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1 Summary
There is increasing evidence that the current changes in climate across the temperate regions
will continue into the future. The atmospheric concentration of carbon dioxide (CO2) is
predicted to further increase and double by the year 2100, and such an increase is projected to
have profound effects on biological systems.
Elevated CO2 concentration may strongly affect plant physical traits and chemical
profiles. As plant secondary metabolites play an important role in determining plant-insect
interactions due to their function as defense compounds, CO2-mediated alterations in plant
chemistry could directly influence herbivore insect performance and even cascade via the
herbivore to its natural antagonists.
To gain knowledge about the direction of changes in plant-insect interactions and their
underlying mechanisms under a future predicted climate scenario is of particular interest for
agricultural crop systems as, for instance, pest status of herbivores and performance of their
natural antagonists in agricultural systems may fundamentally change.
In this thesis, the multitrophic agricultural system comprised of an annual crop plant
(Brussels sprouts Brassica oleracea var. gemmifera), two specialist herbivores from
contrasting feeding guilds (cabbage white Pieris brassicae and cabbage aphid Brevicoryne
brassicae) and a natural antagonist (Diaeretiella rapae) was used to investigate how plants
might acclimate to elevated CO2 and how both herbivores and natural antagonists will
respond to the CO2-mediated changes in plant characteristics, particularly plant chemistry.
The first objective was to document the effects of plant acclimation to elevated CO2 over
several weeks on plant characteristics by assessing key morphological traits and selected
chemical profiles. We found that plant acclimation to elevated CO2 for up to 10 weeks
resulted in changes in growth-related plant traits, particularly in a significant increase in plant
size and biomass, measured as height and dry weight. Regarding plant chemical profiles,
plant exposure to elevated CO2 concentration did not lead to significant changes in primary
metabolites, i.e. carbon and nitrogen content, but to a significant decrease in volatile emission
and to a significant increase in plant constitutive secondary metabolites, specifically the
defense-related glucosinolates.
The second objective was to assess the effects of plant acclimation to elevated CO2 over
several weeks on the performance of P. brassicae and B. brassicae. The two specialist
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herbivores were grown on Brassica plants exposed to elevated CO2 for up to 10 weeks. We
found that the performance of both P. brassicae and B. brassicae was significantly impaired
by elevated CO2 even after a short plant exposure of two weeks. Development time for
P. brassicae larvae feeding on Brassica plants grown under elevated CO2 was significantly
shorter, whereas development time of B. brassicae aphids, measured as pre-reproductive time,
was significantly longer. Fecundity was not affected in P. brassicae, but significantly lower
for B. brassicae. In contrast, body mass was significantly reduced for both insect herbivores
when feeding on plants grown under elevated compared to ambient CO2. Additionally,
consumption of P. brassicae larvae was significantly higher and plant preference, assessed as
colonization rate, of B. brassicae aphids was significantly lower under elevated compared to
ambient CO2. As plant chemical compounds are involved in mediating plant-insect
interactions, any changes in plant chemical traits may potentially affect insect behavior
and/or performance. Thus, the decrease in plant volatile emission and the increase in total
leaf glucosinolate content found in the present thesis may be the driving force behind the
observed changes in herbivore insect performance when developing on plants under elevated
CO2.
The third objective was to test for potential tritrophic effects of plant acclimation to
elevated CO2 over several weeks on a natural antagonist of the cabbage aphid, the solitary
endoparasitoid Diaretiella rapae, by assessing parasitoid performance. We observed a
significant decrease in D. rapae performance and parasitoid efficiency under elevated CO2.
The CO2-effect on the parasitoid is likely related to aphid host characteristics, potentially due
to an impairment of insect host quality caused by CO2-mediated alterations in plant chemical
traits.
In summary, our results illustrate that CO2-mediated changes in plant characteristics,
particularly chemical traits, may strongly affect specialist herbivore insects and even cascade,
via the herbivore, up to the third trophic level, thus also affecting natural antagonists.
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2 Zusammenfassung
Die Anhaltspunkte für eine Fortdauer der derzeitigen Klimaveränderungen in den
gemässigten Zonen mehren sich. Die atmosphärische Konzentration von Kohlendioxid (CO2)
wird voraussichtlich weiterhin steigen und könnte bis zum Jahre 2100 das Doppelte des
heutigen Wertes erreichen. Eine solche Erhöhung wird den Erwartungen gemäss tiefgreifende
Auswirkungen auf biologische Systeme haben.
Das Wachstum unter erhöhter CO2 Konzentration kann Pflanzen stark beeinflussen und
zu Veränderungen in ihren physikalischen Eigenschaften sowie in ihren chemischen
Inhaltsstoffen führen. Sekundäre Pflanzeninhaltsstoffe spielen wegen ihrer Verteidigungsfunktion gegenüber Herbivoren eine wesentliche Rolle bei der Mitbestimmung bei PflanzenInsekten Interaktionen. So kann sich eine durch Akklimatisation an erhöhtes CO2
hervorgerufene Veränderung besagter sekundärer Inhaltsstoffe direkt auf das Verhalten
und/oder die Entwicklung von Insekten auswirken. Effekte können nicht nur auf Herbivore
wirken, sondern auch, vermittelt durch die Herbivoren, einen weiterführenden Einfluss auf
deren natürliche Gegenspieler ausüben.
Das Erlangen von neuen Erkenntnissen über die Veränderungen in Pflanzen-Insekten
Interaktionen sowie über die den Veränderungen zugrundeliegenden Mechanismen ist für
landwirtschaftliche Anbausysteme von Interesse. Wichtig ist dies insbesondere vor dem
Hintergrund des erwarteten zukünftigen Klimaszenarios, da sich beispielsweise der
Schädlingsstatus von Insekten und die Effizienz von natürlichen Gegenspielern grundlegend
ändern kann.
In der vorliegenden Arbeit konzentrierten wir uns auf ein multitrophisches
landwirtschaftliches System. Es bestand aus einer einjährigen Nutzpflanze (Rosenkohl
Brassica oleracea var. gemmifera), zwei sich in der Art der Nahrungsaufnahme
unterscheidenden spezialisierten Herbivoren (Grosser Kohlweissling Pieris brassicae und
Mehlige Kohlblattlaus Brevicoryne brassicae) sowie einem natürlichen Gegenspieler
(Diaeretiella rapae). Anhand dieses Systems untersuchten wir, welche Veränderungen eine
CO2-Akklimatisation der Pflanze in deren morphologischen Eigenschaften und chemischen
Inhaltsstoffen hervorruft. Wir interessierten uns dafür wie sich solche Veränderungen,
insbesondere jene der Pflanzenchemie, auf Herbivoren und deren natürliche Gegenspieler
auswirken.
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Eine erste Zielsetzung war es zu dokumentieren, welche Auswirkungen die
Akklimatisation an eine erhöhte CO2 Konzentration über einen mehrere Wochen
umfassenden Zeitraum auf verschiedene Schlüsselmerkmale der Pflanze hat. Dazu erfassten
und beurteilten wir insbesondere morphologische Eigenschaften und chemische Inhaltsstoffe
der Pflanze. Wir konnten zeigen, dass CO2-Akklimatisation eine Veränderung in den
wachstumsbezogenen Merkmalen der Pflanze zur Folge hatte. Besonders bei der
Pflanzengrösse und der Biomasse wurde ein signifikanter Anstieg verzeichnet. Hinsichtlich
der chemischen Pflanzeninhaltsstoffe führte die CO2-Akklimatisation zu keinen messbaren
Unterschieden bei den primären Inhaltsstoffen, d.h. Kohlenstoff und Stickstoff, jedoch zu
einer signifikanten Reduktion bei der Emission von pflanzlichen Duftstoffen sowie zu einem
Anstieg der sekundären Inhaltsstoffe, namentlich bei den verteidigungsrelevanten
Glucosinolaten.
Die zweite Zielsetzung war es zu beurteilen, welche Auswirkungen CO2-akklimatisierte
Pflanzen auf die Entwicklung von P. brassicae und B. brassicae haben. Beide spezialisierten
Herbivoren entwickelten sich auf Pflanzen, welche bis zu zehn Wochen einer erhöhten CO2
Konzentration

ausgesetzt

waren.

Wir

stellten

fest,

dass

bereits

nach

einer

Akklimatisationsphase von zwei Wochen signifikante Beeinträchtigungen der Insekten
auftraten. Verglichen zur Entwicklung der Insekten unter normalem CO2 war die
Entwicklungszeit von P. brassicae Larven unter erhöhtem CO2 signifikant kürzer, während
jene von B. brassicae Blattläusen deutlich länger ausfiel. Die Fruchtbarkeit von P. brassicae
war nicht messbar betroffen, jedoch bei B. brassicae unter erhöhtem CO2 deutlich reduziert.
Die Körpermasse beider Insekten war unter erhöhtem CO2 signifikant verringert. Darüber
hinaus verzehrten P. brassicae Larven unter erhöhtem CO2 deutlich mehr Pflanzenmaterial
und die Pflanzenpräferenz von B. brassicae war signifikant verringert, was sich in einer
Reduktion der Kolonisationsrate zeigte. Da Pflanzeninhaltsstoffe eine wichtige Rolle in
Pflanzen-Insekten Interaktionen spielen, können Änderungen in den Inhaltsstoffen potentiell
das Verhalten und/oder die Entwicklung von herbivoren Insekten beeinflussen. Die Abnahme
der Emission von pflanzlichen Duftstoffen und die Erhöhung von Glucosinolaten in der
vorliegenden Arbeit könnte daher die treibende Kraft hinter den beobachteten Veränderungen
in der Entwicklung der untersuchten herbivoren Insekten sein.
Eine dritte Zielsetzung war es zu testen, ob die Akklimatisation der Pflanze an eine über
mehrere Wochen erhöhte CO2 Konzentration potentielle tritrophische Auswirkungen auf
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einen natürlichen Gegenspieler von B. brassicae hat. Dazu untersuchten wir die Entwicklung
und die Effizienz des solitären Blattlausparasitoiden D. rapae. Unter erhöhtem CO2
beobachteten wir eine signifikante Abnahme in der Parasitierungs-Effizienz von D. rapae.
Der CO2-Effekt auf die Parasitoiden hängt wahrscheinlich mit Eigenschaften des
Blattlauswirtes zusammen und wurde möglicherweise durch eine Beeinträchtigung der
Wirtsqualität verursacht, welche ihrerseits durch CO2-verursachte Veränderungen der
chemischen Pflanzeninhaltsstoffen hervorgerufen wurde.
Zusammenfassend betrachtet zeigen unsere Ergebnisse, dass die durch Akklimatisation
an erhöhtes CO2 verursachten Veränderungen der pflanzlichen Eigenschaften, insbesondere
der chemischen Inhaltsstoffe, ein grosses Beeinflussungspotential auf spezialisierte herbivore
Insekten und deren natürliche Gegenspieler haben können.
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3 General Introduction

3.1 Global climate change: rising concentration of atmospheric carbon dioxide
There is increasing evidence that the current changes in climate across the temperate regions
will continue into the future and affect temperature, precipitation, and atmospheric
concentration of carbon dioxide (CO2). The atmospheric CO2 concentration has constantly
increased since the pre-industrial era from about 280 ppm to the present concentration of
nearly 400 ppm, mainly due to human activities, including combustion of fossil fuels, landuse and land-cover change, and is expected to double by the year 2100 (Alley et al., 2007;
Houghton et al., 2001). This change is believed to be largely irreversible for several centuries
even after CO2 emissions stop (Solomon et al., 2009).
Because CO2 is the substrate for photosynthetic carbon fixation in plants, elevated CO2
concentrations are expected to increase rates of photosynthesis (Stiling and Cornelissen,
2007). This in turn could enhance plant growth (Asshoff et al., 2006), biomass accumulation
and plant size (Frenck et al., 2011; Klaiber et al., 2013c), but also strongly affect plant
chemistry by potentially altering the composition of primary metabolites, particularly carbon
and nitrogen, and the production of and/or resource-allocation to secondary metabolites
(Bidart-Bouzat and Imeh-Nathaniel, 2008; Coley et al., 2002). Such morphological and
chemical changes have been attributed to plant acclimation or adaptation occurring within
several weeks to several generations, respectively, of exposure to elevated CO2 (Coley et al.,
2002; Frenck et al., 2011; Räisänen et al., 2008). Whereas plant adaptation occurs as a result
of selection over generations of the plant, acclimation responses may begin within minutes
but are pronounced only within days or weeks and typically involve altered patterns of gene
expression, reallocation of resources, and morphological change (Hopkins and Huner, 2009).
Plant acclimation responses to an environmental change such as elevated CO2 over several
weeks are not immediately reversible.
Plants are the predominant primary producers in terrestrial ecosystems, and primary
consumers such as insect herbivores directly depend on this food source for their own growth
and development. Thus, CO2-mediated changes in plant physiological and chemical traits due
to plant acclimation are likely to be determinant for effects on associated insect herbivores,
for instance by influencing insect performance and/or altering plant-insect interactions
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(Coviella and Trumble, 1999; Stiling and Cornelissen, 2007). The phenotypic acclimation
response of plants to elevated CO2 has rarely been related to the plant’s interaction with its
insect herbivore, and studies on effects of plant acclimation to elevated CO2 on higher trophic
levels were largely missing.

3.2 Role of plant defense compounds in plant-insect interactions
Plant secondary metabolites play an important role in determining plant-insect interactions,
as they function as defense compounds (Bennett and Wallsgrove, 1994) and thus influence
bottom-up herbivore regulation by negatively affecting survival and performance of insect
herbivores (Awmack and Leather, 2002). Plants from various families contain different
defense compounds in order to exhibit a higher resistance against insect herbivores (Swain,
1977). Within a plant, such defense compounds are often stored in the form of a non-toxic
precursor, which is then modified into its reactive toxic form upon tissue damage. For
instance, plants of the genus Ranunculus are known to contain the glucoside ranunculin,
which is a precursor of the toxic protoanemonin (Benn and Yelland, 1968). When plant tissue
is mechanically damaged, the non-toxic ranunculin is hydrolyzed to yield the highly reactive
protoanemonin, which has antimicrobial properties and exhibits insecticidal effects on insects
from

different

families,

including

Drosophilidae,

Tenebrionidae,

Formicidae

and

Hymenoptera (Battacharya et al., 1993; Sedivy et al., 2012; Varitimidis et al., 2003).
Similarly, in the family Juglandaceae, the secondary metabolite juglone is stored
predominantly in the non-toxic reduced glucoside form. When the plant tissue is wounded,
this glucoside is enzymatically hydrolyzed to yield an instable naphthalene, which further
undergoes spontaneous oxidation in the air to the highly toxic juglone (Piskorski and Dorn,
2011). The toxicity of juglone against numerous lepidopteran species is well known and
results from its easy transformation to the semiquinone radical, a highly reactive oxygen
species (Docherty et al., 1987; Piskorski and Dorn, 2011; Piskorski et al., 2011a). Even
though plants contain potentially toxic substances, some insect species, mostly specialists,
still include them in their diet. In order to develop on such plants, insect herbivores either
tolerate or detoxify the harmful plant secondary metabolites. For instance, Osmia cornuta bee
larvae (Hymenoptera: Megachilidae) seem to be able to tolerate toxic metabolites that are
constituents of Ranunculus pollen (Haider et al., 2013), and larvae of the codling moth Cydia
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pomonella (Lepidoptera: Tortricidae) are capable of efficiently metabolizing the toxic
juglone to non-toxic substances which are then excreted (Piskorski and Dorn, 2011).
However, even specialist insects may have threshold levels of tolerance for the secondary
metabolite content of their host plants and high plant secondary metabolite content may incur
metabolic costs upon the insect herbivores (Kos et al., 2012a).
Besides being involved in plant resistance against insect herbivores, secondary
metabolites might also be used by herbivore natural antagonists, i.e. parasitoids and predators,
as cues to find their hosts or preys, thus promoting top-down herbivore regulation (Heil,
2008; Ode, 2006). For instance, the caterpillar parasitoid Cotesia glomerate (Hymenoptera:
Braconidae) is attracted by plant volatiles induced upon herbivory by its lepidopteran host
Pieris brassicae (Scascighini et al., 2005), and the aphid parasitoid Diaretiella rapae
(Hymenoptera: Braconidae) is attracted by toxic breakdown products of glucosinolates, a
group of nitrogen-containing plant defense compounds (Bradburne and Mithen, 2000).
However, survival and performance of natural antagonists might also be adversely influenced
by cascading effects of secondary metabolites via their herbivore hosts (Newton et al., 2009).
Such adverse effects of plant secondary metabolites on parasitoids have been reported, for
instance, for survival and development time of Hyposoter exigua (Hymenoptera:
Ichneumonidae) parasitizing a host feeding on diets containing high concentrations of the
alkaloid α-tomatine (Campbell and Duffey, 1979). Similarly, brood size of Copidosoma
sosares (Hymenoptera: Encyrtidae) was reduced when its host fed on a diet containing high
amounts of the furanocoumarin xanthotoxin (Lampert et al., 2008). Thus, changes in plant
chemistry might not only affect insect herbivores but also their natural antagonists (Ode,
2006; Velten et al., 2007).
As plant chemistry might have far-reaching consequences on multitrophic systems,
responses of plant chemical profiles to elevated CO2 and the concomitant effects on insects
will be important determinants of plant-insect herbivore interactions in the future. Effects of
CO2-mediated alterations in plant allocation to carbon-based defensive compounds and their
influence on associated insect herbivores have already been studied (Stiling and Cornelissen,
2007). However, to date, no study has comprehensively assessed how plant acclimation to
elevated CO2 could alter plant allocation to nitrogen-containing defensive compounds and the
resulting effect on insect herbivores. To gain knowledge about the direction of changes in
plant-insect interactions and their underlying mechanisms under a future predicted climate
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scenario is of particular interest for agricultural crop systems as, for instance, pest status of
insects relevant in agricultural systems may fundamentally change (Houghton et al., 2001).
The effects of plant acclimation to elevated CO2 on the behavioral responses of insect pests
associated with crops have not yet been investigated (Cornelissen 2011; Stiling and
Cornelissen, 2007), even though behavior such as host plant colonization by specialized
herbivorous insects is a key step in the process of plant attack leading to potential yield losses.
Natural antagonists are considered key components of integrated pest management (Boivin et
al., 2012). However, studies on effects of secondary metabolites induced by crop plant
acclimation to elevated CO2 on parasitoids and predators were yet missing.

3.3 The multitrophic Brassica system
The focus of the present thesis lays on a multitrophic agricultural crop system consisting of
an annual crop plant (Brussels sprouts Brassica oleracea var. gemmifera), two specialist
herbivores from contrasting feeding guilds (Pieris brassicae and Brevicoryne brassicae) and
a natural antagonist (Diaeretiella rapae).
Brussels sprout plant Brassica oleracea var. gemmifera
Brussel sprout Brassica oleracea (L.) var. gemmifera is a cultivar of cabbages and belongs to
the family of Brassicaceae, and to the genus Brassica. Brassica plants are important annual
crops that are grown worldwide due to their nutritional, medicinal, bio-industrial, and biocontrol properties (Singh et al., 2006). The characteristic defense compounds of Brassica
plants are the nitrogen-containing glucosinolates. These compounds represent the classical
case of key stimuli in plant-insect interactions, acting on the one hand as potent oviposition
and feeding stimulants for some specialist insect herbivores (Renwick et al., 1992; Renwick
and Lopez, 1998), and on the other hand as defence compounds against others (Hopkins et al.,
2009; Textor and Gershenzon, 2009). When plant tissue is damaged, for instance by a
chewing insect, the glucosinolates, which are stored in the vacuole and translocated via the
phloem sap, come in contact with separately stored enzyme myrosinases (Grubb and Abel,
2006; Winde and Wittstock, 2011). As a result of the myrosinase activity, glucosinolates are
hydrolyzed and several toxic breakdown products, such as isothiocyanates and nitriles, may
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be formed (Hopkins et al., 2009). The isothiocyanates, often referred to as ‚mustard oils’,
have frequently been shown to be highly toxic to both generalist and specialist insect
herbivores (Agrawal and Kurashige, 2003; Wittstock et al., 2003).
Cabbage white Pieris brassicae
Pieris brassicae (L.) (Lepidoptera: Pieridae) is a specialist herbivore insect that exclusively
feeds on leaves from plants of a limited number of families within the order Brassicales such
as Brassicaceae and represents a major pest of Brassica crops (Chew, 1995). Females deposit
their yellow eggs in batches of up to 100 directly onto the underside of the leaves of a plant.
The young larvae (1st to 3rd instar) live gregarious while the later instars disperse more and
tend to feed separate. In temperate regions, P. brassicae can form two generations in a year, a
first one starting in May/June and a second one in August. Regarding crop productivity, this
second generation is the more damaging one in Brassica crops (Cartea et al., 2009).
Cabbage aphid Brevicoryne brassicae
Brevicoryne brassicae (L.) (Hemiptera: Aphididae) is a specialist herbivore insect of
European origin that feeds exclusively on the phloem sap of plants within the family
Brassicaceae and causes considerable economic damage in Brassica crops (Blackman and
Eastop, 2000; Cole, 1997). Cabbage aphids have multiple generations per year. Winged
forms disperse and colonize new plants, where then wingless forms reproduce rapidly to form
large colonies. Aphid feeding causes stunted and distorted growth on seedlings and wilting,
yellowing and general stunting on fully-grown plants (Blackman and Eastop, 2000). The
cabbage aphid also transmits more than 23 different plant viruses affecting Brassica crops
and produces honeydew, which in turn results in fungal growth (Ellis et al., 1998). As
glucosinolates are translocated through the plants phloem, cabbage aphids ingest intact
glucosinolates when feeding from their host plant. Cabbage aphids are able to sequester and
store ingested glucosinolates in their hemolymph and body tissue, using them for their own
defense against parasitoids and predators (Bridges et al., 2002; Kazana et al., 2007).
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Cabbage aphid parasitoid Diaeretiella rapae
Aphid parasitoids are considered key components of integrated pest management (Boivin et
al., 2012). Diaeretiella rapae (McIntosh) (Hymenoptera: Braconidae) is one of the most
important parasitoids in Brassica crops (Desneux et al., 2006), with the ability to parasitize
many aphid species feeding on Brassica plants (Pike et al., 1999), thus it is specialized at the
plant level (Dorn et al., 2001). As a koinobiont parasitoid, it allows its aphid host to further
feed and develop (Zhang and Hassan, 2003), while feeding on host hemolymph and tissues
that contain sequestered glucosinolates (Opitz and Müller, 2009). During parasitoid larval
development, D. rapae may thus be exposed to plant defense chemicals from the phloem sap
ingested by the aphids (Härri et al., 2009).

3.4 Objectives
The principle goal of the present thesis was to increase our current understanding on how
plants might acclimate to elevated CO2 and how both herbivores and natural antagonists will
respond to the CO2-mediated changes in plant characteristics. The effects of elevated CO2
concentrations on plant-insect interactions were to be elucidated by the quantification of
changes in plant traits, particularly chemical characteristics, and associated herbivore
responses for plants growing under two different CO2 concentrations for an extended period
of time, i.e. ten weeks. The general question asked was how and to which degree do CO2mediated changes in plant traits, particularly plant chemistry, due to plant acclimation might
affect plant-insect interactions in the selected multitrophic agricultural system.
The first objective was to assess the effects of plant acclimation to elevated CO2 over
several weeks on plant characteristics by measuring key morphological plant traits (chapter
4) and chemical profiles such as volatile emission (chapter 4) and primary and characteristic
secondary metabolites (chapter 5).
The second objective was to assess the effects of plant acclimation to elevated CO2 over
several weeks on the performance of two Brassica-specialist insect herbivores from
contrasting feeding guilds, namely the phloem-feeding cabbage aphid (Brevicoryne brassicae,
chapter 4 and 5) and the leaf-feeding cabbage white (Pieris brassicae, chapter 5).
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The third objective was to test for potential tritrophic effects of plant acclimation to
elevated CO2 over several weeks on a natural antagonist of the cabbage aphid, the solitary
endoparasitoid Diaeretiella rapae, by assessing parasitoid performance (chapter 6).
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4 Plant acclimation to elevated CO2 affects important plant functional traits, and
concomitantly reduces plant colonization rates by an herbivorous insect1

4.1 Abstract
Plants growing under elevated CO2 concentration may acclimatize to this environmental
change by modification of chemical, physiological, and/or morphological traits. As a
consequence, not only plant functioning but also plant–insect interactions might be altered,
with important consequences particularly for agricultural systems. Whereas most studies have
focused on the plant acclimation effects of elevated CO2 with regard to crop growth and
productivity, acclimation effects on the behavioral response of insects associated with these
plants have been largely neglected. In this study, we used a model system comprised of
Brussels sprout Brassica oleracea var. gemmifera and a specialized herbivorous insect, the
cabbage aphid Brevicoryne brassicae, to test for the effects of various periods of exposure to
an elevated (2 × ambient) CO2 concentration on key plant functional traits and on host plant
location behavior by the insect, assessed as plant colonization rates. Elevated CO2 had no
measurable effect on colonization rates or total plant volatile emissions after a 2-week
exposure, but it led to 15 and 26 % reductions in plant colonization rates after 6- and 10-week
exposures, respectively. This reduction in plant colonization was associated with significant
decreases in leaf stomatal conductance and plant volatile emission. Terpene emission, in
particular, exhibited a great reduction after the 10-week exposure to elevated CO2. Our
results provide empirical evidence that plants might acclimatize to a future increase in CO2,
and that these acclimation responses might affect host plant choice and colonization behavior
by herbivorous insects, which might be advantageous from the plant’s perspective.

1

Based on: Klaiber, J., Najar-Rodriguez, A.J., Piskorski, R., Dorn, S., 2013c. Plant acclimation to
elevated CO2 affects important plant functional traits, and concomitantly reduces plant colonization
rates by an herbivorous insect. Planta 237, 29-42.

15

4.2 Introduction
The atmospheric concentration of carbon dioxide (CO2) has constantly increased since the
pre-industrial era and is predicted to double by the end of the century (Houghton et al., 2001).
Because CO2 is the substrate for photosynthetic carbon fixation in plants, it has been
proposed that elevated CO2 concentrations will increase rates of photosynthesis, which in
turn could enhance plant growth and increase biomass accumulation and plant size (Asshoff
et al., 2006; Coley et al., 2002; Stiling and Cornelissen, 2007). Increased plant growth could
potentially benefit agricultural crop production (Stiling and Cornelissen, 2007). Furthermore,
increased CO2 concentration could affect physiological and chemical plant traits, including
leaf stomatal conductance and plant volatile emissions (Lammertsma et al., 2011; Yuan et al.,
2009). Such morphological, physiological and chemical changes have been attributed to plant
acclimation or adaptation occurring within several weeks to several generations, respectively,
of exposure to CO2 (Coley et al., 2002; Frenck et al., 2011; Räisänen et al., 2008). Focusing
on plant acclimation to elevated CO2, many studies have tested direct effects on growth and
productivity of annual crop plants (e.g. Drewry et al., 2010; Otera et al., 2011). In contrast,
the effects of plant acclimation on the behavioral responses of insect pests associated with
these crops have not yet been investigated (Cornelissen, 2011; Stiling and Cornelissen, 2007).
For instance, the potential effects of plant acclimation to CO2, on host plant colonization by
specialized herbivorous insects, which is a key step in the process of plant attack leading to
potential yield losses, are largely unknown.
Host plant colonization by specialized herbivorous insects involves recognition of a hostspecific composition of stimuli, especially of chemical nature (Dicke, 2000). Most insects
first respond to volatiles released from the plant and, after landing on a host, to compounds
present on the plant surface. Behaviorally effective volatile plant chemicals that attract
herbivorous insects include terpenes as a major group of secondary metabolites (Bruce et al.,
2005; Dudareva et al., 2006; Vallat and Dorn, 2005), and plant chemicals exploited by insects
after landing include surface lipids (e.g. Eigenbrode and Espelie, 1995; Piskorski et al.,
2011b). In addition to chemical cues, visual cues such as plant size, color and shape can also
affect insect host colonization behavior (Prokopy and Owens, 1983). Thus, focusing on plant
traits that affect host plant-herbivorous insect interactions, we hypothesized that CO2mediated qualitative and/or quantitative changes of distinct chemical, physiological, and/or
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morphological traits contributing to plant functioning might affect plant colonization rates by
herbivorous insects.
To test our hypothesis, we used a model system comprised of an annual plant of the
genus Brassica, the Brussels sprout Brassica oleracea L. var. gemmifera (Brassicaceae), and
a specialized insect, the cabbage aphid Brevicoryne brassicae (L.) (Hemiptera: Aphididae).
Brassica plants are important annual crops that are grown worldwide due to their nutritional,
medicinal,

bio-industrial,

and

bio-control

properties

(Singh

et

al.,

2006;

http://www.faostat.fao.org). Furthermore, Brassica species are used as model plants to study
diverse aspects of plant-insect interactions (Gu and Dorn, 2000; Gutbrodt et al., 2011a).
Aphids are key herbivorous insect pests that attack most crop plants globally (Blackman and
Eastop, 2000). The cabbage aphid is a specialist herbivore of European origin that feeds
exclusively on phloem sap of brassicacean plants, causing considerable economic damage
(Blackman and Eastop, 2000).
Here, we investigated the degree to which changes in plant morphology and physiology
induced by elevated CO2 are the result of plant acclimation, and how such changes affect the
interaction of the plant with its associated herbivorous insect. To our knowledge, this is the
first study to relate the phenotypic response of plants to elevated CO2 to the plant’s
interaction with its herbivore. We simultaneously tested Brussels sprout plants exposed to
elevated compared to ambient CO2 concentrations for three different periods of exposure, i.e.
2, 6 and 10 weeks, for (i) key morphological and physiological traits as well as chemical
profiles and for (ii) colonization rate by cabbage aphids.

4.3 Material and methods
Study organisms and CO2 concentrations
Four-week-old Brussels sprout (Brassica oleracea var. gemmifera) plants (obtained from
Sativa Rheinau AG, Rheinau, Switzerland) were placed in groups of 80 into 1 of 2 walk-in
climate chambers (Conviron PGV36 – Controlled Environments Limited, Winnipeg, MB,
Canada) that maintained two different CO2 concentrations: (i) ambient CO2 (corresponding to
the background concentration of air entering the climate chamber facility; 400 ± 10 ppm) or
(ii) elevated CO2 (double the ambient concentration; 800 ± 10 ppm). Plants were grown in
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these CO2 concentrations for 2, 6 or 10 weeks at day/night temperatures of 24/20 °C, with a
16:8 h L:D photoperiod and 250 µmol m-2 s-1 light intensity (based on Himanen et al., 2009)
and 50 % relative humidity on ‘Optima Einheitserde’ soil (Optima-Werke, Arlesheim,
Switzerland; a peat substitute with a pH value between 5.5 and 6.2, NPK: 400, 200,
370 mg L-1, 2200 mg L-1 lime, 32 mg L-1 magnesium, trace elements and chelates). Both
elevated CO2 concentration and temperature level were chosen based on the moderate climate
change scenario values predicted for the year 2060 (Houghton et al., 2001). Plants within
each climate chamber were randomized weekly to avoid any positional effects. During the
corresponding period of exposure to the CO2 concentrations, plants were watered twice a
week and fertilized weekly (Wuxal liquid fertilizer, 5 mL added per pot, concentration
0.5 mL/L, N:P:K 10:10:7.5, Maag Syngenta Agro, Dielsdorf, Switzerland), to prevent
changes in plant metabolism due to nutritional deficiency (Reddy et al., 2004). All
experiments were conducted twice. Between the replications, the CO2 concentration in each
chamber was switched to the other concentration tested to control for potential chamber
effects, hence excluding pseudoreplication (Agrell et al., 2006; Andalo et al., 1998; see also
“Statistical analysis” below). Growth chamber conditions were monitored with a ‘Telaire
7001 CO2 and temperature monitor’ (Ge Measurement & Control, Fremont, CA, USA)
connected to a HOBO data logger (Onset Computer Corporation, Bourne, MA, USA)
throughout the experiments.
Cabbage aphid (Brevicoryne brassicae) stock colonies originated from parthenogenetic
females that were collected in Wädenswil (Zurich region, Switzerland). Stock colonies were
kept on Brussels sprout plants that were placed inside insect rearing cages (30 × 30 × 30 cm)
(BugDorm, Megaview Science CO., Ltd., Taichung, Taiwan) under controlled conditions
(day/night temperatures of 24/18 °C, 16:8 h photoperiod, 50 % relative humidity). At the time
of the experiments, the aphids had been reared under these conditions for 15-18 generations.
Plant morphological and physiological traits after different periods of exposure to the CO2
concentrations
We quantified potential effects of different periods of exposure to elevated CO2 on plant
morphological and physiological traits, i.e. plant height, leaf number, fresh and dry weight,
leaf area, chlorophyll fluorescence, stomatal density and leaf stomatal conductance. For this
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purpose, ten Brussels sprout plants from each combination of CO2 concentration and period
of exposure were randomly chosen. For each plant, the aboveground plant height (measured
from soil level to apex) and the number of leaves were recorded. The fresh weight of all
aboveground tissues per plant, including the stem and the leaves, was measured with a
laboratory scale (AB204-S/FACT Analytical Lab Balance Scale, Mettler Toledo, Switzerland,
accuracy: 0.1 mg). Total plant dry weight was determined after drying all aboveground parts
at 60 °C until weight constancy. The leaf area of all fully expanded leaves per plant was
determined with a leaf area meter (Model LI-3100, LI-COR Bioscience, Lincoln, NE, USA).
Chlorophyll α fluorescence, taken as the quantum yield of photosystem II (PSII) and
calculated as (F’m - Ft)/F’m = ΔF/F’m (F’m = maximal fluorescence in light-adapted leaves;
Ft = fluorescence steady state in light-adapted leaves), was quantified on the 6th youngest,
fully expanded leaf per plant with a portable pulse amplitude modeling fluorometer (PAM2000, Heinz Walz GmbH, Effeltrich, Germany). The ΔF/F’m ratio measures changes in the
proportion of the light absorbed by chlorophyll associated with the PSII that is used in
photochemistry and thus is considered a sensitive indicator of plant photosynthetic rate and
performance (Maxwell and Johnson, 2000). Stomatal density was determined following the
method described by Beerling et al. (1992). A leaf was flooded with acetone and then a film
of cellulose acetate was applied on the abaxial surface. The acetone was allowed to evaporate
for 10 min. The resulting leaf surface replica, i.e. a negative version of the leaf epidermal
surface, was mounted with a drop of water on a glass slide and stomata were counted at a
940 magnification under a microscope (Olympus BX50, Olympus Deutschland GmbH,
Hamburg, Germany) for a fixed area of 300 × 300 µm. Stomatal density was expressed as
number of stomata per square millimeter. For a parallel set of ten plants, randomly chosen
from each CO2 concentration, leaf stomatal conductance was determined on the 6th youngest,
fully expanded leaf per plant with a leaf porometer (SC-1, Decagon Devices Inc., Pullman,
WA, USA). This same group of plants was also used at each period of exposure tested for
volatile collection as described below.
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Chemical profiles of the host plant after different periods of exposure to CO2 concentrations
Plant volatile emissions
To test the effects of different periods of exposure to elevated CO2 on plant volatile emission,
we collected headspace volatiles from Brussels sprout plants that were grown under either of
the two CO2 concentrations for 2, 6, or 10 weeks. Ten plants (the same as used for leaf
stomatal conductance measurements) per CO2 concentration were randomly selected at the
beginning of the growing period to be sampled for plant volatile emissions at each period of
exposure tested. Prior to each volatile collection, the leaf stomatal conductance of each plant
was also measured, as alterations in this plant parameter have been linked to changes in
volatile emissions (Niinemets et al., 2004; Yuan et al., 2009).
Headspace volatiles were collected inside the climate chambers from 10 a.m. ± 1 h to
4 p.m. under the plants’ respective CO2 concentration. Plant volatile collection and analysis
followed the method described by Piskorski and Dorn (2010) with some modifications as
detailed below. Headspace volatiles were collected using a radial diffusive sampling system
(Radiello model 120-2, Supelco, Buchs, Switzerland). In general, passive volatile sampling
systems are advantageous for sampling volatiles at low abundance (Tholl et al., 2006), what
applies in particular to the Radiello system used here. This system has low detection limits
(Clément et al., 2000; Vallat and Dorn, 2005), provides results that are as accurate as active
sampling (Gallego et al., 2011), allows for efficient volatile collection without the need of
heavy and encumbering pumping systems (Thammakhet et al., 2006), and minimizes plant
manipulation and thus potential mechanical damage. Prior to sampling, sorbent cartridges
(60 mm long, 4.8 mm diameter) containing Tenax TA (250 ± 10 mg; particle size 20-35) were
conditioned at 320 °C with a helium (5.0) flow of 60 mL min-1 for 7 h. For storage, the
cartridges were enclosed in stainless steel tubes that were sealed with brass Swagelok caps
(Arbor Ventil & Fitting AG, Niederrohrdorf, Switzerland). Volatile samples were taken from
the aboveground part of an entire plant that was, together with a sorbent cartridge inserted in
a diffusive body, enclosed in a preconditioned polyester bag (Toppits Brat-Schlauch, Melitta
GmbH, Egerkingen, Switzerland). Samples of volatiles from an empty polyester bag and
from the air surrounding and entering the climate chambers were collected as controls at each
period of exposure tested.
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Gas chromatography–mass spectrometry (GC–MS) was used to analyze the qualitative
and quantitative composition of the headspace volatiles. The volatiles were desorbed from the
sorbent tubes with a Unity/Ultra thermal desorption (TD) system (Markes Int. Ltd.,
Llantrisant, UK) interfaced with a Hewlett-Packard 6890 GC-5976 MS (Hewlett-Packard Co.,
Palo Alto, CA, USA). The TD flow path was purged for 7 min prior to tube desorption. The
tube was then desorbed for 12 min at 280 °C and refocused on a cold trap (Tenax
TA/Carbograph 1TD) at -10 °C. The trap was desorbed for 7 min at 300 °C [carrier gas:
helium (10 psi); transfer line temperature: 160 °C]. The GC was equipped with a retention
gap (uncoated; 5 m 9 0.25 mm; Hewlett-Packard) and a DB-5 ms column (30 m × 0.25 mm;
0.25 µm film thickness; J&W Scientific, Folsom, CA, USA). The GC oven temperature was
held for 5 min at 40 °C, then increased to 100 °C at 3 °C/ min, up to 320 °C at 5 °C/min, and
held at 320 °C for 4 min (transfer line temperature: 280 °C; ionization energy: 70 eV;
ion source temperature: 230 °C; quadrupole temperature: 150 °C; mass range: 30-500 amu).
Chem-Station software (MSD Productivity Chem Station software, Agilent Technologies Inc.,
Santa Clara, CA, USA) was used for volatile identification and quantification. Identification
was initially performed via comparison of recorded spectra to spectra published in the NIST
library and in Adams (1995). Linear retention indices (RIs) were calculated using a mixture
of n-alkanes (C7-C40) (Supelco, Bellefonte, PA, USA) as standards and were compared with
those in Adams (1995).
For semiquantification, cyclohexane in the gas phase was injected onto the sorbent
cartridge as internal standard prior to GC–MS analysis. The internal standard was prepared as
in Piskorski and Dorn (2010), based on the method described in Dewulf et al. (1999), and the
Henry’s law coefficient for calculation was used from therein. In principle, cyclohexane
(0.235 mmol; 25.5 µL) (≥ 99.8 %, Sigma-Aldrich, Buchs, Switzerland) was first dissolved in
methanol (100 mL). Aliquots of the cyclohexane/methanol solution (50 µL) were then
dissolved in Milli-Q water (4.0 mL) in a series of 24.5 mL amber glass vials which were
tightly closed with Mininert valves (Sigma-Aldrich, Buchs, Switzerland) and finally
incubated in a thermostatic chamber (Heraeus BK 6160 testing chamber, Thermo Fisher
Scientific, Schwerte, Germany) at 25.0 ± 0.1 °C for 24 h. Prior to desorption, aliquots of the
gas phase (2.0 mL) that were taken from consecutive vials were injected into the sorbent
tubes with a gastight syringe with a He flow of 60 mL min-1.
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Morphological plant traits, except leaf area, differed significantly between the two CO2
concentrations, especially after longer exposure periods. As these parameters might influence
the amount of volatiles emitted by plants (Guenther et al., 1995), quantities of volatiles
detected per plant were standardized per its biomass (dry weight) and expressed in ng/dry
weight (based on Owen et al., 2001). Relating volatile amounts emitted to plant biomass is a
well-established procedure (Himanen et al., 2009; Possell et al., 2005). Since measurements
of dry weight are destructive and thus could not have been taken directly from the same
plants that were used for sequential volatile collection, the ng/dry weight per plant was
calculated from the dry weight mean values recorded for the ten plants per CO2 concentration
that were used for plant morphological trait measurements at each period of exposure tested.
Leaf surface lipids
To quantify potential effects of elevated CO2 on leaf surface lipids of Brussels sprout plants,
the 4th and 5th youngest fully developed leaves from each of the same 10 plants that were
used for plant morphological trait measurements per CO2 concentration and per period of
exposure were combined and used for surface extraction. After weighing, the two leaves (that
together yielded 3-7 g fresh weight) were dipped for 7-10 s into dichloromethane (40 mL), as
described in Griffiths et al. (2001). The dichloromethane extract was then filtered and
evaporated to dryness and afterward re-dissolved in 1.5 mL of dichloromethane. As an
internal standard, 0.5 mL decanal (0.64 mM) (≥ 95.0 %, Fluka, Buchs, Switzerland)
dissolved in dichloromethane was added to an equal fraction of each sample. The resulting
extracts were derived from the equivalent of 1-2.3 g of fresh plant material per mL of
dichloromethane. Extracts were stored at -80 °C for further analysis. For lipid analysis the
GC–MS instrument described above was used, with a split/splitless injector operating in
splitless mode. The GC oven temperature was held at 50 °C for 5 min, then increased to
320 °C at 5 °C/min and held isothermal at 320 °C for 5 min (ionization energy: 70 eV; ion
source temperature: 230 °C; quadrupole temperature: 150 °C; mass range, 30–500 amu).
Identification of lipids was based on characteristic mass spectra (Kolattukudy et al., 1973;
Netting and Macey, 1971; Sharkey et al., 1956) and chromatographic behavior of the
compounds. Secondary alcohols were identified by examination of their characteristic αfragment ions in the spectra of their trimethylsilyl (TMSi) ethers (Sharkey et al., 1957). To
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obtain TMSi derivates, three selected extracts were pooled, concentrated to a volume of 1 mL,
treated with N-methyl-N-(trimethylsilisyl)-trifluoracetamide (0.25 mL) at 60 °C for 1 h, and
directly analyzed by GC–MS (Piskorski et al., 2011b). Amounts of lipids were calculated in
ng/g of leaf fresh weight.
Host plant colonization by aphids after different periods of plant exposure to the CO2
concentrations
To determine whether different periods of plant exposure to the CO2 concentrations have an
effect on plant colonization by winged aphids, defined as the proportion of aphids landing
and settling on a plant 24 h after release, we conducted dual-choice wind tunnel bioassays.
Bioassays were carried out inside walk-in climate chambers (Conviron PGV36, Controlled
Environments Limited) that maintained either of the two CO2 concentrations tested. Young
winged adult aphids in post-teneral stage, i.e. behaviorally inclined to settle on a plant, were
obtained from aphid colonies that were kept in walk-in climate chambers (Conviron PGV36)
under one of the two CO2 concentrations for 20 days (approx. 2-3 generations). Thus, aphids
used in bioassays were already acclimatized to their respective CO2 concentration. Our
approach involved the use of winged aphids as these morphs have the crucial role of locating,
recognizing and accepting suitable hosts for new colony establishment in all aphid species
(Blackman and Eastop, 1990; Dixon, 1998). Winged aphids that took off and alighted on the
sides and roof of the cages were captured with a suction tube and transferred into small
plastic Petri dishes (height 20 mm, diameter 30 mm) in groups of ten. Prior to bioassays, the
aphids were deprived of food for 1 h in order to enhance their responses to plants and to
standardize their physiological status (Caillaud, 1999; Najar-Rodriguez et al., 2009).
For each bioassay, a group of 30 winged aphids was released from a plastic stand (13 cm
height) positioned in the center of a wind tunnel, and aphids were offered the choice between
a Brussels sprout plant (exposed to either of the CO2 concentrations for 2, 6, or 10 weeks)
and a non-host plant (common sorrel Rumex acetosa) that had been grown under the ambient
CO2 concentration for 3 weeks. Common sorrel is a weed that is widespread in vegetable
agroecosystems across central Europe, and it has leaf reflectance patterns similar to those of
Brussels sprout plants (see Supplementary material, Fig. S4.1). The wind tunnel consisted of
a Plexiglas chamber (35 × 35 × 150 cm) that was provided with a continuous air flow of
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5 ± 2 cm s-1. To avoid visual stimuli from outside the wind tunnel, white curtains were placed
all around the tunnel. For each CO2 concentration and period of exposure tested, ten
replications were conducted. Bioassays always started at 8 a.m. ± 1 h, i.e. about 2 h after
onset of daylight conditions, as aphids are diurnal insects. For each replicate, the number of
winged aphids present on each plant was recorded after 24 h. Furthermore, a new set of
plants was used and the position of the plants inside the tunnel was exchanged to avoid
positional bias.
Statistical analysis
Potential differences between climate chambers were examined by including ‘chamber’ as a
random effect in all analyses. As no significant chamber effects were detected (P ≥ 0.05 in all
cases), this variable was excluded from the analyses described below and data from the two
successive experiments were pooled. The effects of CO2 on each plant morphological and
physiological trait measured were analyzed with a separate general linear model (GLM), with
CO2 concentration and period of exposure included in the analysis as fixed factors
(R Development Core Team, 2009). Interpretation of the GLM was carried out by first
examining interactions and then examining main effects. When not significant, interactions
were excluded from further analysis. Whenever any effects were detected, means were
subsequently compared by the Tukey’s HSD test. Prior to analysis, if necessary, data were
log10(X + 1) transformed to meet the assumptions of normality and heteroscedasticity for
parametric tests. The effects of CO2 on headspace volatiles and leaf surface lipids were
analyzed with one-way ANOVAs for each volatile and lipid compound at each period of
exposure (R Development Core Team, 2009). Prior to analysis, volatile data were
log10(X + 1) transformed. Principal component analysis (PCA) was applied to yield a 2D
display of the multivariable set of data in order to search for similarities/differences in
samples of headspace volatiles (JMP 8.0, SAS Institute Inc., Cary, NC, USA).
Results from the wind tunnel bioassays were analyzed for colonization preference (taken
as the percentage of winged aphids that were present on either plant offered 24 h after
release) and insect responsiveness (taken as the proportion of winged aphids that made a
choice). Differences in colonization preference were tested with a χ2-test against the null
hypothesis of no preference, and insect responsiveness was analyzed with unpaired sample
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t tests (R Development Core Team, 2009). The alpha value for each comparison was adjusted
downward using the Benjamini and Hochberg procedure to correct for false discovery rates
(type I errors) (Verhoeven et al. 2005).

4.4 Results
Plant response to different periods of exposure to the CO2 concentrations
Plant height, leaf number, and fresh/dry weight were all significantly affected by the elevated
CO2 concentration and by period of CO2 exposure (Table 4.1). Plants grown under elevated
CO2 showed significantly higher values than plants grown under ambient CO2, particularly
after a long exposure period of 10 weeks (two-way ANOVAs, plant height: F2,66 = 15.706,
P < 0.001; leaf number: F2,66 = 8.649, P < 0.001; fresh weight: F2,66 = 15.050, P < 0.001; dry
weight: F2,66 = 21.075, P < 0.001). Mean values for total leaf area were also higher under
elevated CO2 throughout the experiment, but differences were not significant (two-way
ANOVA, F2,66 = 3.359, P = 0.071) (Table 4.1). Chlorophyll α fluorescence yield (i.e.
maximum efficiency of PSII photochemistry) remained unaffected by CO2 throughout the
study (two-way ANOVA, F2,60 = 1.355, P = 0.248) (Table 4.1).
Remarkably, stomatal conductance of plants exposed to elevated CO2 was lower than of
those exposed to ambient CO2 (Table 4.1), independent of period of exposure. However,
differences were statistically significant only after an exposure of 10 weeks (one-way
ANOVA, F1,24 = 5.839, P = 0.026). Over this time period, doubling the ambient CO2
concentration reduced leaf stomatal conductance by approximately 50 % (Table 4.1). In
contrast, stomatal densities remained unaffected by CO2 regardless of period of exposure
(two-way ANOVA, F2,54 = 0.134, P = 0.716) (Table 4.1).
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1232.44 ± 142.22
85.72 ± 9.51
5.42 ± 0.71
0.68 ± 0.02
118.14 ± 12.50
116.66 ± 14.46

Leaf area b

Fresh weight c

Dry weight c

Chlorophyll " fluorescence

Stomatal conductance d

Stomatal density e
130.00 ± 15.54

103.80 ± 15.73

0.72 ± 0.01

8.37 ± 1.08

118.36 ± 10.03

1552.97 ± 131.37

14.00 ± 0.26

220.6 ± 8.6

Elevated CO2

ns

ns

ns

*

*

ns

*

ns

P

154.44 ± 12.11

115.06 ± 5.68

0.71 ± 0.03

19.81 ± 2.94

153.54 ± 13.82

1902.18 ± 206.14

18.23 ± 1.08

269.9 ± 11.9

Ambient CO2
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152.22 ± 14.25

91.79 ± 14.07

0.72 ± 0.03

30.33 ± 3.61

188.83 ± 13.87

2025.20 ± 167.90

18.85 ± 0.80

328.1 ± 12.5

Elevated CO2

6 weeks

in [mm]; b in [cm2]; c in [g]; d in [mmol m-2 s-1]; e expressed as numbers of stomata per [mm2]

12.30 ± 0.58

Leaf number

a

199.3 ± 8.5

Ambient CO2

Plant height a

Plant parameter

2 weeks

Period of exposure to CO2

ns

ns

ns

*

ns

ns

ns

*

P

218.88 ± 9.37

83.75 ± 11.63

0.71 ± 0.02

37.27 ± 2.25

164.30 ± 6.72

1876.77 ± 72.61

21.92 ± 1.21

369.0 ± 13.2

Ambient CO2

195.55 ± 15.11

47.57 ± 9.43

0.71 ± 0.02

52.77 ± 2.73

198.25 ± 6.95

2116.65 ± 110.54

26.23 ± 0.98

422.0 ± 21.5

Elevated CO2

10 weeks

2, 6, and 10 weeks. N = 20 plants / CO2 concentration / period of exposure to CO2. P-values (P) based on one-way ANOVAs: * = P < 0.05, ns = P ! 0.05.

ns

*

ns

*

*

ns

*

*

P

Table 4.1 Plant parameters (mean ± SE) measured on Brassica plants grown under an ambient (400 ± 10 ppm) or an elevated (800 ± 10 ppm) CO2 concentration for

Chemical profiles of the host plant after different periods of exposure to the CO2
concentrations
Plant volatile emissions
Elevated CO2 affected volatile emissions from Brussels sprout plants qualitatively and
quantitatively, particularly after long periods of exposure. Total numbers of compounds
detected in the headspace of these plants amounted to 15 after 2 weeks of exposure to either
CO2 concentration, to 19 and 15 after 6 weeks of exposure to the ambient and elevated CO2
concentration, respectively, and to 18 and 19 after 10 weeks of exposure to the ambient and
elevated CO2 concentration, respectively (Table 4.2). Among the detected compounds, the
terpenes (particularly monoterpenes) were most common at each period of exposure, with up
to 12 compounds being detected. Further groups of compounds identified included fatty acids
derivatives and a disulfide. Undecanol is reported here for the first time in the headspace
volatiles of a Brussels sprout plant.
The qualitative composition of the volatile blends that were collected at each period of
exposure tested from plants subjected to either of the two CO2 concentrations overlapped to a
large degree, but differed for a few compounds for each concentration (Table 4.2).
Quantitatively, total volatile concentration was significantly lower for plants grown under the
elevated compared to the ambient CO2 concentration after 6 and 10 weeks (one-way
ANOVAs’, F1,17 = 5.264, P = 0.036 at 6 weeks, and F1,17 = 18.514, P < 0.001 at 10 weeks)
(Table 4.2). Indeed, pairwise comparisons of concentrations of single compounds revealed, in
many cases, significant differences between volatiles detected from plants grown under the
two contrasting CO2 concentrations (Table 4.2). However, no consistent patterns of increase
or decrease in volatile concentration were observed among CO2 concentrations across periods
of exposure tested, with the exception of three terpenes (i.e. α-pinene, eucalyptol, cissabinene-hydrate), which were consistently emitted at lower mean concentrations (and
frequently significantly so) under elevated CO2 (Table 4.2).
After 2 weeks of exposure, the headspace of plants grown under either of the two CO2
concentrations contained the same number of volatile compounds. However, two compounds,
γ-terpinene and tetradecane, were detected only in plants grown under elevated CO2 whereas
dodecane and an unidentified aliphatic hydrocarbon were detected only in plants grown under
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ambient CO2 (Table 4.2). Principal component analysis (PCA) of the volatiles detected in the
plants grown under the two CO2 concentrations yielded two separated clusters, one per each
concentration (Fig. 4.1a). Mean quantities of volatile compounds detected in plants grown
under elevated CO2 were significantly higher than those detected in plants grown under
ambient CO2 for 2 of the 6 terpenes, namely sabinene and β-pinene (one-way ANOVAs’,
F1,17 = 65.040, P < 0.001 and F1,17 = 69.776, P < 0.001, respectively). The opposite was true
for α-thujene, eucalyptol and cis-sabinene-hydrate (one-way ANOVAs’, F1,17 = 77.631,
P < 0.001; F1,17 = 15.368, P < 0.001 and F1,17 = 22.159, P < 0.001, respectively) (Table 4.2).
After 6 weeks of exposure to the CO2 concentrations, three compounds, 3-carene, βocimene and undecene, were detected only in plants grown under elevated CO2, whereas an
unidentified monoterpene hydrocarbon and several aliphatic hydrocarbons were detected only
in samples from plants grown under ambient CO2 (Table 4.2). PCA of the volatiles detected
in the plants grown under the two CO2 concentrations again yielded two separated clusters,
one per each concentration (Fig. 4.1b). Mean quantities of volatile compounds detected in
plants grown under elevated CO2 were lower than those detected in plants grown under
ambient CO2 in 5 of the 10 terpenes detected. However, these differences were only
significant for β-pinene (one-way ANOVA, F1,17 = 5.020, P = 0.041) (Table 2).
After 10 weeks of exposure to the CO2 concentrations (Z)-3-hexenyl acetate, dodecane
and tridecane were detected only in plants grown under elevated CO2, whereas decanal and
undecanal were detected only in samples from plants grown under ambient CO2 (Table 4.2).
Again, the PCA of the volatiles from plants grown under the two CO2 concentrations yielded
two clearly separated clusters, one for each group of plants (Fig. 4.1c). Mean quantities of
volatile compounds from plants grown under elevated CO2 were lower than those from plants
grown under ambient CO2 in all of the 11 terpenes detected, with differences being
significant for 10 compounds, namely, α-thujene, α-pinene, sabinene, β-pinene, β-myrcene,
limonene, eucalyptol, β-ocimene, cis-sabinene hydrate, and α-terpinolene (one-way
ANOVAs’, F1,17 = 6.983, P = 0.016; F1,17 = 6.165, P = 0.023; F1,17 = 10.444, P = 0.004;
F1,17 = 11.421, P = 0.003; F1,17 = 12.046, P = 0.002; F1,17 = 15.368, P = 0.001; F1,17 = 21.006,
P < 0.001; F1,17 = 15.892, P < 0.001; F1,17 = 32.392, P < 0.001 and F1,17 = 7.254, P = 0.014,
respectively). In addition, mean quantity of dimethyl disulfide from plants grown under
elevated CO2 was reduced by nearly 50% (one-way ANOVA, F1,17 = 12.098, P = 0.002)
(Table 4.2).
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RI

930
932
969
974
988
1011
1024
1026
1044
1062
1066
1069
1079
1084

1098
1204
1305
1407

684
850
1370

Compound

Terpenes
!-Thujene 1
!-Pinene 3
2
Sabinene
2
"-Pinene
"-Myrcene 3
2
3-Carene
3
Limonene
3
Eucalyptol
"-Ocimene 3
3
!-Terpinene
3
Cis-sabinene hydrate
UI 1 (a monoterpene hydrocarbon)
UI 2 (a monoterpene alcohol)
!-Terpinolene 3

Aldehydes
3
Nonanal
3
Decanal
2
Undecanal
2
Dodecanal

Alcohols
3
1-Penten-3-ol
3
3-Hexen-1-ol
3
Undecanol
nd
5.31±2.42
nd

nd
148.63±5.62
91.72±7.46
31.65±1.61

1595.75±429.47
56.78±9.62
299.93±39.65
43.41±4.97
nd
nd
nd
112.95±21.08
nd
nd
9.14±0.76
nd
nd
nd

Ambient CO2

nd
2.34±0.77
nd

nd
134.82±18.08
66.92±3.19
23.35±0.88

58.24±10.98
31.54±6.24
1817.78±242.91
271.46±39.43
nd
nd
nd
39.25±7.46
nd
2.94±0.71
5.18±0.34
nd
nd
nd

Elevated CO2

2 weeks

* = P < 0.05, ns = P ! 0.05, - = no pairwise comparison conducted.

-

ns

-

*
*

ns

-

*
*
*
*
-

ns

*

P
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8.41±0.88
nd
nd

nd
nd
nd
nd

96.13±11.55
54.94±6.41
251.16±25.17
61.38±24.58
78.72±7.98
nd
120.55±16.60
90.97±8.59
nd
5.19±1.57
4.67±0.45
6.27±0.42
5.34±0.51
nd

Ambient CO2

5.09±0.30
nd
nd

nd
nd
nd
nd

98.82±5.24
52.97±2.95
248.46±15.32
23.87±3.22
91.88±5.25
4.11±1.20
125.15±19.08
70.64±8.01
1.70±0.11
6.61±1.59
3.69±0.44
nd
5.86±1.11
nd

Elevated CO2

6 weeks

Period of exposure to CO2

*
-

-

-

ns

-

ns
ns

-

ns
ns

-

ns

*

ns
ns
ns

P

nd
nd
44.88±5.83

30.85±3.64
32.92±3.68
19.26±4.26
2.35±0.21

140.24±19.46
67.47±9.32
327.08±41.30
37.23±4.21
114.48±13.84
nd
232.71±24.17
88.31±9.81
1.56±0.16
6.66±1.73
4.86±0.25
nd
nd
4.88±0.98

Ambient CO2

nd
nd
32.36±2.48

18.49±0.46
nd
nd
4.81±0.31

76.46±7.63
38.09±3.66
172.51±16.66
21.3±1.61
60.89±5.68
nd
126.11±10.88
46.99±3.71
0.90±0.06
2.80±0.83
2.66±0.26
nd
nd
1.90±0.57

Elevated CO2

10 weeks

or 10 weeks. Concentration / dry weight (ng / g) ± SE is shown. N = 10 plants / CO2 concentration / period of exposure to CO2. P-values (P) based on one-way ANOVAs:

Table 4.2 Comparison of headspace volatiles emitted by Brassica plants grown under an ambient (400 ± 10 ppm) or an elevated (800 ± 10 ppm) CO2 concentration for 2, 6

P

ns

-

*

ns

*
*

ns

*
*
*
*
*
*
*
*
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Total

2778.62±470.18

132.67±8.13

16.53±4.52

21.72±1.55
nd
191.38±18.72
nd
nd
nd
nd
nd

21.03±7.62

Ambient CO2

2 weeks

2760.95±291.03

nd

11.76±3.30

16.15±1.55
nd
nd
nd
270.57±16.60
nd
nd
nd

8.64±2.26

Elevated CO2

ns

-

ns

*
-

ns

P

918.42±61.02

nd

6.62±1.16

nd
66.90±5.72
nd
nd
nd
12.11±0.78
21.59±13.47
11.88±0.63

15.57±7.41

Ambient CO2

755.98±47.26

nd

6.89±0.92

nd
nd
nd
nd
nd
nd
nd
nd

5.42±1.17

Elevated CO2

6 weeks

Period of exposure to CO2

*

-

ns

-

ns

P

1252.58±122.39

nd

7.85±0.90

nd
nd
nd
nd
88.98±2.90
nd
nd
nd

nd

Ambient CO2

693.55±50.52

nd

4.02±0.66

nd
nd
12.78±0.48
11.11±0.49
56.03±2.19
nd
nd
nd

3.27±0.66

Elevated CO2

10 weeks
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confirmed by GC/MS co-injection of synthetic compounds: source of standards: 1, Indofine; 2, Sigma-Aldrich; 3, Fluka; 4, Supelco.

nd= not detected in more than 60% of the samples, RI= Linear retention index on the DB-5ms column, UI= unidentified. Identification of all compounds was
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Unidentified
UI 3 (an aliphatic hydrocarbon)

1075
1100
1200
1300
1400
2700
2800
2900

Hydrocarbons
Undecene
4
Undecane
4
Dodecane
4
Tridecane
4
Tetradecane
4
Heptacosane
4
Octacosane
4
Nonacosane
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1004

Ester
2
(Z)-3-Hexenyl acetate

Disulfide
2
Dimethyl disulfide

RI

Compound

Table 4.2 continued

P

*

-

*

*
-

-

5

(a)

4

3

3

2

2

PC 2 (27.6 %)

PC 2 (13.3 %)

4

1
0
-1
-2

0
-2

-4

-4
0

1

2

3

4

5

-5

(c)

4

-1
-3

-5 -4 -3 -2 -1

6

1

-3
-5

8

(b)

PC 2 (14.4 %)

5

2
0
-2
-4
-6

-5 -4 -3 -2 -1

PC 1 (51.7 %)

0

1

2

3

4

5

-8

-8

-6

-4

PC 2 (40.5 %)
ambient CO2

-2

0

2

4

6

8

PC 2 (65.3 %)

elevated CO 2

Fig. 4.1 Principal component analysis representation of headspace volatiles detected in Brassica plants grown
under either an ambient (400 ± 10 ppm) or an elevated (800 ± 10 ppm) CO2 concentration for (a) 2, (b) 6, or (c)
10 weeks (N = 10 plants / CO2 concentration). Factor coordinates of samples are shown. Circles enclose plants
grown under each of two CO2 concentrations tested.

Leaf surface lipids
The CO2 concentration or the period of exposure did not significantly affect the quantitative
or qualitative content of the detected leaf surface lipids of Brussels sprout plants. The
qualitative composition of the surface lipids remained unchanged, irrespective of the CO2
concentration and the exposure period. Among the detected lipids, six ketones, one
hydroxyketone, two aldehydes, five secondary alcohols, two triterpenes and nine alkanes
were identified (see Supplementary material, Table S4.1). Total mean quantities of detected
surface lipids were lower among plants exposed to elevated compared to those exposed to
ambient CO2 for 2 and 6 weeks, whereas those quantities were higher for plants exposed to
elevated compared to ambient CO2 or 10 weeks. These differences, however, were in all
cases not statistically significant (see Supplementary material, Table S4.1).
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Host plant colonization by aphids after different periods of plant exposure to the CO2
concentrations
Doubling the ambient CO2 concentration had a marked effect on plant colonization by
winged aphids particularly when plants were exposed to CO2 for longer periods (Fig. 4.2).
Brussels sprout plants exposed to the elevated CO2 concentration for either 6 or 10 weeks
were colonized significantly less than plants grown under the ambient CO2 concentration
(unpaired sample t tests, t = -2.315, df = 14, P = 0.036 at 6weeks and t = -2.845, df = 13,
P = 0.014, at 10 weeks). In contrast, a short plant exposure period of only 2 weeks did not
result in a significant difference in plant colonization (Fig. 4.2). Under the elevated CO2
concentration, the proportion of winged aphids that colonized our Brussels sprout plants after
2, 6 or 10 weeks of exposure was 90, 75 or 65 %, respectively, whereas under the ambient
CO2 concentration, the proportion was always around 90 %, regardless of the period of
exposure (Fig. 4.2). However, irrespective of the CO2 concentration tested, significantly more
winged aphids colonized Brussels sprout plants than the non-host control plants (χ2-test,
df = 19, P < 0.010) (Fig. 4.2), but they never laid nymphs on the latter plants in contrast to
the former, which always contained nymphs after 24 h (see Supplementary material,
Table S4.2). Aphid responsiveness, i.e. the proportion of winged aphids that made a choice,
was not influenced by the CO2 concentration (unpaired sample t test, P > 0.1).
Responsiveness, however, decreased significantly with increasing period of exposure
(unpaired sample t tests, ambient CO2: 6 vs. 2 weeks t = 1.443, df = 17, P = 0.170; 10 vs.
6weeks t = 2.471, df = 17, P = 0.024; elevated CO2: 6 vs. 2 weeks t = 3.870, df = 17,
P = 0.001; 10 vs. 6 weeks t = 2.415, df = 17, P = 0.027) (Fig. 4.2).
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ns

*

*

% responding winged aphids

100
Ambient CO22

90
80

Elevated CO2
2

70

Host plant

60

Non-host plant

50
40
30
20
10
0

57.1

63.3

47.5

2 weeks

55.8

47.3

38.7
10 weeks

6 weeks
Period of exposure to CO2

Fig. 4.2 Mean percentage (± SE) of winged cabbage aphids (Brevicoryne brassicae) colonizing either the host
plant (Brussels sprout Brassica oleracea var. gemmifera) or a non-host plant (common sorrel Rumex acetosa) in
a dual choice wind tunnel bioassay. Host plants were grown under an ambient (400 ± 10 ppm) or an elevated
(800 ± 10 ppm) CO2 concentration for 2, 6, or 10 weeks prior to the bioassay. Non-host plants were always
grown under the ambient CO2 concentration for 3 weeks. A group of winged aphids consisting of 30 individuals
was released per replicate. Ten replicates per CO2 concentration were conducted per tested exposure period.
Numbers below the bars indicate the percentage of winged aphids that made a choice. P-values shown for
comparisons among CO2 concentrations: *= P ≤ 0.05, ns= P > 0.05; P-values indicating a significant preference
for host plant vs. non-host plant not shown.
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4.5 Discussion
Elevated CO2 (approx. 800 ppm) can significantly affect interactions between the Brassica
species studied and an associated specialist herbivore. Elevated CO2 led to a respective
15 and 26 % reduction of colonization rates by the cabbage aphid Brevicoryne brassicae on
Brussels sprout plants after 6 and 10 weeks of plant exposure. No difference in colonization
rate was noted after an exposure of only 2 weeks. A trend indicating a similar reduction in
colonization rate has been observed for the leafminer Phyllonorycter tremuloidiella (Kopper
and Lindroth, 2003). Herbivory by this insect on the trembling aspen Populus tremuloides
was measured in a free-air CO2 enrichment experiment, but differences between insect attack
in the CO2-enriched versus the standard system were not significant. Thus, the present study
carried out under controlled conditions is, to our knowledge, the first to demonstrate a
reduced colonization rate by an herbivorous insect due to elevated CO2. Concomitantly with
the marked behavioral effect of elevated CO2 on the insects, leaf stomatal conductance and
plant volatile emissions were also reduced under elevated CO2, and these differences were
significant after 10 weeks of plant exposure. In addition to lower total volatiles emitted, plant
morphology was also altered after both 6 and 10 weeks of exposure, potentially leading to a
cumulative effect accounting for the reduced plant colonization rates observed.
Stomatal conductance, a measure of the rate of passage of either water vapor or CO2
through the stomata, and composition of emitted volatiles were significantly affected by
elevated CO2. Brussels sprout plants grown for 10 weeks under elevated CO2 exhibited a
reduction of nearly 50 % in stomatal conductance, as well as a qualitative and quantitative
reduction in volatile emission. Such combined effects of CO2 on stomatal conductance and
volatile emission have, to our knowledge, not been reported before on a non-woody plant
species. CO2 concentrations above current atmospheric levels (i.e. 500-900 ppm) have been
shown to reduce stomatal conductance in many C3 land plants (Long et al., 2004; Velikova et
al., 2009). A reduction in stomatal conductance has been interpreted as an acclimation
response of plants growing under elevated CO2 concentrations (e.g. Velikova et al., 2009).
However, the exact physiological mechanism underlying this plant response is still unclear
(Brodribb et al., 2009; de Boer et al., 2011). Recent evidence suggests that plants could
achieve reduced stomatal conductance mechanically by regulating stomatal aperture
(Ainsworth and Rogers, 2007; de Boer et al., 2011), or structurally by growing leaves with
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lower stomatal density (de Boer et al., 2011; Lammertsma et al., 2011; Riikonen et al., 2010).
However, changes in stomatal density, which involve epidermal structural alterations, seem
to occur over longer periods of time compared to those involved in short-term acclimation by
stomatal closure (de Boer et al., 2011; Lammertsma et al., 2011). Thus, a reduction in
stomatal conductance has not always been associated with a parallel change in stomatal
density (Ainsworth and Rogers, 2007). We did not find any significant reduction in stomatal
density when comparing plants grown under elevated CO2 with those grown under ambient
CO2, regardless of period of exposure. This finding indicates that the significant reduction in
stomatal conductance detected in this study after 10 weeks of exposure was not due to a
change in stomatal density. Mechanical effects on stomatal functioning such as stomatal
aperture could underlie the reduction in stomatal conductance documented here.
Alterations in stomatal conductance have been linked to a reduction in volatile organic
compound emission, particularly of terpenes (Niinemets et al., 2004; Yuan et al., 2009). Thus,
the quantitative changes in volatile emission of Brussels sprout plants under elevated CO2
concentrations found in our study could have been partially due to the detected decrease in
stomatal conductance. Plant volatile emissions, particularly those of terpenes, are predicted to
be affected by increased CO2 concentrations (Peñuelas and Llusia, 1997; Peñuelas and Staudt,
2010). However, contrasting evidence has been reported for different plant species. For
instance, emission of mono- and sesquiterpenes by peppermint Mentha piperita (Lincoln and
Couvet, 1989) and ponderosa pine Pinus ponderosa (Constable et al., 1999) did not differ
between plants grown under ambient and elevated CO2 concentrations. Such emissions were,
by contrast, reduced in eastern cottonwood Populus deltoides trees (Rosenstiel et al., 2003)
and increased in rosemary Rosmarinus officinalis (Peñuelas and Llusia, 1997). Among
Brassica species, contradictory results have also been reported, with either a decrease (white
cabbage Brassica oleracea ssp. capitata, Vuorinen et al., 2004), or an increase (oilseed rape
Brassica napus ssp. oleifera, Himanen et al., 2009) in the quantity of volatiles released under
elevated CO2. Among the identified volatile compounds detected in Brussels sprout plants in
our study, the terpenes prevailed in numbers at any period of exposure, and quantities of
distinct compounds were significantly lower under elevated CO2 after the 10-week exposure.
Besides altering stomatal conductance, elevated CO2 concentrations could have also affected
the metabolic pathways leading to monoterpene biosynthesis in the cell plastids (Arimura et
al., 2009), as was suggested for the trembling aspen Populus tremuloides, the blue gum
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Eucalyptus globulus (Wilkinson et al., 2009), and the eastern cottonwood P. deltoides
(Rosenstiel et al., 2003). The activity of several monoterpene synthases, a large family of
enzymes required for the formation of diverse cyclic and acyclic monoterpenes, can be
altered under elevated CO2, leading for instance to a decreased emission of α- and β-pinene in
the holm oak Quercus ilex (Loreto et al., 2001). A reduction in isoprene synthase activity
under elevated CO2 has also been documented for the common reed Phragmites australis
(Scholefield et al., 2004), the giant cane Arundo donax and the velvet bean Mucuna pruriens
(Possell et al., 2005), suggesting that a similar effect might underly the reduced emissions of
as many as 10 terpenes after the 10-week plant exposure in our study.
Plant volatiles are important cues mediating attraction of insects and other arthropods to
host plants in the process of plant location (Bruce et al., 2005; Dudareva et al., 2006). Thus,
the lower aphid colonization of Brussels sprout plants under the elevated CO2 concentration
found in our study could be related to the CO2-induced decrease in total volatile emissions
measured after 6 and 10 weeks. Indeed, changes in plant volatile emissions have been
suggested to account for a lack of olfactory attraction of the black bean aphid Aphis fabae to
its host plant spindle Euonymus europaeus (Nottingham et al., 1991), as well as for a change
in the response of the corn leaf aphid Rhopalosiphum maidis to herbivore-induced versus
uninfested corn Zea mays plants (Bernasconi et al., 1998). Recent evidence indicates that
soybean aphids Aphis glycines were not able to discriminate between odors released by
soybean Glycine max plants grown under ambient compared to elevated CO2 in olfactometer
tests (O’Neill et al., 2010). This lack of olfactory discrimination was attributed to the
phenological plant stage used, and it was suggested that at a later stage, plants might emit
detectable amounts of the attractive volatiles.
The response to elevated CO2 of additional plant traits beyond volatile emission might
have also contributed to the reduced colonization rates of aphids after the 6- and 10-week
exposure periods that were recorded in our study. After a plant exposure period of 6 weeks,
the total volatiles emitted were reduced by only 18 %, compared to 45 % after 10 weeks of
exposure. However, the trend in reduced stomatal conductance was not significant after
6 weeks. A significant increase in plant size and biomass, measured as height and dry weight,
was already noted after 6 weeks. Increased plant size and biomass are common plant growth
responses to elevated CO2 (Asshoff et al., 2006; Frenck et al., 2011) that might lead to
reduced host plant choice in some insect species (Forsberg, 1987; Hattendorf et al., 2006).
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Thus, the CO2-induced morphological alterations of our Brussels sprout plants could have
also been involved, to some extent, in the reduced behavioral response of the aphids. Our
findings, however, do not indicate any general major effect of elevated CO2 on the aphids
themselves. Prior to all bioassays, aphid colonies were always exposed to their respective
CO2 concentration for the same period of time (20 days). Thus, any potential effects of
exposure to CO2 on aphid behavior per se can be ruled out. However, during aphid
development under elevated CO2 conditions, some insect biochemical and/or physiological
functions could have been impaired as shown for the grain aphid Sitobion avenae. Elevated
CO2 reduced the response of this insect to its alarm pheromone, the terpene (E)-β- farnesene
(Sun et al., 2010). The lower activity of acetylcholinesterase, a key enzyme in insect
neurotransmission, was postulated to be involved in the reduced response of this aphid to the
pheromone.
After aphids land on a potential host plant, leaf surface chemicals, especially cuticular
hydrocarbons, can act as arresting cues (Eigenbrode and Espelie, 1995; Pickett et al., 1992).
For instance, pea aphids Acyrthosiphon pisum do not distinguish between hosts and non-hosts
at a distance but determine whether to colonize a plant only after landing (Caillaud, 1999).
Increase in atmospheric ozone concentrations, which led to a significant reduction in
colonization rates of trembling aspen trees by the aspen blotch leafminer, were assumed to be
related to changes in leaf surface chemicals (Kopper and Lindroth, 2003). However, we
found no differences in surface lipid profiles of Brussels sprout plants grown under elevated
compared to ambient CO2; this is in line with recent results reported for paper birch Betula
papyrifera trees (Riikonen et al., 2010). Thus, it is unlikely that in our study leaf surface
chemicals are the basis upon which aphids colonized significantly less plants grown under
elevated compared to ambient CO2 concentrations. CO2-mediated changes in secondary
metabolites involved in direct plant defense of Brassica species, particularly glucosinolates,
which could also influence host acceptance by aphids (Newton et al., 2010), might be
considered in future studies.
In agroecosystems, reduced crop plant colonization by an herbivorous pest insect under
elevated CO2 might be advantageous. However, this effect on herbivores could be
counterbalanced by an adverse effect on their natural antagonists. Altered volatile blends
emitted by the herbivore-infested plants might affect the host location behavior of natural
antagonists, which rely on such plant-derived olfactory cues for herbivore finding
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(Scascighini et al., 2005; Yuan et al., 2009). Thus, we cannot exclude that the effects of
elevated CO2 on plant volatile emissions cascade to higher trophic levels. This could impair
host location efficiency of the natural antagonists of aphids, leading to a reduced efficacy of
this indirect plant defense mechanism. Plant volatile blends are also involved in a range of
plant-related ecological functions, including pollinator attraction, plant-plant communication,
plant–pathogen interactions, and thermotolerance (Dudareva and Pichersky, 2008; Niinemets
et al., 2004; Yuan et al., 2009). Thus, the CO2-mediated changes in volatile emission of
Brussels sprout plants documented here could also have important ecological effects on the
plants themselves.
This study shows that extended periods of exposure to elevated CO2 can lead to a
decrease in leaf stomatal conductance and to reductions in emissions of terpenes and other
plant volatiles, and that changes in these traits, which are relevant for plant functioning and
defense, may contribute to a significant reduction in plant colonization by herbivorous insects.
Our results highlight the importance of understanding how plants might acclimatize to
increased CO2 concentrations and the effects that these acclimation responses might have on
plant-insect interactions.
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4.6 Supplementary material
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1509
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Compound

Ketones
Pentadecan-2-one
Hexadecan-2-one
Heptadecan-9-one
Octacosan-14-one
Nonacosan-15-one
Triacontan-15-one

Hydroxyketone
13-Hydroxynonacosan-15-one

Aldehydes
Tridecanal
Tetradecanal

Secondary alcohols
Octacosen-3-ol
Nonacosan-15-ol
Nonacosen-3-ol
Triacontan-15-ol
Triaconten-3-ol

Triterpenes
!-amyrin
"-amyrin
1.14±0.53
tr

4.49±0.61
82.20±11.64
0.75±0.22
1.75±0.55
15.65±3.47

0.55±0.04
1.18±0.11

7.44±0.88

1.35±0.12
0.68±0.06
0.13±0.01
1.67±0.15
195.51±16.52
3.45±0.55

Ambient CO2

ANOVAs: * = P < 0.05, ns = P ! 0.05.

0.43±0.53
tr

3.28±0.37
71.67±11.64
0.82±0.22
1.31±0.55
15.85±3.47

0.49±0.04
1.20±0.08

6.45±0.88

1.37±0.10
0.62±0.05
0.22±0.05
1.49±0.21
163.18±17.77
3.31±0.55

Elevated CO2

2 weeks

ns
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ns
ns
ns
ns
ns

ns
ns

ns

ns
ns
ns
ns
ns
ns

P

40

4.99±2.81
0.58±0.28

4.01±0.92
96.31±23.11
1.58±0.33
4.33±1.07
22.64±4.89

0.75±0.16
1.79±0.37

11.58±2.40

1.96±0.40
0.92±0.19
0.12±0.03
2.31±0.50
239.84±40.05
7.31±1.67

Ambient CO2

1.54±2.81
0.21±0.06

2.87±0.48
90.94±5.57
1.46±0.29
3.75±0.29
19.60±2.39

0.67±0.05
1.73±0.15

10.32±0.76

1.89±0.16
0.82±0.07
0.13±0.02
2.33±0.27
238.80±22.45
7.13±0.38

Elevated CO2

6 weeks

Period of exposure to CO2

ns
ns

ns
ns
ns
ns
ns

ns
ns

ns

ns
ns
ns
ns
ns
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P

2.07±0.79
0.31±0.16

2.56±1.09
72.64±32.71
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0.84±0.06
0.13±0.01
2.48±0.19
259.40±26.13
8.39±0.91
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10 weeks

6 or 10 weeks (amounts in ng / g leaf fresh weight ± SE are shown), N = 20 plants / CO2 concentration / period of exposure to CO2. P-values (P) based on one-way

Table S4.1 Composition of leaf surface lipids of Brassica plants growing under an ambient (400 ± 10 ppm) or an elevated (800 ± 10 ppm) CO2 concentration for 2,

ns
ns

ns
ns
ns
ns
ns

ns
ns

ns

ns
ns
ns
ns
ns
ns

P
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2096
2101
3005

Unidentified
UI 4
UI 5
UI 6
520.88±46.97

0.57±0.10
0.50±0.09
1.03±0.17

6.72±0.29
0.53±0.03
0.15±0.00
2.00±0.29
1.88±0.29
180.69±12.54
2.52±0.41
3.94±0.75
0.99±0.09

Ambient CO2

432.45±17.85

0.48±0.19
0.36±0.17
0.71±0.16

6.21±1.08
0.61±0.06
0.15±0.01
1.98±0.26
1.39±0.22
140.99±20.07
2.54±0.82
3.94±0.36
1.40±0.09

Elevated CO2

2 weeks

ns

ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns

P

654.39±107.85

1.83±0.35
1.10±0.33
1.56±0.36

9.29±1.43
0.81±0.14
0.15±0.03
2.47±0.48
2.55±0.50
218.51±34.37
3.58±0.84
8.38±1.64
2.58±1.09

Ambient CO2

591.48±55.29

1.18±0.09
0.97±0.06
2.14±0.90

9.15±1.10
0.77±0.10
0.18±0.02
1.93±0.29
2.00±0.27
176.16±27.58
3.53±0.31
8.00±0.56
1.29±0.31

Elevated CO2

6 weeks

Period of exposure to CO2

ns

ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns

P

404.58±191.71

1.60±0.65
1.58±0.63
0.87±0.38

5.46±2.36
0.43±0.28
0.25±0.05
1.17±0.48
1.42±0.63
97.96±54.45
2.70±1.21
6.14±3.08
1.31±0.27

Ambient CO2

669.51±45.63

1.93±0.22
1.77±0.23
1.31±0.16

9.74±0.62
0.85±0.16
0.19±0.02
2.01±0.21
2.13±0.20
196.63±30.38
4.43±0.54
9.22±0.98
0.95±0.12

Elevated CO2

10 weeks
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RI= Linear retention index on the DB-5ms column, UI= unidentified, MW= molecular weight, tr= traces, na= not analyzed, ns= not significant

1954
1974
2153
2700
2800
2900
2970
3000
3100

Alkanes
UI 1 (an alkylcyclohexane; MW 266)
UI 2 (an alkylcyclohexane; MW 266)
UI 3 (an alkylcyclohexane; MW 294)
Heptacosane
Octacosane
Nonacosane
3-Methylnonacosane
Triacontane
Hentriacontane

Total

RI

Compound

Table S4.1 continued

ns

ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns

P

Table S4.2 Numbers of nymphs (mean ± SE) laid 24 hrs after release by winged cabbage aphids
(Brevicoryne brassicae) on either a host plant (Brussels sprout Brassica oleracea var. gemmifera) or a
non-host plant (common sorrel Rumex acetosa) in a dual choice wind tunnel bioassay. Host plants were
grown under an ambient (400 ± 10 ppm) or an elevated (800 ± 10 ppm) CO2 concentration for 2, 6, or
10 weeks prior to bioassays. Non-host plants were always grown under ambient CO2 concentration for
3 weeks prior to bioassays. Values with the same letter within a period of exposure to CO2 are not
statistically different from each other (one-way ANOVAs, P > 0.05).

Period of exposure to CO2
2 weeks

6 weeks

10 weeks

Host

Non-host

Host

Non-host

Host

Non-host

Ambient CO2

2.4 ± 0.3 a

0

2.9 ± 0.3 a

0

1.3 ± 0.2 a

0

Elevated CO2

2.0 ± 0.3 a

0

1.7 ± 0.3 b

0

0.9 ± 0.1 a

0
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5 Acclimation to elevated CO2 increases constitutive glucosinolate levels of Brassica
plants and affects the performance of specialized herbivores from contrasting feeding
guilds2

5.1 Abstract
Plants growing under elevated CO2 concentration may acclimate by modifying chemical
traits. Whereas most studies have focused on the effects of environmental change on plant
growth and productivity, effects on chemical traits involved in resistance, and the
consequences of such effects on plant-insect interactions, have been largely neglected. Here
we evaluated the performance of two Brassica specialist herbivores from contrasting feeding
guilds, the leaf-feeding Pieris brassicae and the phloem-feeding Brevicoryne brassicae in
response to potential CO2-mediated changes in primary and major secondary metabolites
(glucosinolates) in Brassica oleracea. Plants were exposed to either ambient (400 ppm) or
elevated (800 ppm) CO2 concentrations for two, six or 10 weeks. Elevated CO2 did not affect
primary metabolites, but significantly increased glucosinolate content. The performance of
both herbivores was significantly reduced under elevated CO2 suggesting that CO2-mediated
increases in constitutive defense chemistry could benefit plants. However, plants with upregulated defenses could also be subjected to intensified herbivory by some specialized
herbivores, due to a chemically-mediated phagostimulatory effect, as documented here for P.
brassicae larvae. Our results highlight the importance of understanding acclimation and
responses of plants to the predicted increases in atmospheric CO2 concentrations and the
concomitant effects of these responses on the chemically-mediated interactions between
plants and specialized herbivores.

2

Based on: Klaiber, J., Dorn, S., Najar-Rodriguez, A.J. 2013a. Acclimation to elevated CO2 increases
constitutive glucosinolate levels of Brassica plants and affects the performance of specialized
herbivores from contrasting feeding guilds. Journal of Chemical Ecology, in press.
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5.2 Introduction
Plant chemistry might be strongly affected by the environmental changes, including elevated
carbon dioxide (CO2) concentrations, predicted under some climate scenarios (Bidart-Bouzat
and Imeh-Nathaniel, 2008; Houghton et al., 2001). Atmospheric CO2 concentrations have
increased since the pre-industrial era and are predicted to double by the end of this century
(Houghton et al., 2001). Elevated CO2 concentrations are expected to increase rates of
photosynthesis, which in turn could enhance plant growth, biomass accumulation, plant size
(Frenck et al., 2011; Klaiber et al. 2013c) and allocation to plant primary and secondary
metabolites (Coley et al., 2002).
Both carbon-based and nitrogen-based secondary metabolites play an important role in plant
defense against insect herbivores (Awmack and Leather, 2002). These metabolites can
modify insect behavior and performance by acting as repellents or toxins to the herbivores
(Bennett and Wallsgrove, 1994), or by reducing plant digestibility (Ahuja et al., 2010). Thus,
changes in allocation to secondary metabolites could directly impact plant-insect herbivore
interactions (Agrell et al., 2006).
Allocation to carbon-based defense compounds such as phenolics has been frequently
reported to increase in response to CO2 enrichment (e.g. Ballhorn et al., 2011; Coviella et al.,
2002). In contrast, changes in allocation to nitrogen-based compounds due to CO2 enrichment
have been less studied and the available evidence is contradictory. For instance, the
cyanogenic glycoside content of Eucalyptus calocalyx (Gleadow et al., 1998) and Trifolium
repens (Frehner et al., 1997), and the glucosinolate content of radish Raphanus sativus, turnip
Brassica rapa var. rapa (Karowe et al., 1997), oilseed rape Brassica rapa var. oleifera,
cabbage Brassica oleracea var. capitata (Reddy et al., 2004), and Arabidopsis thaliana
(Bidart-Bouzat et al., 2005) did not differ between plants gown under ambient and elevated
CO2 concentrations. In contrast, growth under elevated CO2 led to a decrease in cyanogenic
glycoside content of lima bean Phaseolus lunatus (Ballhorn et al., 2011) and Lotus
corniculatus (Goverde and Erhardt, 2003), to a general decrease in the glucosinolate content
of rapeseed Brassica napus (Himanen et al., 2008a) and mustard Brassica juncea (Karowe et
al., 1997), and to an increase in the glucosinolate content of broccoli Brassica oleracea var.
italica (Schonhof et al., 2007) and Chinese kale Brassica alboglabra (La et al., 2009). Thus,
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it seems that the investment in nitrogen-containing secondary metabolites is species-specific
(Karowe et al., 1997).
Most of these studies, particularly those on crop plants, tested short periods of exposure to
elevated CO2, neglecting the potential effects that prolonged periods may have on plant
allocation to both carbon- and nitrogen-containing secondary metabolites. Acclimation of
plants to elevated CO2 over several weeks may change plant chemical composition (Coley et
al., 2002). In contrast to short periods of exposure, which often led to marginal or negligible
effects (Bidart-Bouzat et al., 2005; Karowe et al. 1997), prolonged periods of exposure may
lead to pronounced effects, as shown for the allocation of the carbon-containing compounds
saponin and cardenolide (Agrell et al., 2004; Vannette and Hunter, 2011). However, to date,
no study has comprehensively assessed how a prolonged period of exposure to elevated CO2
could alter nutrient allocation, particularly to nitrogen-containing compounds, and the effects
that such alteration could have on insect herbivores.
Plants from the genus Brassica are important annual crops grown worldwide
(http://www.faostat.fao.org). They are also important model plants used to study chemically
mediated plant-insect interactions (Gutbrodt et al., 2011a), in particular those involving their
characteristic nitrogen-containing defense compounds, the glucosinolates (Gols et al., 2008a;
Gutbrodt et al., 2011a). Glucosinolates themselves show little biological activity (Winde and
Wittstock, 2011). However, upon hydrolysis by myrosinases, they are transformed to
bioactive products responsible for toxicity and deterrence, such as isothiocyanates,
thiocyanates, nitriles and epithionitriles (Hopkins et al., 2009; Scascighini et al., 2005).
Several specialized insect herbivores use Brassica species as preferred host plants (Ahuja et
al., 2010), and these insects share the ability to tolerate or detoxify glucosinolates and/or their
by-products (Hopkins et al., 2009).
CO2-mediated changes in secondary metabolites could affect the performance of even
specialized insects if the threshold levels of tolerance for such metabolites are exceeded in
the host plant (Ballhorn et al., 2007). The feeding guild to which an insect belongs might also
affect its responses mediated by secondary metabolites (Awmack and Leather, 2002).
Whereas several studies have simultaneously looked at the CO2-mediated effects on specialist
and generalist herbivores belonging to the same feeding guild (e.g. Reddy et al., 2004),
studies comparing such effects on specialist insect herbivores from contrasting feeding guilds
are lacking. Furthermore, few studies have simultaneously assessed the effects of elevated
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CO2 on glucosinolate content and insect performance. They were limited to a single time
interval of plant exposure to elevated CO2 and to measurements of single insect performance
parameters (Bidart-Bouzat et al., 2005; Reddy et al., 2004).

5.3 Materials and Methods
Plant material and CO2 concentrations
Four wk old Brussels sprout plants (Brassica oleracea var. gemmifera) (Sativa Rheinau AG,
Rheinau, Switzerland) were placed in groups of 80 into one of two walk-in climate chambers
(Conviron PGV36 - Controlled Environments Limited, Winnipeg, MB, Canada) that
maintained two different CO2 concentrations: (1) ambient CO2 (corresponding to the
background concentration of air entering the climate chamber facility; 400 ± 10 ppm) or (2)
elevated CO2 (double the ambient concentration; 800 ± 10 ppm). Plants were grown in these
CO2 concentrations for 2, 6, or 10 wk at day/night temperatures of 24/20 °C, with a
photoperiod of 16:8 h L:D, light intensity of 250 µmol m-2 s-1 (based on Himanen et al., 2009)
and 50% relative humidity in 16 x 16 x 16 cm pots on ‘Klasman Substrat 2’ soil (a peat
substitute with pH-value 5.5, NPK: 280, 320, 360 mg l-1, 100 mg l−1 magnesium, trace
elements and chelates; Klasmann-Deilmann GmbH, Geeste, Germany). Both elevated CO2
concentration and temperature level were chosen based on the moderate climate change
scenario values predicted for the year 2060 (Houghton et al., 2001). Plants in each climate
chamber were randomized weekly to avoid any positional effects. During exposure to CO2,
plants were watered twice a week and fertilized weekly (Wuxal liquid fertilizer, 5 ml per pot,
concentration 0.5 ml/l, N:P:K 10:10:7.5, Maag Syngenta Agro, Dielsdorf, Switzerland), to
prevent changes in plant metabolism due to nutritional deficiency (Reddy et al., 2004). All
experiments were conducted twice under these fully controlled conditions (similar to Klaiber
et al., 2013b,c). Between replications, the CO2 concentration in each chamber was switched
to the other concentration to control for potential chamber effects and exclude
pseudoreplication (Agrell et al., 2006) (see also “Statistical Analysis” below). Growth
chamber conditions were monitored at 30 min intervals throughout the experiments with a
‘Telaire 7001 CO2 and temperature monitor’ (Ge Measurement & Control, Fremont, CA,
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USA) connected to a HOBO data logger (Onset Computer Corporation, Bourne, MA, USA).
The CO2 concentrations in the chambers were: ambient CO2: 400 ± 10 ppm day / 430 ± 10
ppm night; elevated CO2: 800 ± 10 ppm day / 830 ± 10 ppm night.
Insects
Cabbage white (P. brassicae) stock colonies were maintained on Brussels sprout plants at a
day/night temperature of 21 ± 2 °C, with a photoperiod of 16:8 h L:D and 50-70% relative
humidity as described in Gutbrodt et al. (2012). The stock colony was first randomly split
into two separate lines and each line was kept separately throughout the experimental phase.
Cabbage aphid (B. brassicae) stock colonies originated from parthenogenetic females
that were collected in Wädenswil (Zurich region, Switzerland). Stock colonies were kept on
Brussels sprout plants that were placed inside insect rearing cages (30 x 30 x 30 cm)
(BugDorm, Megaview Science CO., Ltd., Taichung, Taiwan) and maintained under
controlled conditions (day/night temperatures of 22/18 °C with a photoperiod of 16:8 h L:D
and 50% relative humidity) (Klaiber et al., 2013b,c).
Plant acclimation to CO2: changes in plant chemical parameters
To assess the effects of plant exposure to elevated CO2 on carbon and nitrogen as primary
metabolites, and on glucosinolates as secondary metabolites, a group of 10 Brussels sprout
plants that had been exposed to either the ambient or the elevated CO2 concentration for 2, 6,
or 10 wk were randomly collected for destructive leaf-sampling.
Total leaf carbon and nitrogen content was assessed by C-N elemental analysis. The
seventh leaf from each plant was oven-dried at 40°C to achieve constant mass and milled to a
fine powder using a Retsch ball mill MM200 (Retsch GmbH, Haan, Germany). A subsample
(2.5 mg) was used for analysis using a Flash EA 1112 Series elemental analyzer (Thermo
Italy, Rhodano, Italy) coupled to a Finnigan MAT Delta plus XP isotope ratio mass
spectrometer (Finnigan MAT, Bremen, Germany) via a six-port valve and a ConFlo III, as
described in Plath et al. (2011).
Leaf glucosinolate content was assessed by high-performance liquid chromatography
(HPLC). The sixth and tenth leaves from each plant were placed in 50 ml Falcon tubes (VWR
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International AG, Dietikon, Switzerland), freeze-dried for 48 h and milled to a fine powder
using a Retsch ball mill MM200 (Retsch GmbH, Haan, Germany). The purification technique
used followed the basic Sephadex/sulphatase Arabidopsis protocol as per Kliebenstein et al.
(2001), with minor modifications. Freeze-dried leaf material (10-12 mg) was placed into
deep-well microtiter tubes (Qiagen, Basel, Switzerland) and methanol (400 µl), 0.3 M lead
acetate (10 µl) and water (120 µl) were added to the tubes. Samples were then centrifuged
and supernatants were added onto Sephadex columns (Sigma-Aldrich, Buchs, Switzerland)
together with glucotropaeolin (12 µl) (Phytoplan, Heidelberg, Germany) as internal standard.
To desulfate glucosinolates, water (10 µl) and sulfatase (10 µl) (Sigma-Aldrich, Buchs,
Switzerland) were added to each column followed by overnight incubation at room
temperature. Desulfoglucosinolates were eluted twice with 60% (v/v) methanol (100 µl) and
finally with water (100 µl). The chromatographic analyses were conducted by highperformance liquid chromatography (HPLC; Agilent 1200 Series, Santa Clara, CA, USA)
equipped with a diode-array detector and a SymmetryShield RP18 column (4.6 x 150 mm, 5
µm particle size, Waters Corporation, Milford, MA, USA) with a flow rate of 1 ml min-1 and
constant temperature of 30°C. A gradient program consisting of 3 min at 100% H2O, a 23
min gradient from 0% to 25% (v/v) acetonitrile, 1 min at 25% (v/v) acetonitrile, a 9 min
gradient from 25% to 0% (v/v) acetonitrile, and a final 4 min at 100% H2O was used.
Chromatograms were recorded at 229 nm. The concentration of glucosinolate compounds
was calculated by means of the internal standard and based on certified glucosinolate
reference materials (Phytoplan, Heidelberg, Germany). Total glucosinolate content per leaf
sample was calculated as the sum of all the individual glucosinolates in that sample.
Effect of plant acclimation to CO2 on the performance of the leaf-feeding specialist Pieris
brassicae
We tested whether plant exposure to elevated CO2 for 2, 6, or 10 wk affected the
performance of the leaf-feeding P. brassicae. Prior to bioassays, one generation of prebreeding was conducted in order to obtain adults that had developed entirely under one of the
two CO2 concentrations tested and thus were already exposed to the test conditions. This also
ensured that the insects were not directly related, i.e. not siblings. We established 20 families
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at each CO2 concentration and at each tested length of exposure by pairing one virgin adult
female to one virgin adult male, each 1-2 d old. Both females and males were randomly
selected from the two different stock colony lines maintained in our laboratory. Each pair was
kept in a separate BugDorm cage (30 x 30 x 30 cm) (BugDorm, Megaview Science CO., Ltd.,
Taichung, Taiwan) and provided with a 4 wk old Brussels sprout plant grown under
controlled conditions (21 ± 2°C with a photoperiod of 16:8 h L:D and 50% relative humidity)
as substrate for egg deposition. All eggs laid by each female during the first five days after
mating were equally divided into two groups. Each group was then transferred to one of the
two experimental CO2 concentrations. The resulting larvae per family, herein referred to as
F1 families, were reared separately until adulthood.
From these F1 adults, 20 virgin females, one per family, were mated to a virgin male
each from a different F1 family, thereby avoiding sibling mating, i.e. inbreeding. After
mating, the females were kept separately in custom-made mesh cages (30 x 30 x 70 cm) and
were allowed to lay eggs on Brussels sprout plants grown for 2, 6, or 10 wk under the same
CO2 concentration under which the females were reared. After 7 d, all females were removed.
Eggs were left to hatch and from the resulting larvae per female, herein referred to as F2
families, eight randomly selected larvae per family were allowed to complete development.
Development time, measured as the time period from egg hatching to adult emergence, as
well as pupal and adult mass of these eight individuals per family were recorded. To ensure
that all individuals were at the same developmental stage at the time of quantification, pupal
mass was determined as soon as the black wing marks became visible through the cuticle
(AB204-S/FACT Analytical Lab Balance Scale, Mettler Toledo, Switzerland, accuracy: 0.1
mg). Adult mass was measured 1 d after emergence, using the same precision scale. From the
resulting F2 adult individuals, one virgin female per family (N = 20) was randomly selected
and mated to a virgin male from a different F2 family. The females were then offered four wk
old Brussels sprout plants grown under controlled conditions (21 ± 2°C with a photoperiod of
16:8 h L:D and 50% relative humidity) as a substrate for egg deposition. All females were
provided with sugar solution ad libitum and allowed to lay eggs until death. Total fecundity,
i.e. total number of eggs laid until death, fertility, i.e. percentage of eggs hatching, and
longevity of each of these females were recorded.
To quantify the effect of plant acclimation to elevated CO2 on larval leaf consumption,
seven first instar F2 larvae per CO2 concentration and tested period of exposure were
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randomly selected. Each larva was placed onto a leaf of a Brussels sprout plant that had been
grown under the corresponding CO2 concentrations for 2, 6, or 10 wk. The leaf was then
covered with a custom-made cage (30 x 40 x 7 cm, Sefar Nitex, SEFAR AG, Heiden,
Switzerland) as to prevent escape. As a larva developed, it was transferred onto a new leaf.
This was done at regular intervals until pupation, as to prevent consumption of entire leaves.
Each time a larva was removed from a leaf, that leaf was detached from the plant and
scanned. The leaf area consumed by each larva was then determined using a reference area of
1 cm2 and the software Adobe Photoshop CS5 Extended (Adobe Systems Incorporated, CA,
USA) (Mody et al. 2007). All areas consumed by each larva were summed to obtain the total
consumed leaf area per larva during its development.
To test whether plant nutritional quality has an effect on P. brassicae performance,
nutritional indices were calculated. Since plant acclimation response to elevated CO2 was
previously found to be particularly pronounced after the 10 wk exposure (Klaiber et al.,
2013c), and this period of plant exposure also yielded the highest total leaf glucosinolate
content and the most pronounced effect on P. brassicae adult mass (this study), nutritional
indices were estimated for this period of plant exposure only. Twenty first instar F2 larvae
per CO2 concentration were randomly selected and each was placed onto a leaf of a Brussels
sprout plant that had been grown under the corresponding CO2 concentration for 10 wk. The
leaf was covered with a custom-made cage (30 x 40 x 7 cm, Sefar Nitex, SEFAR AG, Heiden,
Switzerland) to prevent escape. All larvae were then monitored until pupation and were
moved onto new leaves at regular intervals to prevent consumption of whole leaves. Before
being placed onto a new leaf, each larva was weighed on the microbalance (AB204-S/FACT
Analytical Lab Balance Scale, Mettler Toledo, Switzerland, accuracy: 0.1 mg), and the feces
were collected, air-dried, and weighed with the same balance. The leaf material not
consumed by the larva was weighed and scanned and both the not consumed leaf area (NCA)
and the consumed leaf area (CA) per larva were quantified as above. The consumed fresh leaf
mass (CM) was calculated based on the NCA, CA, and the fresh mass of the not consumed
leaf area (NCM): CM = (NCM/NCA) x CA (Gutbrodt et al., 2011b). Nutritional indices for
each larva were calculated using standard formulas for approximate digestibility AD = [(CM
– dry mass of feces) / CM] and efficiency of conversion of ingested food ECI = [larval mass
gain / CM] (Waldbauer, 1968).
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Effect of plant acclimation to CO2 on the performance of the phloem-feeding specialist
Brevicoryne brassicae
We also tested whether plant exposure to elevated CO2 for 2, 6, or 10 wk has any effect on
the performance of colonies and individuals of the specialist aphid B. brassicae. Aphid
colony performance was assessed as colony growth rate, taken as the difference in aphid
numbers on a given day compared to the aphid numbers recorded on the previous day. Aphid
individual performance was characterized using the following traits: (1) the pre-reproductive
time of individual aphids from the first (F1) and the second generation (F2) feeding on a
plant; (2) the effective fecundity; and (3) the intrinsic rate of increase of F1 aphid individuals.
Furthermore, we quantified the relative honeydew excretion rate of F2 individuals. All aphids
used in the bioassays originated from colonies exposed to one of the two CO2 concentrations
for 20 d (i.e. 2-3 generations) prior to the bioassays. Thus, at the time of experiment onset
aphids were already exposed to their respective CO2 concentration.
To assess aphid colony performance, 10 Brussels sprout plants per combination of CO2
concentration and period of exposure tested were placed into separate custom-made
cylindrical mesh cages (70 cm x 60 cm diameter) and groups of 15 young winged adult
aphids (F0 generation) were released onto the cages. They were allowed to colonize the
plants and to lay a total of 30 nymphs (F1 generation) per plant. Winged adult aphids were
then removed and the F1 nymphs were allowed to develop into adults and to reproduce. The
resulting F2 individuals and their progeny were counted for eight consecutive days and a
final count was conducted on day 16 after initial infestation. The aphid colony growth rates
on each plant, taken as the difference between aphid numbers on a given day and the aphid
numbers on the previous day, were calculated as in Najar-Rodriguez et al. (2007).
To assess individual aphid performance, a group of 10 young winged adult aphids (F0
generation) per combination of CO2 concentration and period of exposure colonized a
Brussels sprout plant that had been grown under either CO2 concentration for 2, 6, or 10 wk.
Each winged aphid was allowed to produce two nymphs, herein referred to as F1 generation,
within 24 h. If only a single nymph was produced during this period, the winged aphid was
discarded. If, in exceptional cases, more than two nymphs were produced, only the two oldest
(largest) were kept. Each F1 nymph was then confined alone to a leaf with a custom-made
mesh cage (30 x 40 x 7 cm, Sefar Nitex, SEFAR AG, Heiden, Switzerland). When an F1
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nymph turned into an adult, this adult and one of its nymphal progeny (F2 generation) were
monitored daily for offspring production (F1) and development until adulthood (F2). This
procedure allowed determination of (1a) the pre-reproductive time of each F1 aphid, taken as
the number of days from the birth of a F1 nymph to the onset of its reproduction, (1b) the
pre-reproductive time of the F2 individuals produced by each F1 aphid (d), (2) the effective
fecundity (Md) of each F1 aphid, taken as the number of nymphs produced by each F1 aphid
during a period equivalent to the pre-reproductive time of its F2 nymph, and (3) the intrinsic
rate of increase (rm) using Wyatt and White’s (1977) equation rm = 0.738 (ln Md) / d.
To better understand how aphids deal with a glucosinolate-enriched diet, the excretion
rate of honeydew (Mittler and Meikle, 1991) by adult aphids was assessed. We used 20 F2
individuals originating from winged adult aphids (F0) and their progeny (F1) feeding on
Brussels sprout plants exposed to the corresponding CO2 concentration for 2, 6, or 10 wk,
and quantified their honeydew excretion as described in Warrington and Whittaker (1985).
Twenty aphids were singly confined for 48 h to the abaxial surface of leaves provided with a
film of aluminum foil underneath. The foil containing the honeydew droplets produced by
each single aphid was then oven-dried to constant mass at 40°C, weighed on the
microbalance, cleaned of honeydew with hot distilled water, dried and reweighed in order to
calculate honeydew production by mass difference. To relate honeydew production to the
fresh body mass of the aphids reared under the same CO2 conditions, we also weighed adult
F2 aphids (N = 30 per CO2 concentration and duration of exposure). The ratio of mean
amount of honeydew excreted by either group of aphids to individual aphid body mass
yielded the relative honeydew excretion rate.
Statistical analysis
Potential differences between climate chambers were examined by including ‘chamber’ as a
random effect in all analyses. As no significant chamber effects were detected (P ≥ 0.05 in all
cases), this variable was excluded from the analyses described below and data from the two
replications were pooled. Plant primary metabolites and glucosinolate contents were analyzed
with separate Wilcoxon rank sum tests for each period of exposure to the different CO2
concentrations. The effects of plant acclimation to elevated CO2 on Pieris brassicae F2
developmental time, total consumed leaf area, approximate digestibility (AD), efficiency of
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conversion of ingested food (ECI), pupal and adult mass, and adult female fertility and
longevity at the different periods of exposure were analyzed with separate Wilcoxon rank
sum tests. The effects of plant acclimation to elevated CO2 on total female fecundity were
analyzed with a separate general linear model (GLM), with CO2 concentration and period of
exposure included in the analysis as fixed factors. Interpretation of the GLM was carried out
by a first examination of interactions followed by an examination of main effects. When not
significant, interactions were excluded from further analysis. Whenever effects were detected,
means were subsequently compared by the Tukey’s HSD test. Prior to analysis, if necessary,
data were log10 (X+1) transformed to meet the assumptions of normality and
heteroscedasticity for parametric tests. The effects of plant acclimation to elevated CO2 on
aphid colony growth rates from day 1 to 8 and at day 16 of the reproductive period were
analyzed with one-way repeated measures ANOVAs (SPSS 20.0 for Mac OS X, Chicago, IL,
USA), after a log10 (X+1) transformation. Whenever effects were detected, means were
subsequently compared by the Tukey’s HSD test. The pre-reproductive time of F1 and F2
aphids, and the effective fecundity and intrinsic rate of increase of F1 individuals at the
different periods of exposure tested were analyzed with separate Wilcoxon rank sum tests and
one-way ANOVAs, respectively. Aphid honeydew excretion rate was analyzed separately for
each period of exposure tested with Wilcoxon rank sum tests. Unless otherwise stated,
Software package R, version 2.14.0 (R Development Core Team 2009) was used for the
statistical analysis.
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5.4 Results
Plant acclimation to CO2: changes in plant primary and secondary metabolite content
Growing plants under elevated CO2 for a total of 10 wk did not significantly affect total plant
carbon (C) and nitrogen (N) level or C/N ratios, regardless of the length of exposure tested
(see Supplementary material, Table S5.1).
The elevated CO2 concentration, in contrast, affected the total leaf glucosinolate levels as
well as the level of individual glucosinolates. Mean values of total glucosinolate levels were
consistently higher in plants grown under elevated compared to ambient CO2 concentrations,
with significant differences after 2 wk or 10 wk (Figure 5.1 and Supplementary material,
Table S5.2). Among individual glucosinolates, glucoiberin levels were always significantly
higher in plants grown under elevated CO2 (Figure 5.1 and Supplementary material, Table
S5.2). Progoitrin and glucoraphanin levels were significantly higher in plants grown under
elevated CO2 after 2 wk and 6 wk, while sinigrin and gluconasturtiin levels were significantly
higher in plants grown under elevated CO2 after 2 wk and 10 wk (Figure 5.1 and
Supplementary

material,

Table

S5.2).

Gluconapin,

4-hydroxyglucobrassicin

and

glucobrassicin levels were all significantly higher in plants grown under elevated CO2 after 2
wk

but

not

thereafter

(Figure

5.1

and

Supplementary

material,

Table

S5.2).

Neoglucobrassicin, detected in low amounts, was found in significantly lower levels in plants
grown under elevated compared to ambient CO2 after 6 wk of exposure (Figure 5.1 and
Supplementary material, Table S5.2).
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Fig. 5.1 Glucosinolate content
(µmol / g ± SE) of Brassica
oleracea

var.

gemmifera

plants exposed to either an
ambient (400 ± 10 ppm) or an
elevated CO2 concentration
(800 ± 10 ppm) for (a) 2, (b) 6
or (c) 10 weeks. N = 10 plants
per CO2 concentration and
period of exposure to CO2.
P-values based on Wilcoxon
rank sum tests: * = P ≤ 0.05,
ns = not significant.
GNA = gluconapin,
GRA = glucoraphanin,
PRO = progoitrin,
NEO = neoglucobrassicin,
SIN = sinigrin,
4OH-GBS = 4-hydroxyglucobrassicin,
GNT = gluconasturtiin,
GBS = glucobrassicin,
GIB = glucoiberin,
TOTAL = total sum of all
glucosinolate compounds.
To account for the
considerably higher content,
GBS, GIB and TOTAL are
displayed on the secondary yaxis to the right of the figure.
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Effects of plant Acclimation to CO2 on Pieris brassicae performance
Feeding on plants grown under elevated CO2 for 2, 6 and 10 wk markedly affected the
performance, i.e. the development time, pupal and adult mass and adult female longevity, of
F2 P. brassicae individuals. The development time of F2 individuals was always
significantly shorter under elevated CO2 (Figure 5.2a and Supplementary material, Table
S5.3).

Fig. 5.2 Performance of Pieris brassicae developing on Brassica oleracea var. gemmifera plants exposed to
either ambient (400 ± 10 ppm) or elevated (800 ± 10 ppm) CO2 concentration for 2, 6 or 10 wk. (a) total
developmental time (in d from egg hatching until adult emergence), (b) pupal mass (in mg), (c) adult mass (in
mg) and (d) adult female longevity (in d from emergence until death). N = 160, 160, 120, and 20 individuals per
CO2 concentration and period of exposure to CO2 for development time, pupal mass, adult mass, and female
longevity, respectively. P-values based on Wilcoxon rank sum tests: * = P ≤ 0.05, ns = not significant.
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F2 larvae consumed significantly larger amounts of leaf material under elevated CO2
concentrations, regardless of the length of exposure to CO2 (Table 5.1).
Table 5.1 Leaf area consumed (cm2 ± SE) by Pieris brassicae larvae feeding on
Brassica plants exposed to either an ambient (400 ± 10 ppm) or an elevated
(800 ± 10 ppm) CO2 concentration for 2, 6 or 10 weeks.

Period of plant exposure
to CO2 (in weeks)

Ambient CO2

Elevated CO2

P

2

154.13 ± 5.24

176.18 ± 6.95

*

6

88.64 ± 11.37

140.09 ± 14.12

*

10

125.44 ± 8.00

166.21 ± 13.36

*

N = 7 individuals per CO2 concentration and period of exposure.
P-values based on Wilcoxon rank sum tests: * = P ≤ 0.05.

Despite consuming more leaf material, the AD, ECI, and pupal mass gained were
significantly lower when larvae fed on plants grown under elevated CO2 for 10 wk (Table
5.2).
Table 5.2 Approximate digestibility (mean ± SE) and efficiency of conversion of
ingested food (mean ± SE) of Pieris brassicae individuals developing on
Brassica plants exposed to either an ambient (400 ± 10 ppm) or an elevated
(800 ± 10 ppm) CO2 concentration for 10 weeks.

Nutritional index

Ambient CO2

Elevated CO2

P

Approximate digestibility

72.29 ± 1.39

68.78 ± 1.00

*

Efficiency of conversion of
ingested food

14.94 ± 1.99

11.10 ± 0.94

*

N = 20 individuals per CO2 concentration.
P-values based on Wilcoxon rank sum tests: * = P ≤ 0.05.
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The pupal mass attained was always lower when larvae had fed on plants grown under
elevated CO2 (Figure 5.2b and Supplementary material, Table S5.3). Adult mass was also
consistently lower when larvae fed on plants grown under elevated CO2, with differences
becoming significant after 6 wk (Figure 5.2c and Supplementary material, Table S5.3). Adult
females developed from larvae fed on plants exposed to the elevated CO2 for 2 wk had a
significantly longer lifespan compared to those fed on plants exposed to the ambient CO2
concentration, whereas adult females derived from individuals fed on plants exposed to
elevated CO2 for 6 wk had a significantly shorter adult lifespan when reared under elevated
compared to ambient CO2. Although mean values suggested a similar relationship after 10
wk of exposure, differences were not significant (Figure 5.2d and Supplementary material,
Table S5.3). Total F2 female fecundity (see Supplementary material, Table S5.5) as well as
fertility (see Supplementary material, Table S5.6) were the only parameters not significantly
affected by any of the CO2 treatments.
Effect of plant acclimation to CO2 on Brevicoryne brassicae colony and individual
performance
Feeding on plants grown under elevated CO2 for a total of 10 wk affected both the colony and
the individual performance of B. brassicae aphids.
Aphid colony growth rates differed significantly between CO2 concentrations. Colonies
grew more slowly and contained fewer individuals when they developed under elevated
compared to ambient CO2 concentrations, with significant differences noted after the 6 and
10 wk of plant exposure (Figure 5.3 and Supplementary material, Table S5.4).
The number of days from birth until onset of reproduction for F1 and F2 individuals was
significantly shorter under elevated CO2 after the 6 wk plant exposure (Figure 4a, 4d and
Online Resource 3), but significantly longer (approximately 1 day) after the 10 wk exposure
(Figure 5.4a, 5.4d and Supplementary material, Table S5.3). The effective fecundity of the F1
generation aphids was reduced under elevated compared to ambient CO2 after 6 or 10 wk of
plant exposure to CO2, with values diminished nearly 20% and 40%, respectively (Figure
5.4b and Supplementary material, Table S5.3There was no difference after only 2 wk of plant
exposure to the elevated CO2 (Figure 5.4b and Supplementary material, Table S5.3). The
intrinsic rate of increase (rm) of F1 aphid individuals was significantly reduced by about 20%
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under elevated compared to ambient CO2 after the 10 wk of plant exposure to controlled CO2
(Figure 5.4c and Supplementary material, Table S5.3).
Relative honeydew excretion rate was significantly higher in aphids feeding on plants
grown under elevated CO2 compared to those feeding on plants grown under ambient CO2
(Figure 5.4e and Supplementary material, Table S5.3).

Fig. 5.3 Colony growth rates of
Brevicoryne

brassicae

aphids

developing on Brassica oleracea var.
gemmifera plants exposed to either
an ambient (400 ± 10 ppm) or an
elevated (800 ± 10 ppm) CO2
concentration for (a) 2, (b) 6 or (c)
10 wk. Colony growth rates over the
first seven days were calculated as
the difference in the number of
aphids on a given day compared to
the previous day (with negative
values indicating aphid mortality).
Colony growth rate at day 16 was
calculated as the difference in the
number

of

aphids

on

day

16

compared with day eight. N = 10
colonies per CO2 concentration and
period of exposure to CO2. P-values
based

on

* = P ≤ 0.05.
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one-way

ANOVAs’:

Fig. 5.4 Performance of Brevicoryne brassicae individuals developing on Brassica oleracea var. gemmifera
plants exposed to either an ambient (400 ± 10 ppm) or an elevated (800 ± 10 ppm) CO2 concentration for 2, 6 or
10 weeks. (a) pre-reproductive time, (b) effective fecundity and (c) intrinsic rate of increase of first (F1)
generation individuals, and (d) pre-reproductive time and (e) relative honeydew excretion rate of second (F2)
generation individuals. N = 20 individuals each per CO2 concentration and period of exposure to CO2,
respectively. P-values based on Wilcoxon rank sum tests: * = P ≤ 0.05, ns = not significant
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5.5 Discussion
CO2-mediated changes in plant chemical composition, often attributed to plant acclimation or
adaptation and occurring within several weeks or months of treatment with elevated CO2
(Coley et al., 2002; Frenck et al., 2011), could significantly affect interactions between plants
and their associated specialized insect herbivores. In this study exposure of Brassica plants to
elevated CO2 for up to 10 weeks did not lead to significant changes in primary metabolites,
i.e. carbon and nitrogen content. However, it led to a significant increase in constitutive
secondary metabolites, specifically the nitrogen-containing, defense-related glucosinolates,
with changes being most striking after a 10-week exposure to elevated CO2. Concomitantly
with changes in leaf glucosinolates, two specialized herbivores from contrasting feeding
guilds performed more poorly when feeding on plants grown under elevated CO2. This
suggests that CO2-mediated changes in constitutive plant defense compounds increase plant
resistance to these specialized insects.
Plant acclimation to elevated CO2 significantly increased the total content of
glucosinolates as well as in the content of several individual aliphatic glucosinolates after 2, 6,
and 10 wk of plant exposure. Plants may allocate photosynthate and nutrients to growth,
storage, reproduction or defense, depending on the needs of the plant and the availability of
the resources (Ryan et al., 2010 and references therein). In the current study, plants were
fertilized both under ambient and elevated CO2 conditions on a weekly basis with low levels
of nitrogen, to prevent changes in plant metabolism due to nutrient deficiency (Reddy et al.
2004). This fertilizer treatment was chosen to resemble agricultural settings, which
characteristically have enriched soil nitrogen levels (Coviella et al., 2002).
In a previous study of Chinese kale (Brassica alboglabra), elevated CO2 decreased plant
carbon and nitrogen levels regardless of nitrogen fertilization levels (La et al., 2009). In kale,
the driving factor for variation in glucosinolate content was not the CO2 concentration, but
the nitrogen fertilization level (La et al., 2009). In contrast, nitrogen fertilization, even at a
very low concentration, negatively affected the glucosinolate content of broccoli Brassica
oleracea var. italica (Aires et al., 2006). Here we found no differences in plant carbon and
nitrogen content, irrespective of CO2 concentration, but an increase in glucosinolate content
under elevated CO2. Hence, the relationship between nitrogen supply, plant nitrogen and
glucosinolate content seems to be species-specific, at least in Brassica plants.
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Leaf nitrogen is regarded as the most important and limiting nutrient for insect
herbivores (Awmack and Leather, 2002; Douglas, 2003), and a decrease in nitrogen has been
suggested as one of the main reasons for a decrease in insect performance under elevated CO2
(Douglas 2003). However, in our study, nitrogen content was not affected by plant exposure
to elevated CO2. Thus, the increase in larval leaf consumption and the decrease in pupal and
adult mass and in food conversion of P. brassicae, and the reduction in colony and individual
performance of B. brassicae aphids, under elevated CO2 cannot be explained based on plant
primary metabolites. In accordance with our results, it was determined that nitrogen did not
play a role in the decrease in pupal mass of Spodoptera exigua larvae reared on CO2-exposed
cotton seedlings (Akey and Kimball, 1989), or on the increased consumption and decreased
efficiency of conversion of food by Colias philodice larvae feeding on legume plants
(Medicago sativa, Trifolium repens, and Lotus corniculatus) grown under elevated CO2
(Karowe, 2007). Overall, these findings suggest that CO2-mediated effects on plant
metabolites other than nitrogen were responsible for the decrease in performance of the two
specialized insect herbivores observed here.
Glucosinolates have been suggested to play an important role in determining the
nutritional quality of Brassica plants for Brassica-specialized insect herbivores (Gols et al.,
2008a). Thus, the CO2-induced increase in total leaf glucosinolate content, and in the content
of some aliphatic glucosinolates, particularly glucoiberin and sinigrin, could have altered the
nutritional quality of our Brassica plants for both P. brassicae and B. brassicae, thus
affecting their performance. High levels of glucoiberin in white cabbage, Brassica oleracea
var. alba, and in black mustard, Brassica nigra, negatively affected larval mass gain in the
white butterfly Pieris rapae (Poelman et al., 2009). High levels of either sinigrin or
glucobrassicin led to a decrease in adult mass of the specialist herbivores P. rapae and
diamondback moth Plutella xylostella (Gols et al., 2008a). Similarly, B. brassicae colonies
were found less frequently on plants containing high foliar levels of glucoiberin and of
sinigrin compared to plants containing high foliar levels of other aliphatic glucosinolates
(Newton et al., 2009; Poelman et al., 2009).
For most Brassica-specialized insect herbivores, glucosinolates are important cues
mediating plant consumption due to a positive phagostimulatory effect (Gabrys et al., 1997;
Renwick and Lopez, 1999). For instance, high foliar aliphatic glucosinolate content in
Arabidopsis thaliana lines stimulated feeding by P. rapae in vivo (Müller et al., 2010), and
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high levels of sinigrin were sufficient to increase leaf consumption by both P. rapae
(Renwick and Lopez, 1999) and P. xylostella larvae in vitro (van Loon et al., 2002). In
addition, high foliar contents of glucoiberin increased leaf consumption by Pieris spp. and P.
xylostella larvae in the field (Olsson and Jonasson, 1994). In our study, P. brassicae larvae
consumed significantly more leaf material when plants were grown under elevated compared
to ambient CO2, and these plants contained more glucosinolates, particularly more sinigrin
and glucoiberin. Thus, this increased glucosinolate content might have stimulated P.
brassicae larval feeding.
Glucosinolates can be phagostimultants, but can also inhibit growth and development of
insects. For instance, when given the choice between plants containing high or standard
glucosinolate contents, P. brassicae larvae preferred to feed on plants containing high
glucosinolate contents, although this food source prolonged its pupal period (Mattiacci et al.,
2001), and led to a reduced pupal mass (Gutbrodt et al., 2011a). Pieris brassicae blocks the
formation of the toxic glucosinolate hydrolysis products by means of a nitrile specifier
protein in its gut (Hopkins et al., 2009; Winde and Wittstock, 2011). However, feeding on
plants containing elevated glucosinolate levels might require biosynthesis of more nitrile
specifier protein for efficient detoxification, which could incur energetic costs leading to a
reduction in insect performance, as suggested for the related species P. rapae (Kos et al.,
2012b). Thus, feeding on Brassica plants under elevated CO2 could have incurred a similar
energetic cost for P. brassicae. The AD, which measures the proportion of ingested food that
is actually digested by an herbivore, and the ECI, which indicates how efficiently food is
converted into biomass, were significantly diminished in P. brassicae larvae that were
feeding on plants grown under elevated CO2. Increased leaf consumption might reduce ECI
due to an additional energetic cost associated with the metabolism of larger amounts of food
(Brooks and Whittaker, 1998), even in the absence of additional demand for detoxification.
Both the energetic costs of processing the diet and of detoxifying glucosinolates could
contribute to the overall decrease in the performance of the specialized leaf-feeding insect P.
brassicae under elevated CO2.
Glucosinolates have phagostimulatory effects on aphids (Newton et al., 2009 and
references therein), and sinigrin in particular promoted feeding by B. brassicae aphids
(Gabrys et al., 1997). Here, we found that B. brassicae aphids feeding on plants grown under
elevated CO2 had a significantly higher relative honeydew excretion rate compared to aphids
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feeding on plants grown under ambient CO2. For most aphid species, the rate of phloem diet
intake is equivalent to the rate of excretion (Klingler et al., 1998). Thus, the increased aphid
honeydew excretion under elevated CO2 suggests an increase in the rate of aphid feeding.
Brevicoryne brassicae aphids do not detoxify glucosinolates but sequester them as a means to
circumvent their toxicity (Winde and Wittstock, 2011). However, the ability of aphids to
sequester glucosinolates may be impaired under elevated CO2 (Klaiber et al., 2013b). This
physiological constraint might force the aphids to increase their rates of excretion through
increased honeydew production. An excretory mechanism has been reported for B. brassicae
winged aphids (Winde and Wittstock, 2011), which unlike wingless aphids are not able to
sequester glucosinolates from their diets, and for non-specialist aphids like the green peach
aphid Myzus persicae (Douglas, 2003). Rapid excretion is an herbivore adaptation that
enables the insect to overcome toxic secondary metabolites in its diet (Winde and Wittstock,
2011). However, increased honeydew excretion implies an additional energetic cost for the
aphids (Opitz and Müller, 2009), reducing their overall performance and even leading to
increased water loss, and lower body mass (Daniels et al. 2009). In accordance with previous
work, aphids under elevated CO2 in our study system excreted more honeydew, had lower
body weights (Klaiber et al., 2013b), and performed poorly. Hence, the phloem-feeding aphid
B. brassicae, similar to the leaf-feeding P. brassicae, was negatively affected by the energetic
costs required to cope with the higher plant glucosinolate content of plants under elevated
compared to ambient CO2.
Enhanced constitutive glucosinolate content in plants growing under elevated CO2 might
leave them better protected against insect herbivores, as suggested by the results presented
here. However, increased glucosinolate content of Brassica plants could be disadvantageous
for organisms from higher trophic levels. Furthermore, humans are very sensitive to many
bitter compounds (des Gachons et al., 2009), including glucosinolates (Cartea et al., 2008),
and generally reject foods that are perceived as excessively bitter (des Gachons et al., 2009).
Sinigrin, which is one of two compounds responsible for the bitterness of Brassica plants
(van Doorn et al., 1998), increased under elevated CO2 concentration in our study. Thus,
human acceptance of Brassica crops containing higher glucosinolate contents could be
negatively affected under the expected future CO2 scenario.
In conclusion, our results provide evidence for glucosinolate-mediated, bottom-up
regulation of specialized herbivores under elevated CO2. We showed a significant
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impairment in the performance of two Brassica specialized insect herbivores from two
contrasting feeding guilds likely due to CO2-mediated increases in leaf glucosinolate content.
Thus, even Brassica-specialized insects might have threshold levels of tolerance to the
glucosinolate content in their diets, as already suggested for a Fabaceae-specialized herbivore
under ambient CO2 on plants with cyanogenic precursors (Ballhorn et al., 2007). In our study,
plant acclimation to CO2 seemed to have increased plant resistance to insect herbivory by upregulating constitutive chemical defense. This defense up-regulation is expected to be
beneficial for plants, but due to chemically-mediated feeding stimulatory effects as shown
here for the leaf-feeding specialist P. brassicae, negative effects of such up-regulation on the
plants could also occur.
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10 weeks

6 weeks

2 weeks

Period of exposure to CO2

66
40.13 ± 0.26

40.73 ± 0.19

Ambient
Elevated

39.89 ± 0.14

39.21 ± 0.32

Ambient
Elevated

32.72 ± 0.73

31.51 ± 0.62

Total C (%)

Elevated

Ambient

CO2 concentration

Wilcoxon rank sum tests: P > 0.05 = not significant.

P = 0.065

P = 0.156

P = 0.211

1.73 ± 0.21

1.55 ± 0.20

1.81 ± 0.20

2.38 ± 0.32

4.99 ± 0.45

5.46 ± 0.14

Total N (%)

P = 0.469

P = 0.181

P = 0.279

Primary metabolites

26.12 ± 3.14

29.98 ± 3.82

24.17 ± 2.57

18.37 ± 2.84

7.54 ± 0.91

5.82 ± 0.23

C/N ratio

P = 0.435

P = 0.181

P = 0.065

elevated (800 ± 10 ppm) CO2 concentration for 2, 6 or 10 weeks. N = 10 plants per CO2 concentration and period of exposure. P-values based on

Table S5.1 Total carbon (C) and nitrogen (N) content and C/N ratio (mean ± SE) of Brassica plants grown under an ambient (400 ± 10 ppm) or an

5.6 Supplementary material

Table S5.2 Glucosinolate content of Brassica plants exposed to either an ambient
(400 ± 10 ppm) or an elevated CO2 concentration (800 ± 10 ppm) for 2, 6 or 10
weeks. P-values based on Wilcoxon rank sum tests: P > 0.05 = not significant.

Period of exposure to CO2
Glucosinolate
2 weeks

6 weeks

10 weeks

Glucoiberin

P = 0.001

P = 0.006

P = 0.001

Gluconapin

P = 0.020

P = 0.881

P = 0.457

Glucoraphanin

P = 0.001

P = 0.003

P = 0.756

Progoitrin

P = 0.001

P = 0.041

P = 0.032

Neoglucobrassicin

P = 0.326

P = 0.034

P = 0.115

Sinigrin

P = 0.001

P = 0.655

P = 0.003

4-Hydroxyglucobrassicin

P = 0.001

P = 0.694

P = 0.178

Glucobrassicin

P = 0.001

P = 0.658

P = 0.572

Gluconasturtiin

P = 0.006

P = 0.136

P = 0.044

Total

P = 0.001

P = 0.242

P = 0.022

Aliphatic

Indolic

Aromatic
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Table S5.3 Performance of the leaf-feeding herbivore Pieris brassicae and of the
phloem-feeding herbivore Brevicoryne brassicae on Brassica plants exposed to either
an ambient (400 ± 10 ppm) or an elevated (800 ± 10 ppm) CO2 concentration for 2, 6 or
10 weeks. P-values based on Wilcoxon rank sum tests or one-way ANOVAs: P > 0.05
= not significant.

Period of plant exposure to CO2
Parameter
2 weeks

6 weeks

10 weeks

Total development time

P = 0.001

P = 0.001

P = 0.001

Pupal mass

P = 0.001

P = 0.001

P = 0.001

Adult mass

P = 0.761

P = 0.001

P = 0.001

Adult female longevity

P = 0.001

P = 0.001

P = 0.879

Pre-reproductive time of F1

P = 0.021

P = 0.026

P = 0.001

Pre-reproductive time of F2

P = 0.434

P = 0.001

P = 0.001

Effective fecundity

P = 0.318

P = 0.001

P = 0.001

Intrinsic rate of increase

P = 0.964

P = 0.285

P = 0.001

Relative honeydew excretion

P = 0.046

P = 0.001

P = 0.001

Pieris brassicae

Brevicoryne brassicae
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Day 1

F1,18=1.796
P=0.197

F1,18=2.294
P=0.147

F1,18=1
P=0.331

Model

F1,18=0.001
P=0.973

F1,18=4.654
P=0.045

F1,18=9.896
P=0.006

2 weeks

6 weeks

10 weeks

Period of plant
exposure to CO2

F1,18=0
P=1.000

F1,18=2.057
P=0.169

F1,18=0.018
P=0.894

Day 2

repeated measures ANOVAs: P > 0.05 = not significant.

F1,18=3.214
P=0.089

F1,18=2.929
P=0.104

F1,18=0.19
P=0.668

Day 3

F1,18=9.843
P=0.005

F1,18=2.158
P=0.159

F1,18=0.211
P=0.652

Day 4

F1,18=11.060
P=0.003

F1,18=3.243
P=0.088

F1,18=0.08
P=0.781

Day 5

F1,18=4.874
P=0.045

F1,18=4.522
P=0.045

F1,18=0.01
P=0.923

Day 6

F1,18=8.539
P=0.001

F1,18=8.539
P=0.009

F1,18=0.18
P=0.677

Day 7

F1,18=13.780
P=0.001

F1,18=4.589
P=0.046

F1,18=0.015
P=0.904

Day 16

(800 ± 10 ppm) CO2 concentration for 2, 6 or 10 weeks. N = 10 colonies per CO2 concentration and period of exposure. P-values based on one-way

Table S5.4 Colony growth rates of Brevicoryne brassicae aphids feeding on Brassica plants grown under an ambient (400 ± 10 ppm) or an elevated

Table S5.5 Total fecundity (taken as the total number of eggs laid during a females lifetime)
of Pieris brassicae females originating from larvae that fed on Brassica plants exposed to
either an ambient (400 ± 10 ppm) or an elevated (800 ± 10 ppm) CO2 concentration for 2, 6
or 10 weeks. N = 20 individuals per CO2 concentration and period of exposure. P-values
based on one-way ANOVAs: P > 0.05 = not significant.

Period of plant exposure to CO2

Ambient CO2

Elevated CO2

P

2 weeks

217.87 ± 27.24

289.80 ± 28.87

0.077

6 weeks

424.95 ± 60.19

387.18 ± 40.06

0.604

10 weeks

371.58 ± 54.04

341.33 ± 38.51

0.659

	
  

Table S5.6 Fertility (taken as the proportion of eggs hatching) of Pieris brassicae females
originating from larvae that fed on Brassica plants exposed to either an ambient (400 ± 10
ppm) or an elevated (800 ± 10 ppm) CO2 concentration for 2, 6 or 10 weeks. N = 20
individuals per CO2 concentration and period of exposure. P-values based on Wilcoxon rank
sum tests: P > 0.05 = not significant.

Period of plant exposure to CO2

Ambient CO2

Elevated CO2

P

2 weeks

59.36 ± 8.49

51.75 ± 8.26

0.693

6 weeks

64.57 ± 8.25

65.30 ± 8.09

0.795

10 weeks

76.01 ± 7.97

54.65 ± 10.62

0.199
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6 Elevated carbon dioxide impairs the performance of a specialized parasitoid of an
aphid host feeding on Brassica plants3

6.1 Abstract
Elevated concentrations of atmospheric carbon dioxide (CO2), a consequence of
anthropogenic global change, may profoundly interfere with tritrophic interactions. Such
effects with a focus on parasitoids as natural antagonists of herbivores have rarely been
investigated. In particular, studies on effects of secondary metabolites induced by crop plant
acclimation to elevated CO2 on higher trophic levels were yet missing. We used the system
composed of Brassica plants, the aphid Brevicoryne brassicae and the endoparasitoid
Diaeretiella rapae, which is specialized on aphids feeding on brassicacean plants, to compare
effects of elevated CO2 (800 ppm) versus ambient CO2 (400 ppm). Plants were exposed to the
CO2 concentrations for up to 10 weeks, aphids for 2-3 generations, and parasitoids for 1
generation, to allow for acclimation. Concomitant bioassays with herbivore-infested plants
and parasitoids showed a significantly lower proportion of hosts parasitized under elevated
compared to ambient CO2 after a 10-week plant exposure. Parasitoid progeny emerged earlier
but offspring adults were shorter lived. Plant glucosinolate concentrations were higher under
elevated compared to ambient CO2, whereas, contrary to expectation, aphid glucosinolate
concentrations were significantly lower. Likewise aphid body mass remained approximately
20% lower under elevated compared to ambient CO2. Thus, elevated CO2 seems to have
enhanced plant direct defense by an increase of natural plant defense compounds, however, it
led to a decrease in indirect defense, likely due to the reduced host size. Our results point, for
the first time, to a conflict between bottom-up and top-down control under elevated CO2.

3

Based on: Klaiber, J., Dialer, E., Najar-Rodriguez, A.J., Dorn, S. 2013b. Elevated carbon dioxide
impairs the performance of a specialized parasitoid of an aphid host feeding on Brassica plants.
Biological Control, in press. doi: 10.1016/j.biocontrol.2013.03.006
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6.2 Introduction
Parasitoid performance may be altered in a tritrophic context by environmental factors
predicted to change under the future climate scenario (Roth and Lindroth, 1995, Sun et al.,
2011b). The atmospheric concentration of carbon dioxide (CO2), which has constantly
increased since the pre-industrial era, is predicted to double by the end of this century
(Houghton et al., 2001). Plants grown under elevated CO2 could potentially alter the
production of plant secondary metabolites (Coley et al., 2002; Klaiber et al., 2013a), which
are important defense compounds against herbivores (Bennett and Wallsgrove, 1994).
Parasitoids could also be affected by such changes via their herbivore host (Harvey et al.,
2011; Kos et al, 2012a; Ode, 2006), but such tritrophic studies are scarce.
Plant acclimation over several weeks to elevated CO2 may result in altered secondary plant
chemistry (Karowe et al., 1997; La et al., 2009), with responses being dependent upon plant
species and the duration of exposure, as well as the defense compounds considered. Under
elevated CO2, secondary metabolites including glucosinolates, tannins, phenolics, flavonoids,
cardenolides, terpenes and gossypol have been found to increase (Coviella et al., 2002;
Karowe and Grubb, 2011; Stiling and Cornelissen, 2007), decrease (Karowe et al., 1997;
Klaiber et al., 2013c; Vannette and Hunter, 2011) or remain unchanged (Bidart-Bouzat et al.,
2005; Karowe et al., 1997; Stiling and Cornelissen, 2007). In contrast to pronounced effects
gained after long durations of plant exposure, short durations have often led to marginal or
negligible effects (e.g. Karowe et al., 1997; Vannette and Hunter, 2011). Significant changes
in secondary plant chemistry could cascade via the herbivore to its natural antagonists (e.g.
Lampert et al., 2008), which are considered key components of integrated pest management
(Boivin et al., 2012). So far, herbivore-mediated effects of CO2-induced changes in
secondary plant chemistry on parasitoids and predators have only been examined using treebased systems, i.e. aspen, oak, birch and maple (Holton et al., 2003; Roth and Lindroth,
1995). However, little or no effects were found. Elevated CO2 was shown to have negligible
effects on the performance of the dipteran parasitoid Compsilura concinnata (Meigen) when
its lepidopteran host, the forest tent caterpillar Malacosoma disstria (Hübner), was feeding on
aspen trees grown under elevated CO2, possibly due to negligible effects of CO2 on aspen
secondary metabolites (Holton et al., 2003). In a similar study, parasitoid survival was the
only performance parameter found to be negatively affected by elevated CO2 on aspen trees
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(Roth and Lindroth, 1995). A possible accumulation of phenolic glycosides due to
compensatory feeding by the parasitoid’s host, the gypsy moth Lymantria dispar (Linnaeus),
feeding on aspen trees, was presumed to be an important factor mediating parasitoid response
(Roth and Lindroth, 1995). How CO2-induced changes in secondary plant chemistry,
mediated via the herbivore host, might affect parasitoid performance in crop systems is yet
unknown.
Plants from the family Brassicaceae, in particular from the genus Brassica and their
associated insects represent particularly well-studied tritrophic systems (Gols and Harvey,
2009; Hopkins et al., 2009). Brassica plants are grown worldwide as annual crops due to
their

nutritional,

medicinal

and

bio-industrial

properties

(Singh

et

al.,

2006;

http://faostat.fao.org). They are also important model plants used to study the chemical basis
of plant-insect interactions (Gu and Dorn, 2000; Gutbrodt et al., 2011a). We recently found
that Brussels sprout plants Brassica oleracea Linnaeus var. gemmifera exposed to elevated
CO2 for 2, 6 or 10 weeks responded with decreased stomatal conductance and volatile
emission, particularly of monoterpenes, with the longer the duration of exposure, the stronger
the plant response (Klaiber et al., 2013c). Plant responses correlated after a 6- and 10-week
exposure with a markedly reduced plant colonization rate (Klaiber et al., 2013c), and with an
impaired performance of the cabbage aphid Brevicoryne brassicae (Linnaeus) (Hemiptera:
Aphididae) in terms of intrinsic rate of increase (Klaiber et al., 2013a). Brassica plants and
their characteristic secondary metabolites, the glucosinolates, are also well-established
models to investigate how changes in secondary plant chemistry signal to third trophic level
organisms (Hopkins et al., 2009; Mattiacci et al., 2001; Scascighini et al., 2005). As
glucosinolates act as defense compounds against herbivores, specialized insects feeding on
Brassica species must be able to tolerate or detoxify glucosinolates and their breakdown
products (Gutbrodt et al., 2012; Hopkins et al., 2009; Kos et al., 2012a). However, altered
environmental conditions might change plant glucosinolate content, and effects might
cascade not only to the herbivores but also to their parasitoids, via their herbivore hosts.
In this study, we moved from the bitrophic system comprised of Brussels sprout plants and
the cabbage aphid (Klaiber et al., 2013c) to a tritrophic system complemented by the aphid’s
solitary endoparasitoid Diaeretiella rapae (McIntosh) (Hymenoptera: Braconidae).
Diaeretiella rapae is one of the most important parasitoids in Brassica crops (Desneux et al.,
2006), with the ability to parasitize many aphid species feeding on Brassica plants (Pike et
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al., 1999), thus it is specialized at the plant level (Dorn et al., 2001). As a koinobiont
parasitoid, D. rapae allows its host to further feed and develop (Zhang and Hassan, 2003).
However, during parasitoid larval development, it may be exposed to glucosinolates
sequestered by the aphids from the phloem sap (Opitz and Müller, 2009). Thus, in this system
there is scope for the effects of CO2 on plant secondary chemistry to cascade up to higher
trophic levels (Gols et al., 2008a; Gols et al., 2008b).
We hypothesized that potential effects of plant acclimation to elevated CO2 on plant
glucosinolate content might lead to changed performance of the parasitoid D. rapae. We
quantified the glucosinolate contents of Brassica plants exposed either to elevated or to
ambient CO2 concentrations for up to 10 weeks. As indicators of aphid host quality, we
quantified aphid glucosinolate contents and body mass. Focusing on post-landing events,
parasitoid performance was characterized by measuring parasitism efficiency (i.e. the
proportion of hosts successfully parasitized by a single female wasp), and important lifehistory traits including progeny development time, longevity and sex ratio of D. rapae.

6.3 Materials and methods
Study organisms and CO2 concentrations
Four-week-old Brussels sprout (Brassica oleracea L. var. gemmifera) plants were placed in
groups of 80 into one of two walk-in climate chambers (Conviron PGV36 - Controlled
Environments Limited, Winnipeg, MB, Canada) that maintained two different CO2
concentrations: (1) ambient CO2 (corresponding to the background concentration of air
entering the climate chamber facility; 400 ± 10 ppm) or (2) elevated CO2 (double the ambient
concentration; 800 ± 10 ppm) (Ballhorn et al., 2011; Frenck et al., 2011; Karowe and
Migliaccio, 2011). Two sets of plants were grown under either of the two CO2 concentrations
for 2, 6 or 10 weeks. Chamber conditions were set at 24 °C at day and 20 °C at night, 50% r.h.
and a 16 : 8 hrs L : D regime with 250 µmol m-2 s-1 light intensity (based on Himanen et al.,
2009). Both elevated CO2 concentration and temperature level were chosen based on the
moderate climate change scenario values predicted for the end of this century (Houghton et
al., 2001). Growth chamber conditions were monitored with a ‘Telaire 7001 CO2 and
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temperature monitor’ (Ge Measurement & Control, Fremont, CA, USA) connected to a
HOBO data logger (Onset Computer Corporation, Bourne, MA, USA) throughout the
experiments. Plants were grown on the commercial soil ‘Klasman Substrat 2’ (KlasmannDeilmann GmbH, Geeste, Germany; a peat substitute with pH-value 5.5, NPK: 280, 320,
360 mg L−1, 100 mg L−1 magnesium, trace elements and chelates), watered twice a week and
fertilized weekly (Wuxal liquid fertilizer, 5 mL added per pot, concentration 0.5 ml / L,
N:P:K 10:10:7.5, Maag Syngenta Agro, Dielsdorf, Switzerland), to prevent changes in plant
metabolism due to nutritional deficiency (Reddy et al., 2004; Vogler et al., 2010). Plants
within each climate chamber were randomized weekly to avoid any positional effects. All
experiments were conducted twice. Between the replications, the CO2 concentration in each
chamber was switched to the other concentration to control for potential chamber effects,
hence excluding pseudoreplication (Himanen et al., 2008b; Hurlbert, 1984; Klaiber et al.
2013c).
Stock colonies of the aphid Brevicoryne brassicae and its parasitoid Diaeretiella rapae
originated from field-collected insects in the region of Zurich, Switzerland. Colonies were
maintained in the insectary for about 60 generations. Aphids were kept on 4-week-old
Brussels sprout plants inside insect rearing cages (30 x 30 x 30 cm) (BugDorm, Megaview
Science CO., Ltd., Taichung, Taiwan) under controlled conditions at 24 °C at day and 18 °C
at night, 50% r.h. and a 16 : 8 hrs L : D regime (Klaiber et al. 2013c). Parasitoids were
maintained on aphids feeding on Brussels sprout plants in separate cages.
Parasitoid performance
To test for potential tritrophic effects of plant acclimation to elevated CO2 on the parasitoid D.
rapae, we assessed female the parasitism efficiency post landing, and the development time,
longevity and sex ratio of the progeny. Parasitism efficiency was calculated as the proportion
of hosts that were successfully parasitized by a single female wasp and yielded emerging
progeny (Bezemer et al., 1998). Progeny sex ratio was determined at the level of offspring as
secondary sex ratio (Bertschy et al., 2000).
All experiments were conducted inside walk-in climate chambers (Conviron PGV36)
that maintained either of the two CO2 concentrations tested. For each combination of CO2
concentration and period of exposure, 20 mated female wasps, 2 - 3 days old, were released.
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Each female was caged with a custom-made mesh cage (30 x 40 x 7 cm, Sefar Nitex, SEFAR
AG, Heiden, Switzerland) onto a leaf infested with 60 aphid nymphs (second to fourth instar).
To allow for insect acclimation to the respective CO2 concentration prior to the bioassays, the
aphids were exposed for 20 days (approx. 2-3 generations) and the parasitoids for a full
generation to the CO2 concentration. After a parasitism period of 4.5 hrs, the wasps were
removed from the mesh cages, and the aphids were observed daily to determine parasitoid
development time, expressed as days from oviposition to adult emergence. Newly emerged
parasitoids were transferred to plastic cylinders (10 cm height, diameter 5 cm), provided with
honey and water ad libitum, their sex was determined and their longevity was observed daily.
The experiment was conducted twice, with the CO2 concentration in each chamber being
switched between replications to the other concentration as to control for potential chamber
effects.
Effects of CO2 on plant glucosinolate content
We tested whether the effects of CO2 on parasitoid performance relates to CO2-mediated
changes in plant glucosinolate contents. In line with our recent finding that Brassica plant
acclimation to elevated CO2 is particularly pronounced after 10 weeks (Klaiber et al., 2013c),
we focused on glucosinolate quantification at this period of exposure.
Ten Brassica plants each from either of the two CO2 concentrations were randomly
chosen for destructive sampling. The fifth and sixth leaves from each selected plant were cut,
transferred into 50 mL falcon tubes (VWR International AG, Dietikon, Switzerland), freezedried for 48 hrs and milled to a fine powder using a Retsch ball mill MM200 (Retsch GmbH,
Haan, Germany). The purification technique used followed the basic Sephadex/sulphatase
Arabidopsis [Arabidopsis thaliana (L.) Heynh] protocol as per Kliebenstein et al. (2001),
with minor modifications. Freeze-dried leaf material (10-12 mg) was placed into deep-well
microtiter tubes (Qiagen, Basel, Switzerland). Methanol (400 µL), and 0.3 M lead acetate (10
µL) and water (120 µL) were added. Samples were then centrifuged and supernatants were
loaded onto Sephadex columns (Sigma-Aldrich, Buchs, Switzerland). Glucotropaeolin
(1mg/mL, 12 µL) (Phytoplan, Heidelberg, Germany) was added to the columns as the
internal standard. To desulfate glucosinolates, water (10 µL) and sulfatase (10 µL) (SigmaAldrich, Buchs, Switzerland) were added to each column. The columns were then incubated
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overnight at room temperature. Desulfoglucosinolates were eluted twice with 60% (v/v)
methanol (100 µL) and finally with water (100 µL). Sampling of plant material for
glucosinolate analysis was conducted twice for each CO2 concentration, with the CO2
concentration in each chamber being switched between replications to the other concentration
as to control for potential chamber effects.
Analyses were conducted on a high-performance liquid chromatograph (HPLC; Agilent
1200 Series, Santa Clara, CA, USA) equipped with a diode-array detector and a
SymmetryShield RP18 column (4.6 x 150 mm, 5 µm particle size, Waters Corporation,
Milford, MA, USA) with a flow of 1 mL min-1 and constant temperature of 30 °C. A gradient
program consisting of three minutes at 100% H2O, a 23-min gradient from 0% to 25% (v/v)
acetonitrile, 1 min at 25% (v/v) acetonitrile, a 9-min gradient from 25% to 0% (v/v)
acetonitrile, and a final 4 min at 100% H2O was used. Chromatograms were recorded at 229
nm. The amount of each glucosinolate present in the sample was calculated by means of the
internal standard and based on certified glucosinolate reference materials (Phytoplan,
Heidelberg, Germany). Total glucosinolate content per plant sample was calculated as the
sum of all the individual glucosinolates present in that sample.
Effect of CO2 on aphid glucosinolate content and body mass
To test whether the effects of CO2 on parasitoid performance were herbivore-mediated
through changes in aphid chemical content and/or size, we measured aphid glucosinolate
content and fresh body mass. Samples consisted of aphids that were feeding for 20 days on
Brassica plants grown under either CO2 concentration for 10 weeks. To assess glucosinolate
content, aphids were withdrawn from the plants with a fine brush, pooled to a final total mass
of 250 to 300 mg (N = 4 samples per CO2 concentration), freeze-dried and analyzed for
glucosinolate content following the protocol described for plant samples (see above). To
assess fresh body mass of the aphid hosts after 2, 6 or 10 weeks of plant exposure to CO2, 30
wingless adults per CO2 concentration were weighed (XP6 Microbalance, Mettler Toledo,
Switzerland, accuracy: 1 µg). Aphid sampling and measurements were conducted twice for
each CO2 concentration, with the CO2 concentration in each chamber being switched between
replications to the other concentration as to control for potential chamber effects.
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Statistical analysis
Potential differences between climate chambers were examined by including ‘chamber’ as a
random effect in all analyses. As no significant chamber effects were detected (P ≥ 0.05 in all
cases), this variable was excluded from the analyses described below and data from the two
replications were pooled. The effects of elevated CO2 on D. rapae parasitism efficiency at the
different periods of exposure tested were analyzed with one-way ANOVAs. Prior to analysis,
if necessary, data were square root or log10(X+1) transformed to meet the assumptions of
normality and heteroscedasticity for parametric tests. Non-parametric tests were used
otherwise. Each progeny performance trait measured, i.e. development time, longevity and
secondary sex ratio, was analyzed separately with Wilcoxon rank sum tests for each period of
exposure to CO2. Plant and aphid glucosinolate contents were analyzed with separate
Wilcoxon rank sum tests and unpaired samples t-tests, respectively. To correct for false
discovery rates, the Benjamini-Hochberg correction (1995) was applied. The effects of
elevated CO2 on aphid fresh body mass were analyzed separately for each period of exposure,
using Wilcoxon rank sum tests. Software package R, version 2.14.0 (R Development Core
Team, 2009), was used for the statistical analysis.

6.4 Results
Effects of CO2 on parasitoid performance
Parasitism efficiency was clearly affected by plant exposure to CO2 for 10 weeks, with values
being nearly 50% lower under elevated compared to ambient CO2 (Fig. 6.1). The shorter
periods of plant exposure to elevated CO2 of 2 or 6 weeks did not significantly reduce
parasitism efficiency (one-way ANOVAs, 2 weeks: F1,30 = 1.176, P = 0.287; 6 weeks: F1,30 =
0.142, P = 0.708; 10 weeks: F1,30 = 4.497, P = 0.042) (Fig. 6.1).
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Both parasitoid progeny development time (Fig. 6.2a) and longevity (Fig. 6.2b) were
also affected by CO2. Mean development time of parasitoid progeny was consistently shorter
under elevated than under ambient CO2, irrespective of the period of plant exposure.
Differences were statistically significant for the 2- and 10-week exposure amounting to
approximately 1 day each (Wilcoxon rank sum test, 2 weeks: W = 48.5, P = 0.005; 6 weeks:
W = 104, P = 0.357; 10 weeks: W = 61, P = 0.009) (Fig. 6.2a). Progeny longevity was also at
least 1 day shorter when parasitoids had developed in hosts under elevated compared to
ambient CO2, and differences were statistically significant regardless of the period of plant
exposure (Wilcoxon rank sum test, 2 weeks: W = 8291, P ≤ 0.01; 6 weeks: W = 49619, P ≤
0.01; 10 weeks: W = 18234, P ≤ 0.01) (Fig. 6.2b).
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Fig. 6.2 (a) Total development time (mean ±
SE) from oviposition to emergence, and (b)
longevity of Diaeretiella rapae wasps (mean
± SE) emerging from Brevicoryne brassicae
aphids reared on Brassica plants exposed to
either ambient (400 ± 10 ppm) or elevated
(800 ± 10 ppm) CO2 concentrations for 2, 6 or
10 weeks. Sample sizes for total development
time and longevity for weeks 2, 6, and 10
respectively: N = 97, 341, and 357 for ambient
CO2; N = 109, 228, and 230 for elevated CO2.
P-values based on Wilcoxon rank sum tests:
* = P ≤ 0.05, ns = not significant.

The progeny secondary sex ratio was the only parameter not affected significantly by
elevated compared to ambient CO2 at any of the three periods of exposure (Wilcoxon rank
sum test, 2 weeks: W = 89.5, P = 0.594; 6 weeks: W = 111.5, P = 0.556; 10 weeks: W = 13,
P = 0.939) (see Supplementary material, Table S6.1).
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Effects of CO2 on plant glucosinolate content
Growing Brassica plants under elevated CO2 for 10 weeks affected the total plant
glucosinolate content. Total values were significantly higher for plants grown under elevated
compared to ambient CO2 (Wilcoxon rank sum test, W = 556, P = 0.016) (Table 6.1). Among
individual glucosinolates, significant differences were found for one out of nine
glucosinolates detected, namely glucoiberin, whose content was 50% higher in plants grown
under elevated than under ambient CO2 concentration (Wilcoxon rank sum tests, glucoiberin:
W = 563, P = 0.013 after Benjamini-Hochberg correction). The remaining glucosinolates
detected, i.e. gluconapin, glucoraphanin, progoitrin, neoglucobrassicin, 4-hydroxyglucobrassicin, glucobrassicin, gluconasturtiin and sinigrin were not significantly affected by
CO2, although mean contents of glucoraphanin and sinigrin were increased by 23% each
under elevated CO2 concentration (Table 6.1).
Effects of CO2 on aphid glucosinolate content and body mass
Aphids feeding on Brassica plants grown under elevated compared to ambient CO2 for 10
weeks differed in total glucosinolate content as well as in that of some individual
glucosinolates (Table 6.1). Total glucosinolate content in aphids was, contrary to
glucosinolate contents in their food plants, significantly higher under ambient compared to
elevated CO2 (unpaired samples t-test, t = -2.816, df = 4.45, P = 0.042) (Table 6.1). Among
individual glucosinolates, glucoiberin showed over 50% lower content under elevated
compared to ambient CO2 (unpaired samples t-test, t = -6.602, df = 3.46, P = 0.006 after
Benjamini-Hochberg correction). Contents of neoglucobrassicin, 4-hydroxyglucobrassicin,
glucobrassicin and gluconasturtiin were all significantly lower as well, although to a lesser
extent, in aphids feeding on plants grown under elevated compared to those under ambient
CO2 (unpaired samples t-test, t = -7.918, df = 5.91, P = 0.002; t = -10.969, df = 4.64, P =
0.002; t = -3.971, df = 5.79, P = 0.008; t = -9.991, df = 5.94, P = 0.002, respectively, after
Benjamini-Hochberg correction) (Table 6.1). Differences in progoitrin content were not
significant.
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Table 6.1 Glucosinolate concentrations (µmol / g ± SE) of Brassica plants exposed to ambient (400 ± 10 ppm)
or elevated (800 ± 10 ppm) CO2 concentrations for 10 weeks and of Brevicoryne brassicae aphids feeding on
these plants. N = 10 and 4 for plant and aphid samples, respectively, and for each CO2 concentration tested. Pvalues (P) based on Wilcoxon rank sum tests and unpaired samples t-tests for plant and aphid samples,
respectively: * = P ≤ 0.05, ns = not significant after Benjamini-Hochberg correction.
Plant
Glucosinolate

Aphid

Ambient CO2

Elevated CO2

P

Ambient CO2

Elevated CO2

P

Glucoiberin

5.58±0.44

8.79±0.82

*

10.73±0.92

4.41±0.26

*

Gluconapin

0.53±0.03

0.46±0.02

ns

nd

nd

-

Glucoraphanin

3.89±0.37

4.78±0.56

ns

nd

0.91±0.53

-

Progoitrin

3.84±0.18

3.73±0.17

ns

11.39±6.58

5.44±2.06

ns

Neoglucobrassicin

0.27±0.07

0.17±0.07

ns

0.05±0.01

0.01±0.01

*

Sinigrin

1.19±0.05

1.47±0.08

ns

nd

nd

-

4-Hydroxyglucobrassicin

2.13±0.35

2.84±0.32

ns

0.58±0.03

0.21±0.01

*

Glucobrassicin

2.11±0.32

3.09±0.47

ns

0.26±0.01

0.21±0.01

*

Gluconasturtiin

1.47±0.14

1.85±0.22

ns

1.94±0.05

1.65±0.08

*

Total

21.01±1.51

27.18±2.08

*

24.94±2.54

12.83±5.90

*

aliphatic

indolic

aromatic
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Fresh body mass of aphids feeding on Brassica plants grown under elevated CO2 was
significantly lower compared to that of aphids feeding on plants grown under ambient CO2
(Wilcoxon rank sum tests, 2 weeks: W = 95.5, P = 0.004; 6 weeks: W = 251, P = 0.003; 10
weeks: W = 78.5, P = 0.001) (Fig. 6.3).

Fig. 6.3 Fresh body mass of adult
Brevicoryne brassicae aphids (mean
± SE) feeding on Brassica plants
exposed to either ambient (400 ± 10
ppm) or elevated (800 ± 10 ppm)
CO2 concentrations for 2, 6 or 10
weeks. N = 30 individuals per CO2
concentration and period of exposure.
P-values based on Wilcoxon rank
sum tests: * = P ≤ 0.05, ns = not
significant.

6.5 Discussion
This study provides the first empirical evidence that the performance of a parasitoid species
can be markedly impaired in a tritrophic system under elevated CO2. Using the system
composed of Brassica plants, the aphid Brevicoryne brassicae and the parasitoid Diaeretiella
rapae, we tested whether potential effects of plant acclimation to elevated CO2 on plant
glucosinolate content leads to changed performance of the parasitoid. We found a
significantly lower proportion of hosts parasitized after a 10-week plant exposure period to
elevated CO2. Parasitoid progeny emerged earlier, without sex ratio being affected, but adults
were shorter lived when emerging from hosts feeding on plants grown under elevated
compared to ambient CO2 for a 10-week period. Brassica plants grown under elevated CO2
for ten weeks contained higher levels of a major group of natural defense compounds, the
glucosinolates, coinciding with the pronounced alteration in parasitoid performance traits.
Thus, the CO2-mediated increase in plant glucosinolates was hypothesized to influence
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parasitoid performance via their host. Contrary to expectations, aphid glucosinolate contents
were lower in the system under elevated CO2. However, the body mass of these aphids was
significantly reduced, remaining approximately 20% lower, when feeding on the plants
enriched with glucosinolate compounds. Thus, the CO2-effect on the parasitoid is likely
related to the lower aphid body mass, which indicates a reduced general quality of the aphid
as a host for the parasitoid.
How elevated CO2 might affect natural antagonists, either parasitoids or predators, has
hardly been investigated, and the few available studies have shown contrasting results.
Whereas parasitism efficiency of the aphid parasitoid Lysiphlebia japonica (Ashmead)
(Hymenoptera: Braconidae) (Sun et al., 2011a) was not affected when reared under elevated
CO2, it was significantly increased for the aphid parasitoid Aphidius picipes (Nees)
(Hymenoptera: Aphididae) (Chen et al., 2007). Development time of the aphid predators Leis
axyridis (Pallas) and Propylaea japonica (Thunberg) (Coleoptera: Coccinellidae) were
significantly prolonged (Chen et al., 2005; Gao et al., 2008), whereas development time of
the aphid parasitoid L. japonica (Sun et al., 2011a) and both predatory efficiency and
development time of the lacewing Chrysopa sinica (Tjeder) (Neuroptera: Chrysopidae) were
significantly reduced under elevated CO2 (Gao et al., 2010). Similarly, we show here that
development time of the parasitoid was shorter in the system under elevated compared to
ambient CO2. A combination of shorter development time of a parasitoid and reduced
parasitism efficiency under elevated CO2 concentrations, however, has not yet been reported
prior to our study.
The total glucosinolate content and the content of the aliphatic glucosinolate glucoiberin
were higher in Brassica plants grown under elevated compared to ambient CO2 after a 10week exposure period. This increase in glucosinolate content under elevated CO2 coincided
with the pronounced alterations in parasitoid life-history traits measured. The CO2-mediated
increase in plant glucosinolate contents correlated with a lowered intrinsic rate of increase in
the aphids (Klaiber et al., 2013a), suggesting that such plant glucosinolate increase could
have adversely affected parasitoid performance via host quality. Thus, the poor parasitoid
performance could either be chemically-mediated by vertical transfer of plant secondary
metabolites from the host’s food plant to the host, or physically-mediated by changes in host
size.
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Chemically-mediated adverse effects on parasitoid performance have been reported for
survival and development time of the ichneumonid Hyposoter exigua (Viereck) parasitizing a
host feeding on diets containing high contents of the alkaloid α-tomatine (Campbell and
Duffey, 1979). Similarly, survival and development time of the braconid parasitoid Cotesia
congregata (Say) were significantly decreased by the alkaloid nicotine transferred from its
insect host’s diet (Bentz and Barbosa, 1992). Brood size in the gregarious encyrtid parasitoid
Copidosoma sosares (Walker) was also reduced when its host fed on a diet containing high
amounts of the furanocoumarin xanthotoxin (Lampert et al., 2008). In all cases, the direct
contact with the plant secondary metabolite encountered by the parasitoid in the host’s
hemolymph was proposed to underline the observed effects. However, in our study, we found
lower accumulation of glucosinolates in the aphid host under elevated compared to that under
ambient CO2, ruling out a vertical transfer of these plant secondary metabolites to the
parasitoid via the host. The poor performance of the parasitoid under elevated CO2 must
therefore be due to a different insect parameter underlying the low quality of the host. Under
ambient CO2 concentrations, a recent study that used a related system composed of various
Arabidopsis ecotypes with modified glucosinolate contents, and the same herbivore and
parasitoid species as here, showed that the aphid is able to selectively sequester aliphatic
glucosinolates, while parasitoid performance remained unaffected (Kos et al., 2012a). Those
results coincide with our findings under ambient CO2. Furthermore, the ability to sequester
glucosinolates was not saturated when B. brassicae aphids were grown on black mustard
Brassica nigra Linnaeus plants, which contains almost 10 times more glucosinolates than
broccoli Brassica oleracea Linnaeus var. italica plants (Chaplin-Kramer et al., 2011).
However, as aphids exposed to elevated CO2 failed to show a similar glucosinolate
accumulation as those exposed to ambient CO2, the aphid’s physiological capability to
sequester these plant secondary metabolites seems to have been impaired or saturated under
elevated CO2. An impairment in the ability of grain aphids Sitobion avenae (Fabricius) to
respond to their alarm pheromone, the terpene (E)-β-farnesene, was previously shown under
elevated CO2 (Sun et al., 2010). Thus, it seems that contrary to earlier statements in the
literature, elevated CO2 might have direct effects on insect physiology (Bale et al., 2002),
what remains to be elucidated experimentally.
A physically-mediated adverse effect was detected when analyzing differences in aphid
host body mass under elevated compared to ambient CO2. Aphid body mass, i.e. aphid size,
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was significantly reduced under elevated CO2, and the plants under this system contained
higher glucosinolate contents. Thus, the smaller size of the aphids feeding on these plants
could be related to the energetic costs implied in handling the surplus glucosinolates acquired
by the aphids from their diet. In line with our results, the size of cotton aphids Aphis gossypii
(Glover) feeding on cotton seedlings (Chen et al., 2005), and of wooly beech aphids
Phyllaphis fagi (Linnaeus) feeding on beech trees (Docherty et al., 1997), was found to be
smaller when growing under elevated compared to ambient CO2. Herbivore host size is
considered a key factor influencing parasitoid performance (Bukovinszky et al., 2012; Ode,
2006; Vinson and Iwantsch, 1980), and large compared to small hosts are expected to offer
more resources for development of parasitoid offspring (Häckermann et al., 2007). Under
ambient CO2, it has most recently been shown that feeding on plants containing higher
phloem glucosinolate contents resulted in larger aphids, sustaining high performance of the
same parasitoid (Kos et al., 2012a). However, we show that under elevated CO2, feeding on
plants containing higher leaf glucosinolate contents resulted in smaller aphids, sustaining
lower performance of the parasitoid. Thus, a reduction in aphid size, likely due to the
increase in plant glucosinolate contents, might have lowered the performance of the
parasitoid under elevated CO2. Although we cannot entirely rule out that total leaf
glucosinolate contents do not fully parallel glucosinolate contents in the phloem alone, we
consider the interpretation given above particularly probable.
Plant acclimation to elevated CO2 might affect plant characteristics including plant
secondary chemistry, and such changes could also cascade to higher tropic levels. Here, we
showed that plant acclimation to elevated CO2 led to an increase in plant glucosinolate
contents, the main secondary metabolites of Brassica plants. Concomitantly, suppression of
the aphid by the parasitoid was impaired, as aphid hosts feeding on glucosinolate-rich plants
attained a reduced size. Our results suggest that CO2-mediated changes in plant secondary
metabolites cascade, via effects on the herbivore, to the parasitoid. Thus, plant acclimation to
elevated CO2 could lead to enhanced direct defense by an increase of natural plant defense
compounds. However, it could also lead to a decrease in indirect defense, likely due to the
reduced host size. Our results point, for the first time, to a conflict between bottom-up and
top-down control under elevated CO2.
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6.6 Supplementary material

Table S6.1 Proportion (% ± SE) of Diaeretiella rapae males emerging from
Brevicoryne brassicae aphids reared on Brassica plants exposed to either an
ambient (400 ± 10 ppm) or an elevated (800 ± 10 ppm) CO2 concentrations for 2,
6 or 10 weeks. N = 20 D. rapae females were offered 60 aphids per CO2
concentration and period of exposure. P-values based on Wilcoxon rank sum
tests: ns = P ≥ 0.05.

Period of plant exposure
to CO2 (in weeks)

Ambient CO2

Elevated CO2

P

2

61.66±6.93

53.29±5.14

ns

6

59.16±5.51

47.69±4.26

ns

10

44.28±2.57

46.69±4.86

ns
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7 General Discussion
CO2-mediated changes in plant traits, particularly plant chemistry, which are often attributed
to plant acclimation or adaptation occurring within several weeks or months (Coley et al.,
2002; Frenck et al., 2011; Räisänen et al., 2008), could significantly affect interactions
between plants and their associated specialized insect herbivores.
Using a multitrophic agricultural crop system consisting of an annual crop plant
(Brussels sprouts Brassica oleracea var. gemmifera), two specialist insect herbivores from
contrasting feeding guilds, the leaf-feeding Pieris brassicae and the phloem-feeding
Brevicoryne brassicae, and a natural antagonist, the wasp Diaeretiella rapae, the effects of
plant acclimation to elevated CO2 concentrations on plant - insect herbivore - natural
antagonist interactions were elucidated.
In the present thesis, Brassica plant acclimation to elevated CO2 for up to 10 weeks did
not lead to significant changes in primary metabolites, i.e. carbon and nitrogen content.
However, it led to a significant decrease in volatile emission and to a significant increase in
plant constitutive secondary metabolites, specifically the defense-related glucosinolates.
Concomitantly with changes in plant chemical traits, the performance of the two Brassica
specialized herbivores from contrasting feeding guilds was impaired on plants grown under
elevated CO2. Furthermore, it was shown, for the first time, that the performance of a
parasitoid species can be markedly impaired under elevated CO2, most likely due to a
concurrent impairment of insect host quality caused by CO2-mediated alterations in plant
chemical traits.

7.1 Multitrophic approach
Studying the effects of elevated CO2 concentrations in a multitropic context is essential to
gain a deeper understanding of CO2-mediated changes on plant-insect interactions regarding
possible causes mediating such changes. The most relevant key-findings of the present thesis
are briefly summarized in Figure 7.1 and expanded below.
Plant acclimation to elevated CO2 concentrations resulted in changes in growth-related
plant traits, particularly in a significant increase in plant size and biomass, measured as height
and dry weight. Increased plant size and biomass are common plant growth responses to
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elevated CO2 (Asshoff et al. 2006; Frenck et al. 2011; Norby et al. 2005) and thus were to be
expected. However, Brassica plants grown under elevated compared to ambient CO2
concentrations exhibited a qualitative and quantitative reduction in volatile emission as well
as an increase in the leaf content of total as well as of several aliphatic glucosinolates,
particularly sinigrin and glucoiberin, after longer periods of exposure.
The performance of the two specialist insect herbivores, the leaf-feeding P. brassicae
and the phloem-feeding B. brassicae, was significantly impaired by elevated CO2 even after
the 2-week plant exposure. However, the direction of the impact on selected performancerelated parameters differed for the two species. Development time for P. brassicae larvae
feeding on Brassica plants grown under elevated CO2 was significantly shorter, whereas
development time of B. brassicae aphids, measured as pre-reproductive time, was
significantly longer. Fecundity was not affected in P. brassicae, but significantly lower for
B. brassicae. In contrast, body mass was significantly reduced for both insect herbivores
when feeding on plants grown under elevated compared to ambient CO2. Additionally,
consumption of P. brassicae larvae was significantly higher and plant preference, assessed as
colonization rate, of B. brassicae aphids was significantly lower under elevated compared to
ambient CO2. Thus, the present thesis indicates that effects of plant growth under elevated
CO2 on specialized insect herbivore performance seem to be species specific.
As plant chemical compounds are involved in mediating plant-insect interactions, any
changes in plant chemical traits may potentially affect insect behavior and/or performance.
Volatile plant chemicals are used by specialized insect herbivores to locate their host plants
(Bruce et al., 2005; Dudareva et al., 2006). Thus, changes in plant volatile emissions may
alter insect behavior as suggested for the black bean aphid Aphis fabae, where a reduction in
olfactory attraction to its host plant spindle Euronymus europaeus was related to changes in
plant volatile emission (Nottingham et al., 1991). As plant volatile emission in the present
thesis was significantly reduced under elevated compared to ambient CO2, the concomitant
reduction in aphid colonization rates could be related to the alteration in this plant chemical
trait. Just like volatiles, glucosinolates represent a classical case of key stimuli in plant-insect
interactions, acting on the one hand as potent oviposition and feeding stimulants for some
specialist insect herbivores (Renwick et al., 1992; Renwick and Lopez, 1999), and on the
other hand as defense compounds (Hopkins et al., 2009; Textor and Gershenzon, 2009). Thus,
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agricultural system.
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glucosinolates represent a further important group of key chemical parameters in mediating
performance of insects feeding on Brassica plants. For instance, high levels of glucoiberin in
white cabbage Brassica oleracea var. alba and in black mustard Brassica nigra negatively
affected larval mass gain of the related species white butterfly Pieris rapae (Poelman et al.,
2009). High levels of either sinigrin or glucobrassicin also led to a decrease in adult mass of
the specialist herbivores P. rapae and diamondback moth Plutella xylostella (Gols et al.,
2008a). Similarly in B. brassicae aphids, the population increase was also reduced on highglucosinolate containing Arabidopsis (Mewis et al., 2005) and on wild field mustard Sinapis
arvensis plants (Ulusoy and Olmez-Bayhan, 2006) in comparison to aphids reared on other
genotypes or domesticated Brassica cultivars with lower glucosinolate contents. Brevicoryne
brassicae colonies were also found less frequently on plants containing high levels of
glucoiberin and of sinigrin compared to plants containing high levels of other aliphatic
glucosinolates (Newton et al., 2009; Poelman et al., 2009). Thus, the increase in total
glucosinolate content as well as in the content of the individual glucosinolates sinigrin and
glucoiberin found in the present thesis may be the driving force behind the observed changes
in insect performance when developing on plants under elevated CO2.
As performance of natural antagonists such as parasitoids is often positively correlated
with the performance of its respective host insect (Gols and Harvey, 2009), an impairment in
B. brassicae performance could thus result in a likewise alteration of the performance of the
aphid parasitoid D. rapae. Indeed, in the present thesis, a decrease in D. rapae performance
and parasitoid efficiency was observed under elevated CO2. The CO2-effect on the parasitoid
is likely related to aphid host characteristics. Indeed, we found that aphid body mass was
significantly decreased whereas honeydew excretion per unit body mass was increased under
elevated CO2. Thus, a reduction in aphid quality, mediated by the increase in plant
glucosinolate concentrations, might have lowered the performance of the parasitoid under
elevated CO2. Our results illustrate that CO2-mediated changes in plant characteristics,
particularly chemical traits, may cascade via the herbivore up to the third trophic level, thus
affecting natural antagonists.
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7.2 Implications of findings in an agricultural context
For agroecosystems, altered plant-insect interactions under the expected future CO2 scenario
might have far-reaching implications for crop productivity and food security.
Increased plant growth under elevated CO2 could potentially benefit agricultural crop
production by concomitantly increasing crop yield (Stiling and Cornelissen, 2007). This CO2effect on crop plants would be favorable regarding the desirable goal to achieve food security
for an ever growing human population under the future predicted climate change scenario.
However, insect herbivores must also be included into the food security debate (Gregory et
al., 2009). Brassica plants characterized by higher glucosinolate contents, when grown under
elevated CO2 concentrations, might be more resistant to insect herbivores, as shown here for
the two specialized insect herbivores. However, larval consumption by the leaf-feeding
specialist P. brassicae was also higher under elevated CO2. Therefore, Brassica plants could
also be negatively affected by an up-regulation of defense-related chemicals due to a possible
feeding stimulatory effect on insect herbivores, which could then become more severe pests
due to the increased amounts of damage exerted by their larval stages. Reduced crop plant
colonization by a pest herbivore under elevated CO2, as shown here for the phloem-feeding
specialist B. brassicae, might also be advantageous in agroecosystems, even more so if
accompanied by an impairment in insect performance. However, this effect on aphids could
be counterbalanced by an adverse effect on their natural antagonist D. rapae. First, altered
volatile blends emitted by the aphid-infested plants might affect the host location behavior of
the parasitoid, which rely on such plant-derived olfactory cues for host finding (Scascighini
et al., 2005; Yuan et al., 2009). Second, effects of a CO2-mediated increase in plant
glucosinolate content on the aphids could indirectly and negatively affect D. rapae via the
aphids themselves. This could decrease the efficiacy of pest control via natural antagonists.
For economic considerations, humans as intended consumers of food crops should also
be included. Humans are very sensitive to many bitter compounds (des Gachons et al., 2009),
including glucosinolates (van Doorn et al., 1998), and generally reject foods that are
perceived to be excessively bitter (des Gachons et al., 2009). Thus, human acceptance of
Brassica crops containing higher glucosinolate levels could be negatively affected under the
expected future CO2 scenario.
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7.3 Outlook
Future research might include elucidating the efficiency of the P. brassicae specialized
parasitoid Cotesia glomerata to control this lepidopteran pest insect under elevated
atmospheric CO2 concentrations. Parasitoids use volatile cues locate their plant-host complex
over long distances. Further studies evaluating parasitoid efficiency, be that of D. rapae or C.
glomerata, should thus include assessments of the impact of plant acclimation to elevated
CO2 on herbivore-induced volatile emissions, and the resulting effects on parasitoid
preference.
Further experiments might also include evaluation of CO2-mediated changes in insect
host quality by assessing host nutritional parameters, such as insect amino acid and lipid
content, in order to gain a deeper understanding about the mechanisms influencing the
decrease in parasitoid performance observed here for D. rapae under elevated CO2
concentrations.
Furthermore, follow-up studies should consider a comprehensive evaluation of the
performance of two or more generations of insect herbivores feeding on plants acclimatized
to elevated CO2, in order to formulate predictions about future shifts in pest insect status.
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