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1. INTRODUCTION 
 
 
 
 Communication is the act of conveying information from one organism, the signaller, to 
another, the receiver, and elicits specific behavioural or physiological or morphological responses 
from the latter (Théry & Heeb, 2008). It is essential for organisms living in colonies to share the 
collected information of the surrounding habitat with conspecifics to predict risks and 
opportunities, and coordinate the group to enhance direct and/or indirect individual fitness 
(Fletcher, 2007; Huang & Robinson, 1992). Therefore, by mediating and modifying the behaviour 
of an individual, communication strongly affects the evolutionary and population ecology of 
species (Dicke & Grostal, 2001). In many circumstances, the social interactions of the group, and 
therefore communication among individuals, may mediate the division of labour and phenotypic 
plasticity within a colony (Huang & Robinson, 1992; Robinson, 1992).  
 A signal may convey different ecological information, e.g. the availability of resources (Alcock, 
1998a; Wright & Schiestl, 2009) or shelter (Visscher, 2007), the presence of potential sexual 
mates (Alcock, 1998c; Cardé & Baker, 1984), and the population density (de Kievit & Iglewski, 
2000). Signalling the presence of a predator for synchronization of defence is a central trait 
necessary for the evolution of other traits (Pike & Foster, 2008), because predation causes more 
serious, immediate and direct fitness costs than do other factors, e.g. starvation (Inman & Krebs, 
1987; Lima & Dill, 1990). Alarm signalling is one strategy that evolved in many animal species to 
alert conspecifics and thereby reduces their risk of being preyed on. Signals can be of many 
kinds: acoustical (Hollen & Radford, 2009; Kelley, 2004), visual (Brown et al., 1999) or chemical 
(Harborne, 1993; Law & Regnier, 1971), and may have two modes of action for the preys. First it 
can alert conspecifics which may react with escaping (Alcock, 1998b), thanatosis so as to be 
undetected (Miyatake et al., 2009), hiding in shelters (Venzon et al., 2000), or attacking (Rhoden 
& Foster, 2002). The signaller may also benefit from mutualistic interactions and rely on 
protection from interspecific organisms (Fiedler et al., 1996; Flatt & Weisser, 2000). Second it can 
directly deter the predator attack (Ruxton et al., 2004). 
 Chemical compounds play an important role in mediating the communication of cells, tissues, 
multicellular organisms and finally groups of individuals. Because compounds may have different 
structures and traits and there are many environmental influences, species or groups of 
taxonomically related species, communicate using one or a few stereotyped compounds. Volatile 
organic compounds, for instance, are highly lipophilic products of low molecular weights that are 
important for relative long-distance communication especially for insects and plants (Tholl et al., 
2006). Insects make use of volatile compounds as alarm pheromones to alert conspecifics of the 
presence of predators. The chemical structures of alarm pheromones vary greatly among species. 
 If a signal were perceived by a non-target insect it could have high costs to signallers and 
original receivers (Blum, 1969; Mustarpa, 1984). However, insect chemoreceptors and odorant-
binding proteins in insect antennae can differentiate specific structures from other similar 
structures or isomers (Matsuo et al., 2007; Pelosi et al., 2006; Xu et al., 2005). In addition, some 
insect species may use more than one compound and a certain optimal ratio among the 
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compounds that trigger the alarm behaviour, while single compounds may cause no or little 
response (Bruce et al., 2005). These two traits, alone or combined, may assist insects in reliably 
discriminating the relevant alarm pheromones from compounds of other sources and is especially 
relevant for alarm pheromones, since among all pheromones, they are the least specific 
compounds (Blum, 1969). 

If a species use more than one system to avoid predators when alarmed, it may optimize its 
strategy by reallocating their resources to different types of responses to trade-off the benefits 
and risks (Dicke & Grostal, 2001; Kats & Dill, 1998). Insects respond to alarm pheromones in 
various ways: some may initiate a defence, some may disperse or keep feeding depending on 
other factors, e.g. the presence of competitors, mates, natural enemies, climate conditions, the 
availability of resources and previous experiences (Dicke & Grostal, 2001; Tollrian & Harvell, 
1998). Aphids, for instance, are highly dependent on their alarm pheromones to survive an 
imminent predator attack. A remarkable characteristic of aphids is their phenotypic plasticity: 
aphids can produce individuals with different morphologies according to different stimuli, including 
the emission of alarm pheromones and, therefore, the presence of a natural enemy. Because all 
offspring produced by parthenogenesis are clones of their mothers and exhibit different 
polyphenisms, aphids are an ideal organism for studying the influence of external factors on 
phenotype while excluding genetic variation. However, the morphological, physiological and 
behavioural responses of aphids when alarmed cannot be generalized because they vary among 
and within species according to the ecology of each individual.  
 
 
1.1. Aphids: life cycle, reproduction and morphs 

 
Aphids (Order Hemiptera; Suborder Sternorryncha) are small (1-10mm), soft-bodied insects 

of different colours and morphs. They feed on the phloem of plants using piercing-sapping stylets 
as mouthparts (Klingauf, 1987). They possess antennae with five or six segments with two basal 
segments and a segmented flagellum, a pair of tube-like structure called siphunculi on their fifth 
abdominal segment, and a cauda that releases droplets of honedew from the anus (Blackman & 
Eastop, 2007).  

The life cycles of aphids can be divided into two types according to their host range: a host 
specific cycle (autoecious, Fig. 1) and a host alternating cycle (heteroecious, Fig. 2). Autoecious 
aphids feed and reproduce on one or a few species of a genus during their life cycle. 
Heteroecious aphids, on the other hand, live on woody plants (primary host) during autumn, 
winter and spring and then migrate to herbaceous plants (secondary plant) where they live in the 
summer. These include 15% of the species of the subfamily Aphidinae, which is the largest 
subfamily and which contains most of the agriculturally important species (Blackman & Eastop, 
2007). Both life cycles are, however, similar in their alternation of reproduction along the seasons 
with different morphs along their cycles. Diapausing eggs are laid on primary hosts where they 
overwinter. In spring, aphids (fundatrix) hatch and give birth to females. During summer, aphids 
reproduce by parthenogenesis, which means eggs develop inside the female’s body without 
endomeiosis or internal chromosomal recombination (Blackman, 1987; Hales et al., 2002). 
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Aphids' lifespans are brief and within a few days they become adults. Because of shorter days in 
autumn, parthenogenetic aphids produce sexupara, which give birth to males and ovipara 
females, switching to sexual reproduction (Lees, 1966). The sexual morphs then lay the 
diapausing eggs, resetting the life cycle. Heteroecious aphids differ from autoecious aphids in 
their production of migrant morphs in spring and autumn when moving between primary and 
secondary hosts (Fig. 1 and 2).  

 
 

 

 
 

 

 
Figure 1. Autoecious life cycle. 

(A) Fundatrix, (B) unwinged morph, (C) 
winged morph, (D) sexupara, (E) mating 
female, (F) male, (G) egg (Dixon, 1998) 

 Figure 2. Heteroecious life cycle. 
(A) Fundatrix, (B) fundatrigenia, (C) 
emigrant, (D) unwinged morph, (E) 

winged morph, (F) gynopara sexupara, 
(G) male, (H) mating female, (I) egg 

(Dixon, 1998) 
 
 
1.2. Natural enemies and defences of aphids 

 
Because of their high abundance and ubiquitous distribution, aphids are attacked by a wide 

range of natural enemies. These include not only specialized parasitoids such as aphid wasps 
(Hymenoptera: Aphidiinae), but also predators such as ladybirds, lacewings, hoverflies, 
anthocorid bugs, spiders, carabid beetles or even birds. Microbes also play an important role as 
the natural enemies of aphids, especially pathogenic fungi. However, they are often forgotten 
when analysing the tri-trophic interactions that include aphids (Roy & Cottrell, 2008). 

Because aphids are sedentary insects, they have very effective defensive systems. When 
aphids are disturbed or attacked, they attempt to kick, walk away, drop from plants and release 
cornicle droplets from a pair of elongated abdominal structures called siphunculi (Fig. 3) (Dixon, 
1958). These cornicle droplets contain a mixture of fatty acid radicals and alarm pheromone. 
They are stored in cornicle sacs under the siphunculi in secretory cells called oenocytes; these 
are surrounded by a fluid whose content is probably the same as that from ruptured cells (Chen & 



   INTRODUCTION   4 Edwards, 1972; Edwards, 1966). When the aphid is attacked, the cornicle droplets are emitted by turgor pressure of the aphid abdomen under control of the nervous system (Edwards, 1966; Strong, 1967). The mixture of the fatty acid radicals hexanoyl, sorboyl, myristoyl, palmitoyl (Greenway & Griffith.Dc, 1973; Greenway et al., 1974) rapidly crystallize when in contact with the surface of predators and parasitoids, halting their attack and releasing the aphid (Dixon, 1958; Edwards, 1966).        Figure 3. The aphid cornicle droplet.  When pea aphids are seized by a natural enemy, in this case a third-instar larvae of Chrysoperla carnea, they emit cornicle droplets; these contain a mixture of fatty acid radicals and the alarm pheromone, (E)-β-farnesene.  The alarm pheromone volatilises from the droplets and warns neighbouring conspecifics of the presence of natural enemies (Kislow & Edwards, 1972; Nault et al., 1973). When the pheromone is perceived by the rhinaria (specialised structures on the aphids' antennae) (Wohlers & Tjallingii, 1983), aphids respond by withdrawing their stylets, dropping off the host plant, moving to other parts or plants (Kislow & Edwards, 1972; Nault et al., 1973; Nault & Phelan, 1984; Roitberg & Myers, 1978; Wohlers, 1980), or simply squirming (Nault et al., 1976). Since the alarm pheromone is emitted only when an aphid is attacked, it signals nearby aphids to reallocate to sites where there is less risk of encountering a natural enemy. However, in a few species that produce soldiers, they become aggressive towards the threat (Arakaki, 1989).  The sesquiterpene (E)-β-farnesene was primarily identified as the alarm signal commonly used among four aphid species (Acyrthosiphon pisum, Macrosiphum rosae, Schizaphis graminum and Aphis gossypii), and was likely involved in other six species (Bowers et al., 1972). Edwards et al. (1973) and Wientjen et al. (1973) supported the finding that (E)-β-farnesene was widespread within different aphid species. However, the biosynthesis of (E)-β-farnesene in aphids is still unknown. Later, other compounds were detected in the blend of aphid alarm pheromone (Nault & Bowers, 1974; Pickett & Griffiths, 1980). Francis et al. (2005) published a table with all compounds contained in the alarm pheromone blend from 23 aphid species, in which 13 had (E)-β-farnesene as the only compound, including A. pisum, 3 had it as the main compound, 5 had it in minute amounts and the remaining 2 did not have (E)-β-farnesene in their blend. The other compounds include different terpenes, as for example, germacrene D, (Z,E)-α-farnesene, (E,E)-α-farnesene, limonene, and α- and β-pinene (Francis et al., 2005; Pickett & Griffiths, 1980), and isothiocyanates (Francis et al., 2005).     
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1.3. Ecology of aphid alarm pheromones 
 
Although (E)-β-farnesene emission is beneficial for aphids by relaying information to 

conspecifics about the presence of a natural enemy, it also reveals the presence of aphids to 
other organisms. Many insect species have evolved the ability to perceive this signal and use it to 
locate aphids. Nault et al. (1976) was the first to present evidence that the aphid alarm 
pheromone was involved in interspecific communication, specifically, the recruitment of the aphid-
tending ant, Formica subsericea, for protection. This ability to perceive (E)-β-farnesene (and 
other aphid-related cues) to locate and recognize aphids on plants is also widespread among 
many natural enemies such as the coccinelid, Adalia bipunctata (Francis et al., 2004), the 
lacewing, Chrysoperla carnea (Zhu et al., 1999), and the parasitoid, Lysiphlebus testaceipes 
(Micha & Wyss, 1996). In addition, there are also fitness costs for signallers and perceivers 
attributed to emitting this compound. For instance, third and fourth instars nymphs of A. pisum 
that were artificially disturbed to release cornicle droplets delayed the production of offspring 
(Mondor & Roitberg, 2003). In another study, A. gossipy that were exposed to (E)-β-farnesene 
when they were first instar nymphs had longer developmental time, lower fecundity and weight 
when they became adults (Su et al., 2006).  

Since it is costly to stop feeding and escape involves the risk of predation (Dill et al., 1990), 
aphids can respond differently to alarm pheromones. There is substantial intra- and interspecific 
variation in the behavioural responses of aphids to alarm pheromone. For example, first instar 
nymphs of A. pisum (Roitberg & Myers, 1978), Myzus persicae (Montgomery & Nault, 1978) and 
Diuraphis noxia (Shah et al., 1999), which bear a high risk of starvation when alarmed, are less 
sensitive to alarm pheromone than adults. Different morphs of aphids also behave differently: in 
general, winged morphs and soldiers are more sensitive to alarm pheromones than other morphs 
(Arakaki, 1989; Rhoden & Foster, 2002; Uematsu et al., 2007; Visser & Piron, 1997), probably 
because morphological selection also favoured high sensitivity to (E)-β-farnesene. In addition, 
different aphid clones, which may vary in colour type and be adapted to feed on different host 
plants or avoid some natural enemies, also adopt different alarm behaviours (Kunert et al., 2010). 
As for species, aphid clones are under different selective pressures and, therefore, it is likely that 
different alarm responses of clone types are related to their habitats. In fact, extrinsic factors, 
such as the low abundance of host plants (Montgomery & Nault, 1977), the high nutritional quality 
of host plant and dry environment (Dill et al., 1990), strongly inhibit the dropping behaviour of 
aphids because of the high risks of desiccation and starvation. The alarm behaviour may also 
depend on the species of natural enemy. For instance, the predatory gallmidges Aphidoletes 
aphidimyza and Leucopis annulips feed on aphids but do not trigger the production of cornicle 
droplets (Frechette et al., 2008; Lucas & Brodeur, 2001). This strategy benefits the larvae 
because it reduces the costs of foraging for another aphid. 
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1.4. Wing induction in parthenogenetic aphids 
 
Under adverse conditions during the parthenogenetic part of the life cycle, aphids can 

produce winged offspring which disperse to colonise new host plants. It allows aphids to quickly 
adapt to and exploit different habitats while preserving their genotype. This alternation of 
phenotypes can be maternally controlled before nymphs are born (Sutherland, 1967), or it can 
also be determined during postnatal nymphal stages; this is true for Aphis fabae (Shaw, 1970b) 
and Aphis craccivora (Johnson & Birks, 1960).   

Crowding is one of the factors that induce wing formation; when populations are 
overcrowded, aphids reduce competition levels by migrating to other hosts. Previous experiments 
showed that aphids reared in isolation or at low population densities did not produce winged 
offspring, while aphids reared at high densities triggered the production of winged morphs. This 
was shown for many aphid species such as Megoura viciae (Lees, 1967), A. pisum (Sutherland, 
1969), A. fabae (Shaw, 1970a) and M. persicae (Sutherland & Mittler, 1971). Therefore, constant 
physical contact among aphids is thought to stimulate the production of winged offsprings which 
varies inter- and intraspecifically with some aphids producing very few winged offspring even at 
very high densities and vice versa (Sutherland, 1969). The mechanical stimuli are perceived by 
tactile hairs on the body, legs, and antennae of the aphid mother and trigger the wing induction 
(Sutherland, 1969). However, winged A. pisum and A. fabae are less responsive to crowding 
because they produce little or no winged offspring (Shaw, 1970a; Sutherland, 1970).  

Poor quality of host plant or parts of plant may have an independent effect or work 
synergistically with crowding to induce wing formation depending on the aphid species. For 
example, A. pisum that were kept in isolation and fed old leaves of Vicia faba produced a higher 
proportion of winged offspring than did pea aphids fed with young leaves (Sutherland, 1967). It 
did have a significant effect on Aphis craccivora (Johnson, 1966) and Megoura viciae (Lees, 
1967) when combined with crowding to trigger wing induction, but not alone. It is likely that the 
interaction between both factors is due to the fact that aphids feeding on low quality plants or 
parts of plants are less rested and tend to move more, increasing their contact rate.  

Temperature and photoperiod also play a role in wing induction. High temperatures and long 
days had a negative effect on wing induction in A. craccivora and M. Viciae, but the effect was 
reversed with crowding and host quality (Hodgson et al., 2005; Johnson, 1966; Lees, 1967).  

The presence of other organisms can also affect the aphid wing induction. Mutualistic 
interactions with ants, for instance, tend to inhibit aphid movements and wing formation, and are 
likely related to the protection ants provide to aphids in exchange for a supply of honeydew (Nault 
et al., 1976). Chemical compounds from the ant Lasius niger, a mutualistic ant for A. fabae, 
limited the dispersal of this aphid when they were applied in a filter paper but had no effect on A. 
pisum, a species which is not ant tended (Oliver et al., 2007). Limited mobility might reduce the 
contact among A. fabae and explain why they produce fewer winged offspring in the presence of 
ants. In addition, mutualistic ants may apply compounds such as dendrolasin from their mandible 
glands that inhibit the physiology of wing induction in female aphids (Kleinjan & Mittler, 1975). 

Contrary to the effect of mutualistic ants, the presence of natural enemies triggers the aphid 
wing induction. After the observations that the presence of predatory ladybirds and their tracks 
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increased the proportion of winged offspring in colonies of A. pisum (Dixon & Agarwala, 1999; 
Weisser et al., 1999), the same phenomenon was observed for other predators, such as the 
lacewing C. carnea and larvae of the hoverfly Episyrphus balteatus (Kunert & Weisser, 2003) and 
for the parasitoid Aphidius ervi (Sloggett & Weisser, 2002). Because these natural enemies had 
different modes of attack, it was suggested that the aphid wing induction caused by natural 
enemies was mediated by a general mechanism: the alarm behaviour caused by the emission of 
alarm pheromone. Kunert et al. (2005) demonstrated that colonies treated with alarm pheromone 
produced a higher proportion of winged offspring even at low population densities than 
undisturbed colonies. Interspecific variation in this mechanism was then observed for different 
clones of A. pisum that produced different proportions of winged morphs when exposed to (E)-β-
farnesene (Schwartzberg et al., 2008a). Other aphid species such as Megoura vicea and Aphis 
fabae do not produce more winged morphs when exposed to natural enemies (Kunert et al., 
2008). 

 
 

1.5. Aims and questions 
 
Thus (E)-β-farnesene mediates many interactions and there is much variability in alarm 

behaviour which is dependent on the ecology of aphid species. However, I) the consequences of 
(E)-β-farnesene to organisms other than aphids and II) the proximal factors that influence the 
signalling process are still poorly explored in the interactions mediated by alarm pheromone.  

I) While it is known that (E)-β-farnesene is perceived by the natural enemies of aphids, this 
signal is unlikely detectable at long distances because aphids emit low amounts. Therefore, we 
still lack the information of how this signal is perceived by different species and what differences it 
causes in the foraging strategies of predators and parasitoids. Interestingly, some natural 
enemies interact with aphids but do not cause aphids to emit the cornicle droplet making the role 
of (E)-β-farnesene in the interaction of aphids and natural enemies more complex.  

II) While many studies focus on the ultimate consequences of alarm behaviour for aphids, there 
is little attention paid to proximate factors that influence the aphid alarm signalling. Similar 
selective pressures that caused the variations in alarm behaviour may have also determined the 
optimal signalling for aphids to flexibly adapt to different conditions. For example, species of 
natural enemies (Lucas & Brodeur, 2001), aphid age (Mondor et al., 2000), morph type (Gut & 
Vanoosten, 1985) and group size (Verheggen et al., 2009) are some of the factors that change 
the emission of alarm pheromone by aphids.  

In order to better understand the role of (E)-β-farnesene as the alarm pheromone of pea 
aphids in natural ecosystems, these two factors, alarm signalling and different natural enemies, 
need to be further studied.  
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Overall question 
 
How does the aphid alarm pheromone, (E)-β-farnesene, shape and how is it is shaped by, aphid-
natural enemies and aphid-aphid interactions? 
 
 
Questions 
 
1. What are the ecological consequences of alarm signalling for aphid colonies?  
2. What is the role of (E)-β-farnesene for the natural enemies of aphids? 
3. Can aphids regulate their emission of alarm pheromone? What factors affect this regulation? 
4. Do entomopathogenic fungi also induce wing formation in aphids via the pseudo crowding 

effect as arthropods' natural enemies do? 
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1.6. Overview of Manuscripts 
 
 
Manuscript I 
 
Aphid wing induction and ecological costs of alarm pheromone emission under field conditions 
(2010)  
Hatano E., Kunert G., Weisser W.W. Accepted in PLoS One. 
 

This manuscript deals with the pseudo crowding effect on aphid wing induction by testing the 
indirect effect of (E)-β-farnesene under natural environmental conditions. In field tests, aphid 
colonies exposed to (E)-β-farnesene produced a higher proportion of winged offspring than did 
control colonies, even when the population density was low. This is the first report that 
demonstrated the effect of (E)-β-farnesene on wing induction under field conditions. Furthermore, 
this response also indicates a cost of alarm signalling since it reduces the survival of 
neighbouring aphids. This manuscript addresses question 1. 
 E. Hatano performed the experiment and together with W.W. Weisser wrote the manuscript. 
G. Kunert designed the experiment, and helped with statistical analysis and edition of the 
manuscript. 
 
 
 
Manuscript II 
 
Chemical cues mediating aphid location by natural enemies (2008)  
Hatano E., Kunert G., Michaud J.P., Weisser W.W. European Journal of Entomology 105, 797-
806. 
 
 This manuscript reviews how predators and parasitoids locate their host aphids using 
semiochemicals from plants or aphids or a combination of both. The information is organized 
according to a stepwise location process. Volatiles from plants attacked by aphids play a main 
role in directing natural enemies at long range, followed by volatile cues from the aphids or their 
honeydew to guide natural enemies at short range. Host acceptance, the identification of a 
suitable host, is then triggered by contact kairomones of the aphid cuticle. This manuscript 
complements the previous manuscript to answer question 1. 
 E. Hatano wrote the manuscript together with G. Kunert and W.W. Weisser. J.P. Michaud 
corrected and gave critical comments on the manuscript.  
 
 
 
 
 



   INTRODUCTION 
 

 10 

 
Manuscript III 
 
Aphid alarm pheromone mediates avoidance of habitats with increased risk of intraguild predation 
Hosseini M., Hatano E., Ashouri A., Weisser W.W. Submitted on 22 July 2009 to Ecological 
Entomology. 
 
 This manuscript addresses the third question and studies the role of (E)-β-farnesene as a 
signal for the presence of potential intraguild predators for A. aphidimyza. When exposed to (E)-
β-farnesene, gallmidge larvae reduce their foraging behaviour and leave the host plant. The 
increase in head circulation movements of larvae indicate that the larvae can perceive the signal. 
These results suggest that (E)-β-farnesene from aphids is used to reduce the risk of intraguild 
predation to gallmidge larvae.  
 This experiment was designed by M. Hosseini, E. Hatano and W.W. Weisser. It was 
conducted by M. Hosseini. E. Hatano assisted and supervised the experiment. W.W. Weisser 
wrote the manuscript. E. Hatano, M. Hosseini and A. Ashouri corrected and commented on the 
manuscript.  
 
 
 
Manuscript IV 
 
Do aphid colonies amplify their emission of alarm pheromone? (2008)  
Hatano E., Kunert G., Bartram S., Boland W., Gershenzon J., Weisser W.W. Journal of Chemical 
Ecology 34, 1139-1142. 

 
This manuscript addresses the fourth question and examines whether there is a signal 

cascade in which aphids that perceive (E)-β-farnesene but are not attacked respond by emitting 
alarm pheromone. The results indicate that colonies of pea aphid exposed to a synthetic 
deuterated (E)-β-farnesene do not release any (E)-β-farnesene. It suggests that pea aphids can 
perceive very low amounts and remain therefore inconspicuous by not emitting large amounts of 
(E)-β-farnesene.  
 E. Hatano conducted the synthesis of deuterated (E)-β-farnesene, which was designed by S. 
Bartram. E. Hatano conducted the bioassays, analysed data and wrote the manuscript. G. Kunert, 
S. Bartram, W. Boland, J. Gershenzon and W.W. Weisser corrected and commented on the 
manuscript. The idea of this experiment was conceived by G. Kunert. 
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Manuscript V 
 
Don’t talk so loud: the emission of aphid alarm pheromone regulated by social conditions 
Hatano E., Kunert G., Kunert M., David A., Gershenzon J., Weisser W.W. In preparation for 
publication in Ecological Entomology. 
 

This manuscript continues exploring question 4 by investigating the effect of aphid population 
density on the production and emission of alarm pheromone. The amount of (E)-β-farnesene 
emitted by two aphid clones reared under different group conditions when attacked by lacewing 
larvae is assessed. The amounts of (E)-β-farnesene from grouped aphids are lower than aphids 
that were isolated. However, the production of (E)-β-farnesene is not affected by either condition. 
Furthermore, the pea aphid clones show different dispersal and developmental strategies 
according to colony size and emission of alarm pheromone. The amounts of (E)-β-farnesene 
detected from isolated and grouped aphids are tested in aphid colonies and show that the 
regulation of (E)-β-farnesene emission according to population densities adaptively induces wing 
formation in offspring. 
 E. Hatano designed and conducted this experiment, analysed data and wrote the manuscript. 
M. Kunert and A. David assisted in the volatile collection. G. Kunert, M. Kunert, A. David, J. 
Gershenzon and W.W. Weisser corrected and commented on the manuscript. 
 
 
 
Manuscript VI 
 
Entomopathogens induce the transgenerational wing induction in pea aphids, Acyrthosiphon 
pisum (Homoptera: Aphididae) 
Hatano E., Baverstock J., Pell J., Kunert G., Weisser W.W. In preparation for publication in the 
Journal of Invertebrate Pathology. 
 
 This manuscript addresses the second question, exploring whether specialist and generalist 
entomopathogens also induce wing formation by the same mechanism triggered by predators 
and parasitoids. Pea aphids that are infected by either Pandora neoaphidis (a specialist aphid 
pathogen) or Beauveria bassiana (a generalist entomopathogen) produce a higher proportion of 
winged morphs than do uninfected aphids. The results, however, indicate that the mechanism is 
different from that triggered by arthropods' natural enemies. 
 E. Hatano conducted the experiment, analysed the data and wrote the manuscript. All authors 
participated in the design of this experiment. J. Baverstock and J.K. Pell assisted in the 
experiment. All coauthors corrected and commented on the manuscript.  
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ABSTRACT 
 
The pea aphid, Acyrthosiphon pisum Harris, (Homoptera: Aphididae) releases the volatile 
sesquiterpene (E)-β-farnesene (EBF) when attacked by a predator, triggering escape responses 
in the aphid colony. Recently, it was shown that this alarm pheromone also mediates the 
production of the winged dispersal morph under laboratory conditions. The present work tested 
the wing-inducing effect of EBF under field conditions. Aphid colonies were exposed to two 
treatments (control and EBF) and tested in two different environmental conditions (field and 
laboratory). As in previous experiments aphids produced higher proportion of winged morphs 
among their offspring when exposed to EBF in the laboratory but even under field conditions the 
proportion of winged offspring was higher after EBF application (6.84+0.98%) compared to the 
hexane control (1.54+0.25%). In the field the proportion of aphids that survived in the test was 
lower in the EBF treatment (58.09+5.50%) than in the control (66.90+4.59%), in contrast to the 
identical test in the climate chamber in which most aphids survived in both treatments. Our results 
show that the role of EBF in aphid wing induction is also apparent under field conditions and they 
may indicate a potential cost of EBF emission, and emphasizes the importance of investigating 
the ecological role of induced defences under field conditions. 
 
 
 
INTRODUCTION 
 

Aphids are important economic insects in temperate regions, damaging plants by sucking 
nutrients from the phloem and transmitting plant viruses [1,2]. Because of their abundance, 
aphids are attacked by a wide range of predators such as ladybirds, lacewings and hoverfly 
larvae, all of which showed to influence strongly the growth and persistence of aphid colonies [3].  

In response to a predator direct attack, aphids secrete cornicle droplets from a pair of tube-
like structures on the abdomen called siphunculi [4-6]. The droplets glue together the predator’s 
mouthparts [4], and in addition, they contain an alarm pheromone, the sesquiterpene (E)-β-
farnesene (EBF), which is for some aphid species the main or only pheromone compound 
present [6-11]. EBF triggers various behavioural reactions in aphids, like withdrawing the stylets 
from the plant, or dropping off their host plants [12,13]. EBF may also attract some species of 
aphid predators [14-16] and parasitoids [17] and might be used by plants to deter aphids [18].  

Polyphenism is one of the main characters of aphids and during the phase of asexual 
production in summer, both winged and unwinged females occur. In the case of the pea aphid, 
Acyrthosiphon pisum Harris (Homoptera: Aphididae), wing formation among offspring is 
maternally induced when the mother is under adverse biotic conditions, for example, triggered by 
crowding, low host plant quality, or the presence of natural enemies [19-28]. Recently, EBF was 
also found to mediate indirectly the production of winged offspring of the pea aphid [29], by 
increasing the number of tactile stimuli among individuals of a colony (pseudo crowding effect) 
[23,29]. This effect is analogous to the response of aphids to an increasing colony size 
(crowding), when the number of tactile interactions also increases [26]. While predator-induced 
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wing formation in pea aphids [19,20,24,28,30] and its mediation by EBF [29] were repeatedly 
demonstrated in the laboratory, the importance under natural conditions has so far not been 
investigated. It is conceivable that air movements change the amount and/or concentration of 
detectable EBF in an aphid colony, possibly alerting fewer aphids than under laboratory 
conditions. In addition, many pea aphids that perceive EBF walk away from the original plant and 
often do not survive during migration because of starvation or ground predators [31]. Both effects 
decrease the population density on the plant and, consequently, may weaken the pseudo-
crowding effect and the production of winged morphs. Furthermore, the aphid alarm pheromone 
can act as kairomone by attracting natural enemies [32], and predation would further lower the 
number of aphids in a colony and also reduce the pseudo crowding effect [20].   

In the current study, we tested the hypothesis that pea aphids under field conditions also 
produce higher proportion of winged offspring after reacting to EBF like observed in laboratory 
experiments. Our objectives were to determine: (I) to investigate the role of EBF for wing 
induction under field conditions and to compare it to a laboratory test, (II) to analyse the effect of 
EBF on aphid survival and fecundity. We exposed colonies of pea aphids daily to the alarm 
pheromone under field and laboratory conditions, scored the proportion of winged offspring and 
the number of individuals on the plants at the end of experiment. The alarm pheromone induced 
wing formation in offspring under field conditions confirming the transgenerational effect of 
predation risk for aphid dispersal. The alarm signalling also had a strong influence in the 
remaining proportion of aphids. 
 
 
MATERIALS AND METHODS 
 
Plant and aphid material 
 

Pink pea aphids of clone BP [29] were reared on 3-week-old broad bean plants, Vicia faba L 
(variety The Sutton; Nickerson-Zwaan, UK). Plants were cultured in pots (10 cm diameter, 8 cm 
high) and covered with air-permeable bags (L x W = 39 x 20 cm, Armin Zeller, Nachf. Schütz & 
Co, Langenthal, Switzerland) to avoid aphid escape. Infested plants were kept in the climate 
chamber under constant conditions (16:8 L:D; 20oC; 75% RH). 
 
Aphid lines  
 

Twenty-eight aphid lines were set up as described by Kunert et al. [29]. One aphid line 
consisted of the genetically identical progeny of a single aphid. For one line, one adult aphid was 
first placed on a three-week-old broad bean plant, allowed to reproduce for 48 hr, and then 
removed from the plant. After nine days, the daughters (10 aphids per line), now adults, were 
transferred to five new plants (two aphids per plant) to avoid crowding. After 48 hr reproducing, 
the daughters were removed, leaving 12 granddaughters per plant. After another six days, the 
granddaughters became third- and fourth-instar nymphs and 60 aphids from each line were 
transferred to four new broad bean plants in groups of 15 aphids. The four plants per line were 
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randomly allocated to one of four treatments (see below). In this way, both maternal effects and 
any effects of the plants on which aphids were reared were distributed equally over all treatments. 

 
Experimental design 
 

We tested the effect of EBF on aphid wing induction by exposing aphid colonies to either 
artificial EBF (EBF treatment) or a solvent control (control treatment) three times per day along 
five days. The experiment was set up simultaneously in two locations: in the field and in the 
climate chamber, resulting in a 2 (pheromone application) x 2 (location) factorial design. 
 
Field test 

Pairs of plants with aphids (granddaughters) from the same line were placed at a distance of 
five metres from one another and 10 m between pairs along the margins of the Jena Biodiversity 
field experiment [33] in Jena. The daily means of temperature ranged from 17.4oC to 20.3oC, 
relative humidity ranged from 75.9% to 88.2%, precipitation ranged from 0.007 mm to 0.566 mm, 
and wind speed ranged from 0.8 m/s to 21.2 m/s over the 5-day experimental period. One of the 
plants of a pair was allocated to the EBF treatment, the other one to the control. A toothpick 
holding a square piece (1 x 1 cm) of filter paper was fixed inside each pot in the soil. To reduce 
the access of natural enemies to aphid colonies, all plants were enclosed by cages, 30 cm in 
height, made from aluminium mesh (mesh width, 2mm) fixed using adhesive to a plastic frame of 
a plant saucer (25 cm i.d.) from which the bottom was removed. Cages were sprayed with insect 
glue (Soveurode, Witasek) and the bottom edges were pressed into the ground and covered with 
soil to prevent contact with other organisms.  

For five days, 5 µl of EBF solution containing 1000ng EBF (0.20 µg EBF per 1 µl hexane; 
EBF treatment) or 5 µl hexane (control) were applied three times a day (at 8:00, 13:00 and 18:00) 
onto the filter paper of each pot through the mesh of the cages using a micropipette. The amount 
of EBF applied was enough to be perceived by the aphids and to elicit the alarm behaviour under 
field conditions. In addition, this amount was also used by Kunert et al. [29] who discernibly 
showed that the frequency of EBF emission per day rather than amount of EBF emitted regulates 
the proportion of wing offspring produced. 

After five days, the adult aphids on the broad bean plants were counted and removed. Plants 
with aphids were covered with cellophane bags and transferred to the climate chamber with same 
conditions described above and kept until all nymphs became L4/adults. When offspring had 
reached maturity, all aphids from each plant were removed from the plant and frozen at -18°C, 
after which offspring number and offspring phenotype were counted.  
 
Climate chamber test 

The second pair of infested broad bean plants from each line was kept under climate 
chamber conditions (16:8 L:D; 20oC; 75% RH) as a positive control. Plants were covered with 
cellophane bags so aphids could not escape. EBF was applied and aphids were handled exactly 
as in the field. 
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Statistical Analysis 
 

All analyses were carried out with the R software version 2.8.1. The survival of adult aphids 
and the number of offspring produced were analysed using generalized linear models (GLM). 
Because overdispersion was detected during analysis, a quasibinomial (for proportion of aphid 
survival) and quasipoisson (for offspring count data) error structures were used in our analyses 
[34,35]. Because non-normality of the data proportion of winged morphs were square root 
transformed and analysed by an ANCOVA, using the total number of offspring as a covariate. In 
all models, aphid lines were included as a random effect. Models were simplified by reducing 
non-significant interactions followed by independent variables that were not included in any 
significant interaction [36]. Among non-significant independent variables or interactions with same 
number of variables, the one with highest p value was first removed followed by others in a 
descending order. After removing a non-significant interaction or variable, a new model was 
generated and only accepted if the removal did not significantly increase deviance comparing to 
the previous model after a F test (P>0.05) [37]. Otherwise, the previous model was retained and 
the simplification continued with the next non-significant interaction or variable. When an 
interaction of variables was found significant, the corresponding levels were compared using 
contrasts [36]. Results are presented as mean + SE.  
 
 
RESULTS 
 
Survival of adult aphids 
 

One replicate of the field control treatment was removed after the first day of experiment 
because all aphids from this plant disappeared. In the laboratory, proportion of adult aphids 
(granddaughters) that were found on the plants at the end of experiment was very high (97.02 + 
0.72%) regardless of the pheromone treatment, i.e. on average less than one aphid died over the 
five-day experimental period. In contrast, survival was much lower in the field where on average 
less than a third of the 15 aphids survived (27.27 + 2.68%, t108 = 13.939, p < 0.001, Fig. 1A). 

The application of alarm pheromone resulted in a significant lower proportion of adult aphids 
remaining on the plant (58.09 + 5.50%) compared to the control (66.90 + 4.59%, t108 = 3.331, p < 
0.01, Fig. 1B). Although there was no interaction between the experiment location and 
pheromone treatment (F1,108 = 2.22, p = 0.13), we compared the survival of mothers in the EBF 
treatment and control separately for both locations to investigate the possible negative effects of 
EBF for aphids. For this purpose, we performed the same GLM test with a quasibinomial error 
distribution using orthogonal contrasts [38]. In the climate chamber, the number of remaining 
adult aphids did not differ between control and EBF treatment (t55 = 8.144, p = 0.766). However, 
in the field, survival of adult aphids in the EBF treatment was significantly lower and only 55% of 
that of aphids in the control (t53 = 4.134, p < 0.001). Although cages protected the plants from 
natural enemies, some ants were observed in few cages at the end of experiment which could 
also have influenced the survival of adults. 



   MANUSCRIPT I 
 

 17 

 
Figure 1. Proportion of remaining adult pea aphids exposed to A) alarm pheromone and control (left), 
and B) under field and climate chamber conditions (right). Initially, 15 aphids were introduced to each 
plant and the proportions of remaining adult aphids were recorded after five days in the field (open 
bar) and in the climate chamber (full bar) (t108 = 13.939, p < 0.001), and treated with (E)-β-farnesene 
(hatched full bar) and control (hatched open bar) treatments (t108 = 3.331, p < 0.01). Bars with different 
letters are statistically significant different (p < 0.001) within each group. The bars show mean values + 
SE. 
 
 
Total number of offspring 
 

In total, 28273 offspring were counted in the experiment. Significantly more offspring were 
recorded in the climate chamber than in the field (t107 = 10.102, p < 0.001), and more offspring 
were born in the control than in the EBF treatment (t107 = 4.414; p < 0.001). The interaction 
between location and pheromone application was significant (F1,107 = 11.969, p < 0.001), i.e. the 
difference between control and EBF treatment was dependent on the location: a significant 
difference between EBF and control under field conditions (t53 = 76.862, p < 0.001; Fig. 2) but not 
under climate chamber conditions (t55 = 0.750, p = 0.455; Fig. 2). 

 

 
Figure 2. Colony sizes of aphids exposed to alarm pheromone and control under different conditions. 
Offspring on each plant were counted after five days of experiment in the field and in the climate 
chamber, when aphid colonies were treated with either (E)-β-farnesene (black bars) or control (white 
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bars) (F1,107 = 11.969, p < 0.001). Bars with different letters are statistically significant different (p < 
0.001). The bars show mean values + SE. 
 
 
Offspring phenotype 

 
Whilst the proportion of winged morphs among the offspring was higher in the climate 

chamber compared to the field (t103 = 1.113; p < 0.001), the application of EBF significantly 
increased wing induction (t103 = 1.138; p < 0.001, Fig. 3). The interaction between location and 
pheromone application was also significant (F1,103 = 38.784, p < 0.001, Fig. 3). In the climate 
chamber, the proportion of winged morphs among the offspring was on average 124% higher in 
the EBF treatment than in the control (t55 = 10.444, p < 0.001, Fig. 3). In the field, the proportion 
of winged offspring increased by 600% from the control to the EBF treatment (t54 = 2.786, p < 
0.01, Fig. 3).  

 

 
Figure 3. Induction of wing formation in offspring from colonies exposed to alarm pheromone and 
control under different conditions. The proportions of winged morphs among offspring were recorded 
in the field and in the climate chamber, for both the (E)-β-farnesene (black bars) and control (white 
bars) treatments (F1,103 = 38.784, p < 0.001). Bars with different letters are statistically significant 
different (p < 0.01). The bars show mean values + SE. 
 
 

The interaction among location, pheromone application and number of offspring was also 
significant (F2,103 = 13.788; p < 0.001, Fig. 4): in the field, the proportion of winged offspring was 
not correlated to the number of offspring in the control treatment (0.2679 + 0.0025X, R2 = 0.058, 
F1,25 = 1.525, p = 0.228, Fig. 4), while there was a positive correlation in the EBF treatment            
(-0.420 + 0.019X, R2 = 0.448, F1,26 = 21.08, p < 0.01, Fig. 4). Under climate chamber conditions, 
the opposite was observed: the number of offspring positively affected the proportion of winged 
morphs in the control (1.920 + 0.011X, R2 = 0.209, F1,26 = 7.146, p= 0.0126, Fig. 4), but did not in 
the EBF treatment (9.306 - 0.00041X, R2 = 0.011, F1,26 = 0.288, p = 0.596, Fig. 4). 
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Figure 4. Wing induction of offspring in different colony sizes exposed to alarm pheromone and 
control under different conditions. The square root transformed proportion of winged offspring as a 
function of the number of offspring in the field and in the climate chamber, treated with either EBF or 
hexane. Open circles represent field colonies treated with hexane control (0.2679 + 0.0025X, R2 = 
0.058, F1,25 = 1.525, p = 0.228); black circles are field colonies treated with EBF (-0.420 + 0.019X, R2 = 
0.448, F1,26 = 21.08, p < 0.01); open triangles are chamber colonies treated with hexane control (1.920 
+ 0.011X, R2 = 0.209, F1,26 = 7.146, p = 0.0126); and black triangles are chamber colonies treated with 
EBF (9.306 - 0.00041X, R2 = 0.011, F1,26 = 0.288, p = 0.596). 
 
 
DISCUSSION 
 

While laboratory experiments are an important tool in revealing ecological mechanisms, field 
experiments are needed to test the ecological relevance of the observed effects. Our results 
show for the first time that EBF mediates the production of winged pea aphid offspring along with 
colony size under field conditions. In addition, our experiment showed that the proportion of adult 
remaining on plants was not only lower in the field than in the climate chamber (Fig. 1A), but it 
was also negatively affected by the application of EBF (Fig. 1B), resulting in fewer offspring than 
in the hexane control (Fig. 2). 

Pea aphids trigger the production of winged morphs when in repeated physical contact with 
each other, as in the case of high aphid densities on a plant, which indicates high intraspecific 
competition levels (crowding effects; [26]). Therefore, smaller colonies are less likely to produce 
winged morphs than larger ones because of less physical contact between colony members [26]. 
Yet the proportion of dispersal morphs was higher in the EBF treatment, even though only 2.9 + 
0.5 adults remained on the EBF treated plant compared to plants treated with hexane in which 
5.2 + 0.6 adults remained (Fig. 1 and 3). When aphid colonies are exposed to EBF in laboratory 
conditions, the proportion of winged offspring increased with the initial number of aphids on a 
plant [39]. The climate chamber data reported here are very similar to those of the aphid group 
size of 13 in Kunert et al. [39]. In contrast, Kunert et al. [39] reported winged offspring production 
of 10% (control) and ca. 40% (EBF treatment) when initial aphid number was two. Although the 
number of remaining adult aphids in our field test was higher than two, the percentage of winged 
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offspring observed was lower. This indicates that wing induction in the field is reduced not only by 
lower number of mothers (Fig. 1) but also by other factors. Airflow in the field very likely quickly 
reduces the amount and concentration of EBF that reaches aphids, such that possibly only 
aphids near the source perceive biologically relevant amounts of EBF, resulting in a general 
decrease in the response. The increase of produced offspring enforced the pseudo crowding and 
crowding effects on each plant when EBF or control hexane was applied, respectively, and, 
therefore, also played a positive role in wing induction (cf. [20], Fig. 4). In addition, the large 
cages in the field test allow aphids to walk off the host plant and this might reduce the contact 
rate among individuals compared to the smaller cellophane bags in the climate chamber, where 
aphids leaving the plant are likely to return to it immediately. Finally, while the same aphid clone 
and the same plant species was used in the present experiment and in the experiments of Kunert 
et al. [29], small differences in manipulation may also have influenced the response of the 
experimental aphids towards the wing-inducing cues.  

In the laboratory, there was no effect of EBF on adult aphid survival, indicating that the 
concentrations of EBF or hexane applied were both not toxic to the pea aphids nor led to a 
significant reduction in survival of individuals that left the plant upon application of the pheromone. 
Both, experiment location and application of solutions, independently affected the proportion of 
aphids that were found on plants at the end of the experiment. While aphids enclosed in 
cellophane bags could not move away far from their plants and were therefore likely to find the 
plant again after leaving it, aphids in larger field cages were likely to spend more time searching 
for their hosts, increasing the possibility for desiccation or starvation and thus decrease in 
fecundity [40-42]. A significant reduction in the number of adults on plants treated with EBF was 
also made by Wohlers [31] who reported that when pea aphids were dislodged by exposure to 
synthetic EBF they moved towards neighbouring plant models while a small proportion of aphids 
climbed back to the original plant. By making use of the alarm signalling behaviour, Bruce et al. 
[43] successfully reduced the aphid population in field plots using plant extracts containing 70% 
EBF and a slow-release point sources which probably resembled the natural emission of EBF 
from aphids [44]. An additional cost of the alarm pheromone perception might be the higher 
predation risk of aphids which left the plant [45]. Although the plants in the field were protected 
with cages, ants were able to enter the cages from below; hence it is likely that not only starvation 
but also predation contributed to the observed decrease the numbers of aphids in the field. A 
relationship between aphid alarm pheromone and ant aggression was reported before. In a 
comprehensive study, Nault et al. [46] exposed several myrmecophilous and non-
myrmecophilous aphid species in a laboratory setting to ants, predators and alarm pheromone. 
Ants near myrmecophilic aphids became very aggressive in the presence of EBF and increased 
their rate of attack on aphid predators, but they did not attack aphids. However, when an alarm 
pheromone was applied to colonies of untended aphid species, ants became aggressive towards 
the aphids and sometimes carried them off the plant [46]. Similar observations of aggressive 
behaviour of aphid-attending ants towards an EBF source were made in the field [47,48].  

Costs of alarm signalling was recently discussed by Verheggen et al. [49], who demonstrated 
that pea aphids regulate the emission of EBF according to social environment, with small colonies 
releasing less EBF than large colonies. In this context, aphids reduce the predation risk by not 
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attracting natural enemies and remaining inconspicuous while they reduce physiological cost to 
produce EBF.  

In conclusion, our study shows that EBF mediates wing induction in pea aphid colonies not 
only under laboratory but also under natural conditions. The experiment under natural conditions 
also pointed to the importance of colony size in interaction with alarm signalling to produce 
winged offspring by the pseudo crowding effect. Now since we know that wing induction in aphids 
also occur under natural conditions it is important to investigate whether there is an ecological 
cost involved in alarm pheromone emission in detail. 
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ABSTRACT 
 
1. Intraguild predation (IGP) has been described for a number of predator-prey systems, in 
particular among invertebrates. Because of the substantial mortality inflicted by IGP, there are 
several examples where the intraguild (IG) prey avoids habitats where the IG predator is present.  
2. We investigated the foraging behaviour of the gallmidge Aphidoletes aphidimyza, a predator of 
aphids that is the IG prey in interactions with most other aphid natural enemies. We focused on 
the role of the aphid alarm pheromone, (E)-β-farnesene (EBF), which is given off by aphids 
attacked by a predator, resulting in dispersal of conspecifics. 
3. Using laboratory experiments we show that gallmidge larvae reduce their foraging activities 
and leave the host plant when exposed to EBF. The response was stronger on aphid infested 
than on aphid-free plants suggesting that a decrease in foraging success due to aphid 
movements contributes to the patch-leaving behaviour of gallmidge larvae when aphid alarm 
pheromone is emitted. EBF application increased head circulation movements of gallmidge larvae 
in the absence of aphids.  
4. In experiments with a high and low density of aphids, female A. aphidimyza did not show a 
reduction in foraging behaviour when exposed to EBF while more eggs were laid at higher aphid 
density. 
5. Because feeding by A. aphidimyza larvae itself does not cause unrest in the aphid colony, our 
results suggest that alarm signalling by aphids induces a behaviour that decreases the risk of IGP 
to gallmidge larvae.  
 
 

 

INTRODUCTION 
 

Intraguild predation (IGP), the killing and consumption of a species that uses similar 
resources and therefore is a potential competitor (Polis & Holt, 1992), has been well documented 
for a number of invertebrate and vertebrate predator-predator interactions (Polis et al., 1989; 
Raymond et al., 2000; Rieger et al., 2004; Rosenheim, 1998; Rosenheim et al., 1995; Sergio et 
al., 2007; Snyder & Ives, 2001). The aggressor is the intraguild predator (IG predator), the victim 
is the intraguild prey (IG prey), and the common resource is the extraguild prey (Lucas et al., 
1998). Cannibalism among predators is also considered a form of IGP (Hemptinne et al., 2001). 
Because IGP not only provides an additional food resource for IG predators, but may also reduce 
inter- or intraspecific competition, IGP is sometimes considered to be an extreme form of 
competition. Because IG prey populations may suffer substantial mortality due to IGP (Dixon, 
2000; Lucas et al., 1998; Sato et al., 2005), there is evidence that in many cases, IG prey tend to 
avoid habitats where the IG predators are already or potentially present (Nakashima et al., 2004; 
Nakashima et al., 2006; Sarmento et al., 2007). Such habitat selection has been shown both for 
IG prey females in their choice of suitable oviposition sites, and for IG prey larvae in their choice 
of feeding sites. Examples are aphid-feeding ladybirds and lacewings (Agarwala et al., 2003; 
Ruzicka, 1998, 2001a, b; Sato et al., 2005; Sergio et al., 2007), aphid hymenopteran parasitoids 
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(Nakashima et al., 2004), dragonflies and damselflies (Ferris & Rudolf, 2007; Mortensen & 
Richardson, 2008), several species of treefrog (Hyla) (Rieger et al., 2004) and various bird 
species (e.g. Sergio et al. 2007). 

While in vertebrates such as birds visual detection of IG predators may be common, 
invertebrate IG prey may often use chemical cues associated with the presence of IG predator for 
habitat selection (Dicke & Grostal, 2001). For example, there is evidence for oviposition-deterring 
compounds in the tracks of larvae of ladybird species (Coleoptera: Coccinellidae) that deter 
females of the same or other ladybird species from laying eggs on a plant (Hemptinne et al., 
2001; Ruzicka, 2003, 2006). Hydrocarbons left on the plant by foraging adult ladybirds Coccinella 
septempunctata and A. bipunctata also lead to patch-leaving behavior of a number of aphid 
parasitoid species (Aphidius, Praon) (Nakashima et al., 2006). In addition to these non-volatile 
ladybird tracks volatile cues have been implicated in the IGP avoidance behaviour by the ladybird 
Cycloneda sanguinea but the compounds involved have not yet been identified (Sarmento et al., 
2007). In general, we still know little about how IG preys decide to avoid or to leave a patch 
where the risk of IGP is high. For habitat choice by an IG prey, any chemical cue emitted by an IG 
predator is potentially a candidate cue to avoid contact with a particular IG predator species. In 
addition, chemical compounds emitted by the (extraguild) prey, when preyed upon, would also 
indicate the presence of an aphid predator, but would not be specific to a predator species. The 
use of such unspecific signals has not been described for IGP systems. 

Aphids (Homoptera: Aphididae) are attacked by a large number of predators and parasitoids 
(Völkl et al., 2007), and hence IGP among aphidophagous guild is frequent (Hindayana et al., 
2001; Lucas & Brodeur, 2001; Snyder & Ives, 2001; Snyder & Ives, 2003). One very effective 
aphid predator that is used frequently in aphid biocontrol is the predatory gallmidge, Aphidoletes 
aphidimyza (Rondani) (Diptera: Cecidomyiidae) (Lucas & Brodeur, 1999; Markkula et al., 1979). 
The rather small and defenseless larvae of A. aphidimyza suffer from IGP by many other aphid 
predators, in particular ladybird larvae and predatory anthocorid bugs (Christensen et al., 2002; 
Frechette et al., 2008; Hindayana et al., 2001; Lucas & Brodeur, 2001; Lucas et al., 1998). The 
larva of A. aphidimyza is a furtive predator and extracts the aphids' body contents on site without 
stimulating any significant increased in aphid dropping behaviour that would alert other predators 
to its presence. In addition, there is evidence that A. aphidimyza larvae leave patches where they 
are preyed upon by other predators (Lucas & Brodeur, 2001; Lucas et al., 1998). In aphids, one 
important compound that mediates interactions between individuals in the case of predation is the 
aphid alarm pheromone, (E)-β-farnesene (EBF), that is emitted when an aphid is attacked by a 
predator (Bowers et al., 1972; Kislow & Edwards, 1972; Montgomery & Nault, 1977). EBF triggers 
various behavioural reactions in aphids: they become more alert, withdraw the stylets from the 
plant, or drop off their host plants (Montgomery & Nault, 1977; Wohlers, 1980). Because EBF is 
only emitted after attack, it is an indication for predatory activity in the aphid colony.  

In this paper, we use synthetic EBF to investigate the role of aphid alarm pheromone for host 
selection behaviour of the gallmidge A. aphidimyza. The use of EBF to indicate the presence of 
an IG predator would be interesting as this would be the first example of the use of unspecific 
(extraguild) prey alarm signaling for the avoidance of IGP. In particular, we test if (1) A. 
aphidimyza larvae change their foraging behaviour in aphid colonies when exposed to EBF, (2) 
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females of A. aphidimyza oviposit in aphid colonies behaviour when exposed to EBF, (3) any 
effect of EBF on the behaviour of A. aphidimyza is mediated by changes in the behaviour of the 
aphids.  

 
 

MATERIALS AND METHODS 
 
Experimental conditions 

 
Clones of bean aphid, Aphis fabae, were reared and experiments were conducted on 4-

week-old broad bean, Vicia faba, covered with air-permeable cellophane bags (18.8 × 39 cm). 
Plants were grown in 10-cm-diameter pots. For the experiments we initiated aphid lines by 
placing single aphid females on new plants. Descendents of a single foundress were split among 
treatments in each experiment to account for maternal effects (Kunert & Weisser, 2003) and were 
always tested on the same day. Rearing of plants, aphids and predators as well as experiments 
were conducted at 20 ˚C, with a photoperiod of 16:8 L:D and about 75% relative humidity. 
 
Rearing of experimental predators 
 

The predatory midge, A. aphidimyza Rondani, was obtained from a commercial supplier 
(Katz Biotech Services, Germany) as pupae. Flies were hatched by placing the pupae into a dark 
growth chamber for 48 hours at 20˚C. Some fly couples were kept separately in the test tubes 
(diameter 100 mm and height 50 mm) to mate for 24 hours and gravid females flies were used in 
experiments with females. The other adult flies were released onto aphid-infested plants for 
laying eggs. Nine days after eclosion, the larvae reached the third instar and were used in 
experiments with larvae.  
 
Experiments with gallmidge larvae 

 
The experiment had two treatments with two factor levels each, in a 2x2 factorial design. 

One predatory gallmidge larva was released either on an aphid-free or on a plant infested with 10 
third or fourth instar A. fabae and was exposed to either EBF or a hexane control.  

To obtain experimental aphids, two adult aphids from the stem culture were placed on a new 
broad bean plant to produce 10-12 offspring within 24h. Offspring reached the third or fourth 
larval stages within six days and were then used in the experiment.  

A single larva of A. aphidimyza was starved for 5 hours before being placed on a leaf with 
aphids of the experimental plant inside the cage, using a fine brush. Immediately after placing the 
larva on the plant, EBF solution (500 ng in 3 µl n-hexane) or only n-hexane were applied using a 
glass syringe through the cellophane bag to a piece of filter paper held by wire fixed in the soil 
(Kunert et al., 2005). For the next 15 min (=15 observations), the behaviour of A. aphidimyza was 
observed in one-minute intervals. Larvae displayed one of the following four mutually exclusive 
behaviours when being on the plant: moving (larval movement), head circulation movements, 
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resting, and feeding. We also noted when a larva was off the plant at an observation. Aphid 
behaviour was observed for 1 min after the application of EBF or hexane. We only noted if aphids 
walked away or dropped from the plant upon application of the solution. Because aphids that 
dropped first walked for a few they are included in the number of aphids walking. 

We calculated the following variables from the predator observation data:  
Using the total number of predator observations as a denominator we calculated the proportion of 
time spent on plant and the proportion of time spent off the plant. Using the number of 
observations where the predator was on the plant as a denominator we calculated the proportion 
of time spent with head circulation movements and the proportion of time spent moving. For the 
treatments with aphid-infested plants we calculated the proportion of time spent feeding. For 
aphid-infested plants, we also calculated the time to first attack as the number of observations 
before larva first attacked an aphid. 

In total 15 lines (=15 x 4 treatments= 60 replicates) were tested, two to three on a particular 
day.  
 
Experiment with adult female A. aphidimyza 
 

This experiment had two treatments with two factor levels each, in a 2x2 factorial design. 
Because preliminary experiments showed that female A. aphidimyza only lay eggs on aphid-
infested plants, females were released on plants with either 50 (high density) or 5 (low density) 
aphids. The different densities were chosen to test the effect of EBF on females over a broader 
range of aphid densities. Female flies and aphids were exposed to either EBF or a hexane control 
to test their behavioural response and the treatments were repeated twice (eight and 16 h after 
the start) for test for an influence of alarm pheromone on female reproduction.   

To obtain low-density aphid colonies, a single adult of A. fabae was introduced on a new 
bean plant and allowed to produce offspring for 24 hours. Five offspring were left on the plant. To 
obtain high-density colonies, 10 adult aphids were introduced to a plant for one day and of the 
produced offspring and about 50 (48-52) were left on the plants. The offspring were used in the 
experiment when they were six days old. A single mated female of A. aphidimyza (17 days old) 
was released into the cellophane bag using a glass tube (∅15 mm, length 120mm) and 

immediately EBF solution or n-hexane was applied on a piece of filter paper below the 
experimental plant. The behaviour of the female was observed every minute for 10 min. We noted 
the position of the female (flying in the air, on the plant, on the cellophane bag) to calculate the 
proportion of time spent on the plant, the proportion of time spent on the bag and the proportion 
of time flying by dividing the number of observations where the female showed a particular 
behaviour by the total number of observations. 

In addition, aphid walking behaviour was recorded for 1 min. Thereafter, females stayed in 
the cage and were removed 24 hours after the start of the experiment when the total number of 
eggs laid on the plant was counted. In total there were 27 lines (=27 x 4 treatments= 108 
replicates).  
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Statistical analysis 
 

Results are presented as means ± standard error in all cases. For the comparisons of 
proportional data (gallmidge behavioural responses), gallmidge reproduction and numbers of 
aphid movements in the larva and female experiments, generalized linear models (GLM) were 
performed by including the day of experiment (block) as a random effect factor (Crawley, 2002; 
Littell et al., 1996). In all cases differences in treatments were assessed by comparing 
Bonferroni's test of means. In addition, to determine how aphid movements affected the 
proportion of time larvae spent off the plant, linear regression analysis was used. The analyses 
were performed using SAS, version 8.0. (SAS, 2000). 
 
 
 
 RESULTS 
 
Experiments with gallmidge larvae 
 

Gallmidge larvae started to search for food in all replicates. Resting was very rare and was 
not further analysed. The proportion of time that A. aphidimyza larvae were moving on the plant 
was not significantly influenced by aphid presence (Table 1). When larvae were exposed to EBF, 
the proportion of time spent moving increased compared to the hexane treatment both with and 
without aphids on the plant (Fig. 1, Table 1). For larval head circulation movements there was a 
significant interaction between alarm pheromone treatment and aphid presence (Fig. 1, Table 1): 
when aphids were present, there was no difference in head circulation movements between the 
EBF treatment and the hexane control, but in the absence of aphids, larvae showed more head 
circulation movements in the EBF treatment. The highest proportion of head circulation 
movements was observed in replicates with EBF application and without aphids, and the lowest 
in replicates without aphids and hexane application (Fig. 1).  

When aphids were on the plant, A. aphidimyza larvae spent a higher proportion of time 
feeding on aphids when exposed to hexane (0.25 ± 0.07) compared to the EBF treatment (0.07 ± 
0.02, F1,14 = 10.69, P < 0.01). There was no significant difference in the time to first attack 
between the EBF (11 ± 0.51 min) and hexane treatment (7.79 ± 1.89 min, F1,3 = 3.42, P = 0.16), 
although only 9 lines where larvae were feeding could be evaluated.  

 



MANUSCRIPT III   41  Figure 1. Effects of aphid alarm pheromone and aphid presence on gallmidge behaviour in the experiment with gallmidge larvae. N = 15 for each treatment.    Table 1. Statistical analyses of behaviour of A. aphidimyza larva in experiment 1. The predator larva was offered either aphid-free plant or aphid-infested plant and was exposed to EBF or hexane. Time (block) was included in the model as a random effect factor. For definitions of behavioural states, see materials and methods.   Behaviour state Source of variation  SS MS F P Proportion of time moving  Time of experiment (Block) 1.17 0.08 2.16 0.02 (R2 = 0.51) Aphid presence 0.008 0.008 0.21 0.64  Alarm pheromone 0.28 0.28 7.45 0.009  Aphid presence * alarm pheromone 0.05 0.05 1.49 0.22 Proportion of time head Circulation movements Time (Block) 0.16 0.01 1.59 0.13 (R2 = 0.46)  Aphid presence 0.001 0.001 0.17 0.67  Alarm pheromone 0.05 0.05 6.68 0.01  Aphid presence * alarm pheromone 0.07 0.07 8.15 0.006 Proportion of time off plant Time (Block) 0.11 0.008 1.15 0.34 (R2 = 0.47) Aphid presence 0.03 0.03 4.74 0.03  Alarm pheromone 0.07 0.07 9.97 0.002  Aphid presence * alarm pheromone 0.04 0.04 6.47 0.01    
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In the EBF treatment with aphids gallmidge larvae left the plant in 7 out of the 15 replicates, 
whereas in the other treatment combinations this behaviour was only observed in between one 
(hexane with aphids) and four (EBF without aphids) replicates. No larvae returned to the plant 
after leaving it. There was a significant interaction between pheromone treatment and aphid 
presence for the proportion of time gallmidge larvae were off the plant: the proportion was highest 
in the EBF treatments on plants with aphids (Fig. 1, Table 1). 

On average, 2.8 ± 0.3 aphids walked upon application of EBF compared to 0.5 ± 0.1 after 
hexane application (F1,14 = 85.75, P < 0.001). A linear regression showed a positive relationship 
between aphid walking behaviour and the proportion of time that gallmidge larvae spent off the 
plant (treatments with aphids only, R2 = 0.30 , P = 0.04, Fig. 2).  

For some variables, there were differences among blocks in the response to the treatments 
(Table 1). 

 

             
Figure 2: Relationship between the number of aphids responding after EBF application and larval 
gallmidge plant-leaving behaviour (R2 = 0.30, P = 0.04, N = 30).  
 
 
Experiments with gallmidge adults 

 
Female behaviour was strongly affected by aphid density. At higher aphid density, females 

spent more time on the plant at low aphid density and the reverse was true for the time spent on 
the bag surrounding the plant (Fig. 3, Table 2). In contrast, the pheromone treatment had no 
effect on female behaviour and the interaction between pheromone treatment and aphid density 
was also not significant (Table 2).  

Aphids responded to the EBF treatment by initiating walking behaviour and there was a 
significant pheromone * aphid density interaction (Fig. 4a, F1,78 = 52.66, P < 0.01). In the EBF 
treatment, more aphids walked in the higher aphid density treatment whereas there were little 
movements were observed in the hexane treatment independent of aphid density.  

 



MANUSCRIPT III   43  Figure 3: Effects of aphid alarm pheromone and aphid density on adult female behaviour in the A. aphidimyza female experiment. N = 27 for each treatment.    Table 2. Statistical analyses in experiment 2 with female A. aphidimyza. Females were exposed to low/high density of aphids on the plant, and to EBF or a hexane control in a fully factorial design. N=27 for each treatment. Time (block) was included in the model as a random effect factor.   Behavioural state Source of variation  SS MS F P Proportion of time on plant (R2=0.42) Time of experiment (Block)  4.27 0.16 1.30 0.18  Aphid density  3.27 3.27 25.81 0.001  Alarm pheromone 0.07 0.07 0.57 0.45  Aphid density * alarm pheromone 0.01 0.01 0.03 0.90 Proportion of time flying   Time (Block)  0.95 0.04 1.89 0.01 (R2=0.40) Aphid density 0.06 0.06 3.47 0.06  Alarm pheromone 0.008 0.008 0.38 0.53  Aphid density * alarm pheromone 0.002 0.002 0.12 0.73 Proportion of time resting on bag  Time (Block)  2.8 0.11 1.34 0.16 (R2=0.45) Aphid density 2.4 2.4 29.8 0.001  Alarm pheromone 0.12 0.12 1.57 0.21  Aphid density * alarm pheromone 0.005 0.005 0.06 0.81    



MANUSCRIPT III 
 

 44 

Fifty seven out of the 108 females laid eggs in the experiment. Females laid significantly 
more eggs in the high aphid density treatments (Fig. 4b, F1,78 = 10.59, P < 0.01). In contrast, the 
pheromone treatment did not affect the number of eggs laid (F1,78 = 1.86, P = 0.18) and the 
interaction between aphid density and pheromone treatment was also not significant (F1,78 = 0.01, 
P = 0.93). For some variables there were differences among blocks in the response to the 
treatment (Table 2, for female oviposition and aphid movements data not shown). 

 

                       

                    
Figure 4: Behaviour of aphids and adult gallmidges in the experiment with female adult A. aphidimyza. 
(A) Number of aphids responding after application of EBF or hexane. (B) Oviposition behaviour of 
females. N = 27 for each treatment.  

 
 

 
DISCUSSION 
 

The main result of our study is that larvae, but not adults, of the predatory gallmidge A. 
aphidimyza react to the presence of aphid alarm pheromone by changing their foraging behaviour. 
Larvae increase their movements resulting in an increased probability in leaving the host plant. 
Importantly, this effect was observed both when aphids were feeding on the plants and when they 
were not, suggesting that larvae do perceive EBF. This was also indicated by the head circulation 
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movements, an orientative behaviour of gallmidge larvae; it strongly increased on plants without 
aphids after EBF application. In addition, there was a reenforcing affect of aphid behaviour in the 
treatments where both gallmidge larvae and aphids were present on the plant: the walking 
responses of aphids decreased larval foraging success that contributed to the plant-leaving 
response of gallmidge larvae to EBF application. This is supported by the positive relationship 
between the number of aphids moving and gallmidge time off the plant (Fig. 2). Predatory 
gallmidges are stealthy predators and larvae approach their victim by inconspicuous creeping 
movements and subdue them by injecting a paralyzing toxin, thereby deactivating behavioural 
defences of the prey. Gallmidge feeding itself does not stimulate any significant increase in 
dropping behaviour or movements of the remaining aphids in the colony (Klingauf, 1967; Lucas & 
Brodeur, 2001). Thus, any increase in aphid escape behaviour is evidence for the action of a 
different aphid predator on the plant. Because most of these predators act as IG predator in the 
interaction with gallmidges e.g. (Christensen et al., 2002; Hindayana et al., 2001; Lucas et al., 
1998), the increase in aphid movements therefore indicates a risk of intraguild predation for the 
gallmidge larvae. By leaving plants where aphids start to move around gallmidge larvae not only 
leave an unprofitable patch but they also decrease the risk of becoming a victim of IGP.  

In contrast, female A. aphidimyza searching behaviour and the number of eggs laid within 24 
hours were not affected by the application of aphid alarm pheromone. Instead, females 
responded to an increase in aphid density on the host plant by increasing residence time and 
oviposition rate. Thus, females respond positively to the likelihood of increasing their reproductive 
success (Choi et al., 2004; El-Titi, 1973; Lucas & Brodeur, 1999; Stewart & Walde, 1997), but 
they do not react towards possible risks of their offspring. A possible explanation for the lack of 
response, apart from a possible inability to perceive EBF, is that EBF emission is not a reliable 
indicator for the future risk of IGP for the gallmidge offspring. A. aphidimyza females do also not 
respond to the presence of adult or larvae of the coccinellid predator Coleomegilla maculata, a 
particular IG predator (Lucas & Brodeur, 1999). On the other hand, female gallmidges are able to 
recognize the presence of conspecific gallmidge larvae. When aphid colonies are exposed to A. 
aphidimyza larvae or to water extracts of larvae, female gallmidges lay significantly fewer eggs in 
such colonies (Ruzicka & Havelka, 1998). These conflicting results need further attention. It is 
possible that the time-delay between egg-laying and the hatching of the larvae makes an 
avoidance of currently predator-occupied patches non-adaptive, as many aphid predators stay 
only for a short time in aphid colonies (Minoretti & Weisser, 2000). With respect to their ability of 
perceiving EBF, a number of studies have suggested that female midges use honeydew as a cue 
in the process of prey location and do not use plant volatiles or odours from the aphids 
themselves (Choi et al., 2004; El-Titi, 1973; El-Titi, 1974; Havelka & Syrovatka, 1991; Mansour, 
1976; Wilbert, 1974).  

Intraguild predation is widespread in aphidophagous guilds and represents an important 
mortality factor for aphid predators (Arim & Marquet, 2004; Lucas, 2005; Müller et al., 1999; 
Rosenheim et al., 1993). We have shown that emission of the aphid alarm pheromone EBF not 
only alerts aphids but also results in a change in the behaviour of predatory gallmidge larvae. 
Because in our experiment with aphids and gallmidge larvae we could not fully disentangle the 
effects of EBF perception and aphid movements on larvael behaviour, one could argue that 
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gallmidge larvae mainly or solely responded to a decrease in their feeding success and not to the 
potential presence of another predator on the plant. In this case the patch-leaving behaviour 
would be an exaptation (Gould & Vrba, 1982) with respect to its role in reducing the risk of IGP for 
gallmidge larvae, i.e. a behaviour that evolved for a particular reason but also serves another 
purpose. We suggest, however, that the fast leaving of the plant without a thorough search for 
hosts argues for a role of the movement behaviour in the escape from IG predator.  

Our study provides evidence for aphid alarm pheromone mediating intraguild predator 
avoidance, which, to our knowledge, provides the first example for a role of an unspecific 
(extraguild) prey alarm signal in the avoidance of IGP by the intraguild prey. Interestingly, in the 
interaction between aphids and gallmidges EBF may be classified as a synomone (Vet & Dicke, 
1992) as it provides benefits to both the producer and the receiver of the signal: for gallmidge 
larvae the risk of IGP is reduced while the leaving of gallmidges also provides benefits for the 
aphids because their predation pressure is reduced. 
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ABSTRACT 
 
Alarm signalling may have high ecological costs for the emitter, such as increase in risk of 
predation, because the signal can be perceived by a natural enemy. Regulation of the alarm 
signalling would then benefit the emitter to efficiently alarm conspecifics but at undetectable 
levels for the natural enemies according to surrounding conditions. Here we showed that the pea 
aphid Acyrthosiphon pisum regulates the emission of its alarm pheromone, the sesquiterpene 
(E)-β-farnesene (EBF). The analysis of amounts of EBF emitted by two aphid clones when 
attacked by lacewing larvae showed that isolated aphids emitted more than the amount emitted 
by grouped ones. However, the storage of EBF of aphids at different densities did not differ. 
Furthermore, the amounts of EBF emitted corresponded to a small fraction of EBF stored in the 
aphid body. Furthermore, the amounts emitted in both social conditions corresponded to the 
minimal required to trigger the wing induction in offspring showing that the regulation of EBF 
emission is adaptive to induce wings in offspring. 
 
 
 
INTRODUCTION 
 

Social interactions can affect the morphology, physiology and/or behaviour of individuals 
within a colony, mediating the division of labour and phenotypic plasticity, conferring the colony 
quick adaptations to environmental conditions (Robinson, 1992; West-Eberhard, 1989). This 
phenomenon is conspicuous in eusocial animals (e.g. honey bees, ants and termites) in which 
the colony conditions, such as colony size and phenotypes present, determines the traits of an 
individual. In some interactions, chemical compounds are involved, such as pheromones, and 
regulate and are also regulated by social interactions. For example, large colonies stimulate the 
emission of aggregation pheromone in desert locusts (Deng et al., 1996) and social interactions 
alter pheromone emission in males of Drosophila melanogaster to estimulate females from a 
heterogeneous group to mate (Krupp et al., 2008). 

Alarm calls and group defensive strategies are also highly affected by intraspecific 
interactions and colony size which may reflect the risk of attack, colony stage, and level of 
exposure (Wilson, 2000). Aphids, for instance, are attacked by a large number of natural enemy 
species that differ in their mode of attack and consumption rate and, therefore, impose different 
threats to aphids (Völkl et al., 2007). The defensive system of aphids against natural enemies 
includes production of soldier morphs and protection by ants in some species (Phillips & Willis, 
2005; Stadler & Dixon, 2005; Stern & Foster, 1996), kicking (Chau & Mackauer, 1997; Dixon, 
1958; Villagra et al., 2002), and emission of fatty acids containing cornicle droplets from a pair of 
abdominal siphunculi. These droplets also contain an alarm pheromone which leads to walking 
and dropping behaviours of conspecifics to avoid the presence of a natural enemy (Bowers et al., 
1977; Nault et al., 1973; Phelan et al., 1976; Wohlers, 1980). The chemical composition of alarm 
pheromones was elucidated for many aphid species and usually include mainly or only the 
sesquiterpene (E)-β-farnesene (EBF) depending of species (Bowers et al., 1972; Bowers et al., 



MANUSCRIPT V 
 

 56 

1977; Edwards et al., 1973; Francis et al., 2005; Goff & Nault, 1974; Griffiths & Pickett, 1980; 
Jones et al., 2001; Kislow & Edwards, 1972; Nault et al., 1973).  

Besides the terrestrial dispersal behaviour that EBF triggers in aphid colonies, it also 
indirectly induces wing formation in aphid offspring (Kunert & Weisser, 2003; Sloggett & Weisser, 
2002, 2004; Weisser et al., 1999). This effect is induced by an increase in physical contact 
among alarmed aphids when they disperse (Kunert et al., 2005) and simulates the tactile stimuli 
when aphids are in crowding conditions which also triggers the wing induction (Lees, 1967; 
Sutherland, 1969a). 

In addition to the benefits of alarm signalling, EBF also bears costs for aphids. Because this 
compound is commonly used by many aphid species as alarm pheromone (Francis et al., 2005), 
it is a reliable cue for natural enemies to find them (Vet & Dicke, 1992). Many species of ladybirds 
(Acar et al., 2001; Al Abassi et al., 2000), lacewings (Zhu et al., 1999), hoverflies (Francis et al., 
2005), and parasitoids wasps (Micha & Wyss, 1996) perceive this cue and use it to locate aphids 
on a plant. Furthermore, aphids may face high mortality levels associated with the cost of stop 
feeding and disperse when responding to alarm pheromone, such as the risks of desiccation and 
starvation depending of environmental conditions (Dill et al., 1990; Hatano et al., 2010; Roitberg 
& Myers, 1978). 

Therefore, it is likely that aphids control their emission of alarm pheromone depending on 
their surrounding to minimize these costs. According to Verheggen et al. (2008) and Hatano et al. 
(2008), aphids do not respond to the alarm pheromone by emitting more EBF to warn further 
aphids in a colony, supporting the hypothesis that aphid colonies benefit from emitting locally low 
amounts of EBF to remain inconspicuous to natural enemies. In addition, the propensity of aphids 
to emit cornicle droplets varies with their social conditions (Robertson et al., 1995) and 
reproductive stage (Mondor et al., 2000). However, few studies explored the effect of the habitat 
on alarm pheromone emission and correlated with ultimate consequences for aphid colonies.  

Here, we examined the effect of social interactions in pheromone production and emission 
from pea aphids (Acyrthosiphon pisum) and the consequences to the colony fitness. We 
hypothesized that aphids regulate the amounts of EBF according to social conditions, with aphids 
in larger groups emitting less EBF than aphids in smaller groups, to reduce the risks associated 
with alarm pheromone emission while exploring its potential benefits for survival. The social 
conditions might affect the emission of EBF by I) affecting the stored amounts in aphids, II) 
affecting the aphid size which might affect the emission of EBF, or III) affecting the emission 
when exposing cornicle droplets. To test these mechanisms, two pea aphid clones were used 
since they differ in their propensity to produce winged offspring and, therefore, in their physiology. 
The emission of EBF was study by headspace analysis of adult aphids attacked by a lacewing 
larva, while the stored amounts of EBF were directly extracted from aphids. All aphids were 
weighted and correlated with the amounts of EBF emitted and stored. In a second experiment to 
study the consequences of regulating EBF emission in the aphid wing induction, we applied the 
previously found amounts of alarm pheromone emitted in each social condition to colonies of 
aphids at two frequencies of application.  
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MATERIALS AND METHODS 
 
Plants and insects 
 

The pink BP clone and the green HG clone of pea aphids were reared on a dwarf variety of 
broad bean, Vicia faba L. (variety The Sutton; Nickerson-Zwaan, UK) covered with air-permeable 
cellophane bags (L x W = 39 x 18.5 cm, Armin Zeller, Nachf. Schütz & Co, Langenthal, 
Switzerland). Plants were produced in plastic pots (10 cm diameter, 8 cm high) and used for 
rearing aphids and for experiments when they were three-weeks old (ca. 15 cm high with 4 
leaves).  

Lacewing larvae, Chrysoperla carnea Stephens (Neuroptera: Chrysopidae), were purchased 
from Katz Biotech (www.katzbiotech.de/index.htm) and reared on plants with a mixture of BP and 
HG aphids until third instar when they were used for the experiments. Plants, aphids and 
lacewings were raised under the same controlled conditions (16:8 L:D; 20oC; 75% RH).  
 
Aphid lines  
 

For experiments, aphid lines were established for each clone according to Kunert et al. 
(2005) to control for differences in rearing conditions among plants and maternal effects. To start 
an aphid line, a single adult aphid was initially placed on a three-week-old broad bean plant to 
reproduce for 24 hr, and then removed from the plant. After eight days, the daughters (2 aphids 
per line), now adults, were transferred to two new plants (1 aphid per plant). After 36 hr 
reproduction, the daughters were removed, leaving 6 granddaughters per plant. After 48 hr, 
nymphs reached the second instar and were transferred to new broad bean plants divided into 
two treatments (grouped and isolated) as described below. An aphid line was used as one 
replicate for each treatment.  

 
 

Experiment 1. The effect of group-living on the emission of alarm pheromone 
 
Density treatments 

To test for the effect of group-living conditions on EBF emission, three aphids were either 
kept isolated during their juvenile development on different plants (isolated aphids) or grouped in 
the same cage (grouped aphids). Second instar nymphs were transferred to new plants and kept 
inside clip cages fixed to the abaxial surface of the third leaf from the bottom of a plant. Clip 
cages (1 cm diameter, 1.5 cm height) were made from Eppendorf tubes from which both top lid 
and lower end of the tube were cut off. The bottom end of the tube was closed with a muslin cloth 
(1 x 1 cm). Square pieces of sponge material (melamine resin, 3 x 3 cm, 0.5 cm height) with an 
opening in the middle (1 cm diameter) was used to hold the cages and clipped to the leaves 
using paper clips. From each line, three aphids were kept together in the same cage (grouped 
aphids) while other three aphids were kept singly in separated cages (isolated aphids) on 
different plants until they become adults (7 days). When aphids became adults, they were used 
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for the analysis of EBF emission under lacewing attack and extraction of total EBF (see below) 
within 24 hr after they started reproducing.  

After adults were removed from the plant, their offspring produced within 24 hr were kept on 
the original plants without cages until they reach the adult stage, when their phenotype (winged 
or unwinged) was assessed to confirm the effect of crowding on aphids. The proportion of winged 
offspring was then determined for each clone in all treatments. 
 
EBF emission under lacewing attack 

To collect the EBF emitted, a 1.5 mg charcoal filter (5 mm diameter, Gränicher & Quatero) 
was connected to a hypodermic needle (0.90 x 40 mm) using a latex free disposable syringe that 
was cut on 1.0 ml mark, and inserted into a 4 ml borosilicate vial (L x W = 45 x 14.75 mm, 
Macherey & Nagel) through a Teflon septum (31 x 6 mm, Fisherbrand). The charcoal filter was 
then connected to an air pump with an electronic flowmeter adjustated to 0.2 ml/min. A second 
filter was also connected to a needle that was inserted through the septum to let clean air enter 
the system during collection.  

Isolated and grouped aphids from 15 lines were first weighed and then individually placed 
into the vials together with a third instar lacewing larva (6-day old) which was also weighed. The 
volatile collection started immediately after the lacewing larva attacked an aphid and lasted until 
the predator stopped feeding which took 1.5 hr on average. For each aphid line, three aphids 
from the isolated aphid treatment and three from the grouped aphid treatment were analysed.  

The method described by Kunert et al. (2009) was used to elute the charcoal filters with few 
modifications. Filters were connected to glass microinserts (0.1 ml, 31 x 0.6 mm, Fisherbrand) 
using small PTFE tubes (i.d. 4.5 mm). Twenty microliters of hexane containing β-caryophyllene 
(2.5 ng/µl, Sigma-Aldrich®) as internal standard were inserted in the filter and the bottom of the 
insert was quickly rinsed in liquid nitrogen to pull down the solvent through the charcoal layer. 
The bottom of insert was then warmed by hand to push solvent up and this procedure was 
repeated four times until the solvent was finally collected in the inlet. After that, 10 µl of the same 
solution was added to wash over all compounds and added to the previous aliquot. Inserts were 
put inside 1.5 ml borosilicate vials with a spring, closed with a septum and stored at -20oC until 
analysis.  
 
Total EBF stored by aphids 

The total amount of EBF was extracted from aphids of 17 lines in order to study the effects of 
density treatments and clone type in the production of alarm pheromone. Adults were carefully 
removed from cages using tweezers to avoid cornicle excretion by aphids, weighed, and 
immersed in 20µl hexane containing 2.5 ng/µl of β-caryophyllene as internal standard. Aphids 
and solvent were kept in a glass inlet closed in a 1.5 ml borosilicate vial for 24 hr under -20oC. 
Aphids were then removed from the insert and extract kept in the same condition until analysis. 
Preliminary experiments showed that no additional amounts of EBF can be extracted after 24 hr. 
For each aphid line, the amounts of EBF from three aphids from the isolated aphid treatment and 
three from the grouped aphid treatment were analysed. 
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Analysis of EBF emitted and stored 
EBF eluted from charcoal filters and extracted from aphids was analysed by injecting 2 µl in a 
GC-MS with a Hewlett–Packard 6890 gas chromatograph equipped with a Hewlett–Packard 7683 
auto sampler and a Hewlett–Packard 5973 quadrupole-type mass selective detector operated in 
electron impact mode. The mass detector had a transfer line temperature of 230oC, a source 
temperature of 230oC, a quadrupole temperature of 150oC, electron energy of 70 eV, and a scan 
range of 50–400 amu. Helium was used as a carrier gas at a linear flow rate of 1 ml/min. All 
samples were analysed on a DB-5MS (J & W) column. After sample injection, the column oven 
was kept at 60oC for 4 min, increased to 150 oC at a rate of 5 oC/min, and then again increased at 
60oC/min until 300 oC and kept for 2 min. Mass spectrum of EBF and β-caryophyllene were 
compared to those in the National Institute of Standards and Technology and the Wiley libraries 
for identification of peaks. 
 
 
Experiment 2. Production of winged offspring under different EBF-crowding environments 
 

In order to test the response to produce winged offspring to the different amounts of EBF 
found in the previous volatile collection, BP and HG aphids were reared in groups of two or seven 
aphids and exposed to different amounts of EBF solution (5 ng, 10 ng in 5 µl hexane, hexane 
control), applied two or five times a day. The selected amounts of EBF were the same found 
Experiment 1 when aphids emitted EBF. 

For this experiment, six aphid lines were established for each clone as described above with 
few modifications. From one line, a foundress was allowed to produce nymphs for 48 hr. When 
offspring became adult, six daughters were separated to six new plants, kept for 48 hr on the 
plant to produce enough nymphs. From each line, two groups of either two or seven unwinged 
forth instar nymphs were put on 3-weeks-old V. faba and covered with cellophane bags. A piece 
of filter paper (1 x 1 cm, company) fixed to a wire was placed inside the bags close to the soil 
onto which EBF solution or hexane was applied using a glass syringe (10 µl, Hamilton). The 
experiment started 24 hr after aphids were transferred to plants. After five days, mothers were 
removed and all nymphs were left for five more days on the original plants. The offspring were 
then collected from each plant, frozen at -20 oC, and their phenotype was determined later.  
 
Statistical analysis 
 

The effects of density treatment and clone type on the amounts of EBF emitted and stored, 
aphid weights, number of offspring and proportion of winged morphs from clip cage experiments 
(Experiment 1) were analysed by Analysis of Covariance (ANCOVA). Because there were three 
aphids (pseudoreplicates) from each line in all treatments, amounts of EBF (volatile collection and 
body extraction), aphid weights and number of offspring of every three aphids were averaged at 
the level of lines and used as replicates for analysis. The proportions of winged offspring were 
calculated by summing the number of winged morphs from three aphids of a line and dividing by 
the respective sum of all offspring. The statistical analyses of aphid weights, number of offspring 
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and proportion of winged offspring used the data sets of volatile collection and body extraction 
combined in one data set.  

In experiment 2, the proportion of winged offspring induced by synthetic EBF was calculated 
by dividing the number of winged morphs by the total number of offspring on a plant. The effects 
of EBF concentration, frequency of application and aphid density data on wing induction were 
analysed by a 3-way Analysis of Variance (ANOVA). 

 In all analyses, aphid lines were included as a random effect. Models were simplified to the 
minimal adequate model by stepwise removing non-significant interactions followed by 
independent variables that were not included in any significant interaction (Crawley, 2007b). 
When a variable or an interaction of variables was found to be significant, the corresponding 
levels were compared using treatment contrast tests (Crawley, 2007a). Data were analysed using 
the R software 2.9.0 (www.r-project.org) and are presented as mean + SE.  
 
 
RESULTS 
 
Experiment 1: 
Aphid weight 
 

Weight was first natural log-transformed because of non-normality of error distribution. BP 
clones (3.71 + 0.10 mg) were significantly heavier than HG clones (2.92 + 0.07 mg, P < 0.001), 
and isolated aphids (3.47 + 0.12 mg) were heavier than grouped ones (3.17 + 0.08 mg, P < 
0.001). The interaction of both significantly affected aphid weight (P = 0.023). Among green 
clones, isolated aphids were heavier than grouped ones (t119 = 4.519, P < 0.001, Fig. 1). However, 
density treatment did not significantly affect the weight of pink clones (t119 = 1.341, P = 0.182, Fig. 
1). The statistical analysis of aphid weight is presented in Table 1A. 

 

 
Figure 1. Body weight of BP and HG clones of pea aphids kept in isolation (black bars) or in groups 
(white bars). Bars represent mean + SE. 
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Number of offspring and proportion of winged offspring 
 

Because the weights of BP and HG aphids were significantly affected by the density 
treatment, they were included in the analysis of the number of offspring and proportion of winged 
offspring. The total number of offspring produced in 24 hr after adult aphids started to reproduce 
did not differ among pea aphid clones either isolated or grouped (P = 0.137, Fig. 2, Table 1B). 
Aphid weight or its interactions with other variables were not significant (Table 1B). 

For the analysis of proportion of winged offspring, HG clones were not included in the 
analysis because both isolated and grouped aphids produced only unwinged offspring. Grouped 
pink aphids produced a significantly higher proportion of winged offspring than isolated aphids (P 
< 0.001, Fig. 2, Table 1C). Aphid weight and its interaction with density treatment were not 
significant (Table 1C). 

 

 
Figure 2. Proportion of winged offspring and total number of offspring from BP and HG clones of pea 
aphids kept in isolation (black bars) or in groups (white bars). Bars represent mean values + SE.  
 
 
EBF stored and EBF emitted 
 

Previous to analysis, the amounts of EBF extracted from aphids were natural log 
transformed because of non-normality of error distribution. Aphids of the BP clone stored more 
EBF than aphids from the HG clone (P < 0.05, Fig. 3A), but the amount of EBF per aphid was not 
affected by the density treatment (P = 0.211, Fig. 3A). The amounts of stored EBF differed 
among aphid lines (P < 0.001) and had a negative relation with their weight (P = 0.049). The 
analysis of the amounts of EBF stored is presented in Table 2A. 

There was no difference in the amount of EBF emitted by aphids from the BP and HG clone 
(P = 0.329), but isolated aphids emitted on average 98% more EBF than grouped aphids when 
attacked by third instar lacewing larvae (P < 0.05, Fig. 3B). The amounts of EBF emitted from 
isolated and grouped aphids, however, did not resemble the amounts of EBF stored. Aphids of 
isolated and grouped treatments released on average only 9.2% and 4.7% of the respective 
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stored amounts and were significantly different (t56 = 2.412, P = 0.019). The amounts of EBF 
emitted were independent of the aphid weight (P = 0.878), lacewing weight (P = 0.899) and the 
interaction between clone type and density treatment (P = 0.287). The analysis of the amounts of 
EBF emitted is presented in Table 2B. 
 
Table 1. Analyses of aphid weight (A), number of offspring (B), proportion of winged offspring (C). 

Experiment Source of 
variation df χ2 F P  

A. Aphid weight1       
 Clone (Cl) 1 18.91 75.44 <0.001 *** 
 Treatment (Tr) 1 2.93 16.93 <0.001 *** 
 Line 61 0.24 0.95 0.580  
 Cl:Tr 1 0.99 5.28 0.023 * 
  Residual 53 1.04      

B. Number of 
offspring      

 

 Clone (Cl) 1 27.80 0.63 0.431  
 Treatment (Tr) 1 97.20 2.09 0.152  
 Aphid weight (Aph) 1 23.2 0.53 0.471  
 Line 61 86.80 1.86 0.011 * 
 Cl:Tr 1 4.00 0.09 0.769  
 Cl:Aw 1 0.20 0.00 0.948  
 Tr:Aw 1 17.3 0.39 0.536  
 Cl:Tr:Aw 1 20.80 0.44 0.508  
  Residual 53 2477.6      

C. Proportion of 
winged offspring      

 

(BP clone)       
 Treatment (Tr) 1 3.09 120.42 <0.001 *** 
 Aphid weight (Aw) 1 0.02 1.02 0.319  
 Line 31 0.95 1.52 0.127  
 Tr:Aw 1 0.00 0.03 0.854  
  Residuals 28 0.57      

1 Aphids weights were natural log transformed. 
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Figure 3. Amounts (ng) of EBF stored (A), and emitted when attacked by lacewing larvae (B) from BP 
and HG clones of pea aphid kept in isolation (black bars) or grouped (white bars). Bars represent 
mean + SE.  
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Table 2. Analysis of amount of EBF extracted (A) and EBF emitted from aphids when attacked by 
lacewings larvae (B). 
 

Experiment Source of 
variation df χ2 F P  

A. EBF stored1       
 Clone (Cl) 1 0.40 6.26 0.018 * 
 Treatment (Tr) 1 0.11 1.80 0.189  
 Aphid weight (Aw) 1 0.27 4.22 0.049 * 
 Line 31 0.26 4.03 <0.001 *** 
 Cl:Tr 1 0.01 0.14 0.711  
 Cl:Aw 1 0.05 0.78 0.385  
 Tr:Aw 1 0.02 0.37 0.550  
 Cl:Tr:Aw 1 0.06 0.80 0.380  
 Residual 25 1.67       

B. EBF emitted       
 Clone (Cl) 1 0.01 1.17 0.285  
 Treatment (Tr) 1 0.05 4.95 0.043 * 
 Aphid weight (Aw) 1 0.00 0.02 0.869  

 
Lacewing weight 
(Lw) 1 0.00 0.02 0.893 

 

 Line 28 0.23 0.96 0.547  
 Cl:Tr 1 0.01 1.19 0.287  
 Cl:Aw 1 0.02 2.41 0.135  
 Tr:Aw 1 0.01 1.31 0.265  
 Cl:Lw 1 0.00 0.03 0.857  
 Tr:Lw 1 0.00 0.33 0.569  
 Aw:Lw 1 0.02 2.21 0.153  
 Cl:Tr:Aw 1 0.00 0.12 0.738  
 Cl:Tr:Lw 1 0.01 0.77 0.391  
 Cl:Aw:Lw 1 0.00 0.11 0.746  
 Tr:Aw:Lw 1 0.02 1.76 0.205  
 Cl:Tr:Aw:Lw 1 0.00 0.07 0.793  
  Residual 14 0.13      

1 Amounts of EBF extracted from aphids were natural log transformed. 
 
 
Experiment 2. Production of winged offspring under different EBF-crowding environments  
 

Green pea aphids did not produce any winged offspring and were not included in the 
statistical analysis. Pink pea aphids, on the contrary, were very responsive to alarm pheromone 
in producing winged offspring (Fig. 4). Statistical analysis of this experiment is presented in Table 
3. 
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Colony size had a significant effect with 2 aphids-colonies and 7 aphid-colonies producing 

1.78 + 0.37% and 2.53 + 0.47% winged offspring, respectively (t = 3.76, P < 0.05, Fig. 4). The 
interaction between the EBF concentration and frequency of application was significant (P < 0.05, 
Fig. 4). When EBF concentrations were applied two times per day, 10 ng EBF solution 
significantly increased the proportion of winged offspring compared to the control (t = 9.53, P < 
0.05, Fig. 4), but not the application of 5 ng EBF (t = 12.50, P = 0.637, Fig. 4). When solutions 
were applied five times per day, 5 ng and 10 ng EBF significantly increased the proportion of 
winged morphs comparing to the control (t = 9.936, P < 0.05, and t = 7.797, P < 0.001, 
respectively, Fig. 4). The interaction among colony size, frequency of application and EBF 
concentration was not significant (P = 0.203). 

 
 

 
Figure 4. Proportion of winged offspring from BP pea aphids treated with EBF applied two or five 
times per day. Bars represent mean + SE. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



MANUSCRIPT V 
 

 66 

Table 3. Analysis of proportion of winged offspring from aphids of different colony sizes exposed to 
different frequencies and amounts of EBF. 
 

Experiment Source of variation DF χ2 F P   

Proportion of winged       
offspring (BP)       

 
EBF concentration 
(Cn) 2 0,02 20,62 <0.001  *** 

 Frequency (Fr) 1 0,01 16,28 <0.001  *** 
 Colony size (Cs) 1 0,00 4,47 0,038  * 
 Line 5 0,00 1,16 0,340  
 Cn:Fr 2 0,00 4,93 0,010  ** 
 Cn:Cs 2 0,00 1,92 0,157  
 Fr:Cs 1 0,00 0,78 0,380  
 Cn:Fr:Cs 2 0,00 1,67 0,197  
  Residuals 55 0,00       

 
 
 
DISCUSSION 

 
The results of our experiments clearly demonstrate that the emission of alarm pheromone is 

regulated by the colony size. Interestingly, the amounts of EBF emitted by pea aphids were only 
small fractions of the stored amounts. Although the BP clone and HG clone belongs to the same 
species, there was a significant variation between them in response to group size: while HG clone 
produced no winged offspring in both density treatments, the BP clone, which was reported 
previously as being very sensitive to physical contact (Kunert et al., 2005; Sloggett & Weisser, 
2002), readily produced a higher proportion of winged offspring in the group treatment. In addition, 
grouping did not influence the number of offspring in either clone, but negatively affected body 
weight in the HG clone only. Thus, although both clones responded differently to crowding 
conditions, both perceived the social environment surrounding them.  

We then tested the hypothesis that grouped aphids emit less amounts of alarm pheromone 
than isolated aphids to alert conspecifics while remaining inconspicuous to natural enemies. The 
emission of alarm pheromone was strongly determined by the social environment and grouped 
aphids emitted less amounts of EBF than isolated aphids. The amounts of EBF emitted was 
independent of the aphid body weight, suggesting that indirect effects, such as nutritional 
constraints, were unlikely involved. In addition, the amounts of EBF emitted by BP and HG aphids 
did not differ either. One possible explanation for the decrease in EBF emitted by grouped aphids 
is that aphids respond to the distribution of individuals on a plant. As aphids are rarely single on a 
plant, the physical contact between individuals may indicate that conspecifics are in close 
proximity, so emitting low amounts of EBF will warn these aphids, but will still keep the signal less 
inconspicuous to natural enemies. In contrast, the higher amounts emitted by isolated aphids 
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would warn aphids further away that are not in close range and in physical contact. Since, when 
attacked by a natural enemy, the chances of such small groups of aphids to survive is lower than 
larger groups, the benefits of emitting higher amounts of EBF to alarm conspecifics in small 
groups would increase the survival rates even under the risk of attracting other natural enemies. 
For instance, similar strategy is observed in the social wasp, Polybia occidentalis, which invests 
more attacks when coming from small nests than individuals from larger nests and is positively 
correlated with its investment in brood (London & Jeanne, 2003). 

Conversely to the emission of EBF, the storage of EBF was not affected by the group 
conditions, suggesting that either aphids do not have a regulatory system for producing EBF or 
the production of EBF is not expensive for pea aphids. Mondor and Roitberg (2003) 
demonstrated that fitness cost of emitting cornicle droplet is age-dependent, but adult pea aphids 
that emitted droplets did not reduce their reproductive fitness and intrinsic rate of increase, 
enforcing the hypothesis that the production of EBF may be energetically cheap for adult pea 
aphids. In addition, the amounts of EBF stored in pea aphids were approximately 10 and 24 times 
the amounts emitted by isolated and grouped aphids respectively. Although the ecological 
relevance of such super production of EBF is still unknown, one possible explanation is that 
aphids store high amounts of EBF to emit a second cornicle droplet in case they evade the first 
predator and are attacked again in a short interval (Strong, 1967; Wynn & Boudreau, 1972). 
Furthermore, it is not ecologically advantageous for aphids to emit conspicuous amounts of EBF 
that can be perceived by natural enemies and used as a kairomone to locate the source.  

Verheggen et al. (2009) also studied the emission of EBF from A. pisum at different social 
environments and interestingly demonstrated the converse: aphids grouped with conspecifics or 
Myzus persicae emitted more pheromone than isolated ones, and this regulation is mediated by 
volatile cues from the group, probably EBF. Differences in the regulation of EBF emission 
observed in Verheggen et al.’s work and our results might come from the physiological adult state 
of aphids tested: while adults at the prereproductive stage were used in Verheggen et al. (2009), 
here we used aphids that were reproducing for 24 hr (reproductive stage). Pea aphids vary the 
amounts of EBF emitted according to different stages, with the highest amount emitted in the 
third instar and decreasing to adult stage (Mondor et al., 2000). However, we lack the information 
whether amounts of EBF emitted vary among adults of different ages. Another possible reason is 
that since aphids were crushed to emit EBF in Verheggen’s work, aphids might respond 
differently to a natural attack. There is a variation in the amount of EBF emitted by pea aphids 
according to type of predatory manipulation. For instance, the feeding of Aphidoletes aphidimyza 
and Leucopis annulipes, which are furtive predators and do not trigger the escape behaviour of 
aphids (Frechette et al., 2008; Lucas & Brodeur, 2001), comparing with ladybirds and lacewings 
which elicits the alarm signalling, probably because of their disruptive feeding behaviour (Dixon, 
1998). No study, however, has compared the amounts of EBF emitted when an aphid is artificially 
damaged and attacked by a natural enemy. Finally, in the work of Verheggen et al. (2009) aphids 
fed on an artificial diet, while here we used 3-week old broad bean plants, and this difference in 
food source might also have influenced both experiments. Therefore there are other potential 
factors, such as predator type, physiological age and food source, acting additionally or 
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synergistically with social environments that determine the regulation of EBF emission in pea 
aphids.  

Kunert et al. (2005) provided evidence that the amount of EBF applied to an aphid colony is 
not as crucial as the frequencies of alarm signalling to determine the morphology of offspring. 
The induction of wings is not directly influenced by the EBF, but is triggered by the increased 
physical contact among aphids when they are alarmed by EBF (Kunert et al., 2005). Here, we 
examined the effect of the amounts of EBF emitted by isolated and grouped aphids (10 ng and 5 
ng, respectively) and also found a significant interaction between the amounts EBF applied and 
frequency of application to induce wing formation which was independent of colony size. 
However, a comparison within the two times application frequency showed that 5 ng EBF did not 
significantly increase the proportion of winged morphs compared to control, while 10 ng EBF did. 
Within the five times application frequency, both 5 ng and 10 ng significantly increased the 
production of winged morphs. It suggests that at low population densities, the high amount of 
EBF emitted by isolated aphids (i.e. 10 ng) can trigger the dispersal system in pink pea aphid 
colonies, possibly because the higher amounts are likely to be perceived by aphids and trigger 
the dispersal behaviour. Therefore, low amounts of EBF (i.e. 5 ng) emitted by grouped aphids are 
enough to trigger the dispersal system of a colony at high densities. It is likely then that the 
amounts of alarm pheromone determined by the social conditions are enough to stimulate the 
wing induction.  

Unlike the BP clone, the HG clone did not produce winged offspring when EBF was applied. 
In general, green pea aphids are usually less responsive in producing winged morphs than pink 
ones when crowded (Sutherland, 1969a), or when predators are present (Schwartzberg et al., 
2008; Weisser et al., 1999), but the proportion of winged morphs can increase when a low 
nutritional host is offered after tactile stimulus (Sutherland, 1967, 1969b). Since a few winged 
individuals of the HG clone were observed in our stock colonies only at very high population 
densities on senescing plants, it is likely that our application of EBF and also the group condition 
in clip cages of Experiment 1 did not reach the threshold to trigger wing induction in HG clones. 
Possibly, the different degrees of wing induction among pea aphids are related to genetic 
variation shaped by local top-down and bottom-up pressures, since they also influence the 
distribution genetic diversity of pea aphids in natural ecosystems  

We have shown that pea aphids regulate their emission of alarm pheromone according to 
their colony size: aphids in groups emit less amounts of EBF than isolated aphids. This emission 
was not correlated with the amounts of EBF stored in the aphid body or body weight, suggesting 
that the emission is regulated when pea aphids emit the cornicle droplet. This regulation would 
then allow aphids to quickly modify their alarm signalling to different situations to enhance the 
fitness of the colony. Furthermore, the amounts emitted were still enough to trigger the induction 
of wings in colonies of different sizes and likely maintain the colony undetectable to natural 
enemies. Therefore, because the emission of this alarm pheromone also represents costs, 
intraspecific interactions in the group alleviate this selective pressure by influencing the individual 
fitness according to the colony needs.  
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ABSTRACT 
 
Aphid natural enemies include not only predators and parasitoids but also pathogens, of which 
fungi are the most studied. Although arthropod natural enemies and adverse abiotic conditions 
affect wing induction in aphids, the effect of pathogens on this phenomenon has not been 
assessed. Here we studied the effect of two entomopathogenic fungi, Pandora neoaphidis and 
Beauveria bassiana, an aphid specialist and a generalist entomopathogen respectively, on 
maternally induced wing formation in offspring of the pea aphid, Acyrthosiphon pisum. We first 
demonstrate that pea aphids infected with either pathogen and maintained in groups on broad 
bean plants produced a higher proportion of winged morphs than uninfected control aphids. We 
then show that, when maintained in isolation, aphids infected with either pathogen also produced 
higher proportions of winged offspring than control aphids. There was no difference between P. 
neoaphidis and B. bassiana in their effects on wing induction in either experiment. Unlike the 
effect of predators and parasitoids on pea aphid wing induction, the effect of pathogens is 
independent of physical contact with other aphids, suggesting that they directly affect the 
physiology of the host aphid. It is possible that aphids benefit from wing induction by escaping 
infected patches whilst pathogens may benefit through dispersion within hosts. Possible 
mechanisms of wing induction are discussed. 
 
 
 

INTRODUCTION 
 

Polyphenism describes the environmentally-induced morphological traits of an individual that 
allows the development of new features whilst preserving the established ones (West-Eberhard, 
1989). Among insects, aphids have conspicuous annual phenotypic plasticity. Their annual life 
cycle consists of sexual morphs, in which one or both sexes will have wings during autumn 
(depending on species) and exclusively parthenogenetically reproducing females during summer 
(Dixon, 1998a; Minks & Harrewijn, 1987; Williams & Dixon, 2007). Although parthenogenetic 
offspring carry the same genotype of their mothers, they can be diverse in their wing phenotype 
depending on biotic and abiotic stimuli (Dixon, 1998b; Minks & Harrewijn, 1987; Williams & Dixon, 
2007). Wing induction varies among aphid species (Kunert et al., 2008; Mondor et al., 2005) and 
within clones of a species (Schwartzberg et al., 2008; Sutherland, 1969a, 1969b; Weisser & 
Braendle, 2001; Weisser et al., 1999). 

Aphids may trigger wing formation directly during their nymphal stage or maternally under 
adverse conditions. Aphis fabae Scopoli and Sitobion avenae (F.) are examples of the first case 
where crowding by surrounding aphids triggers a post-natal wing formation response in early 
instars (Ankersmit & Dijkman, 1983; Shaw, 1970b). Other species, such as the pea aphid, 
Acyrthosiphon pisum (Harris), have wing formation triggered exclusively by maternal effects. In A. 
pisum, mothers that are submitted to crowding conditions trigger wing formation in their offspring. 
However, crowding is not the only factor that affects wing induction; host nutrition (Johnson, 
1966; Lees, 1967; Sutherland, 1967), temperature (Hodgson et al., 2005; Johnson, 1966; Lees, 
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1967) and presence of predators (Dixon & Agarwala, 1999; Kunert & Weisser, 2003; Weisser et 
al., 1999) and parasitoids (Sloggett & Weisser, 2002, , 2004) can also induce wing formation in 
offspring. Wing induction in pea aphids triggered by arthropod natural enemies is indirectly 
mediated by alarm pheromone, which is emitted when aphids are attacked. When aphids detect 
alarm pheromone, they withdraw their stylet and walk or drop from the plant. This movement 
increases the encounter rate with other aphids and simulates constant physical contact, thus 
mimicking crowded conditions and triggering wing induction (Kunert et al., 2005; Podjasek et al., 
2005). Therefore, wing induction in pea aphids is dependent not only on the alarm pheromone but 
also on the presence of additional aphids to maintain the physical contact. 

Whilst the effect of arthropod natural enemies on the ecology of aphids, including their 
biological control, is well studied, pathogens are less frequently investigated (Roy & Cottrell, 
2008). Pandora neoaphidis (Remaudiére and Hennebert) Humber (Zygomycota: 
Entomophthorales) is a specialist pathogenic fungus of aphids causing epizootics in aphid 
populations in temperate regions (Pell et al., 2001). Conidia of this fungus are dispersed on wind 
currents (Hemmati et al., 2001; Wilding & Perry, 1980) and on arthropod natural enemies 
(Baverstock et al., 2009; Roy & Pell, 2000; Roy et al., 1998). In the latter case, conidia can attach 
and form secondary conidia on the surface of non-target insects which subsequently vector the 
fungus to previously uninfected aphid populations (Pell et al., 1997; Roy et al., 2001; Roy et al., 
1998). In addition, natural enemies can indirectly increase infection levels by alarming aphids and 
enhancing the probability of making contact with conidia deposited on the plant surface 
(Baverstock et al., 2008a; Roy et al., 1998). Once attached to the aphid, conidia germinate and 
penetrate the cuticle and initiate the infection process (Völkl et al., 2007). Beauveria bassiana 
(Balsamo) Vuillemin (Ascomycota: Hypocreales) is a generalist entomopathogenic fungus which 
is able to infect many insect species from different orders (Vega et al., 2009) Like P. neoaphidis, 
conidia of B. bassiana can be aerially dispersed (Shimazu et al., 2002) or vectored by arthropod 
natural enemies, however, in the latter the conidia may germinate and infect the vector (Meyling 
et al., 2006). Although these two pathogens affect the number, but not the reproductive potential, 
of nymphs produced by infected pea aphids, the effect on the morphotype of offspring is still 
unexplored.  

Here we evaluated the effect of the aphid-specific pathogen, P. neoaphidis, and the 
generalist pathogen, B. bassiana, on maternally induced wing formation in aphid offspring. We 
hypothesized that I) entomopathogenic fungi induce wing formation in aphid offspring, II) 
entomopathogenic fungi-induced wing formation occurs through a direct process (as opposed to 
indirectly via response to alarm pheromone), and III) the co-evolved aphid-specific pathogen, P. 
neoaphidis, has a stronger effect than the generalist B. bassiana. For this purpose, we 
determined the effect of pathogen species and number of offspring on the proportion of winged 
offspring. In order to investigate whether the pseudo crowding effect is necessary to induce wing 
formation, aphids were inoculated either in isolation or in groups and their offspring compared.  
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MATERIALS AND METHODS 
 
Aphids and pathogens  
 

Pink pea aphids of clone BP were reared on three-week-old broad bean plants, Vicia faba 
(L.) (cultivar The Sutton; Nickerson-Zwaan, UK) in cages and maintained at 18oC and 16:8 L:D. 
This was the same clone that was studied for the effect of Coccinella septempunctata (L.) and 
Aphidius ervi (Haliday) on wing induction (Sloggett & Weisser, 2002; Weisser et al., 1999) and its 
mechanism via alarm pheromone (Kunert et al., 2005). 

Pandora neoaphidis isolate X4, from the Rothamsted Research collection, was maintained 
as an in vivo culture by regular passage through A. pisum (Wilding, 1970). Dried P. neoaphidis-
infected cadavers were stored at 4 oC and 20% relative humidity in darkness until required and 
for no longer than 6 months. For experiments, three dried cadavers were put on the surface of 
agar (1.5%) in a Petri dish (5 cm i.d.) and kept inside a plastic box at 10 oC and >95% relative 
humidity for 18h in darkness to initiate sporulation (Baverstock et al., 2005).  

Beauveria bassiana (Mycotech strain GHA) was stored at -86 oC in cryovials with 10% 
glycerol as cryoprotectant. Prior to experiments, the fungus was defrosted, streaked onto the 
surface of Sabouraud Dextrose Agar (SDA) plates and placed at 25 oC in darkness. After 2 
weeks, the fungus had grown sufficiently for conidia to be harvested and used for experiments. 
 
Experiment 1: Grouped aphids 
 
Aphid lines 
 

Fifteen aphid lines were established for this experiment according to Kunert et al. (2005) with 
few modifications. Each line provided aphids which were used as one replicate per treatment. 
Prior to experiments, fifteen wingless adult aphids (f0 generation) were randomly selected and 
kept individually on three-week-old broad bean plants. Plants were covered with a cellophane bag 
(30 x 20 x 10 cm, Armin Zeller, Nachf. Schütz & Co, Langenthal, Switzerland) and maintained in a 
cabinet at 18 oC; 16:8 L:D. After 48 hours, adult aphids were removed and their progeny (f1 
generation) were left on plants for a further ten days under the same conditions until they became 
adults. Eight adult aphids from each plant were then transferred, individually, to new 3-weeks old 
broad bean plants using a brush, covered with a cellophane bag and maintained as described 
above for 48 hours. The adults were then removed and the nymphs (f2 generation) maintained 
until they became adults, at which time they were inoculated with either P. neoaphidis or B. 
bassiana as described below.  
 
Pandora neoaphidis 
 

Inoculation arenas consisted of a Petri dish (9 cm i.d.) that was half filled with 1.5% tap-
water–agar and had a broad bean leaf embedded abaxial side uppermost in the agar. Five dishes 
were prepared. Three wingless adult aphids (f2 generation) from a single line were transferred to 
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each of the five Petri dish arenas. The aphids were then covered with Petri dishes (5 cm i.d.) 
containing the sporulating P. neoaphidis cadavers. These arenas were covered with a tissue 
paper followed by their lids (9 cm i.d.) and the three adult aphids were contaminated with P. 
neoaphidis conidia for 24 hours. During this time Petri dishes were enclosed in plastic bags 
containing wet filter paper to maintain a high relative humidity and promote infection. This was 
repeated for each of the fifteen lines simultaneously (seventy five inoculation chambers in total). 
As a control treatment, inoculation arenas were prepared as described above for each line but 
covered with a Petri dish (5 cm i.d.) containing only agar.  

After 24 hours, all fifteen inoculated aphids (f2 generation) from each line were transferred to 
new three-week-old broad bean plants (one plant per line, fifteen plants in total), covered with a 
cellophane bag and maintained at 18 oC, 16:8 L:D. Control aphids from the same line were also 
transferred to new bean plants (fifteen control plants in total). Aphids (f2 generation) were 
observed daily for three days and then transferred to a Petri dish containing a bean leaf to ensure 
that they succumbed to fungal infection without infecting their offspring. The offspring (f3 
generation) were left on the plants until they became 4th instar nymphs or early adults at which 
point the morph type was determined. 
 
Beauveria bassiana 
 

Beauveria bassiana was cultivated on ten SDA plates under 23 oC. Conidia were scraped 
from the agar surface and mixed with 20 ml of 0.03% Tween 80 in a centrifuge tube. The 
suspension of conidia and mycelium was then vortexed for 5 minutes, filtered through muslin and 
the concentration of conidia determined using a Neubauer haemocytometer (6.1 x 108 conidia/ml). 
A bean leaf was then placed in a Petri dish (9 cm i.d.) and covered with 0.5 ml of the conidia 
suspension. Once dried, the leaf was transferred to another Petri dish which contained a filter 
paper (Whatman No 1) that had been soaked in a further 0.5 ml of the conidia suspension. As for 
P. neoaphidis, fifteen wingless aphids (f2 generation) from each line were distributed equally 
among five Petri dishes containing the B. bassiana-treated leaf and filter paper and covered with 
a tissue paper and their lids. Petri dishes were enclosed in plastic bags for 24 hours with a wet 
filter paper and kept under controlled conditions (18oC; 16:8 L:D). This procedure was repeated 
for all fifteen lines. As a control treatment, fifteen aphids (f2 generation) from each line were 
maintained on five bean leaves treated with just 0.03% Tween 80 solution. After 24 hours, the 
aphids were transferred to bean plants as described previously. The adults were observed daily 
for three days and transferred to Petri dishes containing bean leaves and observed to ensure that 
they succumbed to fungal infection. The offspring were maintained and assessed as described 
previously. The P. neoaphidis and B. bassiana experiments were done simultaneously. 
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Experiment 2: Single aphids 
 
Aphid lines 
 

Seventeen aphid lines (f0 generation) were established on bean leaves in Petri dishes as 
described above and were allowed to reproduce for 24 hours. Adults were then removed and 
their progeny (f1 generation) maintained on leaves for ten days to become adults. The aphids (f1 
generation) were then inoculated with either P. neoaphidis or B. bassiana as described below.  
 
Pandora neoaphidis 
 

Prior to infection, P. neoaphidis was prepared to sporulate from infected aphid cadavers as 
described previously. One wingless adult aphid (f1 generation) was transferred to an inoculation 
arena using a brush and covered with a Petri dish containing the sporulating cadavers. The 
infection procedure and abiotic conditions were the same as used for grouped aphids. This 
procedure was repeated for all seventeen lines. As a control treatment, seventeen aphids (f1 
generation; one per line) were transferred to Petri dish inoculation arenas and covered with a 
Petri dish containing only agar. 

Aphids showered with P. neoaphidis conidia were individually transferred to new bean leaves 
in Petri dishes and covered with a tissue paper and their lids. Aphids were kept under controlled 
conditions (18oC; 16:8 L:D) and observed daily. The adults were removed after three days to 
avoid infecting their offspring (f2 generation) and transferred to new dishes and maintained 
individually to ensure that they succumbed to fungal infection. The offspring (f2 generation) were 
left on leaves until they became 4th instar nymphs or early adults at which point the number of 
nymphs was counted and the morph type determined. 

 
Beauveria bassiana 
 

Conidia from ten SDA plates were harvested, the conidia concentration determined (7.5 x 
108 conidia/ml) and the broad bean leaves and filter paper soaked in the conidia suspension as 
described previously. As for P. neoaphidis, one wingless aphid (f1 generation) from each of the 
seventeen lines was placed individually on a treated leaf and filter paper in a Petri dish and 
covered with a tissue paper followed by the lid. Petri dishes were enclosed in plastic bags with a 
wet filter paper to create a high relative humidity to allow infection and maintained under 
controlled conditions (18oC; 16:8 L:D) for 24 hours. As a control, seventeen aphids (f1 generation; 
one per line) were also kept individually on leaves and filter papers treated with only Tween 80 
solution. Aphids treated with B. bassiana were transferred to new bean leaves in Petri dishes, 
maintained and their offspring (f2 generation) assessed as described previously. 
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Statistical analysis 
 

To analyse the effect of pathogen species (P. neoaphidis or B. bassiana), infection (infected 
or uninfected) on the proportion of winged morphs, a Generalized Linear Model (GLM) with a 
quasibinomial error distribution was used. Aphid lines were used as random effects while 
numbers of offspring were used as a covariate. Numbers of offspring produced were analysed by 
a GLM with a quasipoisson error distribution using aphid lines as random effects and pathogen 
species and infection as independent response variables. Models were simplified to the minimal 
adequate by removing non-significant interactions followed by independent variables if these 
were not included in any significant interaction (Crawley, 2007d). Among non-significant 
independent variables or interactions with the same number of variables, the one with the highest 
p value was removed first followed by the others in a descending order. After removing a 
parameter, the new model was only accepted if the removal did not significantly increase 
deviance compared to the previous model after a F test (P>0.05) (Crawley, 2007a, 2007b, 2007c). 
Otherwise, the previous model was retained and the simplification continued with the next non-
significant interaction or variable. Data were analysed using R software 2.9.0 (www.r-project.org). 
 
 
RESULTS 
 
Experiment 1: Grouped aphids 
 

Most treated adult aphids (f2 generation) succumbed to infection by the end of this 
experiment: 12.80 + 0.42 adults (85.33 + 2.66%) succumbed to P. neoaphidis and 12.13 + 0.61 
adults (80.87 + 4.07%) succumbed to B. bassiana on each plant. The remaining dead aphids did 
not sporulate. 

The number of offspring produced during this experiment was not significantly affected by 
the pathogen species (F1,57 = 1.475, P = 0.230), infection (F1,57 = 2.161, P = 0.147), or the 
interaction between both factors (F1,55 = 3.847, P = 0.055; Fig. 1). There was also no significant 
difference among aphid lines (F14,42 = 0.942, P = 0.525). 

Among aphids that were grouped, infected aphids produced a significantly higher proportion 
of winged offspring than uninfected aphids (t57 = 2.116, P = 0.038, Fig. 2B). There was a 
significant positive relationship between the total number of nymphs and the proportion that were 
winged (F1,56 = 4.723, P = 0.03, Fig. 2A). Neither pathogen species (F1,67 = 1.527, P = 0.221), 
aphid line (F14,43 = 1.230, P = 0.292) or any interaction between factors were significant.  
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Figure 1. Number of offspring from groups of fifteen aphids inoculated with either P. neoaphidis or B. 
bassiana (black bars) or their respective controls (white bars). There was a significant effect of 
pathogen species on the number of offspring produced (t59 = 5.175, P < 0.001). The bars show mean 
values + SE.  

 
 
 

 
 

Figure 2. The relationship between the proportion of winged morphs and the number of offspring from 
groups of aphids treated with either P. neoaphids or B. bassiana or the respective controls (A). Open 
circles represent aphids treated with P. neoaphidis and open triangles represent its control; black 
triangles represent aphids treated with B. bassiana and black circles its control. Dashed line 
represents the linear regression over all control aphids and solid line represents all infected aphids. 
There is a significant effect of the number of offspring on the proportion of winged offspring 
independent of treatment (r2 = 0.0065, F1,56 = 4.723, P = 0.03). The proportion of winged offspring from 
grouped aphids infected with P. neoaphids or B. bassiana (black bar) and uninfected (white bar, P = 
0.038) (B). The bars show mean values + SE.  
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Experiment 2: Single aphids 
 

In this experiment all inoculated aphids (f1 generation) succumbed to infection after being 
removed from leaves. 

There was no significant difference between the number of offspring produced by infected or 
uninfected aphids (F1,67 = 1.963, P = 0.054), or between pathogen species (t1,66 = 1.981, P = 
0.487). Aphid line (F16,48 = 1.023, P = 0.453) and the interaction between pathogen species and 
infection (F1,47 = 3.127, P = 0.084) were not significant either (Fig. 3). 

 
Figure 3. Number of offspring from isolated aphids treated with either P. neoaphidis or B. bassiana 
(black bars) or their respective controls (white bars). No variable or interaction was significant. The 
bars show mean values + SE.  

The proportion of winged offspring was significantly affected by infection (F1,65=10.301, 
P<0.01), in which infected aphids produced a higher proportion of winged offspring than 
uninfected aphids (Fig. 4B). Pathogen species, aphid line and number of offspring did not 
significantly affect wing induction (F1,65=0.047, P=0.829; F16,48=0.748, P=0.638 and F1,64=0.843, 
P=0.859, respectively). Furthermore, none of the interactions were significant. 

 

 
Figure 4. The relationship between the proportion of winged morphs and the number of offspring from 
groups of aphids treated with either P. neoaphids or B. bassiana or the respective controls (A). Open 
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circles represent aphids treated with P. neoaphidis and open triangles represent its control; black 
triangles represent aphids treated with B. bassiana and black circles its control. Dashed line 
represents the linear regression over all control aphids and solid line represents all infected aphids. 
There is no significant effect of the number of offspring on the proportion of winged offspring 
independent of treatment (r2 = 0.008, F = 0.843, P = 0.365). The proportion of winged offspring from 
grouped aphids infected with P. neoaphids or B. bassiana (black bar) and uninfected (white bar) (B). 
The bars show mean values + SE.  
  
 

DISCUSSION 
 
Pea aphids are predominantly wingless insects that produce winged offspring under adverse 
conditions such as predation risk, high population density or low nutrition of host plants. We have 
demonstrated that the entomopathogenic fungi P. neoaphidis and B. bassiana affected adult 
aphids resulting in the induction of wing formation in their offspring. Unlike wing induction 
triggered by predators and parasitoids, the effect of entomopathogenic fungi did not require 
physical contact with conspecifics and, consequently, is not mediated by the pseudo crowding 
effect. Interestingly, wing induction was not different between pathogen species suggesting the 
same mechanism triggers wing formation.  

Wings facilitate dispersal to explore new patches and to propagate the genotype whilst 
minimizing competition and predation levels. Although there is a potential fitness cost of inducing 
wings through a lower reproduction rate and longer development time (Dixon, 1998b), this 
morphological modification is functionally important for aphids to maximise reproductive success 
by leaving patches containing entomopathogenic fungi. This phenomenon may also indirectly 
benefit the infected mother: by enhancing reproduction success of the progeny, mothers will 
increase gene frequency of the clone in a population (Alcock, 1998; Hamilton, 1964; West-
Eberhard, 1989). 

However, it is also possible that pathogens also benefit from the wing induction: aphids can 
move to a new host to avoid infection sites, but they can also vector conidia, facilitating pathogen 
dispersal to new patches and contaminating a new or an existing colony, as has been observed 
for other species (Meyling et al., 2006; Roy et al., 2001; Roy et al., 1998). Furthermore, winged 
morphs of Myzus persicae (Sulzer), Brevicoryne brassicae (L.) and Lypaphis erysimi 
(Kaltenbach) captured from the field were already infected by entomopathogenic fungi including 
P. neoaphidis, which subsequently established in young aphid colonies (Feng et al., 2007; Huang 
et al., 2008). Although there is the risk that pathogens may not find a host colony immediately, 
conidia can remain viable in the soil or on the plant surface until they encounter a host 
(Baverstock et al., 2008b). Furthermore, the chance of finding a suitable host in a new patch may 
be increased through targeted vectoring by insects, such as the aphid tending ant, Lasius niger L. 
(Bird et al., 2004), the predatory ladybird, C. septempunctata (Pell et al., 1997; Roy et al., 2001), 
and the predatory bug, Orius laevigatus (Fieber) (Down et al., 2009). In addition, B. bassiana can 
also use insects from other orders as hosts. 

Roy et al. (2005) showed that pea aphids infected with P. neoaphidis and B. bassiana emit 
alarm pheromone, but at a different dynamic to each other: P. neoaphidis-infected aphids 
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increase the amount of alarm pheromone emitted from infection until conidiation, whilst B. 
bassiana-infected aphids do the opposite. This fact could raise the hypothesis that the wing 
induction observed here was indirectly mediated by alarm pheromone in our grouped aphid 
experiment via the pseudo crowding effect, as when aphids are attacked by arthropod natural 
enemies. However, the direct effect of entomopathogenic fungi on aphids is still determinant for 
wing induction since aphids that were infected and maintained in isolation also produced winged 
offspring. This is in accordance with the work of Kunert et al. (2005) who demonstrated that 
isolated control aphids and pea aphids exposed to alarm pheromone did not differ in wing 
induction. Therefore, the effect of alarm pheromone alone could not have triggered the wing 
induction in infected pea aphids. Although it is possible that the pseudo crowding effect might be 
in part involved in wing induction in our experiment with grouped aphids, it is still unlikely that a 
constant release of alarm pheromone had a strong effect on the aphid behaviour. Once feeding, 
infected aphids do not show the typical alarm behaviour of removing the stylet, walking or 
dropping from plants (personal observation) that leads to the pseudo crowding effect. It is likely 
that aphids do not react because they become habituated to a constant release of (E)-β-
farnesene (Petrescu et al., 2001), the component of the pea aphid alarm pheromone, as it is also 
released from plants (Bruce et al., 2005; Dawson et al., 1984; Gibson & Pickett, 1983) and 
respond only to rapid pulses emitted when an aphid is attacked and releases droplets.  

Crowding was, however, significant for wing induction and worked independently with 
infection in our group experiment. The role of crowding in aphid wing induction was described not 
only for A. pisum (Sutherland, 1969a), but for many other aphid species, including Megoura viciae 
Buckton (Lees, 1967), M. persicae (Sutherland & Mittler, 1971), and A. fabae (Shaw, 1970a). 
Because infection was not significant for wing induction, we can assume that infected and 
uninfected aphids were equally sensitive to physical contact.  

Since P. neoaphidis and B. bassiana triggered wing formation in our single aphid experiment, 
entomopathogenic fungi do not induce wing formation via pseudo crowding as do arthropod 
natural enemies. Thus, fungal infection is a cue to induce wing formation in A. pisum and 
contrasts with arthropod parasitism which does not directly promote wing induction (Sloggett & 
Weisser, 2002). In the case of parasitoid attack, it was found that pea aphids do not 
physiologically respond to eggs of the parasitoid A. ervi deposited in their bodies by producing 
winged offspring (Sloggett & Weisser, 2002). However, direct physiological manipulation for wing 
induction by a parasite was observed when the rosy apple aphid, Disaphis plantaginea 
(Pesserini), was infected with the Disaphis plantaginea densovirus (DpIDNV) (Ryabov et al., 
2009). This virus was essential to induce wings since virus-free aphids did not produce any 
winged offspring, even in crowding conditions or poor plant quality (Ryabov et al., 2009). As this 
virus increases the proportion of winged offspring and mobility of aphids, it is likely that it also 
benefits viral transmission (Ryabov et al., 2009). Therefore, there are potentially three 
mechanisms for wing induction triggered by entomopathogenic fungi. First, the pathogens have 
an active role in wing induction by directly introducing metabolites which affect wing induction in 
embryos or the mother’s physiology. Second, wing induction is a response of aphid mothers to 
pathogen infection as an immunological response when the parasite invades the body. Finally, it 
is possible that the pathogens’ conidia in contact with aphids would mechanically stimulate wing 
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induction. In pseudo crowding and crowding conditions, the hairs and bristles on the head, 
antenna, legs and body are important channels to detect physical stimuli and induce wing 
formation in offspring (Johnson, 1965; Kunert & Weisser, 2005; Lees, 1967; Sutherland, 1969a). 
Thus it is possible that during infection or germination, conidia contacted these hairs and 
mechanically stimulated the aphid to trigger the wing formation.  

In conclusion, we present evidence that the entomopathogenic fungi P. neoaphidis and B. 
bassiana induce wing formation in aphids and that this phenomenon is independent of the 
pseudo crowding effect that occurs when a colony is attacked by predators and parasitoids. 
Although P. neoaphidis is a specialist pathogen of aphids and is under different selection 
pressures to the generalist pathogen B. bassiana, they both trigger wing induction equally in A. 
pisum, suggesting that the mechanism is the same. Whilst it is advantageous for aphids to leave 
infected patches it is also likely that entomopathogenic fungi benefit by using winged aphids as 
vectors for dispersal. The ecological costs and biochemical pathways for these fungi to trigger 
wing induction remain to be elucidated. 
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3. GENERAL DISCUSSION 

 

 

 
Since the 1970’s the aphid alarm pheromone (E)-β-farnesene has been studied in order to 

understand the ecology of aphids, first as a repellent to many aphids species, followed by its 

application in crop protection, and finally because of its attractiveness to aphid predators and 

parasitoids. Until ten years ago, the ecology behind the phenotypic plasticity of aphids to produce 

winged morphs was restricted to the effects of plant nutritional quality, crowding and 

environmental conditions, and never crossed the alarm behaviour. Since then, (E)-β-farnesene 

has been gaining more attention in its new role as a mediator of wing induction by natural 

enemies via the pseudo crowding effect. The experiments in this thesis contribute to our further 

understanding of the ecological role of this alarm signal in interactions between aphids and their 

natural enemies and show how the role becomes more complex when different organisms are 

included. While (E)-β-farnesene may benefit the survival of aphid colonies by making them 

disperse or producing winged morphs, it also bears important fitness costs for aphids when 

alarmed and by attracting natural enemies.  

While the mechanism by which the alarm pheromone mediates wing induction in pea aphids 

was clearly described in Kunert et al. 2005 and 2007, aphids may respond differently under 

laboratory and field conditions. This mechanism was then tested under natural environmental 

conditions in a field experiment and the phenomenon was reproduced, confirming that the aphid 

alarm pheromone is the active signal that mediates wing induction when pea aphids are disturbed 

by their natural enemies (Manuscript I).  

Kunert et al. (2007) found that the perception of (E)-β-farnesene is not dependent on the 

population density to stimulate the production of winged offspring. Although Hatano et al. 

(Manuscript I) found the same for the interaction of these two variables, when the effect of 

location (field or climate chamber) is considered, the interaction among these three variables 

becomes significant. This suggests that the emission of (E)-β-farnesene may have an effect on 

wing induction according to population density and depending on environmental conditions. This 

work, therefore, reinforces the argument that ecological phenomena may proceed differently 

under natural environmental conditions.  

Although the applied amount of (E)-β-farnesene (1 µg) was higher than values found by 

Schwartzberg et al. (2008) and Mondor et al. (2000), it is not likely that these results were 

overestimated. As presented by Kunert et al. (2005), the frequency with which (E)-β-farnesene 

was applied, which reflects the frequencies of predation events, was more important for wing 

induction than the amount of (E)-β-farnesene applied. The reason for applying more than natural 

amounts of (E)-β-farnesene in the field test was to level out the different distances between the 

(E)-β-farnesene source and receivers. In a colony, attacked aphids alarm nearby conspecifics 

and, therefore, the concentration of (E)-β-farnesene that reaches the aphids’ antennae is high. In 
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the field experiment, (E)-β-farnesene was applied to filter paper close to the soil and, therefore, 

the distance to the aphids was much longer. Furthermore, wind, temperature and humidity 

probably had a smaller effect on aphid-aphid communication because of the short distance 

between aphids compared to the longer distance between (E)-β-farnesene source and aphid 

receivers.  

 While (E)-β-farnesene benefits an aphid colony by inducing members to escape from a 

habitat with a high risk of predation, under natural conditions it also carries ecological costs for 

aphids: the risk of dispersal and the risk of attracting natural enemies. In the field experiment, 

aphid colonies exposed to (E)-β-farnesene decreased in size faster than undisturbed colonies 

(Manuscript I). Therefore, it is likely that (E)-β-farnesene might also increase mortality by 

starvation or desiccation when aphids abandon their feeding site (Dill et al., 1990; Losey & Denno, 

1998; Roitberg & Myers, 1978). These costs of responding to alarm pheromones may vary 

according to aphid species (Dixon, 1958), their age (Losey & Denno, 1998), clone type (Braendle 

& Weisser, 2001; Müller, 1983), host plant (Stadler et al., 1994), aphid host race (Kunert et al., 

2010), mutualism with ants (Xiangyu et al., 2002) and predator species (Losey & Denno, 1998) 

because these factors influence the propensity of aphids to drop.  

 Another cost for the survival of aphid colonies when emitting alarm pheromone is the 

attraction of natural enemies that perceive this cue to locate aphids. It is natural that predators 

and parasitoids use (E)-β-farnesene since it is a reliable cue widely shared among many aphid 

species (Francis et al., 2005). After locating a patch by detecting the volatiles from the host plant, 

generalist and specialist natural enemies use (E)-β-farnesene to locate aphids on a plant 

(Manuscript II). A difficulty that natural enemies face is to find (E)-β-farnesene at detectable levels, 

since this signal is emitted in low amounts by aphids. This is, however, advantageous for aphids 

to try to remain chemically inconspicuous to natural enemies.  

 In a food web where organisms of different trophic levels interact, natural enemies may not 

only inter- and intraspecifically compete among themselves for the same resource, but they may 

also predate on each other (intraguild predation) (Polis et al., 1989). This is especially the case 

for generalist predators that feed on a range of insect species from various trophic levels. The 

increase in number and diversity of interactions may open new opportunities for other organisms 

to adaptively explore the (E)-β-farnesene from aphids for their benefit. In addition to the 

kairomone role of (E)-β-farnesene for natural enemies, a new role for (E)-β-farnesene was 

hypothesised when the behavioural response of the predatory gallmidge A. aphidimyza to the 

aphid alarm pheromone was studied (Manuscript III). A. aphidimyza larvae do not cause aphids 

to emit cornicle droplets because of their furtive feeding strategy. However, they are attacked by 

intraguild predators of aphids because larvae have soft bodies and move slowly. When exposed 

to (E)-β-farnesene, this predator started dispersing independently of aphid alarm behaviour. 

Therefore, for A. aphidimyza, (E)-β-farnesene is not a sign of the presence of intraspecific 

competitors in the colony but indicates a risk of predation as it does for aphids. Since the (E)-β-

farnesene emitted by aphids also benefits the receiver A. aphidimyza, (E)-β-farnesene can be 
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classified as a synomone, that is, a chemical that is emitted by an organism and perceived by 

another of a different species and evokes a behavioural or physiological reaction adaptively 

favourable to both organisms (Nordlund & Lewis, 1976). The perception of (E)-β-farnesene is 

probably an innate rather than a learned trait of larvae because the cost would be high if the 

larvae failed to relate (E)-β-farnesene to the presence of predators. In fact, A. aphidimyza is a 

specialist predator (Nijveldt, 1988) and, therefore, may have closely evolved with aphids and their 

omnivorous predators to use (E)-β-farnesene for its own benefit. 

 Because the effect of (E)-β-farnesene varies with population density under natural conditions 

to promote aerial dispersal (Manuscript I), and the larger the colony is, the higher is the risk of 

being chemically and physically conspicuous to natural enemies (Manuscript II), it is reasonable 

to think that alarm signalling is not used indiscriminately but has evolved to be regulated by the 

signaller according to ecological conditions. Such regulation would balance costs and benefits to 

favour aphid colonies. The ecology of alarm communication shows that, in order to minimize the 

costs, alarm calls are regulated according to group size, the predator and the degree of kin 

relation (Alcock, 1998b). Belding’s group squirrels, for instance, produce different alarm calls 

when they spot an aerial or ground predator, and the calls vary according to the squirrels' sex, 

category of reproduction stage and presence of kin (Alcock, 1998b). Social conditions may also 

affect morphological traits for defence as it is observed in size of shrimps’ claws (Tóth & Duffy, 

2008), production of spines in marine bryozoans (Harvell, 1992), production of soldiers in gall 

aphids (Shibao, 1997), and aggressive responses as for wasps (London & Jeanne, 2003) and 

honeybees (Schneider & McNally, 1992). It is thus likely that similar social evolutionary pressures 

produced changes in induced defences of organisms. 

 In order to investigate whether pea aphids regulate their alarm call according to their social 

conditions, four mechanisms were hypothesized: 

I) Aphids emit (E)-β-farnesene in response to perceiving (E)-β-farnesene: when neighbouring 

aphids perceive the (E)-β-farnesene from an attacked aphid, they also emit alarm 

pheromone to amplify the alarm signalling. This signal cascade would then warn further 

aphids in a colony of the presence of a natural enemy on a plant.   

II) The amount of (E)-β-farnesene emitted is dependent of the amounts stored in the body: 

when perceiving cues that reflect the social conditions of a colony, aphids would regulate the 

production of (E)-β-farnesene according to group size. The amounts of (E)-β-farnesene 

stored would then affect the emission of this pheromone.  

III) The emission of (E)-β-farnesene is determined by the size of the colony: in this case, the 

production of (E)-β-farnesene is not affected by social conditions and aphids regulate the 

amounts emitted when exposing the cornicle droplet. 

IV) The emitted and/or stored amounts of (E)-β-farnesene are dependent of the weight of the 

aphid: social conditions would affect the aphid growth rate which affects the aphid fitness to 

produce and/or emit (E)-β-farnesene. 
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 By using a qualitative approach, a deuterated (E)-β-farnesene, which can be analytically 

differentiated from (E)-β-farnesene, was applied to aphid colonies. If hypothesis I were true, pea 

aphids would emit natural (E)-β-farnesene when perceiving the deuterated (E)-β-farnesene and 

the GC-MS analysis of collected volatiles would detect two peaks with a few seconds' difference 

in their retention time and different m/z values. Although the deuterated (E)-β-farnesene triggered 

the same alarm behaviour and the production of winged offspring of natural (E)-β-farnesene, 

undisturbed aphids do not emit further (E)-β-farnesene, suggesting that they do not amplify the 

signal like a signal cascade response (Manuscript IV).  

Further experiments to study the alarm signal given by the attacked aphid demonstrated that 

(E)-β-farnesene emission was regulated according to different social conditions: isolated pea 

aphids released higher amounts of (E)-β-farnesene than did grouped ones. However, this 

emission of (E)-β-farnesene was not correlated to the amount stored within the aphid body. In 

fact, analysis of body extracts found no difference in the amounts of stored (E)-β-farnesene 

between aphids under two different social conditions, falsifying our second hypothesis 

(Manuscript V). Although social conditions affected the weight of aphids and this affected the 

stored amounts of alarm pheromone (with smaller aphids producing more (E)-β-farnesene than 

heavier ones), the amounts of (E)-β-farnesene emitted was not regulated by the aphid size, 

falsifying hypothesis IV. Therefore, the emission of alarm pheromone is regulated according to 

social conditions around the aphid when emitting the cornicle droplet (hypothesis III). It is likely 

that large aphid colonies benefit from lowering the amount of alarm pheromone emitted to reduce 

the risk of attracting natural enemies. In contrast, small aphid colonies have lower chances of 

surviving an attack than larger colonies (West-Eberhard, 1989) and the benefits of emitting large 

amount of alarm pheromone would outweight the risk of attracting other natural enemies. 

 Interestingly, Verheggen et al. (2009) found that the regulatory system of pea aphids was 

similar to that of Belding’s group squirrels when emitting (E)-β-farnesene; this response is 

enhanced in the presence of a large conspecific group, decreasing when in a small colony. The 

following points may have caused the differences between these two investigations: 

I) In the collection method used by Verheggen et al. (2009), pea aphids were smashed in the 

volatile collection chamber, while in Hatano et al. (Manuscript VI), aphids were subjected to 

third instar larvae of the lacewing C. carnea. It is likely that aphids differ in their alarm 

communication according to stimuli-like attack and the feeding strategies of natural enemies 

(Frechette et al., 2008; Losey & Denno, 1998; Lucas & Brodeur, 2001; Schwartzberg et al., 

2008b). 

II) The volatiles were collected from aphids at different physiological adult stages in both 

experiments and this influenced the amount of (E)-β-farnesene emitted. While in Verheggen 

et al. (2009), tested pea aphids were pre-reproductive adults, in Hatano et al. (Manuscript V) 

the alarm pheromone from reproductive adults which emitted very similar amounts of (E)-β-

farnesene were found in cornicle droplets from reproductive pea aphids (Mondor et al., 2000). 
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Although this hypothesis still needs to be tested for different adult stages, Mondor et al. 

(2000) and Schwartzberg et al. (2008) have provided evidence that the amount of (E)-β-

farnesene emitted by pea aphids is age dependent and declines from nymphs to adults; 

adults had the lowest amount. 

 

Nevertheless, pea aphids can regulate the emission of alarm pheromone according to the 

presence of conspecifics and there is the possibility that this regulation, like the production of (E)-

β-farnesene, changes according to aphid age and predator species. Furthermore, the amounts of 

alarm pheromone emitted in each social condition were demonstrated to induce wing formation 

according to the presence of conspecifics even at low population densities (Manuscript V). This 

suggests that the regulation of alarm pheromone emission is adaptive for aphids to reduce the 

risk of predation while still allowing the dispersal of conspecifics and production of winged morphs 

through pseudo crowding. 

While this mechanism for wing induction mediated by (E)-β-farnesene is true for natural 

enemies that cause aphids to emit cornicle droplets, we lack knowledge about other natural 

enemies that do not cause the alarm behaviour. The term 'aphid natural enemies' usually refers 

to arthropod predators and parasitoids, but another class of natural enemy is often forgotten 

when studying food webs: the pathogens (Roy & Cottrell, 2008). Like arthropod natural enemies, 

these may be divided into generalists and specialists.  

Since the mechanism that triggers wing formation by arthropods is closely dependent on 

physical contact among alarmed aphids, initially pathogens were hypothesised to have a null or 

negative effect on wing induction for two reasons: first, because aphids infected by the 

pathogens' conidia or nearby aphids do not show any alarm behaviour; and second, because 

some pathogens reduce the sensitivity of aphids to alarm pheromones, reducing their dispersal 

behaviour (Roy et al., 2005; Roy et al., 1999). When assessing the effect of an aphid specific 

pathogen, Pandora neoaphidis, and a generalist insect pathogen, Beauveria bassiana, it was 

observed that aphids infected with these pathogenic fungi actually induced wing formation 

(Manuscript VI). Unlike the arthropods’ mechanism, the pathogenic mechanism that induces 

wings is not linked to pseudo crowding, because single aphids also produce a high proportion of 

winged offspring. Pathogens, therefore, directly induce wing formation in pea aphids. 

The wing induction may have two functional consequences for pathogens as well as aphids. 

First, wing induction could benefit the pathogens by using winged morphs as vectors (Feng et al., 

2007; Huang et al., 2008). Although the chances of finding a new host colony by dispersing with 

winged morphs is low, vectoring aphids would still land on a suitable host plant and conidia would 

likely use a sit-and-wait strategy until a host aphid arrives and gets infected. Second, wing 

induction is a response from infected pea aphids to disperse from infected patches, which 

increase the reproductive success. This hypothesis is more likely since the fungi have evolved to 

produce hundreds of thousands of conidia that can be dispersed by wind. Further studies to 

observe whether winged offspring obtain conidia and what their fate is will help to better 
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understand the ecological role of wing induction for pathogens.  

 We can now answer the questions in the introduction: 

 

1. The aphid alarm pheromone mediates the maternally induced wing formation in offspring 

under field conditions. This phenotypic change may enhance the chances of successful 

reproduction of the clone. The alarm behaviour that helps aphids to avoid encountering a 

natural enemy may also increase mortality rate while foraging for a new host plant. 

2. (E)-β-farnesene plays an important kairomone role for many natural enemies. It is detectable 

mainly at short-ranges and used by natural enemies to locate aphids on a plant. It also alerts 

the predatory gallmidge, A. aphidimyza, which does not trigger the emission of (E)-β-

farnesene and is also a prey for many aphid predators, working therefore as a synomone. 

3. The emission of (E)-β-farnesene is regulated by aphids according to colony size and is 

independent of the amount of stored (E)-β-farnesene, aphid size and clone type. Such 

regulation seems to be adaptive, producing winged morphs according to colony size. 

However, aphids that are not attacked do not amplify their alarm signal to nearby aphids 

when (E)-β-farnesene is perceived. 

4. Unlike arthropods' natural enemies that trigger the aphid alarm behaviour, entomopathogens 

directly affect pea aphid mothers to induce wing formation. There is no difference in the 

aphid wing induction between the generalist pathogen B. bassiana and the aphid specialist 

P. neoaphidis. 

 

 This thesis shows that (E)-β-farnesene emission affects and is affected by many organisms 

in a food web. In order to reduce ecological costs, pea aphids regulate their emission of (E)-β-

farnesene to optimize the production of winged morphs, thus increasing the chances of 

successful reproduction while remaining inconspicuous to natural enemies that use (E)-β-

farnesene as a kairomone. In addition, opportunists, such as larvae of A. aphidimyza, may use 

the ecological message associated with (E)-β-farnesene for their own benefit; this helps them 

avoid intraguild predators that also feed on aphids. The role of (E)-β-farnesene as a chemical 

signal from aphids, its emission and regulation is important to understand if we want to know how 

it shapes the interaction between aphids and aphids and between aphids and their natural 

enemies in natural ecosystems. However, even when infected by pathogens that do not trigger 

the alarm behaviour, pea aphids are induced to produce winged morphs independently of the 

pseudo crowding effect, the general mechanism triggered by arthropods' natural enemies.  

 This thesis provides evidence to better understand the dynamics and roles of (E)-β-

farnesene in different interactions, but there are now new questions concerning the proximate 

factors and ultimate consequences of alarm pheromone emission. Future efforts should address 

the following questions: 

o Do the amounts of (E)-β-farnesene emitted by pea aphids at different adult stages (pre-
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reproductive, reproductive and post-reproductive) and social conditions differ? 

o Although there is no chemical signal cascade in colonies to alert undisturbed aphids, is there a 

physical signal cascade? In other words, does the movement of alarmed aphids alert nearby 

undisturbed aphids that did not perceive (E)-β-farnesene?  

o Can the regulation of (E)-β-farnesene emission also be affected by the predator species and 

their size? What are the ecological consequences of this phenomenon for predators and aphid 

colonies? 

o Can winged offspring from an infected colony vector an entomopathogen? How is the 

induction of aphid wings triggered when aphids are infected? What are the benefits for 

entomopathogens and aphids? 

o Can larvae of the predatory gallmidge, A. aphidimyza, also perceive direct cues of intraguild 

predators to avoid them?  

o Can the pheromone be deactivated when exposed to the air? For how long would it still be 

detectable until (E)-β-farnesene be degraded? What environmental conditions would affect 

this reaction?  
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4. SUMMARY 
 

 

 

For insects living in groups, chemicals are important carriers of information over different 

distances. Chemical communication allows insects to strategically optimize their fitness and to 

self-organize their activities. In the presence of a predator, insects may emit volatile organic 

compounds (alarm pheromones) to alert other neighbouring conspecifics of the immediate vicinity 

of predation. Most species of aphids make use of the sesquisterpene (E)-β-farnesene as the 

main or only component of their alarm pheromone. It is emitted with cornicle droplets that are 

exposed by a pair of siphunculi on the abdomen when an aphid is attacked. Besides the increase 

in mobility to escape an imminent risk of attack, (E)-β-farnesene also induces the wing formation 

in aphids. It increases the encounters among alarmed aphids and the tactile stimuli triggers the 

wing induction thus being consistent with the mechanism of wing induction when aphid 

populations are overcrowded. This general mechanism explains how natural enemies, even 

though having different strategies of attack, stimulate wing induction in the same way.  

Even under natural conditions where temperature, wind and humidity may have strong 

influence on the response of alarm behaviour, alarmed aphids produced a higher proportion of 

winged offspring. However, compared with lab results, the aphid survival was much lower under 

field conditions, and thus there is a risk involved in responding to (E)-β-farnesene. The decision 

to search for a new plant is dependent on the environmental conditions but will also imply risks 

such as starvation, and fitness costs (e.g. longer developmental time and lower fecundity). In 

addition, (E)-β-farnesene also bears ecological costs such as attracting natural enemies. Aphid 

predators and parasitoids include a wide range of insect species that use chemical signals to 

locate their target. At long range, plant volatiles, especially from damaged plants, play an 

important role for guiding the natural enemies to patches with aphids. Once located the host 

plant, some natural enemies rely on chemical cues from aphids specially their alarm pheromone 

to find them. Therefore, (E)-β-farnesene is an important and high reliable cue to find host at short-

range distance since it is emitted directly from aphids. It is likely that (E)-β-farnesene together 

with chemical cues from the cuticle indicates the suitability of aphids. Besides its role as 

pheromone for aphids and kairomone for natural enemies, (E)-β-farnesene also benefits the 

larvae of the predatory gallmidge, Aphidoletes aphidimyza. The larvae of this insect also are 

preyed by other aphid predators. When larvae perceiving (E)-β-farnesene from attacked aphids 

they leave the plant to avoid intraguild predation.  

Since it is risky to emit (E)-β-farnesene (e.g. attraction of natural enemies and risk for the 

survival of the colony), it is likely that the emission of alarm pheromone is regulated according to 

the conditions aphids are in. Hence, the emission of alarm pheromone by aphids is regulated by 

intraspecific interactions and dependent on the colony size. If aphids are in groups, when 

attacked they emit less (E)-β-farnesene than isolated ones. However, the storage of (E)-β-
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farnesene is not influenced by these social conditions. These emitted amounts of (E)-β-farnesene 

are sufficient to induce wing formation in colonies of respective sizes and they possibly still keep 

colonies undetectable to natural enemies. Perhaps for this reason aphids do not emit EBF when 

they perceive it. 

Not all natural enemies, however, trigger the emission of alarm pheromone in aphids or 

depend on alarm pheromone to locate their host. Microbial pathogens, for example, are as 

efficient as arthropod natural enemies in killing aphids but usually forgotten to be included in the 

studies of aphid interactions. Two pathogens (Pandora neoaphidis and Beauveria bassiana) 

triggered the production of winged offspring in grouped as well as isolated aphids. There was no 

difference between pathogen species in their ability to induce wing formation in aphids. This 

indicates that the general mechanism for wing induction does not apply for entomopathogens and 

possibly there are other cues involved, e.g. direct disturbances in the aphid physiology or tactile 

stimuli from the pathogens’ conidia. 
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5. ZUSAMMENFASSUNG  
 
 

 
Für in Gruppen lebende Insekten sind chemische Substanzen wichtige Informationsträger 

über unterschiedlich weite Distanzen. Chemische Kommunikation erlaubt den Insekten, 

strategisch ihre Fitness zu optimieren und ihre Aktivitäten eigenständig zu organisieren. In der 

Gegenwart eines Feindes können Insekten flüchtige organische Substanzen (Alarmpheromone) 

abgeben, um andere benachbarte Artgenossen über die unmittelbare Nähe des Feindes zu 

informieren. Die meisten Blattlausarten nutzen das Sesquiterpen (E)-β-Farnesen als die Haupt- 

oder als die einzige Komponente ihres Alarmpheromons. Es wird in Tröpfchen, die durch ein 

Paar Siphone (Siphunculi) am Abdomen abgegeben werden, wenn eine Blattlaus angegriffen 

wird. Außer der Steigerung der Mobilität, um einem imminenten Angriffsrisiko zu entkommen, 

induziert (E)-β-Farnesen die Flügelbildung bei Blattläusen. Es erhöht das Zusammentreffen von 

alarmierten Blattläusen untereinander, und die taktilen Stimuli lösen die Flügelinduktion aus, ein 

Mechanismus, der gleichermaßen bei hohen Blattlausdichten zu beobachten ist. Dieser 

allgemeine Mechanismus erklärt, wie natürliche Feinde, auch wenn diese unterschiedliche 

Angriffsstrategien verfolgen, Flügelinduktion in der gleichen Weise stimulieren.  

Alarmierte Blattläuse bringen auch unter natürlichen Bedingungen, in denen Temperatur, 

Wind und Feuchtigkeit die Wahrnehmbarkeit des Alarmpheromons stark herabsetzten können, 

verstärkt geflügelte Nachkommen zur Welt. Jedoch ist das Überleben der Blattläuse im Freiland 

im Vergleich zu dem im Labor viel geringer. Das Reagieren auf (E)-β-Farnesen im Freiland ist 

daher risikoreich. Die Entscheidung der Blattläuse, nach einer neuen Pflanze zu suchen, hängt 

von Umweltbedingungen ab, birgt jedoch Risiken wie Tod durch Verhungern oder Fitnessverlust 

(z.B. längere Entwicklungszeit und geringere Fertilität). Ferner ruft (E)-β-Farnesen ökologische 

Kosten, wie die Anlockung natürlicher Feinde, hervor. Blattlausprädatoren und Parasitoide sind in 

vielen taxonomischen Gruppen zu finden und nutzen chemische Signale, um ihre Beute oder 

ihren Wirt zu lokalisieren. Auf weite Entfernung spielen Pflanzenduftstoffe, vor allem von 

befallenen Pflanzen, eine wichtige Rolle, um die natürlichen Feinde zu den Stellen mit Blattläusen 

zu führen. Ist die Wirtspflanze der Blattläuse lokalisiert, können die Feinde chemischen Hinweise 

der Blattläuse, besonders das Alarmpheromon, nutzen, um ihre Beute zu finden. Auf kurze 

Entfernung ist das Alarmpheromon ist ein wichtiger und sehr verlässlicher Hinweis auf die 

Anwesenheit der Beute, da es direkt von Blattläusen abgegeben wird. Es ist sehr wahrscheinlich, 

daß (E)-β-Farnesen zusammen mit chemischen Hinweisen auf der Kutikula dazu dient 

herauszufinden, ob die Blattlaus ein passender Wirt ist. Neben der Rolle als Pheromon für 

Blattläuse und Kairomon für natürliche Feinde nützt (E)-β-Farnesen ebenso der räuberischen 

Gallmückenlarve, Aphidoletes aphidimyza. Die Larven dieser Gallmücke dienen als Beute für 

andere Blattlausfeinde. Wenn die Larven (E)-β-Farnesen der angegriffenen Blattläuse 

wahrnehmen, verlassen sie die Pflanze, um einer Prädation zu entgehen. 
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Da die Abgabe von (E)-β-Farnesen Risiken für die Blattläuse birgt (z.B. Anlockung 

natürlicher Feinde und höhere Mortalität der Kolonie), ist die Abgabe von Alarmpheromon 

wahrscheinlich je nach Konditionen, in denen sich Blattläuse befinden, reguliert. Die Abgabe des 

Alarmpheromons wird durch intraspezifische Interaktionen der Blattläuse beeinflußt und ist 

abhängig von der Koloniegröße. Wenn Blattläuse, die in Kolonien leben von natürlichen Feinden 

angegriffen werden, stoßen sie weniger (E)-β-Farnesen aus, als eine isolierte Blattlaus. Die von 

den Blattläusen gespeicherte Menge an (E)-β-Farnesen ist jedoch unabhängig von den sozialen 

Bedingungen. Die abgegebenen Mengen an (E)-β-Farnesen sind ausreichend, um einerseits die 

Flügelbildungen in Kolonien der jeweiligen Größe zu bewirken, und andererseits jedoch gering 

genug, um Blattlauskolonien schwer auffindbar für natürliche Feinde zu machen. Möglicherweise 

geben Blattläuse aus demselben Grund kein EBF ab, wenn sie es wahrnehmen. 

Nicht alle natürlichen Feinde lösen jedoch die Abgabe des Alarmpheromons bei Blattläusen 

aus oder nutzen dieses, um ihren Wirt zu lokalisieren. Pathogene zum Beispiel verursachen eine 

ähnliche Mortalität bei Blattläusen wie andere natürliche Feinde aus der Gruppe der Arthropoden, 

werden aber oft in Studien zu Blattlaus-Interaktionen vergessen. Zwei Erreger (Pandora 

neoaphidis und Beauveria bassiana) rufen die Produktion von geflügelten Nachkommen sowohl 

in Blattlauskolonien als auch bei isolierten Blattläusen hervor. Das weist darauf hin, dass der 

allgemeine Mechanismus der Flügelinduktion nicht auf Entomopathogene zutrifft und 

wahrscheinlich andere Mechanismen, z.B. die direkte Beeinflussung der Blattlausphysiologie 

oder taktile Stimuli durch die Konidien der Erreger, eine Rolle spielen. Die Pathogenspezies 

unterscheiden sich nicht in ihrer Fähigkeit, Flügelbildung bei Blattläusen auszulösen. 
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