotted against the differences in the amounts of HIPVs produced between the native and invasive genotype of the same plant pair. Logistic regression

(binomial GLM): c2
(1) = 11.449; p < 0.001. The solid line indicates the predictions from the model and the dotted lines the confidence intervals of the predictions.

See also Figures S1, S3, and S4 and Table S2.
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block: c2
(2) = 17.811, p < 0.001; Table S1). Hence, T. jacobaeae

caterpillars had a higher probability of being parasitized by natu-

rally occurring C. popularis wasps on native J. vulgaris geno-

types than on invasive J. vulgaris genotypes. Interestingly, the

number of plant pairs with parasitized larvae did not differ be-

tween native and invasive plant pairs (GLMM with a binomial er-

ror distribution: origin, c2
(1) = 1.305, p = 0.253; block: c2

(2) =
3454 Current Biology 31, 3450–3456, August 9, 2021
7.231, p = 0.027). Yet the fact that a higher proportion of larvae

was parasitized on native than on invasive plants suggests that

parasitoids forage longer on plants with a high HIPV production,

supporting the notion that natural selection for HIPVs is favored

by their attractiveness to natural enemies.

It is noteworthy that we retrieved fewer larvae from native than

from invasive plants. This may be because of a higher predation
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level on thenativeplants, againwell in linewith theobservedhigher

volatile production upon damage, leading to higher attractiveness

to predators. Moreover, when perceiving C. popularis wasps,

T. jacobaeae larvae may let themselves drop from the plant to

escape parasitism.28 The lower recapture rate on native plants is

therefore indicative of higher levels of attacks by C. popularis

and other natural enemies. Disappearance of larvae due to

dispersal is unlikely, as larvaeof theT. jacobaeaedonot leave their

food plant before the third instar.29 The considerable difference in

thenumberof retrieved larvaehas important consequences for the

feeding damage inflicted on the plants, as just a few larvae can

completely defoliate an average-sized ragwort plant.30

Overall, the results fully support thehypothesis that theselection

for HIPV production has been relaxed for invasive J. vulgaris

because of the absence of T. jacobaeae and its coevolved para-

sitoid C. popularis. The assumed function of HIPVs as an indirect

defense to attract natural enemies is further substantiated by the

preferences of the parasitoid C. popularis and parasitism rates in

the field. The rapid evolution of decreased emissions of HIPVs in

invasive J. vulgaris genotypes suggests that the production of

these volatiles is costly and that HIPVs are only adaptive in the

native rangeofJ. vulgaris. Inconclusion, this studyprovidescritical

evidence that the exclusion from a specialized key herbivore and

its main parasitoid has led to repeated and convergent changes

in both CPV and HIPV emissions in J. vulgaris. Plants have to

cope simultaneouslywith the pressure to hide from their specialist

herbivores, signal their toxicity to generalist herbivores, and recruit

parasitoids andother natural enemies to fendoff attackers.Our re-

sults confirm that the balance between these different selective

forces contributes to the evolution of foliar volatile emissions.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Jacobaea vulgaris Seeds were collected from Europe,

Australia, North America west coast

and North America east coast

N/A

Tyria jacobaeae Pupae were collected from the dunes

of Meijendel, the Netherlands

N/A

Mamestra brassicae Eggs were collected from a lab culture

of Wageningen University31
N/A

Cotesia popularis Cocoons of C. popularis were obtained

from T. jacobaeae larvae collected in the

dunes of Meijendel, the Netherlands

N/A

Chemicals, peptides, and recombinant proteins

E-2-hexenal Sigma-aldrich CAS: 6728-26-3

Z-3-hexen-1-ol Sigma-aldrich CAS: 928-96-1

E-2-hexen-1-ol Sigma-aldrich CAS: 928-95-0

Z-3-hexenyl acetate Sigma-aldrich CAS: 3681-71-8

n-octane Sigma-aldrich CAS: 111-65-9

nonanal Sigma-aldrich CAS: 124-19-6

Pentadecane Sigma-aldrich CAS: 629-62-9

b-ocimene and trans-ocimene Sigma-aldrich CAS: 13877-91-3

E-b-caryophyllene Sigma-aldrich CAS: 87-44-5

E-b-farnesene Sigma-aldrich CAS: 18794-84-8

a-humulene Sigma-aldrich CAS: 6753-98-6

benzaldehyde Sigma-aldrich CAS: 100-52-7

1-nonene Sigma-aldrich CAS: 124-11-8

decanal Sigma-aldrich CAS: 112-31-2

1-pentadecene Sigma-aldrich CAS: 13360-61-7

Methylene chloride Honeywell CAS: 75-09-2

Nonyl acetate Sigma-aldrich CAS: 143-13-5

Deposited data

Datasets and statistical analyses This paper https://doi.org/

10.5061/dryad.fxpnvx0rk

Software and algorithms

R v4.03 R development core team, 2021 https://www.r-project.org
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ted C.J.

Turlings (ted.turlings@unine.ch)

Materials availability
This study did not generate new unique reagents.

Data and code availability
The datasets and code generated during this study are available at Dryad https://doi.org/10.5061/dryad.fxpnvx0rk
Current Biology 31, 3450–3456.e1–e5, August 9, 2021 e1

mailto:ted.turlings@unine.ch
https://doi.org/10.5061/dryad.fxpnvx0rk
https://doi.org/10.5061/dryad.fxpnvx0rk
https://doi.org/10.5061/dryad.fxpnvx0rk
https://www.r-project.org


ll
OPEN ACCESS Report
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Weused Jacobaea vulgaris (common ragwort, formerlySenecio jacobaea, family Asteraceae) and associated insects as our study sys-

tem. J. vulgaris is a monocarpic perennial plant that is native to Eurasia and was introduced into Australia,32 New Zealand,33 Eastern

North America and Western North America.33 The populations of J. vulgaris fromWest and Eastern North America are geographically

isolated. Doorduin et al.20 found that the amount of genetic variation, usingmolecularmarkers, of native J. vulgarispopulations does not

differ from the different invasive ranges, suggesting that introductions from multiple source populations have occurred.

In the USA, an introduced range, J. vulgaris has been observed to be fed upon bymore than 40 species of generalist arthropods but

no specialist herbivores.17 On the other hand, in the native range, J. vulgaris is attacked by more than 70 herbivores, but most her-

bivory is due to two highly specialized herbivores: the cinnabar moth, Tyria jacobaeae and a flea beetle, Longitarsus jacobaeae.26,32

The foliar-feeding larvae of T. jacobaeae can remove all the aboveground parts of J. vulgaris plants within a short time period.22,34,35 In

the native range, up to 37% of the larvae of T. jacobaeae can be parasitized by the specialist braconid parasitoidCotesia popularis.22

In the past decades, Tyria jacobaeae and L. jacobaeae were introduced as biological control agents into to the three invasive

ranges.27,36–38 But evidences collected so far showed no evolutionary adaptation of invasive J. vulgaris populations after this re-

newed exposure to T. jacobaeae.26,39

The invasion of J. vulgaris took place 100-160 years ago, depending on range, and until a few decades ago no specialist herbivores

were present in invasive populations. Enough time has passed without specialized herbivores for selection to lead to evolutionary

changes in defense chemistry in this species with a lifespan of two years. Abiotic factors such as climatic condition in the introduced

areas could also potentially affect post-introduction evolution.40–42 For this reason, we selected populations from a variety of distinct

invasive ranges, covering a wide spectrum of climatic conditions, to compare them with the native range. Previous studies showed

that, within less than 70 generations, natural selection in response to the release from specialist herbivores changed resource allo-

cation patterns of invasive J. vulgaris populations in favor of better growth and competitive ability at the expense of costly de-

fenses.26,43,44 Therefore J. vulgaris is a highly suitable model plant species to study evolutionary changes after invasion.

As a specialist herbivore we used the univoltine cinnabar moth T. jacobaeae, which is native to Europe and western central Asia. In

spring, adults emerge from pupae between the end of April and June, and lay eggs in clusters on the underside of the lower leaves of

J. vulgaris. The number of eggs per batch can range from 1 tomore than 80. Eggs hatchwithin 2 weeks after oviposition. Larval devel-

opment takes over one month and consists of five larval stages. Fully grown larvae leave the plant and pupate in the upper layers of

the soil. In Northwestern Europe, dune populations of J. vulgaris are particularly susceptible to T. jacobaeae larvae and suffer com-

plete defoliation once every 2 or 3 years in mid-June. More than 1000 pupae of T. jacobaeae were collected from the dunes of Mei-

jendel, the Netherlands, at the end of May, 2015. Pupae were kept in a cold room and in April 2016 they were transferred to a climate

chamber (20�C, 50 to 70%RH, 16:8 h L/D). Adult moths that emerged from the pupaewere used for both the olfactometer and ovipo-

sition experiments. Eggs were collected and larvae were reared on J. vulgaris plants until they reached the second instar for later

infestation. The moth Mamestra brassicae (cabbage moth, Noctuidae), which has a distribution range from Europe to eastern

Asia, was used as a generalist herbivore. The larvae feed on the leaves of a wide range of plants and adults can be found at any

time from May to October due to the two or three overlapping generations.45 Eggs were collected from a lab culture of Wageningen

University31 and larvae were reared on Chinese cabbage until pupation. Then adult moths were maintained in a climate chamber

(20�C, 50 to 70% RH, 16:8 h L/D) for later use.

The gregarious braconid parasitoidCotesia popularis (Apanteles popularis) is a specialist on T. jacobaeae. The adults emerge at the

beginning of May and only parasitize the first and second instar larvae of their host. The parasitoid larvae do not kill their host imme-

diately, but develop inside the living host, which dies shortly before the parasitoids pupate. Parasitoids overwinter in a woolly, white

cocoon and emerge as adults the following spring.46 More than 1000 cocoons ofC. populariswere obtained from T. jacobaeae larvae

collected in the dunes of Meijendel, the Netherlands, at the end ofMay, 2015. Cocoons were kept in a cold room until April 2016. They

were then transferred to a climate chamber (20�C, 50 to 70% RH, 16:8 h L/D), where the adults emerged and were kept with honey

and water until they were used in the experiments. The insects had no experience with HIPVs prior to the experiments.

METHOD DETAILS

Plant growth conditions
Seeds of J. vulgaris were collected from Europe, Australia, North America west coast and North America east coast (Table S2). A

redundancy analysis using 19 climatic variables was performed to compare the climatic differences among the geographic ranges

(see Quantification and statistical analysis section). The analysis shows that the sample-collecting sites of the four ranges have actu-

ally different climatic conditions (Figure S2). Seeds originating from the same plant were germinated in a Petri dish lined with moist-

ened filter papers, and seedlings were transferred into cylindrical plastic pots (43 10 cm) with commercial soil (Ricoter Aussaaterde,

Aarberg, Switzerland). Plants were grown in a controlled growth chamber under 16:8 L:D light regime at 25�C (GroBanks, Model BB-

XXL3+, CLF plant climatics, Emersacker, Germany; photosynthetic photon flux density (PPFD): 100 mmol m-2 s-1).

Moth olfactometer and oviposition assays
Moth olfactometer bioassays and oviposition bioassays were conducted for both T. jacobaeae and M. brassicae using 8-week old

vegetative J. vulgaris plants with a rosette diameter of circa 10 cm and 8-12 leaves. For bioassays with each moth species, 18 native
e2 Current Biology 31, 3450–3456.e1–e5, August 9, 2021
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J. vulgaris genotypes from Europe were randomly paired with 18 invasive J. vulgaris genotypes from Australia (5 populations), New

Zealand (5 populations), North America east coast (6 populations) and North America west coast (2 populations), resulting in 18 pairs

(Table S2).

The preferences of female moths for different odors were measured using a four-arm olfactometer47 (Figure S4A), which had

different dimensions from the one used for parasitoids (see below), notably wider arms allowing the moths to pass. Mated female

moths were given the choice between four air flows from four different glass bottles. Two bottles were empty (blanks), one contained

a native and one an invasive J. vulgaris plant, with the latter two positioned opposite to each other. The air flows converged in a central

glass piece,48 where 2 moths were released. After 30 min, the moths were recollected and the treatment they chose was recorded. If

amoth hadwalkedmore than 8 cm into one of the olfactometer arms (12 cm long in total), it was considered to havemade a choice for

that odor source. Moths that did not make a choice were recorded as ‘‘no choice.’’ An olfactometer test ( = 1 pair of plants tested)

consisted of five consecutive releases of 2moths andmothswere used only once. Due to the limited space,mothswere not able to fly

in the olfactometer, but they were capable to walk into each arm. The position of each treatment was carefully assigned before each

test to make sure the positions would be homogeneously distributed among treatments at the end of the experiment. The glassware

was cleaned between tests and the cleaning process of the glassware consisted of rinsing the glassware sequentially with three sol-

vents: water, acetone, and pentane, and putting the glassware in an oven at 250�C for a minimum of 3 h. The blends of volatiles

emitted by each plant were collected after the olfactometer test with a volatile collection setup for 12h.49 VOCs were collected using

a trapping filter containing 25 mg of 80–100 mesh SuperQ adsorbent. Before use, trapping filters were cleaned with 300 mL of meth-

ylene chloride. After each collection, the volatiles were extracted from the filters with 150 mL of methylene chloride. The samples were

stored at �80�C before analysis.

After each olfactometer test and volatile collection, plants were transferred and randomly placed into two net cages (1 3 2 m) for

oviposition bioassays. For eachmoth species the tested 18 pairs of plants were split into two cages, with first 9 pairs in one cage and

the remaining 9 pairs in another cage. For each cage, 35 femalemoths and 15malemothswere released in the center of the cage. The

position of each plant was randomly changed every day. After oneweek all mothswere removed and the number of egg batcheswere

counted and total leaf area of each plant was measured by a scanner and calculated using Adobe Photoshop CS6 software (Adobe

Systems, San Jose, CA, USA). There was no significant difference in the total leaf area between native and invasive plant genotypes

(ANOVA, F1,70 = 2.917, p = 0.092).

Parasitoid olfactometer assay
After 5 weeks of plant growth (4-5 leaves), 25 native J. vulgaris genotypes from Europe were paired with 25 invasive J. vulgaris ge-

notypes from Australia (5 populations), New Zealand (8 populations), North America east coast (8 populations) and North America

west coast (4 populations) (Table S2), resulting in 25 pairs. Individual plants from each pair received 15 s instar larvae of

T. jacobaeae, resembling the herbivore pressure resulting from a small egg batch. After 24 hours of feeding, the preferences of

C. popularis females for different odors weremeasured using a four-arm olfactometer setting.47 For each pair of plants, mated female

C. popularis were given the choice between 4 air flows from four different glass bottles. Two bottles were empty (blanks), one con-

tained an infested native and one an infested invasive J. vulgaris plant, with the latter two positioned opposite to each other. The air

flows converged in a central glass piece, where two femaleC. populariswasps were released.48 After 30min, we recorded the choice

of the wasps by counting the number that were trapped in a glass bulb of each arm (Figure S4A). Wasps that did not make a choice

were recorded as ‘‘no choice.’’ Thewaspswere then removed and a newpair was introduced. An olfactometer test ( = 1 pair of plants)

consisted of five consecutive releases of 2wasps, andwaspswere only used once. Plant positions were changed and glassware was

cleaned between plant pairs as described above. The blends of volatiles emitted by each plant were collected for 3h just before in-

festing them with T. jacobaeae larvae and again after the olfactometer test had ended, using a volatile collection setup. Larvae were

not removed from the plants during the volatile collection. Volatiles were collected using a trapping filter containing 25 mg of 80–100

mesh SuperQ adsorbent. Before use, trapping filters were cleaned with 300 mL of methylene chloride. After each collection, volatile

compounds were extracted from the filters with 150 mL of methylene chloride. After the volatile collection, total leaf area of each plant

was recorded by a scanner and the damaged leaf area was calculated the sameway as stated above. Native and invasive genotypes

did not differ in the total leaf area (ANOVA, F1,48 = 1.455, p = 0.234) and damaged leaf area (ANOVA, F1,48 = 0.537, p = 0.467).

In order to test whether the parasitoids were specifically attracted to HIPVs produced by infested J. vulgaris rather than CPVs,

additional olfactometer tests were conducted with 2 sibs, seeds of the same flower head, of 7 genotypes from different native pop-

ulations. For this additional test, wasps were given the choice between a sib infested with 15 s instar larvae of T. jacobaeae, an un-

infested sib, and two empty odor sources (blanks). An olfactometer test ( = 1 pair of plants) consisted of five consecutive releases of 2

wasps, and wasps were only used once (n = 7).

Volatile analyses
Volatile compounds were analyzed and identified as described in D’Alessandro and Turlings.48 An internal standard (nonyl acetate,

each 200 ng in 10 mL methylene chloride) was added to each sample. Volatile compounds were analyzed with an Agilent 6850 gas

chromatograph coupled to a 5973 Network mass selective detector (transfer line 230�C, source 230�C, ionization potential 70eV). A

2 mL aliquot of each sample was injected in the pulsed split less mode onto a non-polar column (HP-1 ms, 30 m, 0.25 mmID, 0.25 mm

film thickness, Agilent J&W Scientific, USA). Helium at constant flow (1.9 mL/min) was used as carrier gas. Compounds were iden-

tified by comparing the spectra obtained from the samples with those from a reference database (NIST mass spectral library).
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Additionally, the identity of compounds of particular interest to our study was verified by comparing the spectra and retention times

found in our samples to those of pure compounds (Sigma-Aldrich). The compounds of verified identity were: benzaldehyde, E-2-

hexenal, Z-3-hexen-1-ol, Z-2-hexen-1-ol, Z-3-hexenyl acetate, 1-nonene, nonanal, decanal, 1-pentadecene, trans-ocimene, (E)-

4,8-dimethyl-1,3,7-nonatriene, b-caryophyllene, b-bergamotene and (E)-b-farnesene, (Table S4). The quantities of themajor compo-

nents of the blends were estimated based on the total ion count of the compounds compared to the total ion count of the internal

standard and corrected for an appropriate response factor.50 The response factor relative to nonyl acetate was calculated separately

for several standards: benzaldehyde, E-2-hexenal, Z-3-hexen-1-ol, E-2-hexen-1-ol, Z-3-hexenyl acetate, n-octane, nonanal, penta-

decane, b-ocimene, E-b-caryophyllene, E-b-farnesene and a-humulene. For compounds not present in the standard list, we used the

response factor of the closest standard in retention time of the same class. In case a given compound had a different molecular mass

compared to that of its corresponding standard, the response factor was normalized based on the molecular mass.

Field experiment
We conducted a field experiment in the native range of J. vulgaris to measure the parasitism rates of T. jacobaeae larvae by naturally

occurringC. populariswasps on native and invasive J. vulgaris genotypes. The experiment was conducted in Meijendel, a sand dune

area in the west of the Netherlands close to The Hague (52�13’N, 4�34’E), where native J. vulgaris, T. jacobaeae and C. popularis are

naturally present. In Meijendel, parasitism rates of T. jacobaeae larvae by C. popularis varied from 0 to 37% over a 17-year period

(1988-2004) with an average parasitism rate of circa 10%.51

In October 2016, seeds from 19 native populations and 16 invasive populations (Table S3) were germinated resulting in 294 native

seedlings and 272 invasive seedlings. Seedlings were potted in small pots on 21 November 2016 and were grown in a climate room

(Reftech) at a constant temperature of 20�C, 70%RHwith 16 hours light with a photosynthetic photon flux density (PPFD) of 113 mmol

m�2 s�1. On January 17, 2017, 197 native and 197 invasive plants were re-potted in 13 cm pots with a 50% soil/dune sand mixture

and transferred on the same day to a frost-free greenhouse without supplemental light. Plants were watered when needed. An infes-

tation with the aphid Myzus persicae was observed on April 3, 2017 and the biological control agents Chrysoperla carnea and Ap-

helinus abominalis (Koppert) were released on the plants. The biocontrol agents were able to control the aphid infestation. The plants

were placed outside the greenhouse on 6 April 2017. Plants grew well outside and all received a 2ml volume of Osmocote, a slow

nutrient releaser. Five plants were vernalized and started to flower and were discarded. On May 3, 2017, 148 plants from 19 native

populations and 144 plants from 16 invasive populations were brought to the field to let them acclimatize to the local conditions. On

May 8, 2017, the field experiment was initiated by placing the plants in three blocks in the dunes of Meijendel (Figure S4B). Blocks

were circa 50m apart and in all blocks a background population of J. vulgaris plants was present. Plants were grouped in pairs. A pair

of plants consisted of two plants from the same origin (native or invasive). Experimental plants were put in pairs in the field to generate

a larger odor plume. Pairs of plants were randomly put in a grid in such away that a pair of native genotypes was always neighboring 4

pairs of invasive genotypes, and vice versa (Table S1; Figure S4B). Plants within a pair were placed about 15 cm apart so that leaves

were just not touching. Pairs were placed 5mapart. The three blocks consisted of 45, 49 and 52 pairs of plants respectively (Table S1;

Figure S4B). Plants were placed on trays (18 cm diam.) and watered when needed.

For the field experiment larvae of the cinnabarmoths T. jacobaeaewere collected in 2016 from the dunes close to The Haguewhere

also the field experiment was conducted in 2017. Larvae were grown until pupation and kept in a cold room at 4�C. In April 2017,

pupae were taken from the cold room and within 2-3 weeks moths emerged. Within a week after emergence the moths laid eggs.

After hatching, first instar larvae were used for infesting the plants in the field trial.

Just before artificially infesting the plants with T. jacobaeae caterpillars, we counted and removed the egg batches naturally depos-

ited by local T. jacobaeae of 18 plants by cutting off the infested leaf with a sharp razorblade. Naturally deposited egg batches were

equally distributed over native and invasive plants (Chi square test, c2 = 0.83, p = 0.361). For two pairs an egg batch escaped our

attention and these pairs therefore contained additional T. jacobaeae larvae, which could not be distinguished from experimental

larvae.

Only first and second instar larvae of T. jacobaeae are parasitized by C. popularis.28 The infestation20protocol of plants in the field

went as follows: every plant was infested with twenty freshly hatched larvae. We chose to add 20 larvae because in the oviposition

experiment the cinnabar moth egg batches varied from 10 to 44 eggs with an average of 23 eggs, and in the HIPV experiment feeding

by 15 freshly hatched larvae led to a strong increased HIPVs. Twenty freshly hatched larvae were transferred into an Eppendorf tube,

and then the tubes were immediately brought to the field. Each tube was opened and placed in the middle of the rosette of a single

plant. Larvae left the tubes by themselves. The next day plants were checked to verify that larvae had left the tubes and those that had

not were counted. Infestation started on 16May 2017 and for the next 10 days each day a different section of the pairs of plants were

infested. During the first five consecutive days each day about 8 pairs of native and 8 pairs of invasive plants (circa 5 pairs per block)

were infested. The 6th day no larvae were placed on plants and from the 7th day infestations continued for another four consecutive

days until all plants had received neonate larvae. In total, we infested 72 pairs of invasive and 74 pairs of native J. vulgaris plants in the

course of 10 days (Table S1). Of the 5840 cinnabar moth larvae transferred in tubes to the plants 124 larvae were still in the tubes the

next day and were excluded from the experiment. In the end, each pair of plants received on average 39.2 first instar larvae (19.6

larvae per plant).

Exactly twelve days after infestation, the larvae were removed from the plants, counted and taken to the laboratory, where they

were reared until pupation in individual boxes per pair of plants. Harvesting of the larvae, just as the infestation, took 10 days,

and they were harvested from the plants in the same order as they were placed on the plants. Therefore, all larvae were exposed
e4 Current Biology 31, 3450–3456.e1–e5, August 9, 2021
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to natural enemies in the field for exactly twelve days. After harvesting the larvae, plant shoots were harvested, dried for at least three

days at 60�C and weighed. The shoot weights of plants from the invasive range were larger than the shoot weights of genotypes from

the native range (7.49 g versus 4.97 g, ANOVA, F1,290 = 70.2, p < 0.001). In the laboratory experiment, we did not find a significant

correlation between shoot weight and plant VOC emissions (Pearson correlation, r = 0.187, n = 50, p > 0.05) suggesting that plant size

has little effect on volatile production in common ragwort.

In the laboratory, caterpillars were fed with leaves from native J. vulgaris collected from natural populations from Zoeterwoude and

Leiden. When the cinnabar moth larvae reached the fifth instar, they were placed in separate tubes. Parasitoid larvae emerge just

before pupation. The number of parasitized larvae and the number of (unparasitized) T. jacobaeae pupae were recorded.

QUANTIFICATION AND STATISTICAL ANALYSIS

For the olfactometer experiments, the effects of plant volatiles on the preference of female moths and parasitoids were analyzed us-

ing generalized linear mixed models (GLMM) with a Poisson error distribution (both moth species: n = 18, wasps: n = 25, where n

represents number of olfactometer test). The number of moths/wasps that chose any olfactometer arm was the response variable,

with plant origin (blank, native and invasive) and range nested within plant origin as fixed explanatory factors. An extra analysis was

performed for wasp preference only with native plants that were either uninfested or infested by Tyria jacobaeae caterpillars. In all

models the olfactometer assay was used as a random factor. Moths/wasps that did not make a choice were excluded from the an-

alyses but are mentioned in the results section.

We also tested if the variation in plant volatiles explains the variation in the olfactometer preference of moths/wasp using logistic

regressions (binomial GLM). For the moth preference, we tested if the difference in constitutive volatile emissions between the inva-

sive and the native plant for a given assay explains the proportion of moths that chose native plants over invasive plants. For the wasp

preference, we tested if the difference in herbivore-induce volatiles emissions between the native and the invasive plant for a given

assay explains the proportion of wasps that chose native plants over invasive plants. The difference between invasive and native

plants in total leaf area from the moth bioassays and in total leaf area and damaged leaf area from the parasitoid bioassays were

evaluated with an ANOVA.

For the cage experiments, the effects of plant origin on the number of egg batches laid bymothswere analyzedwith aGLMMwith a

Poisson error distribution (for both moth species: n = 36, where n represent number of individual plants). Here the number of egg

batches was the response variable, while plant origin (native or invasive), range nested within plant origin, cage and the interaction

of cage by plant origin were taken as fixed factors. When the interaction was not significant it was removed from the model. We also

tested how the total emissions of constitutive volatiles explain the number of egg batches per plant using a log-linear regression

(Poisson GLMM). We used cage ID as a covariate to control for differences between cages and the plant pair was included as a

random factor.

The differences between plant origin (native versus invasive) in constitutive VOCs were analyzed with linear mixed models (LMM;

n = 72, where n represents number of plants). To analyze the variation in HIPVs we also used LMMs (n = 99, where n represents num-

ber of plants). Here the response variable was the total volatile emission (log transformed), the fixed factors were the infestation state

(infested or uninfested), the plant origin (native versus invasive), their interaction and the range nested within plant origin and plant

identity as a random factor. In another model we used the difference between infested and uninfested HIPVs as response factor

and plant origin and range nested within plant origin as fixed factors. As these plants were used in pairs in the olfactometers assays,

we included a random factor for the plant pair ID to account for a possible influence of the experimental procedure.

For the field experiment we analyzed whether the plant origin can explain the number of caterpillars retrieved from plants using a

GLMMwith a Poisson error distribution (n = 146, where n represents number of plant pairs). The effects of plant origin on parasitism

rate and parasitism presence were analyzed using a GLMMwith a binomial error distribution. In addition, we repeated the model for

parasitism rate after removing a couple of observations which contained caterpillars from natural origin. In thesemodels the field was

used as a covariate.

To analyze whether the plant origin and infestation state explain the volatile composition we performed a redundancy discriminant

analyses (RDA, R package vegan). The response compound matrix was normalized and the explanatory variables were the plant

origin (native versus invasive), the plant state (uninfested versus infested) and their interaction (n = 99, where n represents number

of plants). We also, performed an RDA on climatic variables across the sampling sites to explore climatic differences among ranges

(Europe, Australia, New Zealand and Western North America). For this, 19 climatic variables (1950-2000) were downloaded from the

World Clim dataset (https://www.worldclim.org/current) in 5 arc-minutes resolution for each sampled population (n = 49, where n

represents number of locations).

For all the linear models, a type 2 Wald chi square test was applied to test overall significance of explanatory variables. We used

Tukey post hoc tests to analyze the differences between levels of a given factor. Statistical significance was defined with by a = 0.05.

Whenever a GLM(M) was overdispersed (dispersion valueR 2), we included an observation-level factor as random factor to correct

for overdispersion. All the analyses were performed in R 4.03 (R core developing team, 2020), except the analyses of leaf area and

damage that were performed in SPSS 18.0 (SPSS: An IBMCompany, Chicago, USA). The details for each statistical test can be found

in the results section and in the figure legends.
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