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a b s t r a c t

Maize plants respond to feeding by arthropod herbivores by producing a number of secondary plant com-
pounds, including volatile organic compounds (VOCs). These herbivore-induced VOCs are not only known
to attract natural enemies of the herbivores, but they may also prime inducible defences in neighbouring
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1. Introduction larvae of Spodoptera littoralis, resulting in a stronger attraction of
Plants that are attacked by insect herbivores emit volatile
organic compounds (VOCs) that attract predatory and parasitic
insects (Arimura et al., 2009; Heil, 2008; Turlings and Wäckers,
2004; Dicke et al., 2003; Baldwin, 2010) and even birds (Mäntylä
et al., 2008). Besides their role in plant–animal interactions, VOCs
have also been implicated in plant–plant interactions (Arimura
et al., 2001; Baldwin, 2010). For instance, when plants are exposed
to herbivore-induced VOCs from other plants their defence mech-
anisms are triggered faster and with greater magnitude upon sub-
sequent herbivore attack (Engelberth et al., 2004; Heil and Kost,
2006; Kessler et al., 2006). In laboratory experiments with maize
seedlings, this so-called ‘‘priming’’ effect has also been shown to
initially enhance the emission of VOCs upon feeding damage by
: +41 32 718 30 01.
gs).
Cotesia marginiventris, an important parasitoid of Spodoptera larvae
(Ton et al., 2007). VOC emissions of neighbouring plants can also
directly affect herbivore resistance of plants at the metabolic level
(Broz et al., 2010). Moreover, adsorbed VOCs can be re-released
from the plants (Choh et al., 2004; Karban, 2010; Himanen et al.,
2010). The VOC blend emitted by maize plants upon herbivore
damage consists of a plethora of compounds of different chemical
groups, such as green leaf volatiles (GLVs), alcohols, aromatics,
mono-, homo- and sesquiterpenes (D’Alessandro and Turlings,
2006; Paré and Tumlinson, 1999; Turlings et al., 1990).

Although it is not yet known which are the key compounds for
parasitoid attraction, recent findings show that not all VOCs play
an equally important role in the attraction of parasitoids
(D’Alessandro and Turlings, 2005; D’Alessandro et al., 2009; Snoeren
et al., 2010). Masking compounds that repel parasitoids or that do
not allow them to perceive the attractive compounds have been
identified in maize (D’Alessandro and Turlings, 2005), as well as
in other systems (Takabayashi et al., 1994; Snoeren et al., 2010).
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Moreover, some compounds are only attractive if they are pre-
sented in the right context, i.e. together with the right background
odours (Mumm and Hilker, 2005).

A group of compounds that have received increased attention in
plant–insect interactions over the last few years are the GLVs, C6-
alcohols, aldehydes and their esters that derive from the lipoxyge-
nase pathway (LOX) (Bruinsma et al., 2010). These compounds are
emitted immediately upon herbivore damage (Turlings et al.,
1998b). The metabolic pathways and synthesis have been unrav-
elled for several compounds including (Z)-3-hexenyl-acetate
(D’Auria et al., 2007; Arimura et al., 2008), (Z)-3-hexenol (Farag
et al., 2005) and several studies suggest that GLVs play a key role
not only in insect attraction (Allmann and Baldwin, 2010; Halitschke
et al., 2008; Shiojiri et al., 2006; Unsicker et al., 2009; Whitman and
Eller, 1990), but also in priming of herbivore-induced defences
(Engelberth et al., 2004; Frost et al., 2008; Heil and Kost, 2006; Ton
et al., 2007), activation of pathogen defence (Yi et al., 2009), or direct
induction of defence mechanisms against herbivores (Engelberth
et al., 2007; Farag et al., 2005; James and Grasswitz, 2005; Ruther
and Kleier, 2005; Walling, 2000; Zeringue, 1992).

The exact mechanism behind GLV-mediated plant signalling is as
yet unknown, however, it is evident that small quantities can al-
ready trigger priming in plants (Heil and Ton, 2008; Heil and Walt-
ers, 2009; Farag and Pare, 2002). Moreover, several studies show
that GLVs are attractive to parasitoids (Degenhardt, 2009; Hoballah
and Turlings, 2005; Whitman and Eller, 1990; Bruce et al., 2010) and
predators (Allmann and Baldwin, 2010). In the field, the attraction of
insect predators and parasitoids to synthetic GLVs has been con-
firmed with the use of trapping and monitoring methods (James,
2003a,b). However, certain herbivores, in particular Coleoptera
(Halitschke et al., 2008; Hansson et al., 1999; Larsson et al., 2001;
Bruce et al., 2005) are also known to be attracted to GLVs. Therefore
there may be a cost to the release of GLVs (Heil and Walters, 2009)
and it is not clear whether the application of GLVs in the field would
result in an overall reduction in herbivore damage. In order to
understand to what extent GLVs can play a role in biological control
it is not sufficient to just measure the attraction of beneficial insects,
the effect of GLVs on defence responses in GLV-exposed plants and
on herbivores should also be taken into account.
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Fig. 1. Schematic of the VOC dispenser and amounts of green leaf volatiles emitted in th
emitted comparable amounts.
In this study we investigated the effects of four synthetic GLVs
(Z)-3-hexenal, (Z)-3-hexenol, (E)-2-hexenal, and (Z)-3-hexenyl ace-
tate, released at physiological relevant concentrations from specif-
ically developed dispensers on the VOC emission of GLV-exposed
plants in the laboratory and in a maize field in Mexico. We then
measured herbivory, parasitism and predation of Spodoptera fru-
giperda (J.E. Smith) (Lepidoptera: Noctuidae), to better understand
whether the application of synthetic GLVs could be used to en-
hance biological control of this important lepidopteran pest on
maize in the New World.
2. Results

2.1. VOC emission by GLV-exposed plants in the laboratory

In general, maize plants that were exposed to GLVs in the labo-
ratory (Fig. 1) for 16 h emitted larger amounts of VOCs than maize
plants not exposed to GLVs (Fig. 3) and the emissions differed be-
tween the different sampling periods after induction. At sampling
period 0.0–2.5 h the main VOCs found were GLVs. However these
were not taken into account, as we could not distinguish between
the GLVs emitted by the dispenser from the GLVs emitted by the
maize plant. At this time-point, the other VOCs were emitted in
slightly higher quantities by GLV-exposed plants, but without sta-
tistical difference. At time point 2.5–5.0 h, GLV-exposed maize
plants emitted slightly larger amounts of sesquiterpenes. At
time-point 5.0–7.5 h, sesquiterpenes were emitted at significantly
higher levels (F1,21 = 4.34, P < 0.049), particularly (E)-b-farnesene
(F1,21 = 4.88, P < 0.039). Small amounts of induced volatiles were
still emitted at 24.0–26.5 h after mechanical induction and (E)-
a-bergamotene was emitted in slightly larger amounts by GLV-
exposed plants (F1,21 = 3.04, P < 0.096).
2.2. VOC emission by GLV-exposed plants in the field

In the field, sesquiterpenes were emitted in significantly larger
amounts by plants that were exposed to GLVs (152.41 ± 94.08
ng/3 h), compared to non-exposed control plants (26.62 ± 8.36
en
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Fig. 2. Design of a field experiment. The field was divided in 4 m � 10 rows-sized plots. White squares were plots with plants exposed to GLVs. Grey squares were plots with
control plants. Big black dots represent plants directly exposed to GLV dispensers. Big white dots represent plants exposed to empty control dispensers. Small black dots
represent plants that were not exposed directly to dispensers. The distance between rows was 70 cm. Length of rows with in each square (plot) was 4 m. Plants outside the
squares served as a buffer between plots and were not considered in the experiment. Three such field experiments were conducted at different time points.
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ng/3 h) (Wilcoxontest: P < 0.047) (Fig. 2). The sesquiterpene blend
included cycloisosativene, alpha-copaene, (E)-b-caryophyllene, (E)-
b-farnesene, (E)-a-bergamotene, as well as several non-identified
sesquiterpenes. The emission of aromatic compounds (methyl salic-
ylate, phenethyl acetate and non-identified aromatics) (P < 0.194),
the homoterpene (E)-4,8-dimethyl-1,3,7-nonatriene (P < 0.667),
and monoterpenes (b-myrcene, trans-ocimene, and linalool)
(P < 0.313) did not differ between GLV-exposed and control plants
(Fig. 5).

2.3. Herbivore damage

Fig. 4 illustrates the damage caused by S. frugiperda and Diabro-
tica, the two most abundant herbivores in the experimental maize
fields. In general there was a tendency of higher damage by S. fru-
giperda in GLV-exposed plants compared to control plants. In par-
ticular, in field 2 this tendency towards a higher damage by S.
frugiperda in GLV-exposed plants on the eighth day was almost sig-
nificant (F1,430 = 2.802, P < 0.095) (Fig. 4B). Interestingly, compared
to the plant at <0.1 m from the GLV-dispenser, there was a signif-
icant difference between distances from the dispenser, (0.1–0.3 m:
t = �2.132, P < 0.033 and at 0.3–1.0 m: t = �1.920, P < 0.055), but
there was no overall difference between GLV-exposed and control
plants (t = 1.10, P < 0.2715). However, there were significant field
(t = �9.744, P < 0.001) and sampling day effects (t = 9.188,
P < 0.001) and their interaction was also significant (t = �2.156,
P < 0.031). Diabrotica spp. damage was significantly increased in
GLV-exposed, compared to control plants (t = 4.740, P < 0.001).
When comparing each group of plants following their distance
from the GLV dispenser, Diabrotica damage was generally higher
on GLV-exposed plants (Fig. 4E–H). In field 2, 5 days after placing
the dispensers (Fig. 4E), there was a trend (F1,424 = 3.32, P < 0.07)
towards more damage on GLV-exposed plants than on control
plants. The main difference was observed at 0.3–1.0 m distance
from the dispenser (F1,141 = 7.1485, P < 0.008). After 8 days
(Fig. 4F), the overall difference in Diabrotica spp. damage scores be-
tween GLV-exposed and control plants was stronger (F1,424 = 6.27,
P < 0.013), mainly due to higher scores for GLV-exposed plants at
<0,1 m (F1,70 = 4.26, P < 0.043). A similar overall effect was ob-
served in the third field. After 5 days (Fig. 4G), significantly more
Diabrotica spp. damage was observed on plants exposed to dis-
pensers (F1,142 = 4.25, P < 0.041). After 8 days (Fig. 4H), the differ-
ence between GLV-exposed and control plants had increased
(F1,430 = 11.70, P < 0.001), mainly at <0.1 m (F1,142 = 6.76, P < 0.01)
and 0.3–1.0 m (F1,142 = 8.08, P < 0.005). However, there was no sig-
nificant distance effect on Diabrotica spp. feeding damage, com-
pared to the plants at <0.1 m from the GLV-dispenser (t = 1.534,
P < 0.125 at 0.1–0.3 m and t = 0.467, P < 0.641 at 0.3–1.0 m). The
Diabrotica spp. feeding damage varied significantly between the
three fields (multivariate linear model (lm): t = �12.43, P < 0.001)
and sampling day (t = �4.145, P < 0.001). There was a significant
interaction between fields and sampling day (t = 10.76, P < 0.001).

2.4. Herbivore abundance

In field 1 (Fig. 6A), there were significantly more S. frugiperda-in-
fested plants in GLV-exposed plots at a distance of 0.1–1.0 m (GLM,
P < 0.042), than in control plots. This increased infestation was ob-
served neither in field 2 (Fig. 6B) nor in field 3 (Fig. 6C). Infestation
(number of larvae per plant) by S. frugiperda varied significantly be-
tween the three fields (Fig. 6A–C). In field 2, the infestation was sig-
nificantly higher than in the two other fields (GLM, P < 0.009), but
there was no difference between field 1 and field 3 (GLM,
P < 0.128). The tendency towards higher Diabrotica spp. damage
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Fig. 5. Mean amount (ng/3 h ± SEM) of volatile compounds emitted by GLV-
exposed and control maize plants (c.v. Tuxpeño Sequía) in the field. Data was
analyzed with Wilcoxon pair-wise comparison. ⁄P < 0.05.
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in GLV-exposed plants was also observed when counting the adults
on the plants (Fig. 6D–G). There were significantly more Diabrotica
spp. adults on GLV-exposed plants than in control plants (t = 3.658,
P < 0.001). In field 2, 5 days after placing the dispensers (Fig. 6D),
there was an overall trend towards more Diabrotica beetles on
GLV-exposed plants than in control plants (F1,424 = 2.79,
P < 0.096). This difference was most evident at 0.1–0.3 m distance
from the dispenser (F1,137 = 4.05, P < 0.046). Eight days after placing
the dispensers (Fig. 6E), the difference in numbers of Diabrotica in-
creased. There were significantly more adults on GLV-exposed
plants than on control plants (F1,212 = 7.49, P < 0.007), particularly
at <0.1 m (F1,70 = 6.60, P < 0.012). In field 3, the effect of the GLVs
on the number of Diabrotica was slightly lower. Five days after plac-
ing the dispensers (Fig. 6F), a difference could be observed at <0.1 m
(F1,142 = 5.49, P < 0.020). After 8 days (Fig. 6G), there was a trend to-
wards more Diabrotica beetles on GLV-exposed than on control
plants (F1,430 = 3.033, P < 0.082), particularly at 0.1–0.3 m from the
dispenser (F1,142 = 4.22, P < 0.042). Overall, the distance had also a
significant effect on the number of Diabrotica, compared with the
plants at <0.1 m from the dispenser (t = 2.861, P < 0.004 for 0.1–
0.3 m and t = 5.221, P < 0.001 for 0.3–1.0 m). The field had also a sig-
nificant effect (t = �6.428, P < 0.001). In fields 2 and 3, we also
counted aphids and planthoppers (Fig. 6H–K). As they were present
only 5 days after placing the dispenser, the factors scoring day and
the interaction (scoring day � field) were removed in the linear
model. The exposure to GLVs tended to increase the number of
aphids (t = 1.894, P < 0.059). Indeed, in field 2, 5 days after placing
the dispensers (Fig. 6H), an overall trend towards more aphids on
plants with dispensers could be observed (F1,424 = 3.47, P < 0.063).
In field 3 (Fig. 6I), this trend was only observed at a distance of
0.3–1.0 m from the dispenser (F1,142 = 2.78, P < 0.097). There was
a significant difference between fields in the number of aphids
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counted on the plants (t = �5.698, P < 0.001). Planthoppers were
also counted only on day five (Fig. 6J and K). In field 3, more plant-
hoppers were found on control plants than on GLV-exposed plants
at 0.1–0.3 m (F1,142 = 4.17, P < 0.042) There were significantly more
planthoppers found in field 2 than in field 3 (t = �7.857, P < 0.001).

2.5. Parasitism

Overall, S. frugiperda was parasitized by seven species of para-
sitoids (Table 1). Two egg–larval parasitoids, Chelonus insularis
(Cresson) (Hymenoptera: Braconidae) and Chelonus cautus
(Cresson) (Hymenoptera: Braconidae), and five larval parasitoids,
Eiphosoma vitticolle (Cresson) (Hymenoptera: Ichneumonidae),
C. marginiventris (Cresson) (Hymenoptera:Braconidae), Campoletis
sonorensis (Cameron) (Hymenoptera: Ichneumonidae), Pristomerus
spinator (Fabricius) (Hymenoptera: Ichneumonidae). The species
Aleiodes laphygmae (Viereck) (Hymenoptera: Braconidae) and
Tachinidae were found only in summer 2008 (Field 1). In field 3,
the parasitism by C. cautus was significantly lower on GLV-exposed
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Fig. 6. Number of herbivores on GLV-exposed and control plants. Insects were count
dispensers in all fields. Diabrotica beetles (D–G) were counted in field 2 and 3, 5 and 8 d
counted in field 2 and 3 5 days after placing the dispensers. Insects were counted separa
where only two distances were collected separately. Data were analyzed with one-way
plants than on control plants (GLM, P < 0.027), whereas C. insularis
tended to be more attracted by GLV-exposed plants than by control
plants at a distance of 0.1–0.3 m (GLM, P < 0.082). Unfortunately,
due to a high mortality of the parasitoid larvae collected in field
1, only few individuals of P. spinator, Eiphosoma viticolle, Tachini-
dae, and Aleoides spp. could be identified from this field and there-
fore they are not included in Table 1.

2.6. Predation

The average number of recollected caterpillars on plants that
were covered by a net was 2.67 ± 0.21 for control and 1.50 ± 0.72
for GLV-treated plants (V = 13.5, P < 0.134) (Fig. 7). The average
number of recollected caterpillars on plants that were left uncov-
ered was 0.8 ± 0.40 for control plants and 0.50 ± 0.34 for GLV-
exposed plants (Wilcoxon signed rank test: V = 4, P < 0.773). There
were significantly fewer S. frugiperda larvae recovered on uncov-
ered control plants than on covered control plants (P < 0.007).
However, there was no difference between uncovered and covered
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Table 1
Parasitism of Spodoptera frugiperda caterpillars (number of parasitoids retrieved per collected S. frugiperda) in%. Parasitoids hatched from caterpillars collected from GLV-exposed
and control plants depending on the distance from the dispenser (<0.1 m, 0.1–0.3 m and 0.3–1.0 m). An asterisk indicates a significant difference (P < 0.05), GLM with quasi-
binomial correction; a dot indicates a statistical trend (P < 0.10).

Field 2 Field 3

GLV-exposed ± SEM Control ± SEM GLV-exposed ± SEM Control ± SEM

Total Parasitism 37.14 ± 4.79 36.98 ± 2.73 38.58 ± 4.66 37.86 ± 5.18
<0.1 m 42.37 ± 10.41 42.04 ± 2.40 45.21 ± 4.53 50.43 ± 9.65
0.1–0.3 m 41.25 ± 5.74 37.83 ± 6.01 43.99 ± 9.43 37.01 ± 11.43
0.3–1.0 m 35.25 ± 4.86 35.32 ± 2.04 32.46 ± 4.87 34.94 ± 5.47

Chelonus insularis 26.47 ± 3.56 27.23 ± 2.97 24.18 ± 2.86 21.70 ± 3.61
<0.1 m 28.59 ± 7.61 32.36 ± 3.59 29.61 ± 3.85 31.48 ± 6.93
0.1–0.3 m 33.53 ± 3.31 27.03 ± 7.27 29.04 ± 5.37 20.57 ± 4.89�
0.3–1.0 m 23.40 ± 3.89 25.71 ± 1.95 19.58 ± 4.03 20.53 ± 4.81
Eiphosoma vitticolle 7.05 ± 0.92 6.36 ± 0.65 6.35 ± 1.49 7.17 ± 1.29
<0.1 m 11.03 ± 3.97 5.75 ± 2.39 8.14 ± 2.82 10.03 ± 3.92
0.1–0.3 m 3.90 ± 1.56 6.55 ± 2.03 6.08 ± 2.39 7.86 ± 3.48
0.3–1.0 m 8.03 ± 0.96 6.32 ± 0.78 5.43 ± 1.33 5.84 ± 2.72
Pristomerus spinator 1.44 ± 0.69 0.90 ± 0.31 5.38 ± 1.63 4.79 ± 1.89
<0.1 m 2.08 ± 2.08 0.72 ± 0.72 4.42 ± 2.49 0.00 ± 0.00
0.1–0.3 m 0.93 ± 0.93 1.19 ± 0.78 6.62 ± 3.71 6.62 ± 3.71
0.3–1.0 m 1.50 ± 0.53 0.93 ± 0.34 5.50 ± 1.57 3.31 ± 1.72
Campoletis sonorensis 1.05 ± 0.54 1.40 ± 0.41 2.36 ± 0.77 2.76 ± 1.42
<0.1 m 0.67 ± 0.67 0.54 ± 0.54 3.05 ± 2.34 4.75 ± 2.23
0.1–0.3 m 1.43 ± 1.06 1.87 ± 0.86 2.24 ± 1.65 0.00 ± 0.00
0.3–1.0 m 0.85 ± 0.38 1.52 ± 0.58 1.44 ± 0.77 3.81 ± 1.85
Chelonus cautus 0.28 ± 0.19 0.56 ± 0.46 0.31 ± 0.31 1.45 ± 1.45⁄
<0.1 m 1.39 ± 1.39 0.60 ± 0.60 0.00 ± 0.00 4.17 ± 4.17
0.1–0.3 m 0.00 ± 0.00 1.11 ± 0.71 0.00 ± 0.00 0.00 ± 0.00
0.3–1.0 m 0.17 ± 0.17 0.42 ± 0.42 0.51 ± 0.51 1.45 ± 1.45
Cotesia marginiventris 1.01 ± 0.47 0.83 ± 0.22 0.00±.0.00 0.00 ± 0.00
<0.1 m 0.00 ± 0.00 2.68 ± 2.05 0.00 ± 0.00 0.00 ± 0.00
0.1–0.3 m 1.11 ± 1.11 0.48 ± 0.48 0.00 ± 0.00 0.00 ± 0.00
0.3–1.0 m 1.48 ± 0.81 0.85 ± 0.33 0.00 ± 0.00 0.00 ± 0.00
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Fig. 7. Number of S. frugiperda larvae ± SEM retrieved from uncovered and netted
plants in GLVexposed and control plants 12 days after artificial infestation with
first-instar larvae.
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GLV-exposed plants (P < 0.276). Thus, the predation rate of S. fru-
giperda caterpillars was estimated at 69.4 ± 13.9% for control plants
and 66.7 ± 33.3% for GLV-exposed plants.
3. Discussion

In this study we investigated the effect of synthetic GLVs on the
defence responses of maize plants and on the biological control of in-
sect pests feeding on the plants. In the laboratory we found that
maize plants exposed to synthetic GLVs responded with a stronger
and faster emission of sesquiterpenes upon subsequent induction
of the VOC-emission in these plants compared to plants that were
not exposed the GLVs (Fig. 3). These results confirm findings from
earlier studies that show that exposure to GLVs enhances the induc-
ible emission of VOCs in plants (Arimura et al., 2001; Engelberth
et al., 2004; Frost et al., 2008). This so-called priming effect (Ton
et al., 2007) might also be important in the field, as insect-damaged
maize plants emitted higher amounts of sesquiterpenes after expo-
sure to synthetic GLVs (Fig. 5). However, as these plants were ex-
posed to various biotic and abiotic stresses, including herbivore
damage, immediately after germination, the higher emission of ses-
quiterpenes in the field was probably not just the result of priming,
but rather a synergistic effect of GLVs on the emission of these com-
pounds. Indeed, earlier studies have shown that at high concentra-
tions GLVs directly affect the emission of sesquiterpenes (Farag
et al., 2005; Ruther and Furstenau, 2005; Ruther and Kleier, 2005).
Our study appears to be the first field study to show that physiolog-
ical realistic concentrations of GLVs (Fig. 1) are sufficient to alter the
VOC emission in GLV-exposed plants.

Based on a correlation between sesquiterpene emission and jas-
monic acid-related defence mechanisms (Schmelz et al., 2003) we
hypothesised that plants with increased sesquiterpenes emission
would also better resist herbivore attack. However, we could not
confirm this in our field experiments. On the contrary, plants that
were exposed to GLVs generally suffered increased herbivore dam-
age (Fig. 4) and higher numbers of several herbivores were counted
on theses plants (Fig. 6), as compared to control plants. This could be
the result of attraction of these herbivores towards GLVs and/or the
higher amount of sesquiterpenes emitted by GLV-exposed plants.
Coleoptera, in particular are known to be attracted to herbivore-
induced volatiles (Halitschke et al., 2008; Loughrin et al., 1995;
Bolter et al., 1997), including GLVs (Ruther and Hilker, 2003) and
sesquiterpenes (Hammack, 2001). Indeed, the increased herbivore
presence and herbivory was most significant for Diabrotica beetles,
which is in agreement with evidence that they are directly attracted
to sesquiterpenes (Hammack, 2001). Adults of lepidopteran species,
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however, are usually repelled by induced VOCs (De Moraes et al.,
2001; Landolt, 1993; Huang et al., 2009), including adult S. frugiperda
females, which have been reported to be repelled by maize VOCs in-
duced by conspecific larvae in cage experiments (De Moraes et al.,
2001). Yet, the larvae of S. frugiperda are attracted to inducible VOCs
(Carroll et al., 2006), which could be one explanation for the some-
what higher presence of S. frugiperda larvae on GLV-exposed maize
plants than on control plants. For other herbivores, such as aphids
and plant hoppers, there was no clear effect of GLV exposure, which
is somewhat in contrast to an earlier study that showed that aphids
avoid induced plants (Bernasconi et al., 1998).

Almost 40% of the collected S. frugiperda larvae were parasitized.
The parasitoids included C. insularis, E. vitticolle, P. spinator, C. sonor-
ensis, C. cautus, and C. marginiventris (Table 1), confirming earlier
studies that parasitism of this pest is high in the subtropical area
of Mexico (Hoballah et al., 2004; Jourdie et al., 2008; Molina-Ochoa
et al., 2003, 2004). As there is plenty of evidence from laboratory
and field studies that GLVs are attractive to parasitoids
(Degenhardt, 2009; Hoballah and Turlings, 2005; Whitman and El-
ler, 1990; Bruce et al., 2010) we had expected higher parasitism
rates of S. frugiperda in plots with GLV-exposed plants. This was
not the case. A possible explanation might be the simultaneous
higher emission of sesquiterpenes by GLV-exposed plants, which
might repel certain parasitoids. In fact, the innate attraction of
two important parasitoids of Spodoptera species is stronger to
blends with low terpenoid emissions (D’Alessandro and Turlings,
2005; D’Alessandro et al., 2009), and sesquiterpenes only become
important as attractants after the wasps have associated these com-
pounds with host presence (Schnee et al., 2006). Another explana-
tion for a lack of increased parasitism rates in our study may be
the fact that the main parasitoid was the egg–larval parasitoid C.
insularis. GLVs and other volatiles that are associated with herbiv-
ory are less likely to attract parasitoids in search of insect eggs
and may even be repellent as indicated by the lower numbers of
another egg–larval parasitoid, C. cautus, recovered from larvae on
GLV-exposed plants (Table 1).

It should also be noted that the caterpillars were collected irre-
spective of their developmental stage, with a large portion of early
developmental stages, i.e. first or second instar. Early stages can only
be parasitized by a restricted number of species and at a later stage
could have been parasitized by other primary parasitoids and/or
hyperparasitoids (Marktl et al., 2002; McDonald and Kok, 1991;
Tamò et al., 2006). If we had collected more larvae at later stages this
might have resulted in a different parasitoid species composition.

From the additional experiment with potted maize plants we
estimated that as much as two thirds of the caterpillars on a maize
plant may be lost through predation (Fig. 7). There was no signifi-
cant effect of synthetic GLVs on predation, despite the fact that
predator attraction in the field can be enhanced with synthetic
VOCs (James, 2003b).

Finally, the effects of GLVs depended on the distance from the dis-
pensers. This is in agreement with the results from Lee (2010), who
also show that the effect of methyl salicylate in strawberry plots is
dependent on the distance from the dispenser. In these types of
studies it is important to work with realistic dosages of the applied
compounds, as at high concentrations a volatile foraging cue that
normally is an attractant can become a repellent (Snoeren et al.,
2010). Since the GLV exposure affected the emission of several VOCs
that might be involved in the insects’ foraging behaviour, the overall
effects on attraction and repellency might have been blurred.
4. Conclusions

In conclusion, although some authors suggest that GLVs are suf-
ficient to improve resistance against herbivores and pathogens
(Shiojiri et al., 2006) and to enhance the attraction of both parasit-
oids and predatory insects (James, 2003a; James and Price, 2004)
our study suggests that the opposite may occur as well. In the field,
GLVs enhanced the number of some herbivore species and barely
had an effect on parasitism rates. The results of our study further
confirm that GLVs are physiologically active at very low concentra-
tions and also affect the emission of the VOCs in GLV-exposed
plants. It is important that such physiological changes are also con-
sidered in studying the potential of using VOCs to attract biological
control agents.
5. Experimental

5.1. GLV-dispensers

Amber glass vials (2 ml, Supelco, Sigma Aldrich, Buchs, Switzer-
land) were filled with 100 mg of glass wool, that were first washed
with dichloromethane and heated for 16 h at 250 �C. They were
then loaded with 0.2 ml of a mixture of 80% (Z)-3-hexenal
(>92.5% purity, (NEAT) in 50% triacetin for stability, Bedoukian Re-
search Inc., USA), 10% (Z)-3-hexenol (>98% GC, Sigma–Aldrich, Buc-
hs, Switzerland), 8% (Z)-3-hexenyl acetate (>98%, SAFC Supply
Solutions, St. Louis, MO, USA), and 2% (E)-2-hexenal (>99%, ACROS
Organics, New Jersey, USA). The vials were closed with open screw
caps that contained a rubber septum. The rubber septa were
pierced with a 2 ll microcapillary (Drummond) and the vials were
then wrapped in aluminium foil for heat-protection and to avoid
photodegradation of the GLVs (Fig. 1). In the laboratory we col-
lected volatiles from the dispenser 4 days after preparations and
found only small shifts in ratios that are minor in comparison with
the variability that can be expected in the field. Similarly prepared
empty dispensers were used as controls.

5.2. Volatile collection in the laboratory

To measure the amounts of GLVs emitted by the dispensers,
the 12 dispensers were placed each into an empty volatile collec-
tion bottle and the emitted volatiles were collected and analyzed
as described by D’Alessandro and Turlings (2005) (Fig. 1). To
confirm that GLVs released from the dispenser prime maize
plants, we performed a laboratory experiment with young maize
plants under standardized conditions. Six nine-day-old maize
plants (c.v. Delprim) were exposed to GLV-dispensers for 16 h
inside a glass bottle with purified, humid air flowing through at
a rate of 0.3 l/min passing. After this exposure, the plants were
removed from the glass bottles, damaged mechanically and
10 ll S. littoralis regurgitant was applied to the wounds (for de-
tails, see Turlings et al., 1998b). The plants were then placed in
clean glass bottles, with an air flow of 1.2 l/min. VOCs were
sampled and analyzed as described by Ton et al. (2007) with a
sampling time of 2.5 h at four time-points: 0–2.5 h, 2.5–5.0 h,
5.0–7.5 h, and 24.0–26.5 h. Control plants were not exposed to
GLVs, but otherwise were treated and sampled similarly. This
experiment was repeated twice.

5.3. Volatile collection in the field

The amounts of GLVs emitted by the dispensers in the field
were measured by attaching the dispenser to a 50 cm long metal
wire, which was stuck into the soil next to an assigned maize plant
in the experimental plots, placing the microcapillary close to the
whorl of the plant (<10 cm). Twelve maize plants with GLV-dis-
pensers or with empty control dispensers were covered with a
50 cm Nalophan sleeve (Omya AG, Oftringen, Switzerland,
150 mm diameter). At the bottom, the sleeve was closed with a
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plastic seal below the oldest leaf and at the top it was attached to a
metal wire, to prevent mechanical damage due to wind moving the
sleeve. A tubular glass device (23 � 17 � 12 mm) with a screw cap
was attached to the bottom of the bag (as described by Turlings
et al., 1998a). Through this device a SuperQ filter (Analytical Re-
search Systems, Inc., Gainesville FL, USA) was inserted into the
bag. Air was pulled through the filter tube with the use of an air-
sampling pump (SKC 222 series, Blanc Labo S.A., Lonay, Switzer-
land) for 3 h at 0.6 l/min. For each of 12 replications, VOCs were
collected simultaneously from a GLV-exposed plant and from a
control plant. Plants were checked for presence of herbivores be-
fore placing them inside the Nalophan sleeve. The VOCs were
eluted from the filters and analyzed as described by D’Alessandro
and Turlings (2005). Variations in release rates between summer
2008 and winter 2009 can be partly explained by differences in
temperatures (maxima 34 ± 1 �C in summer 2008 vs 28 ± 1 �C
in winter 2009; minima 25 ± 1 �C in summer 2008 and 15 ± 1 �C
in winter 2009).
5.4. Maize fields and plants

Maize plots were planted with the variety ‘‘Tuxpeño Sequía’’ at
the Ernest W. Sprague research station in Agua Fría, in the state of
Puebla, Mexico (20�26056.9300N, 97�38023.9800 W, 98 masl). Three
fields were sown on three dates (Field 1 on 16th June 2008, field
2 on 6th February 2009, and field 3 on 11th February 2009) in 30
rows of 25 m length, 70 cm between rows and 20 cm between
plants within the rows. The field was divided into 12 plots of 10
rows by 4 m, leaving 2 m as a buffer between plots within the
same row (Fig. 2). Three to four days after germination (V2–V3
leaf stage, collar of the second-third leaf visible), plants were
counted and checked for insect damage. Subsequently a GLV-dis-
penser was placed next to 72 plants in GLV-exposed plots, and a
control dispenser next to 72 plants in control plots, as indicated
in Fig. 2.
5.5. Herbivores and herbivore damage

Herbivores and herbivore damage were measured at different
distances from the dispensers. In field 1, two distances were sam-
pled (<0.1 m and 0.1–1.0 m). In field 2 and 3, three distances were
considered (<0.1 m, 0.1–0.3 m, and 0.3–1.0 m). Herbivore damage
was measured by rating the feeding damage on the leaves by the
chrysomelid adults Diabrotica spp. and flea beetles (Chaetocnema
spp.), and by S. frugiperda on maize plants, using a scale from 0
to 5 (0 = absence of feeding, 1 = few small feeding spots, 2 = several
feeding spots, 3 = spread feeding spots, 4 = severely damaged plant,
5 = dead plant) (after Wiseman et al., 1966; Montes et al., 1996). At
the same time, herbivore numbers of these insects, of aphids
(Sternorrhyncha: Aphidoidea) and of planthoppers (Hemiptera:
Fulgoromorpha) present on the plants were recorded. The field
plants were scored for insect damage and numbers of shoot herbi-
vores in fields 2 and 3. Scorings and counts were performed on
2 days (day 5 and day 8 after placing dispensers). Finally, the plants
were dissected in the field on day 12–13 after placing the volatile
dispensers, and all caterpillars were retrieved from the plants. The
caterpillars were counted and placed individually in single com-
partments of 24-well ELISA plates (Jourdie et al., 2008) containing
artificial, maize-based diet (Hoballah et al., 2004). In addition, we
recorded the number of plants that were infested by S. frugiperda,
by Diatraea saccharalis (Lepidoptera: Pyralidae), or by both of these
herbivores. These were the only two Lepidoptera species found on
the maize plants of that developmental stage in the field.
5.6. Parasitoids

Caterpillars of S. frugiperda were collected in the field
10–13 days after the plants were first exposed to the GLV dispens-
ers. The insects were collected and reared separately, depending on
the distance from the GLV dispenser, as described above. The col-
lected caterpillars were placed on a maize-based diet (Hoballah
et al., 2004) in 24-well ELISA plates (Jourdie et al., 2008) and reared
until adult moths emerged or the parasitoid larvae emerged from
their hosts. All parasitoid larvae and pupae were removed, placed
in a Petri dish and reared out to adulthood. Parasitoids were
identified using an identification manual (Cave, 1995).
5.7. Predation

Predation was measured in a separate field experiment with
potted maize plants. For this purpose, 36 potted maize plants
(c.v. Tuxpeño Sequía) were sown in 10 l plastic pots in the green-
house. At the four-leaf stage, they were placed in a maize field with
distances of 2 m between pots. Eighteen plants were exposed to
GLV dispensers and 18 to an empty control dispenser, and placed
in pairs on the border of a field, each pair consisting of two GLV-
exposed plants, or two control plants. All plants were then infested
with 45 ± 5 first instar S. frugiperda larvae, mixed with grits
(Wiseman et al., 1980). One plant of each pair was covered with
an insect-proof net of 1 mm nylon sleeve, analogous to predation
studies in wheat (Schmidt et al., 2003). On top, the net was tied
close and attached to a stake and on the bottom it was fastened
to the pot with a rubber band, to prevent soil-born predators from
entering. After a period of 14 days, the sleeves were removed; the
caterpillars were then retrieved and counted on each plant. Preda-
tion was calculated as the ratio (%) of retrieved larvae in uncovered
plants to larvae retrieved in covered plants.
5.8. Statistical analysis

All the statistical analyses in this study were performed using
the R programming environment (R Development Core Team,
2010). Laboratory volatile data were analyzed using F-statistics in
one-way analysis of variance (ANOVA). Field volatile data were
analyzed using pairwise t-test for each treatment and its respective
control (paired by sampling day). The Wilcoxon signed rank test
was applied when uniformity of variances was not met. The her-
bivory data (Diabrotica spp. adults feeding scores and insect num-
ber per plant, aphid number per plant, planthopper number per
plant, and S. frugiperda damage score) were analyzed in a linear
model with the effect of the field, the effect of the scoring day,
the effect of the dispenser and the effect of the distance from the
dispenser. For each distance (<0.1 m, 0.1–0.3 m, and 0.3–1.0 m)
and time-point (two and three), the data was then compared with
one-way analysis of variance (ANOVA). The number of herbivores
was tested using ANOVA or the Kruskal–Wallis rank sum test if
assumptions were not met. The herbivore infestation data were
analyzed as binomial data in a generalised linear model (GLM),
with plants either infested or not. However, overdispersed data re-
quired to adapt the statistical method, as suggested by Verdon
et al. (2007). The difference between fields and between scoring
days was tested with a quasi-binomial distribution in a GLM. Par-
asitization data were analyzed in a similar way as the herbivore
data in a GLM with quasi-binomial distribution, S. frugiperda larvae
being either parasitized or not. Predation data were analyzed in a
pair-wise t-test by comparing the ratio of the number of larvae
recovered from uncovered plants and the number of larvae recov-
ered from covered plants, in GLV-exposed and control plants.
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